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The antioxidant natural product sulforaphane (SFN) is an oil with poor aqueous and thermal
stability. Recent work with SFN has sought to optimize methods of formulation for oral and
topical administration. . Herein we report the design of new analogs of SFN with the goal of
improving stability and drug-like properties. Lead compounds were selected based on potency
in a cellular screen and physicochemical properties.
solubility, permeability and long-term solid-state stability at 23 °C. Compound 12 also

Among these, 12 had good aqueous

Keywords: displayed comparable or better efficacy in cellular assays relative to SFN and had in vivo
Nrf2 activity in a mouse cigarette smoke challenge model of acute oxidative stress.
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1. Introduction

One of the pathophysiological drivers of Chronic Obstructive
Pulmonary Disease (COPD) is the imbalance between
biochemical oxidants and antioxidants resulting in oxidative
stress that leads to inflammation, tissue damage and emphysema.
Levels of expression of antioxidant genes are regulated by Nrf2
(NF-E2-related factor 2) and the associated sequestering protein
Kelch-like ECH-associated protein 1 (KEAP1). Activation of the
Nrf2 pathway is a potential target for the treatment of COPD. *
Cytoplasmic Nrf2 binds to the dimeric protein, KEAPL, that
targets Nrf2 for Cullin-3 (Cul3) mediated ubiquitination and
subsequent proteasome degradation. Under oxidative stress
conditions, the KEAP1/Cul3-dependent ubiquitination of Nrf2 is
disrupted and Nrf2 accumulates in the cytoplasm of the cell and
subsequently translocates to the nucleus leading to the induction
of antioxidant and cytoprotective gene expression.?*

Analogous to the physiological effect of oxidative stress,
inactivating KEAP1/Cul3/Nrf2-mediated Nrf2 degradation by
reversible-covalent modification of reactive cysteine residues in
KEAPL, e.g., Cys151, increases the amount of Nrf2 reaching the
nucleus. This is the reported mechanism of Nrf2 activation by
many natural and synthetic electrophiles.?*

Among these different electrophilic Nrf2 activators, natural R-
sulforaphane (SFN) 1° is derived by the enzymatic action of
myrosinase (B-thioglucosidase) on glucoraphanin found in
cruciferous vegetables (Scheme 1). Chewing damages the plant
tissue which releases compartmentalized myrosinase and
glucoraphanin.  Myrosinase is also found in the bacterial
microflora of the human gastrointestinal tract.” Thus, beneficial
antioxidant effects have been attributed to cruciferous
vegetables.”*”  Efforts have been made to activate the Nrf2
pathway by administration of both extracts from cruciferous
vegetables, as well as synthetic natural or racemic SFN. SFN
itself is an oil with poor aqueous stability and therefore the goal
of developing synthetic SFN as a drug involves the development
of a suitable formulation for oral or topical administration.®**°**
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glucoraphanin (R)-sulforaphane (1)
Scheme 1. Sulforaphane is biosynthetically derived from the naturally

occurring glucosinolate, glucoraphanin.

SFN has several additional disadvantages hindering its
development as a drug, including relatively low potency in



functional assays which measure the induction of antioxidant
proteins and detoxifying enzymes downstream of Nrf2 activation
in cellular systems. Furthermore, the fact that natural SFN is a
chiral sulfoxide adds complexity to the chemical synthesis of the
natural isomer.*? However, as a lead compound for optimization,
SFN does have a low molecular weight (177) and is a polar
molecule (clogP = 0.15), leaving many possibilities for
modification to improve potency and physicochemical properties.
As part of our ongoing efforts to discover novel approaches to
the treatment of COPD, we investigated analogs related to SFN
with the goal of identifying a molecule with antioxidant-inducing
effects comparable or superior to SFN and with enhanced
capacity to be readily formulated for oral administration.

2. Results and Discussion

Chemistry

The described isothiocyanates and dithiocarbamates were
prepared from primary amine precursors starting with readily
available n-alkyl diamines with the desired linker. A typical
synthesis is depicted in Scheme 2. Analogs with a urea such as 5
were synthesized from the mono-Boc protected diamines by first
preparing the p-nitrophenol carbamate 3 with p-nitrophenyl
chloroformate and then reaction of the activated carbamate with
an amine afforded mixed ureas such as 4 after Boc cleavage.
There are many methods of isothiocyanate synthesis in the
chemical literature and these methods can be optimized for
specific structures.”® In the present example, conversion to the
isothiocyanate was effected by reaction with CS, and then
desulfurization with hydrogen peroxide affords isothiocyanate
5.1 Additional methods of isothiocyanate synthesis “are
described for other analogs in the Supplementary Materials.
Formation of dithiocarbamates such as 6 were achieved by
reaction of the isothiocyanates with the appropriate thiol in
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Scheme 2. General synthetic route for isonitrile and dithiocarbamates.
Conditions: (a) p-NO,-PhOCOCI, Et;N, DCM, 0 to 23 °C, 57%); (b) 7-NH.-
quinoxalin-6-amine, Et3N; (c) HCl/dioxane, 57%; (d) CS,, Et;N; (e) H2O,,
44%; () thiol, solvent, 44%

Multigram quantities of the lead compound 12 were prepared
according to the synthetic sequence depicted in Scheme 3. This
synthesis is six steps from the HBr salt of 3-bromopropyl amine
that is commercially available, as is the subsequently formed Boc
protected intermediate 7, and the mono-protected diamine 8.
Preparation of the unsymmetrical squareamide takes advantage of
the lowered reactivity of the mono-ethoxy squareamide 9
compared with diethoxysquarate. The most challenging step was
the large scale isothiocyanate synthesis that was developed into
an efficient and scaleable procedure using CS, and tosyl

chloride.™® This route was used to effectively prepare multigram
quantities of highly purified 12.
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Scheme 3. Scalable synthetic route to high purity 12. Conditions: (a)
Boc,0, Et;N, DCM, 88%; (b) MeNH,, THF, quant.; (c) EtOH, 97%; (d)
MeNH,-HCl, EtOH, 80 °C; (e) HCl/dioxane, 55 °C, 95%; (f) CS,, TsCl, 50-
80%; (g) SFC chromatographic purification; (h) crystallization
acetone/hexanes, 85-90%

Compound design and lead identification

The starting point for SAR assessment of the sulforaphane
analogs was the general structure depicted in Chart 1 where a
polar functionality is connected via an alkyl linker to a reactive
group.“' 15

Chart 1. The relationship of the analogs to sulforaphane.

simple
general
o _g structure n  X=polargroup
/S\/\/\N"C’ X’(’\}*y Y = reactive group

n=3-5
1

Efforts to replace the isothiocyanate electrophile

Initially, analogs of SFN, where the isothiocyanate was
replaced by other potentially reactive functionality (Y in the
general structure in Chart 1), were assessed. These analogs
retain a methyl sulfoxide or a closely related methyl sulfone as
depicted in Table 1. Our primary method for compound
evaluation was a functional assay screen using normal human
bronchial epithelial (NHBE) cells with a 10 uM concentration of
the analog being evaluated. The level of expression of the Nrf2
pathway dependent gene heme oxygenase-1 (HO-1) was
measured after a 24 h incubation with the analog and was
expressed as fold-change relative to 10 pM of SFN determined in
the same assay Of note, in NHBE cells treatment with SFN
resulted in approximately a 4-fold induction in HO-1 gene
expression over control cells in basal state (i.e., DMSO treated)
at a 10 pM concentration used in the screening assay (data not
shown; see Biological Methods in the Supplementary
Materials for additional assay details).

Among the reactive groups in Table 1, the only replacement
for the isothiocyanate that was comparably effective compared to
SFN was the dithiocarbamate 22. A sulfoxythiocarbamate
analog 21 related to a set of compounds previously reported to be
significantly less electrophilic compared to SFN was about 4-fold
less potent in the cellular screen than SFN.'® Based on the results
summarized in Table 1, an additional 43 dithiocarbamates (DTC)
and 61 isothiocyanates (ITC) were prepared to assess the effects
of varying the replacements for the polar sulfoxide (X in the
general structure in Chart 1). "'
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Table 1. 1 Induction of HO-1 gene expression in NHBE cells treated with diverse electrophiles, compared to (+)-SFN (1).

X = polar group
n
X”ﬁ\Y Y = reactive group

n=4-5
Compound fold-change Compound fold-change
number X Y n relative to SFN number X Y n relative to SFN
Q |
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4Cell assay using normal human bronchial epithelial (NHBE) cells with a 10 uM concentration of the test article. The level of expression of the Nrf2
pathway gene, heme oxygenase-1 (HO-1), is normalized and expressed as a fold-change relative to 10 uM of (+)-SFN (1). "Schemes and experimental
procedures for the preparation of compounds 13-22 are in the Supplementary Materials. “Racemic SFN was used for analog synthesis and evaluation



Table 2. — Electrostatic potentials of polar replacements for the sulfoxide.?

Squaramide Ketone

oL
WL

-43.554.1
-49.0 (M

-36.8-219.4

Sulfoxide

Sulfone

-40.3232.4

-48.6229.3

L EEE——— e

# Quantum mechanical calculations were performed in Jaguar from Schrédinger using density functional theory (DFT) with the 6-31G** basis set to assess the

electrostatic potentials of these various groups. *®

Design of polar functionality for isothiocyanate and
dithiocarbamate SFN-analogs seeking improved properties for
formulation and oral administration

The isothiocyanates and dithiocarbamates were designed with
the goal of maximizing potency while retaining properties
consistent with the desirable physicochemical properties required
for oral administration. Some of the physicochemical features
sought ' included crystallinity, permeability, and aqueous
solubility. Given the low molecular weight of the lead compound
(SFN), inclusion of amides, ureas and carbamates with aromatic
substitutions was considered a viable strategy to improve
crystallinity without causing unacceptably low levels of aqueous
solubility. Therefore, many of the analogs synthesized and
evaluated were from these classes.

Additionally, calculations of the electrostatic character of
polar group replacements for the sulfoxide were undertaken to
gain insight into structural features that would improve ligand
binding to KEAP1. Among the analogs proposed based on this
design strategy were a ketone and the novel squareamide
replacement of the sulfoxide as depicted in Table 2.

The calculations depicted in Table 2 show the squareamide
has a more negative electrostatic potential when compared to

either the ketone or sulfone and is electronically closer in
character to the sulfoxide. Based on these calculations several
analogs were prepared as direct SFN analogs and the potency in
the NHBE cellular screen was assessed (Table 3). In the case of
the squareamide 12, the change in the polar feature had a
noticeable impact on the cellular results. However, though the
differences in this assay could be based on affinity for KEAP1,
which as proposed could be related to the electronic properties of
the polar group, the SAR is based on a cellular screen. Thus, the
results may also be affected by other properties such as aqueous
solubility and membrane permeability.

SAR and mechanistic assessment of a set of isothiocyanates
and dithiocarbamates

Analysis of the data for all the isothiocyanates and
dithiocarbamates with polar group variations in the NHBE
cellular screen vs the Cul3/KEAP1 TR-FRET assay™ is depicted
in Figure 1. Figure 1 clearly shows a low correlation between
the cellular potency relative to SFN (log scale) of the new
isothiocyanate (ITC) and dithiocarbamate (DTC) analogs and the
Cul3/KEAP1 TR-FRET assay plCs, measuring the binding of full
length Cul3 and full length KEAP1.%® Furthermore, in the NHBE
cellular screen using SFN as a control, HO-1 fold-change in gene
expression has



Table 3. — Induction of HO-1 gene expression in NHBE cells by
sulfoxide mimics designed by electrostatic comparison of the
polar group.

Compound fOld-Change
number Structure relative to SFN?
+\. 1 ,S
(£)-1 PN 1
(0] 0]
12 j\;ﬁ oS 24.9
(@]
.S
23 P N 0.9
N .C
Q S
24 \NJ\/\/\ NC 0.7
H

aCell assay using NHBE cells with a 10 pM concentration of the test article.
The level of expression of HO-1 is normalized and expressed as a fold-
change relative to 10 pM of (£)-SFN (1).

a broad window (~ 0.04-100 fold-change), while the
Cul3/KEAP1 TR-FRET assay gives meaningful results over a

much narrower range (1.5 log units) and many of the analogs
(including SFN) were below the limits of the Cul3/KEAP1 TR-
FRET assay (pICsy < 4). Likewise, a TR-FRET assay measuring
binding of full length Nrf2 to full length KEAP1 detects no
measurable activity (pICs, < 4) for many of the analogs from this
set of compounds.” These data suggest that the biochemical
assays may not be sensitive enough to measure the effects of SFN
and the other analogs binding to KEAP1, but it is also possible
that the analogs can inhibit the degradation of Nrf2 without
disrupting the KEAP1-Cul3-Nrf2 complex'® or that the analogs
are affecting HO-1 expression independent of binding to the
KEAP1-Cul3-Nrf2 complex.



Figure 1. Fold-change of HO-1 gene expression in NHBE cells (average values depicted on log scale) vs. KEAP1-Cul3 TR-FRET
binding data (pICs) colored by isothiocyanates (ITC) (green) and dithiocarbamates (DTC) (blue).
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Given the lack of significant potency of many. of the
molecules in the KEAP1/Cul3 TR-FRET biochemical assay, and
the fact that the SAR is based on a functional screen for increased
expression of the HO-1 gene (as well as other gene products, data
not shown), we sought additional support for the hypothesis that
the mechanism of action of these analogs is through covalent
binding to KEAPL. It has been reported that SFN binds
covalently to multiple Cys residues .inthe BTB and IVR domains
of KEAP1 including Cys151 in the BTB domain.*!* 2% |n
order to confirm that these analogs bind KEAP1, the interaction
of SFN and 12 with both wild type His-Keapl (35-178) and
mutant H6huKeapl (35-182) C151S construct was evaluated by
LC-MS. These experiments demonstrated binding of SFN and
12 to two Cys residues in the WT KEAP1 construct after a 1 h

incubation. The mass spectra show the addition products to both
acetylated and non-acetylated forms of the protein construct. In
contrast, incubation with the C151S mutant construct yielded
only one addition product for both SFN and 12 (Figure 2).
These data demonstrate that the isothiocyanate analogs bind to
KEAP1 covalently through the BTB domain as previously
reported for SFN and supports the hypothesis that disruption of
the KEAP1-Nrf2-Cul3 complex is not required to increase Nrf2
cellular concentration® and thus to increase HO-1 gene
expression as shown in the cellular assay screen. Therefore,
compounds potent in the cellular screen were selected for further
assessment utilizing additional cellular systems.



Figure 2. Comparison of the LC-MS data for WT and mutant C151S protein with SFN and 12 after incubation for 1 h; A. SFN with
HisKeapl (35-178); B. 12 at 1 h with HisKeapl (35-178); C. SFN at 1 h with H6huKeap1 (35-182) C151S; D. 12 at 1 h with

H6huKeapl (35-182) C151S.
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Table 4. Representative comparison of isothiocyanate its
. . . corresponding dithiocarbamate.
The structure-activity relationships (SAR) for the

isothiocyanates and dithiocarbamates using the cellular screen
demonstrated dependence of potency on the linker length (n = 4
appears optimal, see Table 1) as well as the polar functional
group (X in Table 1). For the dithiocarbamates, with an
additional point of structural diversity at the dithiocarbamate, the
SAR is also influenced by the substitution ~patternon the
dithiocarbamate. In many cases, dithiocarbamates are more
potent inducing the expression of the HO-1 gene than the
corresponding isothiocyanates when screened at a 10 uM
concentration.  This trend is illustrated in Figure 3 and an
example of the relative potencies of a parent isothiocyanate and
corresponding dithiocarbamate is shown in Table 4.

Compound Structure foIF!-change
number relative to SFN?
2 S
()1 S~ N"C/ 1

H H
N N N .C”
s [/ D/ Y OTYON 13.2
N o)
N

H H
N N N\/\/\Nk
6 [\ U 70( H 101.8
N

3Cell assay using NHBE cells with a 10 uM concentration of the test article.
The level of expression of HO-1 is normalized and expressed as a fold-
change relative to 10 pM of (+)-SFN (1).




Figure 3. Induction of HO-1 gene expression by compounds screened at 10 uM (expressed relative to 10 uM SFN) for the parent
isothiocyanates (ITC) (green) and corresponding dithiocarbamates (DTC) (blue) analogs.
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Figure 4. Induction of HO-1 gene expression by compounds screened at 10 uM (expressed relative to 10 uM SFN) vs kinetic solubility

at pH 7.4 colored by isothiocyanates (ITC) (green) and dithiocarbamates (DTC) (blue).
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Kinetic Solubility (uM)

Solubility issues with the in vivo vehicle arose with many of
the analogs selected for further evaluation based on potency in
the cellular screen. The high throughput Kinetic solubility
(utilizing chemiluminescent nitrogen detection (CLND)) of ten of
the most potent dithiocarbamates and three of the most potent

10

® ®oTC
OI1TC
® o
® |0
350 400

isothiocyanates from the cellular screen was evaluated (Figure

473

The three compounds with good kinetic solubility at pH 7.4

(compounds  highlighted

in

the box

in Figure 4) are



representative of the structures from the two chemical classes. equilibrium solubility from solid of compound 12 at pH 6.5 in
Some of the physicochemical characteristics of these compounds fasted state simulated intestinal fluid (FaSSIF),” is relatively
are summarized in Table 5. Furthermore, the measured high, with a value of 8 mg/mL.

11



Table 5. Novel analogs of SFN with good kinetic solubility and efficacy (screened at 10 pM) in the NHBE cellular screen (represented

as induction of HO-1 gene expression relative to 10 uM SFN).

Compound KEAP1/Cul3 fold-change

chrom  kinetic solubility

Structure number FRET plCsgrelative to SFN® MW tpsa® logD?® (ng/mL)
Ny, o
[Q\ H 6 5.1 102 4326 82 152 400
N7 NJ\N/\H:\H/S
H H I N
H
©\/N N 25 4.7 28 248.3 41 4.59 418
WS C*s
o)
N NN
/ <
]:( 3 Cg 12 43 25 2533 53  2.39 394
o7 o

aCell assay using NHBE cells with a 10 yM concentration of the test article. The level of expression of HO-1 is normalized and expressed as a fold-

change relative to 10 M of (£)-SFN (1). btpsa = topological polar surface area

To evaluate cellular potency in relation to physicochemical
properties, we utilized the logarithm of the fold-change in
expression level of the HO-1 gene (relative to SFN) as a relative
measure of potency. Based on the concept of ligand efficiency?,
we utilized the log of the fold-change data from the screening
assay divided by the number of heavy atoms (HA) (multiplied by
100 for better visualization) to obtain a measure of potency in.the
cellular screen relative to molecular size. Furthermore, when this

24

ratio is plotted against the chrom log D at pH 7.4 (an
experimentally determined measure of lipophilicity)®’, the
comparison  affords a depiction where fold-change in cellular
activity adjusted for molecular size is compared to lipophilicity,
similar to lipophilic ligand efficiency (LLE) (Figure 5). *%® The
compounds with higher potency in the cellular screen relative to
molecular size and those with lower chrom log D would be of
interest as potentially developable oral Nrf2 pathway activators.

Figure 5. Log [(induction of HO-1 gene expression relative to SFN at 10 uM/number of heavy atoms(HA)) x100] vs chrom log D at

pH 7.4. Colored by aromatic ring count; blue, O; green, 1; red, 2.
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Identification of 12 as a lead compound with improved
properties for formulation and oral administration

By the above criteria, 12 emerged as the most interesting
compounds in the series (Figure 5). Compound 12 also held
additional advantages such as stability as a crystalline solid (>3
years at 23 °C),” excellent FaSSIF solubility (measured from
crystalline solid), moderate topological polar surface area and
low molecular weight (Table 5). Further, the tertiary squaramide
incorporated in 12 mimics similar polar tertiary urea and amide
analogs. For instance, since dialkyl tertiary squaramides such as
12 can only act as H-bond acceptors and not H-bond donors®
they likely mimic the difference in permeability between tertiary
and secondary amides.* The MDR1-MDCK permeability of 12
was considered good with Papp = 12.5x10° cm/s (A—B) and
Papp = 7.67x10° cm/s (B—A).*

Compound 12 was further evaluated relative to known Nrf2
activators in a related cellular assay that measures increase of
activity of an enzymatic protein, NAD(P)H dehydrogenase
[quinone] 1 (NQO1), downstream of Nrf2 activation. This assay
utilizes an immortalized human bronchial epithelial (BEAS2B)
cell line measuring increases in levels of NQOL1 protein utilizing
an NQO1 enzyme assay.*® The results of this comparison to SFN
and bardoxolone methyl (CDDO-Me)*** are depicted in Figure
6. Compound 12 increases the levels of NQO1 (measured by
NQOL1 activity) in a dose dependent manner with a potency
similar to SFN. In addition, although bardoxolone methyl is
considerably more potent than 12 and SFN, all three compounds
display similar efficacy in the assay. Interestingly, 12 and SFN
display differential upregulation of HO-1 in the NHBE cellular
screen. HO-1 has a complex promoter compared to other ARE-

regulated genes, as the HO-1 gene can be regulated by several
additional transcription factors including the repressor Bach1.*® A
potential mechanistic explanation for this observation can be
attributed to the differential activity of 12 and SFN with respect
to the transcriptional repressor Bachl as determined in a cellular
fragment complementation assay measuring the interaction of
Bachl and MafK. In this assay, 12 was a more potent inhibitor
than SFN (pICso = 5.5 and 4.8, respectively) of the interaction of
Bachl-MafK, an interaction required for the binding of the
repressor and possibly contributing to increased HO-1
upregulation noted in the cellular screen (see Biological Methods
in the Supplementary Materials for additional details).

Finally, 12 was evaluated in vivo utilizing a murine cigarette
smoke challenge model that incorporates oxidative stress induced
by cigarette smoke and which  is< widely used to study
inflammatory responses in the. airways (See Supplementary
Materials section for model details). In this model, 12 dosed
orally 24 h prior to the cigarette smoke challenge inhibited the
influx of neutrophils in"a dose dependent manner (Figure 7).
Furthermore, the inhibitory effect of 12 on neutrophilic
infiltration was comparable to the effect of SFN (Figure 7).
Similar observations were made for both 12 and SFN with
respect to inhibition of total and mononuclear cell infiltration into
the airways (data not shown). Altogether, these data demonstrate
that the ability of 12 to activate the Nrf2 pathway in human
bronchial epithelial cells translates into dose-dependent inhibition
of lung inflammation in an in vivo model of pulmonary oxidative
stress, which might be relevant in diseases presenting with high
neutrophilic-driven inflammation and oxidative stress such as
copPD.¥

Figure 6. The comparison of analog 12, SFN, and bardoxolone methyl in a cellular assay measuring increases of NQOL protein
utilizing a NQO1 enzymatic assay. Bardoxolone methyl (CDDO-Me): red; 12: blue; (x) SFN: black. The corresponding pECs, values

are: 5.68 (SFN), 8.06 (CDDO-Me) and 5.78 (12).
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Figure 7. Inhibition of neutrophil infiltration by SFN and 12 in a cigarette smoke challenge model in mice.
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Table 6. Profile of SFN and 12 and their GSH and NAC adducts in BEAS2B cell assay determining levels of NQO1 (measured by

NQO1 enzyme activity).
Compound Compound
number Structure pPECsq number Structure PECs
0] (o]
o}
1 1 58 12 j\:f 58
P \/\/\N\‘C ~N N/\/\N\\
\?S ‘ | CQ‘S
] o
26 \/\/\NJ\S/GSH 5.8 28~ N/\/\NJ\S/GSH 5.8
H | | H
0} o]
; )=
2§ o~y I NAC 58 20 N/ Sy g NAC 58
H \ | H

Activity was determined in BEAS2B cells by determining increase in NQO1 activity (as a measure of NQO1 protein level) after incubation of

compounds for 48 h.; NAC = N-acetyl cysteine and GSH = glutathione.

When dosed orally (2 mg/kg) in a rat pharmacokinetic study,
12 displayed high systemic clearance although the major
metabolites were shown to be the glutathione (GSH) 28 and N-
acetylcysteine (NAC) 29-adducts of 12 (data not shown).®
Taking these metabolites into consideration, oral administration
does provide a high. combined systemic exposure of 12 and its
adducts.  Using a subsequently developed high throughput
version of the BEAS2B/NQOL assay described previously, the
GSH and NAC adducts of both 12 and SFN demonstrated a
similar potency compared to the corresponding isothiocyanate
containing parent molecules (Table 6). Thus, the activity of the
adducts is consistent with the hypothesis that these isothiocyanate
analogs exist in a reversible equilibrium with thiocarbonates of
GSH and NAC in vivo.

Summary

Analogs of SFN were prepared and evaluated in a cellular
screen that compared their ability to activate the Nrf2 pathway as
measured by their ability to upregulate HO-1 gene expression
relative to SFN. The more potent examples were then assessed
for physicochemical properties desirable for their formulation
and administration as oral drugs. Among the most promising
analogs, the dialkyl tertiary squaramide 12 was shown to be a
covalent Nrf2 activator that binds to the BTB domain of KEAP1.
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Compound 12 can
be isolated as a crystalline solid that displays good aqueous

solubility and long term solid phase stability. Compound 12 has
demonstrated efficacy for activation of the Nrf2 pathway in
BEAS2B cells that also translates to a dose-dependent inhibition
of lung inflammation in an in vivo model of pulmonary oxidative
stress. In conclusion, 12 is an orally bioavailable, efficacious,
crystalline and more easily formulated analog of SFN that has
been shown to activate the Nrf2 pathway both in vitro and in vivo
and can function as a readily prepared tool for evaluation of the
Nrf2 signaling pathway.

In addition, the use of a tertiary alkyl squaramide as a
replacement for amides or ureas to increase permeability,
aqueous solubility, and crystallinity, may be generally applicable
to other medicinal chemistry target series.

All studies were conducted in accordance with the GSK
Policy on the Care, Welfare and Treatment of Laboratory
Animals and were reviewed the Institutional Animal Care and
Use Committee either at GSK or by the ethical review process at
the institution where the work was performed.
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appearing in the Schemes and tables and biological methods and
a table containing the listing of the structures of the
isothiocyanates and dithiocarbamates included in Figures 1, 3, 4
and 5 with the levels of induced HO-1 gene expression (screened
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inhibition of Cul3 and NRF2 binding to KEAP1 are included as
Supplemental Materials. All compound structures are supported
by LC-MS data with LC purity > 95% and "H NMR data.
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H:quinone acceptor oxidoreductase 1; Nrf2, Nuclear factor
erythroid 2-related factor 2; BEAS2B; Bronchial epithelium +
Adenovirus 12-SV40 virus hybrid (Ad12SV40), an immortalized
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pulmonary disease.



Table 1. Induction of HO-1 gene expression in NHBE cells
treated with diverse electrophiles, compared to (+)-SFN (1).*°¢

n X = polar group

Y = reactive grou
XHY s
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%Cell assay using normal human bronchial epithelial (NHBE)
cells with a 10 uM concentration of the test article. The level of
expression of the Nrf2 pathway gene, heme oxygenase-1 (HO-1),
is normalized and expressed as a fold-change relative to 10 uM
of (+)-SFN (1). "Schemes and experimental procedures for the
preparation of compounds 13-22-are in the Supplementary
Materials. “Racemic SFN was used for analog synthesis and
evaluation
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Table 2. Electrostatic potentials of polar replacements for the
sulfoxide.?

Squaramide Ketone Sulfone Sulfoxide

FOA A A

-43.5>54.1 -36.8>19.4 -40.3>324  -48.6->29.3

-49.0

54.1

®Quantum mechanical calculations were performed in Jaguar
from Schrédinger using density functional theory (DFT) with
the 6-31G** basis set to assess the electrostatic potentials of
these various groups.®
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Table 3. — Induction of HO-1 gene expression in NHBE cells by
sulfoxide mimics designed by electrostatic comparison of the

polar group.
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Table 4. Representative
comparison of
isothiocyanate its
corresponding
dithiocarbamate
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iCell assay using NHBE
cells with a 10 uM
concentration of the test
article. The level of
expression of HO-1 is
normalized and expressed
as a fold-change relative
to 10 uM of ()-SFN ().
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Table 5. Novel analogs of SFN with good kinetic solubility and
efficacy (screened at 10 uM) in the NHBE cellular screen
(represented as induction of HO-1 gene expression relative to 10
uM SFN.

fold-change kinetic
Structure Cﬁrgra%lé?d Iég’és_llfgm relative to MW  tpsa” ‘fohr[‘;i? solubility
PTs0 SFN® g (HM)
N o
LT LR Hs
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N N~ N \ﬂ/
H H 3
S N
H
NWN\\C 25 4.7 28 2483 41 4.59 >418
3 s
o}
N AN
- 5 Csg 12 43 25 2533 53 239 > 304
o] 0

%Cell assay using NHBE cells with a 10 pM concentration of the
test article. The level of expression of HO-1 is normalized and
expressed as a fold-change relative to 10 uM of (x)-SFN (1).
®tpsa = topological polar surface area.”
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Table 6. Profile of SFN and 12 and their GSH and NAC adducts
in BEAS2B cell assay determining levels of NQO1 (measured by

NQOL1 enzyme activity).
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Activity was determined in BEAS2B cells by determining

increase in NQOL1 activity (as a measure of NQO1 protein level)

after incubation of compounds for 48 h.; NAC = N-acetyl

cysteine and GSH = glutathione.
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