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dvances and challenges in the
development of potential stearoyl Co-A desaturase
1 inhibitors

Shivani Kirad,a Sonakshi Puri,b P. R. Deepab and Murugesan Sankaranarayanan *a

Stearoyl-CoA desaturase 1 (SCD1) is one of the key enzymes involved in lipid metabolism, plays a vital role in

the synthesis of monounsaturated fatty acids (MUFAs) from saturated fatty acids (SFAs). Due to its promising

therapeutic potential in treating metabolic disorders, cancers, and skin diseases there is an increasing

interest in the development of novel inhibitors against SCD1. This review comprehensively explores the

evolution of potential SCD1 inhibitors, focusing on systemic and liver-targeted inhibitors and discusses

their structure–activity relationship (SAR) pattern. Among the various small molecules reported, natural

products like sterculic acid have emerged as significant SCD1 inhibitors, highlighting the potential of

naturally derived compounds in therapeutic development. This review also addresses the challenges in

optimizing pharmacokinetic properties and reducing adverse effects, providing insights into the future

directions for the development of potential novel SCD1 inhibitors with maximum therapeutic effect and

minimum side effects.
1. Introduction

The ongoing search for safe and effective synthetic inhibitors
that target SCD1 has been diligently documented over the past
decades by an abundance of scientic literature frommore than
a dozen university and industrial research organisations. Pio-
neering research highlighting SCD1 being a potential
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therapeutic target for treating metabolic illnesses prompted
this far-reaching venture into the eld of chemistry. Although
signicant progress has been achieved in the identication of
potent inhibitors across a range of scaffolds, converting these
ndings into effective clinical development has proven to be
extremely difficult. A partial understanding of the complex
biology associated with SCD1 and mechanism-based adverse
effects that limit treatment efficacy are among the factors
contributing to the obstacles to clinical success.1

The focus of recent research efforts has switched to the
creation of SCD1 inhibitors that are selective for certain tissues,
especially the liver. This strategy is justied by the expectation
of increased safety margins regarding mechanism-based side
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effects seen in animal models. Though they appear safe, these
novel compounds have not yet overcome the basic obstacles
that come with understanding and treating the intricacies of
SCD1 biology. A paradigm change has occurred because of the
difficulties in developing effective oral treatments for metabolic
illnesses, with a growing focus on the assessment of SCD1
inhibitors in alternative indications.2

The goal of this review of literature is to give a thorough
investigation of the structural variety and development of
various scaffolds as SCD1 inhibitors, since the rst drug-like
SCD1 inhibitors were published in the year 2005. The
following sections will describe the techniques that have been
used as well as the progress that has been made in the ongoing
search for new compounds that target SCD1.

Within the lipid homeostasis paradigm, SCD becomes an
important participant, with complex interplay between
synthesis of fatty acids or lipogenesis and fatty acid metabolism
or lipolysis, affecting signalling, cellular and tissue architecture
as well as energy storage.3–5 Situated mostly in the endoplasmic
reticulum (ER) of the cell, the SCD enzyme selects and reor-
ganises the cis-double bond formation between carbon 9 and 10
in saturated fatty acyl coenzyme-A esters in both regio and
stereospecic manner.6 Palmitoyl-CoA (C16:0) and stearoyl-CoA
(C18:0), the major substrates were converted into their respec-
tive MUFAs, oleoyl-CoA (C16:1) and palmitoleoyl-CoA (C16:1)
(C18:1).7

These MUFAs were considered as necessary building blocks
of membrane components – phospholipids, cholesterol esters
and triglycerides. The highly regulated activity of the SCD
enzyme is reliant on iron and co-factors, including cytochrome-
b5, nicotinamide adenine dinucleotide (NADH), and avopro-
tein cytochrome-b5 reductase.8

The primary human SCD isoform is called hSCD1, but
hSCD5, a second SCD gene with possible developmental and
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protective functions, has also been identied but not been fully
explored.9,10

Notwithstanding the difficulties associated with SCD1
biology, the fact that SCD1 is widely expressed in humans—
especially in the liver and adipose tissues—has prompted
signicant efforts to create small-molecule SCD inhibitors as
potential treatments for metabolic diseases.11,12 This is corrob-
orated by two clinical trials in patients with non-alcoholic
steatohepatitis (NASH) and non-alcoholic fatty liver disease
(NAFLD), which showed that Aramchol (Fig. 1A), a partial
hepatic SCD1 inhibitor, signicantly improved brosis,
decreased steatohepatitis and reduced liver fat content without
causing appreciable adverse drug reactions.13,14 Furthermore,
Aramchol showed a decrease in collagen 1 (Col1a1) expression
and secretion via decreasing SCD1 expression and boosting
peroxisome proliferator-activated receptor g (PPAR-g) in hepatic
stellate cells (HSCs) in mechanistic research using primary
human hepatocytes. It thereby produced an anti-brotic effect
in people with NASH.15

In pre-clinical studies, small molecules have shown persis-
tent suppression of SCD to be linked to side effects include
baldness, squinting and dry eyes. These occurrences, which are
thought to be mechanism-based, highlight a crucial difficulty in
creating safe, well-tolerated SCD inhibitors for use in treating
humans: striking a compromise between efficacy and a large
enough therapeutic margin. Suppression of SCD1 may also
trigger inammation due to accumulation of saturated fatty
acids. This may be overcome by co-administration of long chain
essential fatty acids.12

It is crucial that we critically analyse the structural variety,
evolutionary history, and prospective uses of SCD1 inhibitors
outside metabolic illnesses as we make our way through the
complex world of these drugs. The complex relationship that
exists between the onset of metabolic diseases and lipid dys-
regulation highlights the therapeutic target SCD1's ongoing
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Fig. 1 (A) Structure of Aramchol (B) SCD1 converts saturated fatty acids (SFAs) to monounsaturated fatty acids (MUFAs), inhibiting SCD1 results in
decreased incorporation of lipid droplets, reduced lipid storage and increased fatty acid oxidation.
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relevance and importance. In the hopes that future research
projects will not only decipher the complexity of SCD1 biology
but also open the door for novel therapeutic treatments in the
eld of metabolic disorders and beyond, the search for novel,
potent and well-tolerated SCD1 inhibitors continues. This
thorough study aims to provide an overview of reported SCD1
inhibitors that have been created throughout the years, illu-
minating the structure–activity relationship, development
© 2024 The Author(s). Published by the Royal Society of Chemistry
problems and fresh approaches for ongoing search of novel
potent SCD1 inhibitors.
2. SCD1: significance and biological
implications

A double bond has been created between carbon 9 and 10 in the
fatty acid chain of stearoyl-CoA by the iron-containing fatty acid
RSC Adv., 2024, 14, 30487–30517 | 30489
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desaturase SCD1, which is essential for the formation of oleoyl-
CoA. Known as D9 desaturase (D9D) oen, SCD1 exhibits
remarkable specicity by desaturating the C-9 position of the
acyl chain of, stearic acid (C18:0), resulting in the production of
oleic acid (C18:1n9) (Fig. 1B).16

SCD functions as an integral membrane desaturase that
catalyses the rst insertion of a double bond at the delta-9
position in saturated fatty acids with a carbon chain length of
12 to 19. Through an enzymatic mechanism, these fatty acids
were changed into monounsaturated fatty acids (MUFAs).
Membrane uidity and cell signalling were signicantly
impacted by the SCD-regulated modication of the unsatura-
tion level of cellular lipids.17

Furthermore, the monounsaturated products produced by
SCD function as the main building blocks for the synthesis of
complex lipids, such as wax esters, cholesterol esters, triglyc-
erides (TGs), phospholipids and diacylglycerols. This empha-
sises the critical function of SCD as a very controlled and
evolved conserved enzyme with a variety of isoforms that have
different substrate specicities and overlapped but unique
tissue distributions.

Similar to other desaturases, SCD is a non-heme Fe-
containing enzyme that needs NADH, cytochrome b5, cyto-
chrome b5 reductase or a different transport mechanism of
electrons to catalyse reactions. With its N- and C-terminal facing
the cytoplasm, the SCD protein binds structurally to the endo-
plasmic reticulum (ER) membrane via four transmembrane
domains. Additionally, the functional integrity of the enzyme is
supported by the three catalytically essential and conserved His-
box motifs.18

Four recognized isoforms of SCD (SCD1–4) exist in mice, sit-
uated within a 200 kilobase region on chromosome. These iso-
forms encode proteins consisting of 350–360 amino acids,
demonstrating identity of over 80% amino acid sequence. Vari-
ations in the 50-anking regions contribute to tissue specicity
differences among the isoforms. SCD2 shares considerable
sequence similarity with SCD1 and is expressed everywhere, with
elevated levels in the mice brain, especially during the myelina-
tion period. Inmice, SCD2 plays a crucial developmental role and
is essential for establishing an intact skin barrier in neonates.
SCD3 is in the Harderian gland and skin of mice, although at
considerably lower levels than SCD1, exhibiting a preference for
palmitoyl-CoA over stearoyl-CoA. Conversely, SCD4 is predomi-
nantly found in the heart and experiences signicant induction
in the hearts of Scd1−/−mice.19

A similar reaction can be catalysed by SCD1 with substrate-
CoAs that are structurally linked to saturated fatty acids.
SCD1, for example, can convert palmitate (C16:0) to palmito-
leate (C16:1n7), which is also a CoA conjugate. This enzymatic
oxidation occurs on the inner face of the endoplasmic retic-
ulum, partnering with NADH-cytochrome B5 reductase and
employing linked electron transfers through cytochrome B5,
FADH2, and NADH.20 The MUFA products resulting from SCD1
desaturation may undergo further elongation, desaturation
within the cell or incorporation into various complex lipids,
including triglycerides, phospholipids, wax esters, and other
lipid species. Since, SFA substrates are typically abundant
30490 | RSC Adv., 2024, 14, 30487–30517
through diet and endogenous synthesis, the desaturation
reaction catalysed by SCD1 becomes the rate-limiting step in the
production and subsequent metabolism MUFAs in the body.
Altering lipid composition and the ratio of SFA to MUFA has
diverse impacts on cellular functioning. SCD1 enzyme is crucial
in determining the balance of saturated and unsaturated lipids
within cells, signicantly inuences membrane uidity,
impacting numerous membrane-bound biological processes
and systems. Additionally, SCD1 plays a critical role in energy
balance, with SFAs being preferentially utilized or oxidized over
unsaturated fatty acids, which are predominantly stored as fat
in tissues.

SCD1's central involvement in the de novo lipogenic pathway
is evident as it catalyses the further transformation of fats made
by fatty acid synthase into derivatives primed for integration
into storage lipids, such as TGs. Moreover, its heightened
expression under the inuence of hormones and transcription
factors like insulin and SREBP-1c underscores the crucial role of
SCD1 in de novo lipogenesis. Notably, mice lacking SCD1 due to
a targeted whole-body deletion of the enzyme exhibit remark-
able resistance to obesity and hepatic steatosis induced by
a high-carbohydrate diet.21 This resistance is attributed, in
signicant part, to reduction in hepatic lipogenesis. Liver-
specic deletion of SCD1 through conditional knockout
model confers the same protection against carbohydrate-
induced obesity and hepatic steatosis as observed in whole-
body SCD1 deletion.

Mice lacking SCD1 (SCD1−/−) are resistant to obesity and
hepatic steatosis, and they are also shielded from the harmful
reduction in insulin sensitivity that is frequently linked to
obesity and fatty liver.22 SCD1−/− mice show enhanced insulin
signalling across a variety of tissues, including skeletal muscle,
liver, adipose tissue, and heart, despite having lower fasting
plasma insulin levels. This is characterized by increased insulin
receptor tyrosine phosphorylation and reduced Ser/Thr phos-
phorylation of IRS-1. Reduced ceramide formation and greater
fat oxidation in SCD1−/− mice may be a factor in their
increased insulin sensitivity because ceramides are implicated
in mediating lipid-induced alterations in insulin signalling.

SCD1 serves as a metabolic hub, orchestrating various
physiological processes including glucose and lipid metabo-
lism, inammation, autophagy, development, and tumorigen-
esis by regulating the proportion of MUFAs.1,23 The expression
of SCD1 is tightly controlled both transcriptionally and epige-
netically, inuenced by a myriad of factors such as glucose,
insulin, sterol regulatory element binding protein 1c (SREBP-
1c), peroxisome proliferator-activated receptor a (PPARa) and
liver X receptor (LXR)24–28 which induce its expression, while
leptin, estrogen, and polyunsaturated fatty acids (PUFAs)
suppress it.29–31

Under pathophysiological conditions, silencing of SCD1 has
been shown to promote adipose tissue browning,32 reduce lipid
accumulation and enhance lipolysis, offering potential thera-
peutic benets for conditions such as obesity and non-alcoholic
fatty liver disease (NAFLD). However, this benecial effect might
be offset by adverse impacts on b-cell structure and function, as
evidenced by decreased lipid storage capacity and increased
© 2024 The Author(s). Published by the Royal Society of Chemistry
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susceptibility to lipotoxicity in islet of b-cells. SCD1 plays
a complex role in cancer biology,33,34 wherein SCD1 promotes
metabolic balance in cancer cells that favours cell proliferation
and its survival.35 In cancer cells the lipotoxicity induced by
saturated fatty acid accumulation is mitigated by over-
expression of SCD1 enzyme. Inhibiting SCD1 would deprive this
protection afforded to cancer cells from cytotoxic effects of its
saturated fatty acids. Thus, SCD1 inhibitors may be potential
anti-cancer agents.36 SCD1 deciency has also demonstrated
cardioprotective effects against high-fat diet (HFD) induced
cardiac dysfunction, underscoring its potential in addressing
cardiovascular complications associated with metabolic
diseases.37 The multifaceted role of SCD1 in various tissues
highlights its potential as a therapeutic target for a range of
metabolic disorders. Advances in medicinal chemistry and
structural biology, including the resolution of the crystal
structures of mouse and human SCD1 have provided deeper
insights into the enzyme's catalytic mechanisms and have
paved the way for the rational design and development of next-
generation novel SCD1 inhibitors.

Recent ndings indicate that due to wide distribution of
SCD1 throughout the body, indiscriminate inhibition of SCD1,
on a systemic scale may not be advisable due to the potential
heightened susceptibility to cellular inammation and side
effects like alopecia and partial eye closure. While developing
safe and effective SCD1 inhibitors, we should consider the
metabolic consequences arising from systemic SCD1 inhibition
and the indirect impacts of SCD1 inhibition in peripheral
tissues such as skin. Taking this into consideration various
efforts have been made to design molecules that have prefer-
ential liver distribution over other tissues giving liver targeted
SCD1 inhibition in order tackle the side effects of systemic
Fig. 2 General structural representation of SCD1 inhibitors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
SCD1 inhibition. In this context, the availability of various in
silico techniques, in vitro models and rodent models provide an
immense scope for rational design of potential molecules that
can target SCD1 with maximum potency and favourable phar-
macokinetic proles as well as with minimum side effects.
Following, we present the reported systemic and liver-targeted
SCD1 inhibitor across a variety of scaffolds from the available
literature.
3. Small molecules as SCD1 inhibitors

In the present review, the development of SCD1 inhibitors has
been broadly categorized into: (A) systemic inhibitors and (B)
liver-targeted inhibitors. The scaffold of most of the SCD1
inhibitors exhibited a central ring system that were either (i)
monocyclic, (ii) bicyclic or (iii) spirocyclic. These inhibitors were
modied on their sidechains in order to enhance their potency.
It is emphasized here that the liver targeted SCD inhibitors
necessarily bear a tetrazole acetic acid side chain which facili-
tates directed distribution of the inhibitor molecule to the liver
cells (Fig. 2). In the following section, the structural details of
the various scaffolds in the reported molecules, along with their
activity correlations, have been discussed.
3.1 Systemic SCD1 inhibitors

Researchers at Xenon took compound 1 (Fig. 3), a potent hit
obtained from library screening and produced compound 2a as
a hit-to-lead effort.38 Compound 2a was chosen to start SAR
investigation, and the goal was to substitute heterocycles con-
taining nitrogen for the pyridin-2-yl moiety. Analogues of
pyrimidine and pyrazine (compound 2b and 2c) exhibited
RSC Adv., 2024, 14, 30487–30517 | 30491
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Fig. 3 Monocyclic SCD1 inhibitors: piperazinyl – pyridazine based SCD1 inhibitors as reported by Xenon.
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a reduction in potency. In the SCD1 inhibition assay, compound
2d (pyridin-3-yl substitution) maintained its activity but lost
some of its potency. In conclusion, it was observed that
replacing the pyridine group with pyridazine (compound 2e)
increased the potency by almost three-fold.

With piperazinyl pyridazine as the focal point, further opti-
mization was conducted. On the right (R1), various amines were
investigated while keeping the 2-triuoromethyl benzoyl group
constant on the right. SCD1 activity was dependent on the linker
lengths of the cycloalkyl and alkyl groups (compounds 3a–f).
The cyclopropyl group with ethyl chain showed far more
potency than that of methyl group containing analogues.
30492 | RSC Adv., 2024, 14, 30487–30517
Further with increase in chain length up to butyl group, potency
increased whereas with hexyl and pentyl, heptyl it was less than
butyl but comparable to that of ethyl group. Groups containing
phenyl ring (compounds 3g–3j) showed strong potency and
ideal chain lengths. Benzyl group showed good potency
compared to directly attached phenyl group, increasing the
aliphatic chain attached to the aromatic group decreased the
activity. The potency of benzimidazol-2-yl (compound 3k) was
preserved. In case of 5-membered heterocycles as side chain,
furan and thiazole were active, whereas oxazole and pyrazole
(compounds 3l–3o) were not as much as active.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The le-hand side's (R2) SAR study revealed strict tolerance
for alterations. For strong SCD1 inhibitory activity, the 2-tri-
uoromethyl phenyl group (compound 4a) turned out to be the
best choice. Electron withdrawing groups showed increased
activity, whereas compounds with di-halo substitution
(compounds 4b–4g) showed improved potency. Compound 4c
(XEN 103) demonstrated good potency (IC50 = 14 nM), strong
enzymatic inhibition and good oral bioavailability (F = 49%).
These inhibitors were found to be highly potent and orally
bioavailable SCD1 inhibitors. Promising in vivo tests using
Zucker fatty rats, veried signicant decreases in visceral fat
pad weight and body weight growth without lowering lean body
mass. Subsequent research revealed that it was possible to
substitute the piperazine moiety with piperidine and the amide
linkage with carbonyl, ether, amino or alkyl without signi-
cantly altering the inhibitory potential of SCD1. In 2006, Xenon
made these ndings public through several patent lings.39–44

Based on these proposed scaffolds using scaffold design
strategies, scientists at Abbott developed pyridazine heteroaryl-
based potent and orally bioavailable SCD1 inhibitors.45

Replacing pyrazine with piperidine aryl ethers (compounds 5a–
Fig. 4 Monocyclic SCD1 inhibitors: six-membered piperazinyl based SC

© 2024 The Author(s). Published by the Royal Society of Chemistry
b) (Fig. 4), characteristically uorinated phenoxypiperidine
(compound 5b) showed improved potency over un-substituted
phenoxy piperidine analogue. Further, using various
substituted analogues for SAR exploration, it was observed that
either 2 or 2,5-disubstituted phenoxypiperidine were preferred,
which has added advantage of 2-substitution to avoid the
oxidation of phenoxy ring. Although good potency was achieved,
but the molecules failed to show metabolic stability. It was
hypothesized that the isoamyl group is responsible for the
metabolic instability. Replacing isoamyl amide with methyl
amide (compound 6a) improved the metabolic stability in rat
liver microsomes. Primary amide substitution (compound 6b)
showed similar potency to that of methyl amide. Further SAR
was explored using heteroarylmethylamines based pyridazine
carboxamides. 3-Pyridinylmethyl (compound 6d) analogue
showed good potency against mSCD1 but not human SCD1, this
could be recovered by using 3-methyl isoxazole, pyrazole and
imidazole amides (compounds 6e–g). But these molecules
showed decreased hepatic microsomal stability compared to
smaller amides. Further replacement of the amide group was
done with different heterocyclic systems (compounds 7a–d).
D1 inhibitors.

RSC Adv., 2024, 14, 30487–30517 | 30493
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Compound 7b was found as lead, which showed good micro-
somal stability.

Further on exploration, modication of the scaffold was
done and series of 1-(4-phenoxypiperidin-1-yl)-2-
arylaminoethanone, piperidine aryl urea-based inhibitors were
reported.46 It yielded potent molecules like compound 8 but did
not improve the potency compared to lead (compound 6a)
taken.

Based on the nicotinamide SCD1 inhibitor (compound 2a)
researchers at Abbott decided to replace the central amino-
pyridine with urea group, while conserving its polarity and
geometry.47 Although, trans olen seems to be a suitable linker
(compound 9) (Fig. 4), but due to stability problem, benzene was
incorporated in the structure. Meta-substituted derivative
(compound 10a) showed promising results whereas para-
substituted derivative (compound 10b) failed to show any
potency. Replacing piperazine benzamide with piperidine ether
Fig. 5 Monocyclic SCD1 inhibitors: pyridazine based carboxamide and a

30494 | RSC Adv., 2024, 14, 30487–30517
conserved the potency. It was found that on the phenoxy ring, o-
substituted halogen derivative showed improved activity with
increase in bulkiness. Improved inhibitory activity was corre-
lated with increased lipophilicity on the phenoxy ring.

The urea containing analogue, compound 11b (A-939572),
was an effective and selective SCD1 inhibitor with an IC50 of
4 nM in (mouse SCD1) mSCD1 and 37 nM in hSCD1 enzymatic
assays.47 Compound 11b also exhibited good PK proles, a dose
dependent desaturation index reduction in obese mice models
and decrease in body weight, plasma insulin, plasma and liver
triglycerides and an increase in insulin sensitivity, in a diet-
induced obesity model in mice. However, the target-related
adverse effects such as alopecia, eye apoptosis and sebaceous
gland atrophy were observed 2 weeks of oral administration.46

Further researchers at Daiichi Sankyo replaced the pipera-
zine moiety of the molecules proposed by Xenon using piperi-
dine moiety and obtained a series of potent SCD1 inhibitors.48 It
cetylene linker containing SCD1 inhibitors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was found that replacing the pyridazine resulted in substantial
loss in activity. So, keeping the pyridazine core constant they
explored the piperazine fragment. SAR obtained for the benzoyl
piperidine based SCD1 inhibitor depicted that electron with-
drawing groups (compounds 12a–e) (Fig. 5) showed better
activity in both mouse and human cell microsomal SCD1.
Similar pattern was observed in the SAR development on the
right-hand side aryl moieties. Fluro-phenyl derivatives
(compounds 12f–h) showed better potency than pyridine
analogue (compound 12i). Fluorine atmeta position (compound
12f) did not improve inhibition in humans but at ortho and para
(compounds 12g–h), it showed improved results. Replacing
phenyl group with bio isostere thiophene (compound 12j)
improved the potency. Compound 12k demonstrated plasma
triglyceride-lowering effects in Zucker fatty rats in a dose-
dependent manner aer a 7 days administration. Further, this
benzoyl piperidine (compound 12k) was explored by cyclization
to form a spiro-piperidine ring. These reported compounds
showed excellent potency.49

In the year 2008, researchers at Glenmark reported acetylene
derivatives of piperidine–pyridazine based SCD1 inhibitors
(compounds 13–17) (Fig. 5).50 Titrated water release assay at 10
mMwas performed for the synthesized compounds to determine
the percent SCD inhibition. No IC50 values were disclosed.
Fig. 6 Monocyclic SCD1 inhibitors: piperidine based SSI-4 and pyridine

© 2024 The Author(s). Published by the Royal Society of Chemistry
Based on the determined percent inhibition, it was observed
that amino and ether linkage showed better inhibition than
carbonyl linkage and piperine and azetidine ring are better
tolerated than piperazine moiety. Further, they reported acety-
lene containing spirocyclic SCD1 inhibitors. No biological data
was disclosed.51

Researchers at Forest Laboratories also reported various
piperazine based SCD1 inhibitors in various patent application,
but no biological evaluation data was reported for these
compounds.52–55

von Roemeling et al. introduced a pioneering computational-
driven strategy for drug discovery, integrating machine learning
and functional assessment to devise novel inhibitors of the
lipogenic enzyme SCD1.56 This methodology, characterized by
the creation of a new compound library based on reported
molecules and in house fragments, and the integration of
sophisticated in silico scoring techniques encompassing shape
analysis, docking simulations and QSAR parameters. This
method led to the identication of compound 18 (SSI-4) (Fig. 6),
a pyridine–piperidine carboxamide analogue, showcasing
potent SCD1 inhibitory property IC50 = 1.9 nM and anti-tumour
property.

In 2020 Yumanity Therapeutics, Inc. reported a series of
pyridazine and pyridine carboxamide molecules (compound
based SCD1 inhibitors.

RSC Adv., 2024, 14, 30487–30517 | 30495
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19–26) (Fig. 6) as SCD modulators.57 Compound 19 showed
good potency, replacement of the central pyridine with groups
like phenyl (compound 20), thiazole (compound 21) reduced
the potency. Dihalo-substituted benzyl group (compounds 19,
22) as side chain showed better potency than mono-substituted
derivatives. It was observed that pyrimidine (compound 23) and
pyridine (compound 26) were well tolerated substituents for the
side chain benzyl group. Imidazole (compound 23), pyridine
(compound 26) was well tolerated substituent for pyridazinone
side chain, whereas replacing it with dihydro imidazopyridine
(compound 25) on its place decreased the potency.

Researchers at Takeda Pharmaceutical Company identied
a lead compound 27 (Fig. 7), which exhibited high SCD1
binding affinity but lacked favorable PK properties, researchers
pursued the design of novel derivatives based on molecular
modeling studies.58 Through iterative SAR analysis, they iden-
tied compound 28a and subsequently explored various
substitutions on the piperidine scaffold to optimize binding
affinity and potency. Notably, hydrophilic substitutions like
Fig. 7 Monocyclic SCD1 inhibitors: pyridazine–piperidine containing SC

30496 | RSC Adv., 2024, 14, 30487–30517
amino (compound 28b), hydroxy (compound 28c) and methoxy
(compound 28d) were tolerated in terms of binding affinity, but
lipophilic triuoromethyl group (compounds 28e, 28i) showed
a 5-fold increase in potency. Further optimization including
substitution at the phenyl ring showed that lipophilic substi-
tutions enhanced potency and regio isomers of the oxadiazole
showed that 1,3,4-oxadiazole (compound 29b) and thiadiazole
(compound 30b) showed excellent PK proles and potency.
Ultimately, compound 29b (T-3764518) emerged as a promising
candidate, demonstrating high binding affinity, GI activity and
metabolic stability, warranting further investigation for its
therapeutic potential in metabolic disorders.59

Yang et al. discovered 4-bicyclic heteroaryl-piperidine deriv-
atives as potent inhibitors of SCD1 (compounds 30–36)
(Fig. 7).60 Initially, compounds with N-methylpyrazole-4-yl
substitution were synthesized and tested, revealing that
potency was signicantly inuenced by the type and position of
substituents on the bicyclic heteroaryl ring.61 Halogen substi-
tution at the 6-position of indoline rings (compounds 32–36)
D1 inhibitors reported by Takeda Pharmaceuticals and Yang et al.60

© 2024 The Author(s). Published by the Royal Society of Chemistry
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notably improved potency, while substitutions at other posi-
tions decreased activity. Subsequent modications focused on
exploring SAR by varying the pyrazole ring with various
substituted 5-membered heteroarenes (compounds 32, 34),
revealed promising inhibitory activities. Replacement of the
pyrazole ring with para-substituted 6-membered rings such as
phenyl (compound 35) or pyridine (compound 33) showed
improved inhibitory activity, imidazole with hydroxymethyl
substitution (compound 34) also improved the potency. Despite
the potency of these inhibitors, some suffered from low
microsomal stabilities or signicant affinity towards CYP450
inhibition and/or human ether-a-go-go related gene (hERG)
channel binding, limiting further development. Notably,
Fig. 8 Monocyclic SCD1 inhibitors: SCD1 inhibitors reported by Xenon a

© 2024 The Author(s). Published by the Royal Society of Chemistry
compound 36 demonstrated in vivo efficacy by decreasing body
weight gain and plasma fatty acid desaturation index (DI) in
Zucker fa/fa rats, suggesting its potential as a therapeutic agent.
The study highlights the importance of SAR analysis in the
rational design of SCD1 inhibitors and suggests that plasma
fatty acid DI could serve as a biomarker for SCD1 inhibition,
warranting further investigation into the pharmacological
effects of these compounds.

Some pyridazine containing SCD1 inhibitors were reported
by Xenon (compounds 37–41) (Fig. 8).62 These molecules indi-
cated that sulphide and sulfoxide linkages are tolerated as
a substitute to ether linkages and phenyl side chain improves
potency rather than an aliphatic side chain.
nd Merck.

RSC Adv., 2024, 14, 30487–30517 | 30497
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Researchers at Merck reported azetidine containing pyr-
idazine carboxamide SCD1 inhibitors (compounds 42–45)
(Fig. 8),63 where dihalo-phenoxy moiety on the azetidine was
xed, on the right hand it is observed that phenyl group
substituted with electron donor groups like methoxy
(compound 44), alkyl (compounds 42, 45) showed better activity
than withdrawing groups like carboxylic acid (compound 43).
PF Medicament reported 2H-pyridazin-3-one derivatives as
SCD1 inhibitors (compounds 46–50) (Fig. 8).64 Smaller groups
Fig. 9 Monocyclic SCD1 inhibitors: SCD1 inhibitors containing 5-memb

30498 | RSC Adv., 2024, 14, 30487–30517
like methyl (compounds 46, 47) were tolerated on the pyridine
nitrogen whereas bulky groups like benzyl (compound 50)
resulted in decrease of potency. Compound 47 was reportedly
100 times more potent than reference sterculic acid (50).

Pzer researchers took compound 51a(Fig. 9) as the lead
molecule and postulated that the benzyl group linked to imid-
azole was comparable to the halo substituted group by
employing Rapid-Fire High ThroughputMass Spectrometry (RF-
MS) experiment and acyl guanidine (compound 51a) as the
ered rings as central moiety.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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starting point.65 The guanidine moiety was replaced out for the
more potent N-methyl pyrazole. Results improved when
benzylic tail moieties were substituted for the tail amide region;
this was superior to phenyl substitutions. Additionally, a single
meta substituent Cl or CF3 on the benzyl moiety was shown to
produce ligand-efficient inhibitors.

However, this did not help with the objective of in vivo
activity because the increase in log P that accompanied the
alteration frequently led to decreased microsomal stability and
solubility. Tail substituents were also accepted in certain
instances by highly specialised aliphatic groups (compound
52d). For the amide area, similar patterns were seen. The pref-
erence was for small, ve-membered amino heterocycles
(compounds 52a–c). While some six-membered amino hetero-
cycles and aliphatic cyclic (data not shown) amines (compound
52d) were tolerated, their potency was typically lost by one to
two orders of magnitude. In rats fed with a low essential fatty
acid (LEFA) diet, compound 51b produced a high exposure in
vivo to cause dose-dependent alteration of the plasma desatu-
ration index (DI). All dosage groups did, however, see minor to
moderate effects on the ocular tissues.

To develop potential SCD1 inhibitors to treat metabolic
diseases, researchers from Novartis and Xenon collaborated in
the year 2004. By starting with the pyridazinemolecule, HTS was
carried out to create a novel scaffold.66 Compound 53 (amino
thiazole) was obtained as a HIT, following this various patent of
thiazole along with imidazolidinones, pyridinones, triazinones,
piperidinones and other heteroaryl containing SCD1 inhibitors
were reported (compounds 53–64) (Fig. 9).67–71 In thiazolyl imi-
dazolidinone67 molecules reported (compounds 55–59), on the
le side of thiazole methyl-pyridinyl and other six membered
aromatic moiety were well tolerated, whereas molecules con-
taining un-substituted NH in imidazole (compound 55) were
less potent than the molecules where the hydrogen of NH was
substituted with benzyl substituents. Electron withdrawing tri-
uoromethyl phenyl group (compound 58) showed better
activity than mono–uoro substituted phenyl (compound 56)
and pyridinyl (compound 57) substituted compounds. Further,
replacing imidazole with triazole, thiazole improved the
activity.68 Benzyl group on le showed better potency than
pyridine substitution and triuoromethyl phenyl showed better
activity than mono-uoro substituted phenyl analogue.

In 2006 Merck Frosst reported thiazole and thiadiazole
analogues as SCD1 inhibitor (compounds 65–68) (Fig. 10).72,73

Compared to oxadiazole and triazoles, thiadiazole demon-
strated superior efficacy when substituted for thiazole. Analogs
of pyrazine and piperidine with ether and carbonyl linkers
(compound 67) shown superior efficacy than those with alkyl
and sulfoxide linkers. Whereas urea, thiadiazole and carbox-
amide reduced the potency, amide and hydroxyl-oxadiazole
substitution on the thiazole ring preserved the potency. The
potency of compound 68 was 100 times higher than that of
compound 67. Even though its potency improved, it had adverse
effects on the skin and eyes. Compound 67 was synthesized by
substituting the piperazinyl-pyridazine analogues' ve-
membered thiazole ring for the six-membered pyridazine ring,
as previously reported. This drug showed no D5 and D6
© 2024 The Author(s). Published by the Royal Society of Chemistry
desaturase activity and IC50 values of 0.1 mM against rSCD and
0.3 mM against hSCD1 against SCD1, indicating it's in vitro
potency against SCD1. In an acute trial, compound 67 reduced
the mouse liver SCD activity index in a dose-dependent manner
following oral dosing, with an ED50 of 3.0 mg kg−1. Additionally,
compound 67 reduced body weight increase in a 7 weeks
chronic mice study by 73%; however, aer 14 days of therapy,
partial eye closure and progressive baldness has been devel-
oped.74 The optimization efforts yielded compound 68, a highly
effective SCD inhibitor (HepG2 IC50 = 1 nM). With an ED50 of
0.3 mg kg−1, compound 68 showed a dose-dependent decrease
in the liver SCD activity index in mice. In rats given a high-fat
diet, compound 68 showed a strong 24% reduction in body
weight growth in a 4 weeks chronic testing with oral dosage at
0.2 mg kg−1. Changes in insulin and glucose levels demon-
strated an improved metabolic prole along with this outcome,
although unfavourable effects on the skin and eyes depending
on the mechanism were also noted. Researchers at Glenmark in
2010 reported a series of thiazole containing SCD1 inhibitors.75

Electron withdrawing groups (compound 69a) on the amide
showed improved potency compared to electron donating
groups such as phenyl (compounds 69b–c) (Fig. 10).

Sun et al., utilized bio isostere strategies to replace the amide
bond at the C2-position in the lead obtained compound 70,
leading to the identication of potent SCD1 inhibitors.76 The
replacement of the amidemoiety at the C2-position with various
heterocycles revealed that SCD1 potency was highly dependent
on the nature of the heterocyclic replacements (compounds
71a–e) (Fig. 10). Imidazolidinone analogues emerged as the
most potent compound, while other substitutions such as
oxadiazole and triazoles, exhibited decreased potency. Halogen
substitution at the 6-position of the aromatic ring notably
improved the activity. However, substitutions at other positions
or with different groups led to decreased potency, emphasizing
the importance of substituent type and position. The study also
highlighted the signicance of thiazolyl imidazolidinone core
structure, where analogues (compounds 72a–h) with certain
aryl or heteroaryl groups displayed good potency, while longer
chain lengths at specic positions led to decreased the activity.

Moreover, the potent and novel (compound 72d) XEN723
was found, exhibiting signicant in vivo pharmacodynamic (PD)
effects, and demonstrating an enhancement in SCD1 in vitro
potency of approximately 560-fold over the original HTS hit
compound 70.

While demonstrating potent inhibition and in vivo efficacy,
XEN723 was associated with undesirable skin and eye adverse
events (AEs), prompting the exploration of alternative chemical
space to mitigate these AEs. The synthesis and SAR analysis of
a series of triazolone-based SCD1 inhibitors (compounds 73, 74)
(Fig. 11) led to the discovery of compound 74a,77 exhibiting
improved AEs prole and promising in vivo efficacy. The study
systematically modied the chemical structure, particularly
focusing on the R2 side chain, to optimize potency and meta-
bolic stability. Replacement of the thiazole core with a pyrazole
group in compound 74a resulted in decreased permeability but
maintained potency and demonstrated good in vivo efficacy.
Furthermore, SAR analysis highlighted the importance of
RSC Adv., 2024, 14, 30487–30517 | 30499
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Fig. 10 Monocyclic SCD1 inhibitors: thiazole derivatives as SCD1 inhibitors.
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pyridin-3-yl-methyl R1 group for maintaining potency, as
modications to this moiety led to signicant loss of activity.
Despite challenges in modifying the le-hand side pyridin-3-yl-
methyl R1, compound 74a emerged as a potent, orally active
SCD1 inhibitor with promising in vivo efficacy with a favorable
safety prole, suggesting its potential as a therapeutic agent for
metabolic disorders.

Further Sun et al. discovered novel thiazolylpyridinone-
based SCD1 inhibitors by replacing the amide bond with a pyr-
idinone moiety, exemplied by compound 75g(Fig. 11), which
showed potent SCD1 inhibition in vitro and in vivo.78 This
compound demonstrated a signicant increase in potency
30500 | RSC Adv., 2024, 14, 30487–30517
compared to the original hit, with improved liver distribution
and a wide safety margin. Furthermore, compound 75g
demonstrated a dose-dependent reduction of plasma desatu-
ration index, indicating potential efficacy in vivo. Additionally,
exible linkers between the pyridinone moiety and the terminal
phenyl ring may enhance the potency and cellular activity,
warranting further investigation.

Medicis Pharmaceuticals reported a simple phenoxy pyrro-
lidine potent SCD1 inhibitor compound 76 (Fig. 11),79 with
aromatic rings substituted at either end and pyrrolidine as
central ring.80
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Monocyclic SCD1 inhibitors: five membered heterocycles reported for SCD1 inhibition.
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3.1.1 Bicyclic ring systems. Using compound 1 reported by
Xenon, the Sano-Aventis research team in Germany examined
related compounds.81 The development of 1-benzoyl-4-pyridinyl
piperazines were resulted from further modications
(compounds 77a–b) (Fig. 12). With the aid of Abbott Lab's
knowledge82,83 and ligand-based superposition with QXP-Tt,84

the pharmacophore was further understood.
Hexahydro-pyrrolo-pyrroles were substituted for the piperi-

dine moiety using this data.85,86 SAR studies revealed that
substituting aromatic pyridazine for pyridine and using an
ether linkage rather than an amide resulted in promising
compounds (78a–c). They called this compound 78c as mole-
cule SAR707. Despite demonstrating effectiveness in vitro and in
vivo in terms of lowering body weight, improving lipid param-
eters and lowering serum desaturation index, SAR707 displayed
adverse drug reaction (ADR) in the skin when used for an
extended period in vivo.

To combat concerns about SAR707's adverse effects, Matter
et al. at Sano Aventis also carried out ligand-based virtual
screening and searched for additional chemotypes. They found
that the benzimidazole-carboxamide scaffold was a good place
to start and more 2D similarity searches produced compounds
79a–c.87
© 2024 The Author(s). Published by the Royal Society of Chemistry
It was discovered that adding keto linker in place of car-
boxamide did not increase activity (compounds 79d–e).

Aer more investigation on SAR, it was found that efficacy
was reduced on the le side when benzyl substituents were used
in place of thiophene group (compounds 79b–e). Further
research revealed that presence of a chloro-substituent on
thiophene preserved activity, whereas substituting thiazole on
thiophene lowered the activity (compounds 79f–g). Conversely,
substituting benzophenone derivatives on biphenyl ether
(compound 79g) resulted in nding of SAR224 (compound 79h)
(Fig. 12). Serum fatty acid desaturation index signicantly
decreased in SAR224 in vivo, and its optimal bioavailability and
half-life were also demonstrated.

Powell and colleagues at Merck used the competitive rat
SCD1 Scintillation Proximity binding Assay (SPA)88 to identify
structurally varied inhibitors via HTS, which resulted in the
identication of 2-arylbenzimidazole inhibitors with moderate
potency.89

Initially taking compound 80a as starting hit, the t-butyl
group was replaced with either H or CN (compounds 80b–c)
(Fig. 13), which led to a decrease in efficacy. Conversely,
analogues of sulfonamide showed comparable activity. The
most active replacement among all was methylsulfone
RSC Adv., 2024, 14, 30487–30517 | 30501
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Fig. 12 Bicyclic SCD1 inhibitors: development of SAR 707 and SAR 224.
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(compound 80d). While keeping methylsulfone, several aryl
substituents were investigated to substitute the biphenyl group,
but none of them showed superior activity. Moreover, these
30502 | RSC Adv., 2024, 14, 30487–30517
substances reportedly exhibited selectivity for the hSCD1
enzyme in contrast to the hSCD5 isoform.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Bicyclic SCD1 inhibitors: various bicyclic heterocycles as potential SCD1 inhibitors.
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Wang et al. identied benzo-[d]-oxazole scaffold based E6446
(compound 81) (Fig. 13) using High Throughput Virtual
Screening (HTVS).90 E6646 signicantly inhibited adipogenic
differentiation and hepatic lipogenesis via SCD1-ATF3 signal-
ling. The SPR results showed that E6446 exhibited strong
interaction ability with SCD1 (KD:4.61 mM). Additionally, E6646
signicantly decreased hepatic steatosis, hepatic lipid droplet
accumulation and insulin resistance in high-fat diet (HFD)-fed
mice. It also showed excellent potency IC50 = 0.98 mM
compared to reference A939572 which showed IC50 = 2.8 mM.
Other bicyclic ring based SCD1 inhibitors such as isoquinoline,
pyrrolotriazine and triazolopyridinone have been reported in
various patents (compounds 82–85) (Fig. 13).91–93

3.1.2 Spirocyclic SCD1 inhibitors. Deng et al. identied 4,5-
dihydro-3H-spiro-[benzo[b][1,4]-oxazepine-2,40-piperidine]
derivatives as hit using high throughput screening (HTS)
studies as potential SCD1 inhibitors with a favorable scaffold
for further modications (Fig. 14).94 Modications of R1 at the
5-position of the benzyl group revealed that a benzyl group
(compound 86e) and its extended form (compound 86f)
exhibited improved potency. Substituting hydrogen at the 2-
position with chloride (compound 86h) or ethyl (compound 86j)
further enhanced the potency. Chlorine substituent (compound
86l) increased the potency at the benzyl group's 3-position,
whereas triuoromethoxy (compound 86n) doubled it. Signi-
cant effects were seen from hydrophobicity at the 4-position,
where a t-butyl group (compound 86r) increased the potency
© 2024 The Author(s). Published by the Royal Society of Chemistry
more than a methyl group (compound 86o). At R2, tolerance for
replacement at the a carbon was not shown. Various amide
substituents were investigated. The examination of structures of
other known compound, it was found that heterocycles—pyr-
idazine (compound 87a) in particular—had been used to link an
amide to the core and demonstrated enhancement in activity.
Other heterocycles were also investigated because it was known
that pyridazine amide may be vulnerable to signicant metab-
olism. Different substituents of amide were studied. Aer
looking at the structures of other known inhibitors, it was
discovered that pyridazine (compound 87a) in particular, had
been used to connect an amide to the core showed improved
activity. Because, it was known that pyridazine amide may be
susceptible to substantial metabolism, other heterocycles were
also studied. Several carboxylic acids were synthesized because
derivatives of carboxylic acids may be able to distribute prefer-
entially into the liver tissues. Compared to pyridazine carboxylic
acid derivative (compound 87c), which showed modest efficacy,
thiazole carboxylic acid derivative (compound 87d) showed high
potency and showed promising pharmacokinetic characteris-
tics. An oral dose of 30 mg kg−1 of SCD1 inhibitor (compound
87d) for four hours resulted in a moderate decrease in the
plasma desaturation index, suggesting that the drug may have
some therapeutic benet.

Various patents for spirocyclic SCD1 inhibitors have been
reported (Fig. 15). Xenon reported a series of spiro (chromane-
piperidine) analogues (compounds 88a–f).95 Fluorine
RSC Adv., 2024, 14, 30487–30517 | 30503
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Fig. 14 Spirocyclic SCD1 inhibitors: spiro benzo-oxapine based SCD1 inhibitors.
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substitution in the chromane ring (compound 88c) improved
potency whereas oxo-chromane (compounds 88a–b) showed
reduced potency. Smaller substitution such as methyl on the
amide group (compounds 88c–d) showed better activity
compared to bulky substitutions such as pyridine and pyrazole
(compounds 88e–f). Schering Corp. also reported a series of
oxazepine based spiro compounds (compounds 89a–e).96 N-
Piperidine substituted with heterocycle (compound 89d)
showed better activity than alkyl substitution. Substitutions like
CF3 (compound 89d) on the aromatic ring improved the activity
rather than alkyl substituents.
3.2 Liver targeted SCD1 inhibitors

Merck researchers in 2011,97 with approach aiming to enhance
drug exposure in the liver by utilizing liver-specic organic
anion carrying polypeptides to facilitate active transport into
hepatocytes (OATPs).98 Their approach consists of the following:
(i) using an in vitro rat microsomal enzyme assay to determine
whether a compound is a SCD inhibitor; (ii) testing active SCD
inhibitors in two cell assays, one containing functional active
30504 | RSC Adv., 2024, 14, 30487–30517
OATPs (rat hepatocyte) and one lacking (HepG2 cell line); and
(iii) conducting mouse tissue distribution studies on those
compounds that are at least 4 to 5-fold more potent in the OATP
vs. non-OATP cell assays.

Acidic moieties were positioned on the le or right side of
the molecule, using compound 90 MF-438 (ref. 99) as a refer-
ence. It became clear that the molecule could only support
acidic moieties on its le side (compound 91b) (Fig. 16). Several
acidic moieties were added, and the use of tetrazole caused
a loss of efficacy and rendered the compound inert in the
HepG2 test. Compound 91b displayed a low level of activity.
This proved that an acidic moiety's appendage might actively
travel into a hepatocyte while reducing passive cell penetration.
SAR experiments were conducted on the right-hand side phe-
noxy part to boost potency on the rat SCD enzyme assay. As
previously reported by them, 2,5-dihalogen substitution resul-
ted in a signicant 8-fold improvement in potency.100

The tetrazole heterocycle could have its potency increased
even further by adding an acetic acid side chain (compound 92).
In this instance, a carboxylic acid essentially took the place of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Spirocyclic SCD1 inhibitors: oxazepane-piperidine based spirocyclic systemic SCD1 inhibitors.
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the acidic tetrazole molecule. Compound 92 was more potent in
the hepatocyte assay and >100-fold shied in potency in the
HepG2 cellular assay compared to molecule without –COOH.
Finally, the potency in the rat enzyme and hepatocyte tests was
further increased 2-fold while keeping a >300-fold shi in the
HepG2 assay by substituting an isoxazole (compound 93) (MK-
© 2024 The Author(s). Published by the Royal Society of Chemistry
8245) nucleus instead of the middle thiadiazole ring with
excellent potency.101

Compound 93 was able to exhibit maximum suppression of
liver SCD while sparing the skin and eye tissues linked to
adverse effects due to liver-targeting. At the end, this led to
a safer prole for the liver-targeted SCD inhibitor (compound
RSC Adv., 2024, 14, 30487–30517 | 30505
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Fig. 16 Development of MK-8245 based SCD1 inhibitors.
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93) in comparison to the systemically dispersed inhibitor that
has been previously described.

Lachance et al.102 looked for structurally diverse liver-
targeted SCD1 inhibitors, using MK-8245 as a reference point.
While leaving the remainder of MK-8245 unaltered, they chose
to replace out the piperidine linker for a bicyclic linker, such as,
bis-pyrrolidine moiety. The isoxazole ring was found to be the
ideal heterocycle in the bis-pyrrolidine analogues (compounds
94a, b) (Fig. 17), whereas the thiazole ring is quite like the
reference. Since, the thiazole is a good substitute for the iso-
xazole ring and the bis-pyrrolidine linker was the rst alterna-
tive studied, they conducted more SAR exploration by
evaluating a wide variety of heterocyclic linkers (compounds
94d, e).

Following subsequent in vivo testing, the tissue distribution
prole of compounds 94c and 94d found to be liver-selective.
When compared to MK-8245, the mouse liver/plasma ratios
were marginally lowered up to two folds, and the liver/
Harderian glands ratios were improved. Given the link
between suppressing SCD in the Harderian glands and AEs in
the eyes, the liver organ's good tissue selectivity was desirable.

The moderately rigid heterocycles in these series substitute
the piperidine core found in MK-8245 and other widely used
SCD-inhibitors by joining the thiazole or isoxazole ring with the
phenyl ring via a C–N bond. The thiazole heterocycle and 2-
chloro-5-triuoromethoxyphenyl in compound 94c were iden-
tied by SAR around the bis-pyrrolidine core as an excellent
combination for both in vitro potency and in vivo efficacy.

In another report103 the core of MK-8245 was replaced using
thiazole and an alkyl chain which was connected to the
heterocycle using an oxygen atom (compound 95) (Fig. 17). In
the metabolic studies conducted, it was observed that uorine
substitution on the phenyl ring led to oxidative deuorination
metabolism which was observed in hepatocyte incubations,
among different replacements, they found out –OCF3 was more
metabolically stable resulting in a compound with good
potency.
30506 | RSC Adv., 2024, 14, 30487–30517
The researchers obtained compound 96 (Fig. 17), as HTS
hit,104 they focused on physiochemical properties such as total
polar surface area (tPSA) and partition coefficient (c Log P) to
minimize the off-target effects. Further modication by
replacing ether linkage with an amine linkage and pyridine with
a thiazole group gave a prominent lead (compound 97) with
improved potency but no selectivity towards the target. To
obtain different compound exposure between liver and eyelids,
further lead optimization was done. On the le had phenyl ring
with hydrophobic groups such as CF3 (compound 98b), n-propyl
(compound 98c) were well tolerated, whereas polar substituents
like COOH (compound 98d) were not. It was also found that
thiophene (compound 99c) was an equipotent replacement for
central phenyl ring. Alcohols with methylene linker were placed
at 4th position of the thiazole ring linkers, up to 2 carbon length
were tolerated and showed single digit nM potency but further
longer chain length decreased the potency. The correlation
plots indicated that compounds in the ranges of 3.9 # c Log P
#5.0 and 90 # tPSA #98 were highly selective for the liver tar-
geting. Further optimization led to compound 100 which
showed IC50 = 5.4 nM (mouse liver microsomes), was orally
available and liver selective.

The phenoxy piperidine isoxazole derivatives of MK-8245
emerged as potent SCD1 inhibitors (compounds 101a–g)
(Fig. 18), exhibiting robust enzymatic potency against rat SCD,
and demonstrating promising in vivo efficacy in mouse liver
pharmacodynamic models without adverse effects. The liver-
targeted distribution prole of MK-8245 is attributed to
substrate recognition by organic anionic transporter proteins
(OATPs) in hepatocytes, primarily facilitated by the tetrazole
acetic acid moiety. With a focus on maintaining this liver-
targeting functionality while exploring structurally diverse
SCD inhibitors, the piperidine core of MK-8245 was replaced
with acyclic linkers, leading to the identication of a novel
series of SCD1 inhibitors.105 Through SAR and metabolism
studies, the optimal combination of a thiazole heterocycle and
2-bromo-5-triuoromethoxyphenol in compound 101g was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Tetrazole and thiazole acetic acid based SCD1 inhibitors.
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delineated for potent in vitro activity and in vivo efficacy.
However, further efforts were required to enhance liver-
selectivity and mitigate potential adverse effects associated
with exposure to the Harderian gland.

Developed from a benzo-fused spirocyclic oxazepine scaf-
fold, inhibitors for SCD1 were craed, demonstrating efficacy in
lowering desaturation index in mice (Fig. 19).106 During opti-
mization, preferences emerged for the oxazepine core and
benzylic positions, while exibility in piperidine substitutions
allowed for potency and pharmacokinetic adjustments. Inves-
tigating SAR at the 5-position highlighted the potency variances
with different substituents, particularly noting the inuence of
electron donating or withdrawing groups (compounds 102a–e).
Shiing focus to the 10-position, incorporation of R1 led to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
synthesis of compounds featuring diverse R2 groups, revealing
changes in potency. Exploration of heterocycles, especially
pyridazine and thiazole, as linker motifs unveiled promising
potency and tissue distribution in compound 103d, indicating
potential for treating metabolic disorders. Further assessment,
in vivo showed a moderate decrease in plasma desaturation
index, prompting consideration for enhancing selective liver
distribution to minimize side effects and enhance therapeutic
efficacy. The SAR analysis focused on optimizing a benzo-fused
spirocyclic oxazepine scaffold for SCD1 inhibition, revealing
preferences for the oxazepine core and benzylic positions with
substituents on the piperidine portion offering exibility in
potency and PK properties. Modications at the 5-position
showed that a benzyl group (compounds 102d–e) has improved
RSC Adv., 2024, 14, 30487–30517 | 30507
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Fig. 18 Acyclic linker based liver targeted SCD1 inhibitors.
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the potency, while substitutions on the benzyl group had
varying effects, with electron-withdrawing groups enhanced the
potency. Introduction of heterocycles, particularly pyridazine
(compounds 103a–d), further enhanced the potency, with
thiazole derivatives (compounds 103c–d) exhibiting favourable
SCD1 inhibition. Compound 103d emerged as a highly potent
SCD1 inhibitor with excellent pharmacokinetic proles and
liver tissue distribution, suggesting promise for further devel-
opment in metabolic disorder treatment. Merck reported
a series of chromane-piperidine spiro compounds with various
heterocyclic linkers, having tetrazole acetic acid as side chain,
thiazole linker showed improved potency than pyridazine
linkers. These compounds were reported to be liver selective
(compounds 104a–f).107,108

4. Natural products as SCD1
inhibitors

Among the numerous small molecules reported, various natural
products have been reported for SCD1 inhibition and/or by
indirect de-regulation of lipid metabolizing molecules (Fig. 20).

Zhu et al.109 showed that berberine (105) an isoquinoline
alkaloid extracted from a Chinese herb, reduced hepatic lipid
accumulation along with reduced expression of hepatic SCD1
and other related genes. They also reported that knockdown of
SCD1 expression mimicked the effect of berberine decreasing
hepatic steatosis. In HepG2 cells and the liver of mice fed with
30508 | RSC Adv., 2024, 14, 30487–30517
a high-fat diet, berberine enhanced the phosphorylation of
AMP-activated protein kinase (AMPK) and sterol regulatory
element-binding protein-1c (SREBP-1c). The berberine-induced
reduction of SCD1 was caused by activation of the AMPK-
SREBP-1c pathway and the sterol regulatory element (SRE)
motif in the SCD1 promoter (−920/−550).

Sterculic acid (SA) (50), a natural cyclopropene fatty acid
found in plant Sterculia foetida is a natural inhibitor of SCD1.110

Its extremely strained and reactive propene ring as well as the
double bond between C9 and C10 in its chemical structure have
been suggested as contributing factors to this inhibitory effect.
Research conducted on 3T3-L1 adipocyte cells has demon-
strated that this inhibition takes place through the down
regulation of enzyme activity, independent of SCD mRNA or
protein levels.111 Moreover, SA in Toxoplasma gondii does not
change SCD's levels of transcription or translation. Therefore,
this inhibition may result from SA's conversion to sterculoyl-
CoA, which appears to be the enzyme's active form or from
the irreversible binding of the enzyme's sulydryl groups to
cyclopropene groups as a substitute option. However, following
a four days injection of sterculic oil (SO), Dallaire et al. observed
a 31% rise in SCD1 mRNA levels in mammary cow tissue.
According to the authors, this is the result of a drop in SCD
product levels, which causes an increase in SCD1 transcription
to compensate for the decit.112,113 In a mouse model of NAFLD,
(5R)-5-hydroxytriptolide (LLDT-8) (106), a triptolide analogue,
demonstrated hepatoprotective benets by reducing liver lipid
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Spirocyclic liver targeted SCD1 inhibitors.
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accumulation.114 It reduced lipid synthesis by downregulating
the expression of SCD1, which in turn caused the ratios of
C16:1/C16:0 and C18:1/C18:0 to decrease. It also up-regulated
the genes involved in fatty acid oxidation and promoted lipol-
ysis. It lessened AST, ALT serum markers, hepatic ballooning,
and macro vesicular steatosis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Pédrono et al.115 reported that sciadonic acid, a distin-
guished fatty acid found in gymnosperm seeds such as pine
nuts which has been reported for lowering hepatic and plasma
triacylglycerols acts by inhibiting SCD1.116–118 When hepatic
cells were treated with sciadonic acid (compound 107), they
modify the hepatic acid prole. Monounsaturated fatty acids
(18:1n-9, 18:1n-7, 16:1n-7) were all decreased along with
RSC Adv., 2024, 14, 30487–30517 | 30509
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Fig. 20 Natural products based SCD1 inhibitors.
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decrease in triacylglycerol amounts. Similarly, another seed oil
Jacaric acid (compound 108) reportedly decreased the desatu-
ration index, an indicator of SCD1 activity also in further
experiments it decreased the expression of SCD1 mRNA.119

Curcumin (compound 109) a dietary polyphenol has been re-
ported to suppress SCD1 regulation in various reports. Curcu-
min, increases fatty acid-oxidation, and reduces lipid
synthesis.120 Li et al. reported that curcumin inhibited SREBP-1c
and SCD1, which were enhanced in liver injury and hepatic
metabolic disorder.121 Bai et al.122 reported sesamin (compound
110) a lignan from Sesamum indicum, showed anti-hepatic
steatosis effects in MUFAs incubated mouse hepatocytes,
HepG2 cells and high cholesterol diet induced NASH mice. It
was found that sesamin reduced cluster of differentiation 36
(CD36) mediated fatty acid uptake and inhibited lipogenic
genes like SCD1.123 Li et al. reported Epigallocatechin-3-gallate
(EGCG) (compound 111) which is found in green tea,
30510 | RSC Adv., 2024, 14, 30487–30517
inhibited the expression of SCD1, in HFD mouse groups.
Treatment with EGCG improved lipid characteristic and obesity
symptoms.124

Naringin (compound 112), a natural avone has been re-
ported for inhibiting SCD1 expression along with reducing
weight and lipid accumulation.125 Icariin obtained from the
herb Epimedium brevicornu reduced lipid accumulation,
increased fatty acid oxidation, showing ameliorative effect on
hepatic steatosis induced by high fat diet and letrozole. Yang
et al. showed that icaritin derivative IC2 (compound 113) illus-
trated SCD1 inhibitory property in breast cancer cells.126 Miyata
et al. reported that taurine (compound 114) a bile acid salt
decreased hepatic damage related bio-markers, hepatic triglyc-
erides, non-esteried fatty acids. Expression of SCD1 was
signicantly decreased in genetic model of hepatic steatosis.127
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Key developments in SCD1 inhibitors during the last 10 years (2013–2023)

S. no. Structure Remarks Reference

1

Pyridazine showed 3-fold improved
potency than pyridine. CF3 group
increases the potency

38XEN 103 showed IC50= 14 nM, with good
potency and oral bioavailability

2

Benzimidazole derivative SAR224 showed
decrease in potency compared to the
former compound SAR 707 but showed
lesser side effects

87

3
Urea based-piperidine SCD inhibitor
showed good potency of IC50 = 8 nM

128

4

Benzo-oxazepine based spirocyclic
compounds showed excellent activity,
pharmacokinetic properties and liver
tissue distribution

106

5

Bile acid–arachidonic acid conjugate, has
reached phase 3A of clinical trial, with no
side effects reported till date for the
treatment of NASH.

14 and 15

6

Indoline based bicyclic heteroaryl
compounds showed optimum activity
but poor microsomal stability, affinity
towards CYP450 inhibition

60

7

Imidazolidinone based compound
showed 560-fold improved activity than
the hit molecule, and better
pharmacodynamic properties

76

8
Maintained potency, but lesser side
effects than XEN 723

77

9

1,3,4-Oxadiazole improved
pharmacokinetic properties
demonstrated high binding affinity, GI
activity and metabolic stability

58 and 59

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 30487–30517 | 30511
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Table 1 (Contd. )

S. no. Structure Remarks Reference

10

Integrated in silico techniques that
considered docking score, QSAR,
pharmacophore and shape analysis
yielded SSI-4 with good potency

56

11
Phenoxy pyrrolidine based SCD1
inhibitor showed excellent potency IC50

hSCD1 = 6.8 nM
79

12
Electron withdrawing group substituted
benzyl group on the right-hand side
improve the potency

75

13
Pyridine-pyridazinone carboxamide
based SCD1 inhibitors showed optimum
potency range (IC50 = 40–0.01 mg)

57

14 Icaritin derivative based SCD1 inhibitor 129

15
Pyrrolidine based SCD1 inhibitor showed
excellent potency in human liver
microsomes IC50 = 0.9 nM

130

16
Benzo-oxazole based E6446 with exible
side chains showed IC50 = 0.98 mM

90
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5. Summary: key SAR insights of SCD1
inhibitors

The development of potential novel SCD1 inhibitor has seen
substantial progress, driven by the need to manage metabolic
disorders effectively. Table 1 captures some of the signicant
developments in SCD1 inhibitors during the last decade. Initial
efforts focused on identifying potent systemic inhibitors, but
the associated adverse effects such as skin and eye reactions,
necessitated a shi towards liver-targeted therapies. The liver-
specic distribution of inhibitors like MK-8245, facilitated by
organic anionic transporter proteins, underscores the impor-
tance of targeting to reduce off-target effects and enhance the
therapeutic efficacy.
30512 | RSC Adv., 2024, 14, 30487–30517
Initial compounds feature heterocyclic cores such as pyri-
dine, pyrimidine, and pyrazine. Modications have revealed
that pyridazine and piperidine provide three-fold increase in
potency compared to pyridine. Flexible linkers between core
structures and terminal phenyl ring improves potency and
cellular activity. In case of substituent effects, it has been
observed that electron withdrawing groups on aromatic rings
particularly CF3 in several cases have generally enhanced the
activity. Thiazole and pyridazine linkers have been extensively
studied. Thiazole derivatives have shown favourable pharma-
cokinetic characteristics and high potency compared to other
heterocycles. Other scaffolds such as imidazolidinone, thiazo-
lylpyridinone were common in certain potent compounds. In
cases of six-membered systems like piperazinyl pyridazine
© 2024 The Author(s). Published by the Royal Society of Chemistry
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linker lengths have shown an inuence on potency, for example
cyclopropyl group with an ethyl chain showed higher potency.
Chain length inuenced the potency, with butyl being optimal.
Amide linkage replaced with carbonyl, ether, amino or alkyl
groups without signicantly affecting the potency. Compounds
with imidazole and pyrazole rings demonstrated signicant
SCD1 inhibitory activity. Substitutions at the 5-position of these
rings, such as hydroxymethyl groups, enhanced the potency.
Imidazole with a hydroxymethyl substitution improved the
potency, indicating the importance of specic hydroxyl group
positioning for activity. Bicyclic systems, such as those involving
isoxazole and thiazole rings, have shown promising results.
These linkers, when combined with a phenyl ring via a C–N
bond, contributed to in vitro potency and in vivo efficacy. For
example, the combination of thiazole and 2-chloro-5-
triuoromethoxyphenyl provided an excellent balance for
systemic SCD1 inhibition. Substitutions at specic positions on
bicyclic rings like 5-uorobenzoisoxazole and indoline led to
enhanced potency. Fluro-substitution at the 6-position of these
rings improved activity, suggesting a key role of uorine in
modulating SCD1 inhibitory effects. Spirocyclic compounds
such as 4,5-dihydro-3H-spiro-[benzo-[b][1,4]-oxazepine-2,40-
piperidine] exhibited favourable scaffolds for SCD1 inhibition.
Substitutions at the benzyl group's 5-position, such as chlorine
and triuoromethoxy, signicantly improved the potency,
indicating the importance of specic hydrophobic and electron-
withdrawing groups at these positions. When it comes to liver
targeted distribution prole, it is attributed to moieties such as
tetrazole acetic acid, which facilitate recognition by OATPs.
Compounds with carboxylic acid groups demonstrated prefer-
ential liver distribution than other organs. Thiazole carboxylic
acid derivatives exhibited higher potency and better pharma-
cokinetic proles than pyridazine counterparts. Bicyclic linkers
like bis-pyrrolidine showed improved liver selectivity.

Despite these advances, challenges remain in balancing
potency, selectivity, and safety. The identication of novel
scaffolds and the continuous renement of SAR will be crucial
in developing next-generation potential SCD1 inhibitor. Addi-
tionally, understanding the metabolic pathways and potential
off-target effects are very much essential for optimizing these
compounds for clinical use.

6. Conclusion and future prospects

The journey of development of potential SCD1 inhibitor has
signicantly progressed with the identication of potent
systemic and liver-targeted inhibitors, and highlights the
intricate balance between efficacy and safety. The structure–
activity relationship studies reveal that specic heterocyclic
rings, such as ve-membered, bicyclic, and spirocyclic systems,
play vital roles in determining the potency and selectivity of
these inhibitors. Natural products have also contributed valu-
able scaffolds for SCD1 inhibition, demonstrating the broad
potential for chemical diversity in drug design. Continued
exploration of novel heterocyclic systems and their substitu-
tions is essential to enhance the efficacy and safety proles of
identied SCD1 inhibitors. Future research canfocus on
© 2024 The Author(s). Published by the Royal Society of Chemistry
optimizing liver-targeted delivery mechanisms to minimize
systemic side effects. Additionally, the integration of natural
product scaffolds with synthetic modications holds promise
for developing more effective and safer SCD1 inhibitor. The
future of SCD1 inhibitor development lies in the design of
tissue-specic delivery strategies to mitigate systemic side
effects. Nanoparticles and lipid nanoparticles targeting the
liver, adipose tissue, and skeletal muscle hold promise for
effectively delivering SCD1 inhibitors to their intended sites of
action. A potential strategy to offset the side effects of systemic
SCD1 inhibition can be to develop partial inhibitors of SCD1
enzyme, on the lines of Aramchol. It is envisaged that molecular
hybridization by incorporating SCD1 inhibitory pharmacophore
with anti-inammatory pharmacophore may limit the unin-
tended side effects of systemic SCD1 inhibition. Additionally,
exploring the lipidomics of SCD1 and identifying new down-
stream lipid mediators will further elucidate its complex
metabolic and signalling networks, offering new avenues for
drug development. Understanding the dynamic conformations
of SCD1 through computational studies will also enhance the
design of novel inhibitors that can more effectively modulate its
activity under various physiological and pathological conditions
with maximum therapeutic effect and minimum side effects.
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