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ARTICLE INFO ABSTRACT

Keywords: Oxidative stress due to abnormal accumulation of reactive oxygen species (ROS) is an initiator of a large number
Proteolysis-targeting chimera (PROTAC) of human diseases, and thus, the elimination and prevention of excessive ROS are important aspects of pre-
KEAP1 venting the development of such diseases. Nuclear factor erythroid 2-related factor 2 (NRF2) is an essential
I(\)Iiiljizative stress transcription factor that defends against oxidative stress, and its function is negatively controlled by Kelch-like
Liver ECH-associated protein 1 (KEAP1). Therefore, activating NRF2 by inhibiting KEAP1 is viewed as a strategy for

combating oxidative stress-related diseases. Here, we generated a cereblon (CRBN)-based proteolysis-targeting
chimera (PROTAC), which we named SD2267, that induces the proteasomal degradation of KEAP1 and leads
to NRF2 activation. As was intended, SD2267 bound to KEAP1, recruited CRBN, and induced the degradation of
KEAP1. Furthermore, the KEAP1 degradation efficacy of SD2267 was diminished by MG132 (a proteasomal
degradation inhibitor) but not by chloroquine (an autophagy inhibitor), which suggested that KEAP1 degrada-
tion by SD2267 was proteasomal degradation-dependent and autophagy-independent. Following KEAP1
degradation, SD2267 induced the nuclear translocation of NRF2, which led to the expression of NRF2 target
genes and attenuated ROS accumulation induced by acetaminophen (APAP) in hepatocytes. Based on in vivo
pharmacokinetic study, SD2267 was injected intraperitoneally at 1 or 3 mg/kg in APAP-induced liver injury
mouse model. We observed that SD2267 degraded hepatic KEAP1 and attenuated APAP-induced liver damage.
Summarizing, we described the synthesis of a KEAP1-targeting PROTAC (SD2267) and its efficacy and mode of
action in vitro and in vivo. The results obtained suggest that SD2267 could be used to treat hepatic diseases
related to oxidative stress.

few decades, oxidative stress, characterized by excessive ROS, has
proven to be a major contributor to many human diseases, such as
drug-induced liver injury, cancers, and neurodegenerative, cardiovas-
cular, airway, and inflammatory diseases [4-10]. Thus, improving
oxidative stress by enhancing the cellular ROS defense system is
considered a potential means of preventing the development of oxida-
tive stress-related diseases.

Nuclear factor erythroid 2-related factor 2 (NRF2) is a key player of
: o ) cellular redox homeostasis [11]. Typically, NRF2 is bound to Kelch-like
can accumulate in cells when antioxidant defense mechanisms are ECH-associated protein 1 (KEAP1), which promotes NRF2 degradation
defective or the cellular ROS buffering system fails, and this accumu- by the ubiquitin-proteasome system [12]. In the presence of oxidative

laFion lea.ds to alterfitions in biomolecules.suc.h as DNA, RNA, and pro- stress, NRF2 is released from KEAP1 and translocated to the nucleus,
teins, which collectively referred to as oxidative stress [3]. In the past

1. Introduction

Reactive oxygen species (ROS) are naturally produced within the
body to maintain cellular homeostasis and regulate signal transduction
and gene expressions related to cell viability, migration, proliferation,
and differentiation [1]. The amounts of ROS generated are controlled by
redox balance between pro-oxidant and antioxidant species [2], but ROS
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Abbreviation

ALT alanine transaminase
APAP acetaminophen

AST aspartate transaminase
CQ chloroquine

CRBN cereblon

DART-MS direct analysis real time — mass spectrometry.
DCM dichloromethane

DIAD diisopropyl azodicarboxylate

DMF N, N-dimethyl formamide

DMSO  dimethyl sulfoxide

EtOAc  ethyl acetate

ESI electrospray ionization

FP fluorescence polarization

FRET Fluorescence resonance energy transfer
GCLC glutamyl cysteine ligase catalytic subunit
GCLM  glutamyl cysteine ligase modifier subunit

GSH glutathione
GSSG glutathione disulfide

HO-1 heme oxygenase 1

HPF high power field

HRMS  high resolution mass spectrometry

ITC isothermal titration calorimetry

JNK c-Jun N-terminal kinase

KEAP1  Kelch-like ECH-associated protein 1

MPLC medium pressure liquid chromatography

MSCI4  Magnetospirillum gryphiswaldense cereblon isoform 4

NAPQI  N-acetyl-p-benzoquinone imine

NMR nuclear magnetic resonance

NQO-1 NAD(P)H quinone oxidoreductase-1

NRF2 Nuclear factor erythroid 2-related factor 2

POI protein of interest

PROTAC proteolysis-targeting chimera

ROS reactive oxygen species

TEA triethyl amine

THF tetrahydrofuran

TMS tetramethyl silane

TUNEL terminal deoxynucleotidyl transferase dUTP nick end
labeling

where it acts as a transcription factor. After binding to anti-oxidant
response elements, NRF2 induces the expression of its target genes,
which are mainly anti-oxidant genes and detoxifying enzymes that
include heme oxygenase 1 (HO-1), NAD(P)H quinone oxidoreductase-1
(NQO-1), glutathione, y-glutamyl cysteine ligase catalytic subunit
(GCLQ), and its modifier subunit (GCLM), among others [13]. However,
several diseases occur when the degree of oxidative stress exceeds the
capacity of the defense mechanism induced by the NRF2 pathway. Based
on this knowledge, activating the NRF2 signaling pathway to increase
anti-oxidative capacity has been suggested as an efficacious strategy to
overcome several diseases mediated by oxidative stress [14,15].

Proteolysis-targeting chimera (PROTAC) technology has recently
emerged as a platform technology for targeted protein degradation.
PROTAC molecules possess three compartments: a ligand of the protein
of interest (POI), a ligand of E3 ubiquitin ligase, and a linker that con-
nects these two ligands [16]. These molecules bind to the POI and recruit
E3 ligase, which results in the ubiquitination and proteasomal degra-
dation of the POL. Due to this catalytic mode of action, PROTACs can be
sustained in target cells even after washout, and therefore, the degra-
dation of target proteins by PROTACs can be achieved at nanomolar
concentrations. So thus, PROTACs have the unique ability to overcome
the limitations of small molecule inhibitors, which can cause off-target
effects when used at high concentrations in order to be effective [17].

Recently, PROTAC-based KEAP1 degraders have been synthesized
[18-20], and their anti-oxidative effects have been examined in lung
epithelial cells [19] and hepatic stellate cells [20]. However, additional
studies are necessary to determine the anti-oxidative effects of
KEAP1-targeting PROTAC:S in other cell types and their in vivo efficacies.
In this study, we synthesized a KEAP1-targeting PROTAC as a novel
therapeutic approach to alleviate oxidative stress in liver, and showed its
in vitro and in vivo anti-oxidative effects, suggesting that SD2267 would
be another type of medication to overcome human liver diseases related
to oxidative stress.

2. Results and discussion
2.1. Synthesis of KEAP1-targeting PROTAC

To design KEAP1 degrading PROTACs, we first selected a KEAP1
binder. Compound 1 was selected from a list of known KEAP1 inhibitors

based on its binding affinity and the availability of its x-ray crystal
structures. Compound 1 was reported to have the highest binding

affinity by fluorescence polarization (FP) method (ICs¢ 12.50 nM) and a
Kd of 1.3 nM by isothermal titration calorimetry (ITC) method [21].
Moreover, the crystal structure (PDB ID:5FNU) of KEAP1 protein and
Compound 1 complex revealed the solvent-exposed region of Compound
1 and provided an important information on the linker binding location.
KEAP1-targeting PROTACs were designed by adopting cereblon (CRBN)
as the E3 ligase (Fig. 1). The method used to synthesize KEAP1-targeting
PROTACsS is shown in Scheme 1. Compound 8 which contains a phenolic
hydroxyl group as a linking position was used as the KEAP1 binder.
Starting with 2-amino-3-nitrophenol 2, sequential O-benzylation of
phenolic hydroxyl group with benzyl bromide and para-bromination of
aniline with bromine, N-methylation of aniline with methyl iodide, and
reduction of the nitro group to amine using zinc dust gave aniline 3.
N-methyl-1,2-aminobenzene 3 was cyclized to benzotriazole 4 by
treating it with NaNOg and 10% H3SO4, and then the Heck reaction with
tert-butyl acrylate using palladium catalyst Pd(PPh3)4 and P(o-tol)3)
ligand was used to produce ester 5. The olefin was coupled with phenyl
boronic acid pinacol ester 13 using a rhodium catalyst [RhCl(Cod)]2] to
afford alcohol 6, which was transformed into sulfonamide 7 using the
Mitsunobu reaction (DIAD, PPhs). Debenzylation of 7 using Hy and 10%
Pd/C provided the key intermediate phenol compound 8. The syntheses
of KEAP1-targeting PROTACs SD2267, SD2268 and SD2269 were
completed by the O-alkylation of phenol hydroxyl group 8 with CRBN
binder-augmented alkyl tosylates 20a, 20b and 20c, respectively, fol-
lowed by tert-butyl group removal under an acidic condition.

To select one compound for further in vitro and in vivo evaluations, at
first, KEAP1-PROTACs were subjected to a Fluorescence resonance en-
ergy transfer (FRET)-based competition assay to compare CRBN binding
affinities of KEAP1 PROTACs. The K; value of SD2267 was the lowest
among that of KEAP1 PROTACs, suggesting that SD2267 showed the
most powerful binding affinity to CRBN protein (Table 1).

Next, to evaluate KEAP1 degradation efficacies of PROTACs, HepG2
cells were incubated with different concentrations of each PROTAC for
6 h, and then KEAP1 protein expression levels were detected by western
blotting. SD2267 reduced the KEAP1 level by 64% at 1 pM, whereas
SD2268 reduced it by only 7%, and SD2269 had no effect (Fig. 2A).
Thus, SD2267 was chosen for further experiments. To investigate the
KEAP1 degrading efficacy of SD2267 further, HepG2 and AML12 cells
were treated with SD2267 at a wide range of concentrations from 1 to
1000 nM for 24 h. The KEAP1 level was decreased by SD2267 with a
half-maximal degradation concentration (DCsg) of 8.1 nM and a
maximum degradation efficacy (Dyax) of 82.3% at 300 nM in HepG2
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Fig. 1. Design of KEAP1-targeting PROTAC
Compound 1 is a reported inhibitor of KEAP1 (ICso < 15 nM, Kd = 1.3 nM) and
CRBN ligand.

was used to synthesize of KEAP1-targeting PROTAC with a flexible linking vector and

OH 0Bn Me  OBn Me  OBn Scheme 1. Synthesis of KEAP1-targeting PROTAC.
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bl cells (Fig. 2B), and a DCsq of 16.8 nM and Dp,qx of 76.5% at 300 nM in
Table 1

FRET-based competition assay of KEAP1-targeting PROTACs. All measurement
was performed in triplicate and Ki values are expressed as the mean + standard
deviation.

Compound Molecular weight (g/mol) K; value (nM) R?

SD2267 920.05 57.7 +17.5 0.94
SD2268 920.05 8151.7 + 5707.6 0.75
SD2269 863.94 64.8 +13.2 0.94

AML12 cells (Fig. 2C). To investigate the kinetics of KEAP1 degradation
by SD2267, both cell lines were incubated with SD2267 at 100 nM for
different times. Half-lives (DTsg) of KEAP1 in HepG2 cells and AML12
cells were 2.6 h and 2.2 h, respectively (Fig. 2D and E). These results
showed that SD2267 rapidly penetrates cells and degrades KEAP1
within few hours even at nanomolar concentrations.

2.2. Invitro KEAP]1 degradation machinery of SD2267 and its
antioxidant properties

Since we designed SD2267 as a KEAPI-targeting PROTAC, we
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Fig. 2. Selection of a KEAP1-targeting PROTAC and its efficacy in hepatocytes

(A-E) Representative image of KEAP1 protein expression in HepG2 and AML12 cells (left) and graphs of the relative mean expression of KEAP1 (right). (A) HepG2
cells were incubated with SD2267, SD2268, or SD2269 at indicated doses for 6 h. (B-E) HepG2 or AML12 cells were treated with SD2267 at different concentrations
for 24 h (B and C, respectively) or at different times at 100 nM (D and E, respectively). DCso, Dyax, and DTsq value are included in the related graphs. Densitometries
were performed using three independent experiments. ns; no significance, *p < 0.05, **p < 0.01, ***p < 0.001 versus untreated cells.
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assessed in vitro machinery of SD2267 involved in KEAP1 degradation
and the KEAP1 level was evaluated by western blotting. KEAP1 degra-
dation by SD2267 was found to occur through the proteasomal degra-
dation pathway since SD2267 could not degrade KEAP1 in the presence
of MG132 (an inhibitor of proteasomal degradation) in AML12 cells
(Fig. 3A). However, proteins can also be degraded by autophagy [22],
and P62, acting as a cargo protein during autophagy, can bind to KEAP1
with its >**DPSTGEL3%® motif and label it for autophagic degradation
[23]. Therefore, to determine whether autophagy is involved in
SD2267-mediated KEAP1 degradation, AML12 cells were treated with
SD2267 and chloroquine (CQ), which inhibits autophagy by inhibiting
autophagosome and lysosome fusion. However, autophagy inhibition
did not abolish KEAP1 degradation by SD2267, suggesting that
P62-mediated autophagic degradation of KEAP1 was not involved in the
degradation of KEAP1 by SD2267 in AML12 cells (Fig. 3B). Next, we
examined whether the proteasomal degradation of KEAP1 by SD2267
was mediated by recruiting CRBN as an E3 ligase. AML12 cells were
treated with pomalidomide (a CRBN ligand) as a competitive inhibitor
of CRBN or TD-165 (a CRBN-targeting von Hippel-Lindau (VHL) based
PROTAC) [24]. KEAP1 degradation by SD2267 was attenuated in the
presence of pomalidomide or TD-165 (Fig. 3C), and similar results were
obtained from HepG2 cells (Fig. 3D and E). Also, we generated a CRBN
knockdown HepG2 cell line using short-hairpin RNA targeting CRBN
(shCRBN), and among three clones of shCRBN (#7, #10, and #21),
shCRBN #10 was selected based on observed CRBN expression levels
(Fig. 3F). While SD2267 effectively degraded KEAP1 in shCon HepG2
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Cells, KEAP1 levels were not affected by SD2267 in shCRBN #10 HepG2
cells (Fig. 3G). Meanwhile, CRBN was not degraded by SD2267,
although KEAP1 also acts as an E3 ligase recruiting protein (Fig. 3G).
These results showed SD2267 induced KEAP1 degradation through a
CRBN-mediated proteasomal degradation pathway and not a
P62-mediated autophagic degradation pathway.

We also evaluated whether KEAP1 degradation by SD2267 activates
NRF2 to induce its target genes, especially anti-oxidative genes. Since
NRF2 is translocated to the nucleus after being liberated from KEAP1
[25], cells were treated with SD2267, and then cytosolic and nuclear
proteins were fractionated. Nuclear NRF2 was significantly upregulated
by SD2267 within 3 h in AML12 and HepG2 cells (Fig. 4A and Fig. STA).
Also, confocal microscopy showed that in immunofluorescent stained
AML12 and HepG2 cells, SD2267 increased the amount and nuclear
localization of NRF2 (Fig. 4B and Fig. S1B). Moreover, the mRNA
expression levels of HMOX1, NQO1, GCLC and GCLM (the target genes of
NRF2) were significantly increased by SD2267 in both AML12 and
HepG2 cells (Fig. 4C and Fig. S1C). These results showed that SD2267
caused the dissociation of NRF2 and KEAP1 and the activations of
anti-oxidative target genes by degrading KEAP1.

2.3. SD2267 reduced acetaminophen induced ROS generation in mouse
hepatocytes

Acetaminophen (APAP) is widely used as an anti-pyretic and anal-
gesic agent. The recent outbreak of COVID-19 raised the demand of
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Fig. 3. SD2267 degraded KEAP1 through CRBN-mediated proteasomal degradation

(A) AML12 cells were treated with SD2267 (100 or 300 nM) and MG132 (5 uM) for 4 h. (B) AML12 cells were treated with chloroquine (CQ; 20 uM) for 18 h prior to
SD2267 (100 or 300 nM) treatment for 6 h. (C) AML12 cells were treated with pomalidome (POM; 1 uM) or TD-165 (1 pM) for 3 h prior to SD2267 (100 nM)
treatment for 6 h. (D, E) HepG2 cells were treated with pomalidome (POM; 1 pM) or TD-165 (1 pM) for 14 h prior to SD2267 (100 or 300 nM) for 6 h. (F) Clonal
selection of cereblon (CRBN)-knockdown HepG2 cells. (G) HepG2 control cells (shCon) and CRBN knockdown cells (shCRBN #10) were treated with SD2267 (100 or
300 nM) for 24 h. Protein levels were determined by western blotting, and densitometries were performed using three independent experiments. ns; no significance,

**p < 0.01, ***p < 0.001.
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APAP as a recommendation for symptomatic treatment [26]. So thus,
since APAP is available over the counter, accidental APAP overuse
which leads liver damages should be considered. In addition, during the
COVID-19 pandemic, the suspected suicidal attempts by self-poisoning
were notably increased, and the most frequent single agent involved
in these was APAP [27]. Therefore, medical concerns on the hepato-
toxicity caused by APAP overdose are more needed than before
COVID-19 pandemic.

Usually, APAP is metabolized in the liver by phase II metabolisms
such as glucuronidation and sulfation [28]. However, when the amount
of APAP absorbed exceeds the capacity of these metabolisms, remaining
APAP is metabolized by cytochrome P450 enzymes, especially CYP2E1,
to N-acetyl-p-benzoquinone imine (NAPQI), which is highly reactive
and generates excessive ROS leading hepatocyte death. Since it has been
reported that NRF2 activation alleviates APAP-induced ROS generation
and cell death [4], we examined whether SD2267 reduces ROS gener-
ation and cell death induced by APAP. The cell viability of AML12 cells
was decreased by APAP treatment, and it was significantly recovered by

Redox Biology 64 (2023) 102783

Fig. 4. SD2267 promoted the nuclear trans-
location of NRF2 and activated NRF2 target genes
in AML12 cells
(A) AML12 cells were incubated with 300 nM of
. SD2267 for the indicated times, and subjected to
nuclear fractionation. GAPDH was used as a loading
control for cytosolic proteins, and Lamin B was used
as a loading control for nuclear proteins. Protein
expression levels were determined by western blot-
ting, and densitometry was performed using three

Nuclear NRF2

— independent experiments. **p < 0.01, ***p < 0.001.
0 1 2 4 8 (B) AML12 cells were incubated with 100 or 300 nM
$D2267 (h) of SD2267 for 3 h, and subjected to NRF2 immuno-
fluorescence staining (green). DAPI was used to stain
nuclei (blue). In merged NRF2 and DAPI images,
nuclear NRF2 stained blue-green (Scale bar = 25 pm).
(C) AML12 cells were incubated with 100 nM of
SD2267 for the indicated times. Gene expression
levels of HMOX1, NQO1, GCLC, and GCLM were
measured by qRT-PCR. Relative expression levels are
presented as mean + SEM (n = 3 per group). **p <
0.01, ***p < 0.001, ns; not significant versus the
control. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.)
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SD2267 (Fig. 5A). Also, the relative DCF-DA fluorescence intensities
were increased by APAP, and this increase was significantly attenuated
by 300 nM of SD2267 (Fig. 5B), suggesting that SD2267 inhibited
APAP-induced ROS generation. Since ROS generated by APAP overdose
mainly comes from mitochondria and this mitochondrial ROS leads
mitochondrial dysfunction such as loss of mitochondrial membrane
potential [29-32], we investigated mitochondrial ROS level and mito-
chondrial membrane potential in AML12 cells after APAP and/or
SD2267 treatment. SD2267-treated AML12 cells showed significantly
lower MitoSOX Red fluorescence intensities than AML12 cells treated
with APAP only, indicating that SD2267 reduced mitochondrial ROS
induced by APAP (Fig. 5C). Also, APAP significantly increased JC-1
green fluorescence intensities, and this increment was significantly
reduced by SD2267, indicating that SD2267 restored the mitochondrial
membrane potential which were decreased by APAP (Fig. 5D). We then
investigated the anti-oxidative effect of SD2267 ex vivo using primary
mouse hepatocytes. SD2267 dose-dependently degraded KEAP1
(Fig. 5E) and significantly reduced APAP-induced ROS generation
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(A) AML12 cells were treated with 15 mM of APAP in the absence or presence of SD2267 for 24 h, and the cell viability was measured by MTT assay. Data are
presented as means + SEMs (n = 5 per group). (B) AML12 cells were treated with 5 mM of APAP in the absence or presence of SD2267, and then DCF-DA fluo-
rescence intensities were measured at 4 h after APAP treatment. (C) AML12 cells were treated with 5 mM of APAP in the absence or presence of SD2267 for 8 h, and
then stained with MitoSOX Red. The intensities of MitoSOX Red were measured by flow cytometry, and presented as means + SEMs (n = 3 per group). (D) AML12
cells were treated with 5 mM of APAP in the absence or presence of SD2267 for 8 h, and then stained with JC-1. The green fluorescence intensities of JC-1 were
measured by flow cytometry, and presented as means + SEMs (n = 3 per group). (E) Primary mouse hepatocytes (PMHs) were treated with SD2267 at various
concentrations for 24 h, and KEAP1 expressions were determined by western blotting. Densitometry was performed using three independent experiments and
presented as a graph with DCso and Dy,ax value. (F) PMHs were treated with 100 nM of SD2267 for 6 h before APAP treatment at 20 mM, and then DCF-DA
fluorescence intensities were measured every 20 min for 10 h. Data are presented as means + SEMs (n = 4 per group). *p < 0.05, **p < 0.01, ***p < 0.001.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 5F). These results showed that anti-oxidative genes induced by
SD2267 treatment were functionally playing its role which is reducing
oxidative stress and subsequent cell death.

2.4. In vivo pharmacokinetics profile of SD2267 in mice

To examine the anti-oxidative effect of SD2267 in vivo, we evaluated
the pharmacokinetic profile of SD2267 in ICR mice. Average plasma
concentration-time profiles of SD2267 obtained after IP or PO admin-
istration at 3 mg/kg are shown in Fig. 6, and calculated pharmacokinetic
parameters are presented in Table 2. After IP administration, peak
plasma concentration (Cpax 1.97 pg/mL) was achieved in ~80 min
(Tmax)- SD2267 then rapidly disappeared with a half-life (T;/2) of 220
min. Furthermore, the area under the plasma concentration-time curve
from time O to infinity (AUCy~,) of SD2267 was 468 pg min/mL.
However, after oral administration of SD2267, the Cpax of only 0.172
pg/mL was observed after ~80 min. Furthermore, the oral AUCy-,, of
SD2267 was 35.8 pg min/mL, indicating that IP administration resulted
in much greater systemic exposure.

2.5. Therapeutic effect of SD2267 in acetaminophen-induced liver injury
mouse model

Next, we conducted APAP-induced liver injury mouse model to

evaluate in vivo efficacy of SD2267 (Fig. 7A). Serum levels of aspartate
transaminase (AST) and alanine transaminase (ALT) (known biomarkers
of liver injury) were increased by injecting APAP (250 mg/kg, IP), but
these increases were significantly decreased by ~2.2 fold and ~1.9 fold
in mice given SD2267 at 3 mg/kg, respectively (Fig. 7B). To evaluate
KEAP1 degrading effects of SD2267, we measured the protein level of
KEAP1 in the liver by western blotting. In line with our in vitro results,
intervention with SD2267 in the liver led to a decrease in KEAP1 protein
levels compared to APAP, with statistically significant effects observed
at the 3 mg/kg (p < 0.05). Although a statistically significant effect was
not observed at the 1 mg/kg (p = 0.08), a trend towards a decrease was
observed, suggesting that the degrading efficacy of SD2267 on KEAP1
protein level was dose-dependent (Fig. 7C). Although KEAP1 protein
level was decreased even in APAP-only treated group, the subsequent
increases of the protein level of NRF2 and HO-l1 were significantly
greater at 3 mg/kg of SD2267-treated group than APAP-only treated
group (Fig. 7C). Along with the activation of NRF2 pathway, decrease of
glutathione (GSH) to glutathione disulfide (GSSG) ratio by APAP was
significantly and dose-dependently recovered by SD2267 (Fig. 7D),
suggesting that SD2267 induced NRF2 pathway and accelerated GSH
replenishment.

APAP overdose results in excessive ROS and leads to mitochondrial
dysfunction and activates c-Jun N-terminal kinase (JNK) pathway to
amplify mitochondrial damages [29-32]. 3 mg/kg of SD2267
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Fig. 6. In vivo pharmacokinetics of SD2267 in mice

Average plasma drug concentration-time profile of SD-2267 obtained after
intraperitoneal injection (A) or oral administration (B) to mice at a dose of 3
mg/kg. Data are presented as means + SDs (n = 3 per group).

Table 2

Pharmacokinetic parameters of SD2267 following IP or PO administrations of
SD-2267 (3 mg/kg) in mice (n = 3). Data are expressed as the mean + SD, except
for Tiayx, which is presented as median values with range.

Parameter SD2267

P PO
Tmax (min) 80 [60-120] 80 [60-120]
Crmax (pg/mL) 1.97 +0.87 0.172 £ 0.116
AUC,gt (pg-min/mL) 463 £ 76 29.8 + 8.7
AUCj— (pg-min/mL) 468 + 76 35.8 + 8.5
T2 (min) 220 +17 739 + 102
MRT (min) 290 + 76 727 +181

significantly reduced the phosphorylation of JNK induced by APAP,
indicating that the mitochondrial damage caused by APAP was
ameliorated by SD2267 in vivo (Fig. 7C). Furthermore,
apoptosis-inducing factor and endonuclease G are released from
damaged mitochondria and induce DNA fragmentation and cell necrosis
[32], which can be detected by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining and hematoxylin and eosin
(HE) staining, respectively [33], and are characteristics of
APAP-induced liver injury. Therefore, we also performed HE and TUNEL
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staining of liver tissues from mice to evaluate whether SD2267 could
alleviate APAP-induced hepatotoxicity. HE staining showed that hepatic
necrosis was severely induced by 250 mg/kg of APAP which were
significantly reduced by 2 h post-treatment of SD2267 at 3 mg/kg
(Fig. 7E). In addition, the number of TUNEL-positive cells was signifi-
cantly reduced from 369 cells per high power field (HPF; x400) in
APAP-treated mice to 123 cells per HPF in APAP + 3 mg/kg of SD2267
treated mice (Fig. 7F). Taken together, SD2267 was found to effectively
degrade KEAP1 and induce NRF2 pathway in vivo attenuating the hep-
atotoxic effects of APAP.

3. Conclusion

During the time of our research, Chen et al. reported a hetero-
bifunctional degrader of KEAP1, evaluating in vitro activity on various
cell lines (HEK293T, BEAS-2B and HCA7) demonstrating that compound
14 effectively degraded KEAP1 thereby preventing cell death induced by
ROS [19]. Despite the fact that reported compound 14 (7C linker) is
structurally similar to our synthesized compound SD2267 (8C linker),
we considered that in order to establish a strong results and conclusions,
in vivo experiments with its’ pharmacokinetic profile are much more
crucial along with the supporting data of in vitro evaluation. Therefore,
in this study, we developed a KEAP1-targeting PROTAC as a therapeutic
strategy to alleviate liver damage induced by APAP overdose that acts by
activating the NRF2 pathway.

Since the liver is damaged by excessive ROS [34], we evaluated in
vitro efficacy of KEAP1-targeting PROTAGCs in hepatocytes. The evalua-
tion confirmed that SD2267 induced the CRBN-mediated proteasomal
degradation of KEAP1. Also, we observed that SD2267 induced the
nuclear translocation of NRF2, subsequently upregulated the transcrip-
tion of NRF2 target genes, and thereby ameliorated APAP-induced ROS
generation. Furthermore, SD2267 exhibited therapeutic effects in an
APAP-induced mouse model of liver injury.

PROTACs were mostly given through subcutaneous, intraperitoneal
or intravenous injections because of their low oral bioavailability [35,
36]. In our study, SD2267 showed relatively moderate Cpax and AUC
with obvious efficacy in vivo via IP administration route, but SD2267
also faced to the limitation of low oral bioavailability since oral phar-
macokinetic parameters were much lower than those of IP, suggesting
that future studies to optimize pharmacokinetic properties including
solubility, metabolic stability and permeability are still required.
Although SD2267 was not fully profiled from a drug candidate
perspective, its KEAP1 degrading activity and in vivo hepatoprotective
effects demonstrated for the first time that KEAP1-targeting PROTACs
have potential use as therapeutic agents for oxidative stress-related liver
diseases.”

4. Experimental section materials and methods
4.1. General

Unless otherwise specified, all the reactions were performed in an
oven-dried glassware using a magnetic stirrer under nitrogen balloon.
Commercially available reagents were purchased from various com-
panies (TCI, Sigma-Aldrich, Alfa Aesar, Junsei) that were used
throughout the synthesis. Anhydrous solvents [dichloromethane (DCM),
dimethyl formamide (DMF), dimethyl sulfoxide (DMSO) 1,4-dioxane]
were purchased from commercial sources. Anhydrous tetrahydrofuran
(THF) was prepared using sodium metal and benzophenone and anhy-
drous triethyl amine (TEA) using KOH pellets. The progress of reaction
was checked using TLC plate Silica Gel 60 F254 by visually monitoring
under UV light (254 nm and 365 nm). Products were concentrated using
a Buchi rotary evaporator and purified by column chromatography
using Zeochem silica gel or by Biotage Medium Pressure Liquid Chro-
matography (MPLC). NMR samples were prepared using CDCl3 or
(CD3)2S0 purchased from Cambridge Isotope Laboratories. 'H NMR
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Fig. 7. SD2267 attenuated acetaminophen (APAP)-induced liver injury in mice

(A) Experimental schedule of the APAP-induced liver injury mouse model. After 16 h of fasting, mice were injected with APAP (250 mg/kg, IP) and 2 h later treated
with SD2267 (1 or 3 mg/kg, IP) for another 6 h. (B) Serum AST and ALT levels are presented as means + SEMs. (C) Protein expression levels of liver tissues were
determined by western blotting, and densitometry results of each protein levels are presented as means + SEMs (n = 3 per group). (D) GSH to GSSG ratio was
detected from liver tissues, and presented as means + SEMs (n = 3 per group). (E) Representative images of hematoxylin and eosin (HE) stained liver tissues (left)
with measured areas of necrosis (presented as means + SEMs) (right). Necrotic areas are marked with dashed lines in HE images. (F) Representative images of
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stained liver tissues (left) and the number of TUNEL positive cells per high power field (HPF;
x400) (presented as means + SEMs) (right). cv; central vein. Scale bar = 100 pm *p < 0.05, **p < 0.01, ***p < 0.001.

spectra were obtained using a Bruker Avance III 600 MHz instrument.
Chemical shifts (§) are expressed as parts per million (ppm) versus tet-
ramethyl silane (TMS). HRMS (ESI) data were obtained using DART-MS
machine.

4.2. Chemistry

4.2.1. 6-(Benzyloxy)-4-bromo-N 1 -methylbenzene-1,2-diamine (3)

2-Amino-3-nitro phenol 2 (5.0 g, 32.4 mmol) was dissolved in 75 mL
EtOH. Potassium carbonate (6.7 g, 48.7 mmol) was also added to the
flask. Then, BnBr (4.80 mL, 40.6 mmol) was slowly added to the flask
and the mixture was stirred heating at 70 °C for 4 h. The completion of
the reaction was confirmed by TLC and solvent was removed by rotary
evaporator. Reaction mixture was diluted with 50 mL water and
extracted with 50 mL EtOAc ( x 2). EtOAc layer was collected and dried
over anhydrous MgSO4 powder. EtOAc was removed under reduced
pressure to get crude product. Purification was done by column chro-
matography EtOAc/n-Hex 1:5 to furnish benzylated yellow solid prod-
uct 2a (6.40 g, 81%). 'H NMR (600 MHz, Chloroform-d) § 7.75 (dd, J =
8.9, 1.3 Hz, 1H), 7.43-7.41 (m, 4H), 7.40-7.36 (m, 1H), 6.96 (dd, J =
7.8,1.3Hz, 1H), 6.59 (dd, J = 8.9, 7.7 Hz, 1H), 6.45 (s, 2H), 5.12 (s, 2H).
HRMS (ESI) calculated for Ci3H1aN203 (M + Na)® 267.0745, found
267.0757.

The obtained product 2a (2.50 g, 10.2 mmol) was dissolved in 40 mL
acetic acid and sodium acetate (1.34 g, 16.4 mmol) was also added to the
flask. Bromine (0.60 mL, 11.3 mmol) was then added to the flask

cautiously via a syringe. The final reaction mixture was stirred at r.t for
30 min and the reaction was monitored using TLC. Acetic acid was
removed under reduced pressure and reaction mixture was diluted with
50 mL water followed by extraction with 50 mL DCM ( x 2). DCM layer
was collected and dried over anhydrous MgSO4 powder. DCM was
removed under reduced pressure to get crude product. Purification was
done by column chromatography EtOAc/n-Hex 1:10 ~ 1:5 to furnish
brominated red oily product 2b (3.17 g, 96%). 'H NMR (600 MHz,
DMSO-dg) 6 7.73 (d, J = 2.1 Hz, 1H), 7.53-7.51 (m, 2H), 7.42 (dd, J =
8.4, 6.8 Hz, 2H), 7.38-7.34 (m, 1H), 7.33 (d, J = 2.1 Hz, 1H), 7.18 (s,
2H), 5.28 (s, 2H). HRMS (ESI) calculated for C;4H;3BrN,O3 (M + H)"
323.0055, found 323.0031.

The above desired brominated product 2b (3.16 g, 9.77 mmol) was
dissolved in 30 mL DMF at 0 °C and sodium hydride (282 mg, 11.7
mmol) was also added to the solution. Then, the mixture was stirred for
30 min at 0 °C and then methyl iodide (0.67 mL, 10.7 mmol) was
transferred to the flask containing starting material. The reaction was
left to stir at r.t for 1 h and the progress of reaction was checked by TLC.
DMF was removed under reduced pressure and reaction mixture was
diluted with 40 mL water followed by extraction with 40 mL DCM ( x 2).
DCM layer was collected and dried over anhydrous MgSO4 powder. DCM
was removed under reduced pressure to get crude product. Purification
was done by column chromatography EtOAc/n-Hex 1:10 to furnish N-
methylated orange solid product 2¢ (2.62 g, 79%). 'H NMR (600 MHz,
DMSO0-dg) §7.63 (d, J = 2.3 Hz, 1H), 7.50 (dd, J = 7.0, 2.0 Hz, 2H), 7.42
(tt, J = 8.1, 2.0 Hz, 3H), 7.32 (d, J = 2.3 Hz, 1H), 7.29 (q, J = 4.7 Hz,
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1H), 5.21 (s, 2H), 2.89 (d, J = 5.3 Hz, 3H). HRMS (ESI) calculated for
C14H13BrN203 (M + H)" 337.0213, found 337.0187.

N-methylated product 2¢ (2.61 g, 7.74 mmol) was dissolved in 40 mL
acetic acid. Zinc dust (3 g, 46.4 mmol) was cautiously added to the flask
at 0 °C. Then, the reaction mixture was allowed to stir at 45 °C for 2 h.
TLC was checked to confirm the completion of reaction. Acetic acid was
removed under reduced pressure and reaction mixture was diluted with
35 mL water followed by extraction with 35 mL EtOAc ( x 2). EtOAc
layer was collected and dried over anhydrous MgSO4 powder. EtOAc
was removed under reduced pressure to get crude product. Purification
was done by column chromatography EtOAc/n-Hex 1:10 ~ 1:5 ~1:1 to
furnish reduced brown oily product 3 (1.39 g, 59%). TH NMR (600 MHz,
DMSO-dg) 6 7.45 (d, J = 7.2 Hz, 2H), 7.39 (dd, J = 8.5, 6.8 Hz, 2H),
7.34-7.31 (m, 1H), 6.47 (d, J = 2.1 Hz, 1H), 6.45 (d, J = 2.2 Hz, 1H),
5.05 (s, 2H), 4.96 (s, 2H), 3.57 (s, 1H), 2.55 (s, 3H). HRMS (ESI)
calculated for C14H;5BrN2O (M + H)™ 307.0480, found 307.0484.

4.2.2. 7-(Benzyloxy)-5-bromo-1-methyl-1H-benzo[d] [1,2,3] triazole (4)

3 (1.38 g, 4.49 mmol) was dispersed in 25 mL of 10% sulfuric acid
solution (aq.) and NaNOy (436 mg, 6.28 mmol) was also added to the
flask slowly. Then, after 30 min of stirring, 50 mL water was added to the
flask and was left to stir for overnight. TLC plate demonstrated the
accomplishment of reaction. Extraction was done with 50 mL DCM ( x
2). DCM layer was collected and dried over anhydrous MgSO4 powder.
DCM was removed under reduced pressure to get crude product. Puri-
fication was done by column chromatography EtOAc/n-Hex 1:5 to
furnish yellow solid product 4 (1.25 g, 87%). 'H NMR (600 MHz,
DMSO-dg) 6 7.84 (d, J = 1.4 Hz, 1H), 7.57-7.55 (m, 2H), 7.45 (t, J = 7.5
Hz, 2H), 7.40-7.37 (m, 1H), 7.24 (d, J = 1.4 Hz, 1H), 5.36 (s, 2H), 4.39
(s, 3H). HRMS (ESI) calculated for C;4H;2BrN3O (M + H)™ 318.0255,
found 318.0242.

4.2.3. tert-Butyl (E)-3-(7-(benzyloxy)-1-methyl-1H-benzo[d] [1,2,3]
triazol-5-yl) acrylate (5)

4 (1.24 g, 3.89 mmol) was dissolved in 25 mL DMF at r.t. tert-Butyl
acrylate (2.81 mL, 19.6 mmol), palladium tetrakis triphenyl phosphine
(223 mg, 0.190 mmol), tri(o-tolyl) phosphine (237 mg, 0.77 mmol) and
DIPEA (1.69 mL, 9.72 mmol) were also added to the flask. Solvent was
degassed using nitrogen balloon for 10 min and was stirred at 95 °C for 5
h. The progress of the reaction was checked by TLC and DMF was
removed under reduced pressure. Reaction mixture was diluted with 40
mL water and extracted with 40 mL EtOAc ( x 2). EtOAc layer was
collected and dried over anhydrous MgSO4 powder. EtOAc was removed
under reduced pressure to get crude product. Purification was done by
column chromatography EtOAc/n-Hex 1:6 to furnish yellow solid
product 5 (1.12 g, 79%). IH NMR (600 MHz, Chloroform-d) 6 7.72 (s,
1H), 7.67 (d, J = 15.8 Hz, 1H), 7.49-7.43 (m, 5H), 7.02 (d, J = 1.2 Hz,
1H), 6.36 (d, J = 15.9 Hz, 1H), 5.25 (s, 2H), 4.44 (s, 3H), 1.56 (s, 9H).
HRMS (ESI) calculated for C»Hy3N303 (M + H)' 366.1818, found
366.1834.

4.2.4. tert-Butyl 3-(7-(benzyloxy)-1-methyl-1H-benzo[d][1,2,3] triazol-5-
yD-3-(3(hydroxymethyl) -4-methylphenyl) propanoate (6)

5 (1.11 g, 3.29 mmol) was dissolved in a solvent mixture of 45 mL
dioxane/water (2:1). Rhodium catalyst (75 mg, 0.16 mmol), and TEA
(0.64 mL, 4.93 mmol) were also added to the flask and was stirred for
few minutes. Then, 13 (1.14 g, 4.93 mmol) separately dissolved in 15 mL
solvent mixture was transferred to the flask. The final reaction mixture
was degassed using nitrogen balloon for 10 min and was stirred heating
at 95 °C for 5 h. Reaction progress was monitored using TLC. Solvent
was removed by rotary evaporator and reaction mixture was diluted
with 35 mL water followed by extraction with 35 mL EtOAc ( x 2).
EtOAc layer was collected and dried over anhydrous MgSO4 powder.
EtOAc was removed under reduced pressure to get crude product. Pu-
rification was done by column chromatography EtOAc/n-Hex 1:5 to
furnish yellow oily racemate product 6 (788 mg, 53%). 'H NMR (600

10
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MHz, Chloroform-d) § 7.50 (s, 1H), 7.40 (dt, J = 4.5, 0.7 Hz, 5H),
7.23-7.22 (m, 1H), 7.08 (s, 1H), 7.07 (d, J = 1.9 Hz, 1H), 6.69 (d, J =
1.1 Hz, 1H), 5.12 (s, 2H), 4.64 (s, 2H), 4.57 (t, J = 8.1 Hz, 1H), 4.39 (s,
3H), 3.01 (d, J = 8.5 Hz, 1H), 2.99-2.94 (m, 2H), 2.30 (s, 3H), 1.31 (s,
9H). HRMS (ESI) calculated for CogHs3sN304 (M + H)™ 488.2577, found
488.2549.

4.2.5. tert-Butyl 3-(7-(benzyloxy)-1-methyl-1H-benzo[d] [1,2,3] triazol-
5-yl)-3-(4-methyl-3-(((R)-4-methyl-1,1-dioxido-3,4-dihydro-2H-benzo[b]
[1,4,5] oxathiazepin-2-yl) methyl) phenyl) propanoate (7)

6 (785 mg, 1.70 mmol) and 16 (525 mg, 2.55 mmol) were dissolved
in 35 mL anhydrous THF. Triphenyl phosphine (847 mg, 3.40 mmol)
was also dissolved in 20 mL anhydrous THF (separate flask) and DIAD
(0.66 mL, 3.40 mmol) was added to the flask, which was then left to stir
at r.t till the formation of yellow-white precipitate. 10 mL of precipitate
was transferred to the flask containing starting materials via a syringe
and was left to stir for 3 h. The progress of reaction was checked by TLC
and solvent was removed under reduced pressure. Reaction mixture was
diluted with 25 mL water followed by extraction with 25 mL EtOAc ( x
2). EtOAc layer was collected and dried over anhydrous MgSO4 powder.
EtOAc was removed under reduced pressure to get crude product. Pu-
rification was done by column chromatography EA/n-Hex 1:6 ~ 1:5 to
furnish yellow solid racemate product 7 (817 mg, 75%). 'H NMR (600
MHz, DMSO-dg) 6 7.78 (dt, J = 7.8, 1.8 Hz, 1H), 7.65 (ddt, J = 8.1, 7.4,
1.8 Hz, 1H), 7.51 (tt, J = 8.0, 1.4 Hz, 2H), 7.47 (t, J = 1.6 Hz, 1H),
7.41-7.32 (m, 5H), 7.31 (td, J = 2.9, 1.1 Hz, 1H), 7.28-7.25 (m, 1H),
7.12(dd, J = 7.9, 2.3 Hz, 1H), 7.05 (dd, J = 21.2, 1.2 Hz, 1H), 5.27 (s,
2H), 4.48-4.36 (m, 3H), 4.34 (d, J = 5.2 Hz, 3H), 3.79 (dd, J = 14.0, 4.1
Hz, 1H), 3.62-3.55 (m, 1H), 3.08 (d, J = 8.1 Hz, 1H), 3.04 (dd, J = 15.5,
8.6 Hz, 1H), 2.73 (ddd, J = 56.2, 15.3, 1.4 Hz, 1H), 2.24 (d, J = 3.7 Hz,
3H), 1.22 (d, J = 5.3 Hz, 9H), 1.15 (d, J = 6.4 Hz, 2H), 1.03 (d, J = 6.3
Hz, 1H). HRMS (ESI) calculated for C3gH4aN406S (M + H)™ 683.2880,
found 683.2870.

4.2.6. tert-Butyl 3-(7-hydroxy-1-methyl-1H-benzo[d] [1,2,3] triazol-5-yl)-
3-(4-methyl-3-(((R)-4-methyl-1, 1-dioxido-3,4-dihydro-2H-benzo[b]
[1,4,5] oxathiazepin-2-yl) methyl) phenyl) propanoate (8)

7 (810 mg, 1.23 mmol) was dissolved in solvent mixture of 30 mL
MeOH/THF (1:5) and catalytic amount of palladium (10% on Carbon)
was also added to the flask. Then, vacuum was applied to the flask sealed
with septum and hydrogen balloon was inserted via septum. The reac-
tion mixture was allowed to stir for few hours and the progress of re-
action was monitored by TLC. Solvent was filtered via a Celite powder
washing with 20 mL EtOAc ( x 2) and obtained clear organic layer was
removed under reduced pressure to furnish yellow solid racemate
product 8 (685 mg, 98%). 'H NMR (600 MHz, DMSO-dg) 6§ 7.77 (ddd, J
=7.8, 4.8, 1.7 Hz, 1H), 7.66-7.63 (m, 1H), 7.35 (tdd, J = 7.6, 3.9, 1.2
Hz, 1H), 7.29 (dt, J = 8.1, 1.4 Hz, 1H), 7.27 (s, 1H), 7.23 (d, J = 1.9 Hz,
1H), 7.16 (ddd, J = 8.0, 4.0, 1.9 Hz, 1H), 7.11 (dd, J = 7.9, 2.5 Hz, 1H),
6.55 (d, J = 9.6 Hz, 1H), 4.42-4.35 (m, 2H), 4.33 (d, J = 3.7 Hz, 3H),
3.80 (dd, J = 14.0, 3.0 Hz, 1H), 3.63-3.55 (m, 1H), 3.02-2.87 (m, 3H),
2.81-2.71 (m, 1H), 2.24 (s, 3H), 1.22 (d, J = 1.8 Hz, 9H), 1.17 (d, J =
6.4 Hz, 2H), 1.07 (d, J = 6.4 Hz, 1H). HRMS (ESI) calculated for
C31H36N406S (M + H)™ 593.2435, found 593.2422.

4.2.7. General procedure for O-alkylation reaction of KEAP1 binder

20a (89 mg, 0.16 mmol), 20b (89 mg, 0.16 mmol) and 20c (80 mg,
0.16 mmol) were transferred in 20 mL DMF solution of 8 (100 mg, 0.16
mmol) and KoCO3 (33 mg, 0.24 mmol) which was stirred heating at
90 °C for 2 h. After the completion of reaction, DMF was removed under
reduced pressure and reaction mixture was diluted with 25 mL water
followed by extraction with 25 mL EtOAc ( x 2). EtOAc layer was
collected and dried over anhydrous MgSO4 powder. Organic layer was
removed under reduced pressure and purified by MPLC normal phase
(EtOAc/n-Hex) to furnish green/yellow oily racemate product 9a (31
mg, 21%), 9b (57 mg, 39%) and 9c (44 mg, 30%).
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4.2.8. tert-butyl 3-(7-((8-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl) amino) octyl) oxy)-1-methyl-1H-benzo[d] [1,2,3]
triazol-5-yl)-3-(4-methyl-3-(((R)-4-methyl-1, 1-dioxido-3,4-dihydro-2H-
benzo[b][1,4,5] oxathiazepin-2-yl) methyl) phenyl) propanoate (9a)

H NMR (600 MHz, DMSO-dg) 6 11.10 (s, 1H), 7.79-7.75 (m, 1H),
7.65 (dddd, J=8.1,7.4, 3.1, 1.7 Hz, 1H), 7.56 (ddt, J = 7.7, 7.1, 0.6 Hz,
1H), 7.43 (dd, J = 2.0, 1.0 Hz, 1H), 7.37-7.32 (m, 2H), 7.31-7.25 (m,
2H), 7.11 (dd, J = 8.0, 2.8 Hz, 1H), 7.09-7.07 (m, 1H), 7.02-7.00 (m,
1H), 6.89 (dd, J = 19.9, 1.1 Hz, 1H), 6.52 (t, J = 6.0 Hz, 1H), 5.04 (dd, J
= 12.9, 5.4 Hz, 1H), 4.47-4.36 (m, 3H), 4.33 (d, J = 3.8 Hz, 3H),
4.16-4.09 (m, 2H), 3.81 (dd, J = 14.1, 2.2 Hz, 1H), 3.61 (dt, J = 15.3,
10.1 Hz, 1H), 3.31-3.25 (m, 3H), 3.09-3.06 (m, 1H), 2.92-2.80 (m, 2H),
2.73 (dd, J =15.2, 1.3 Hz, 1H), 2.63-2.54 (m, 2H), 2.23 (d, J = 3.7 Hz,
3H), 1.79 (h, J = 7.2 Hz, 2H), 1.57 (s, 3H), 1.50-1.41 (m, 3H), 1.34 (t,J
= 4.8 Hz, 6H), 1.21 (d, J = 5.7 Hz, 9H), 1.08 (d, J = 6.3 Hz, 1H). HRMS
(ESI) calculated for CsyHeiN7010S (M + Na)™ 998.4201, found
998.4245.

4.2.9. tert-butyl 3-(7-((8-((2-(2,6-dioxopiperidin-3-yD-1,3-
dioxoisoindolin-5-yl) amino) octyl) oxy)-1-methyl-1H-benzo[d] [1,2,3]
triazol-5-yl)-3-(4-methyl-3-(((R)-4-methyl-1,1-dioxido-3,4-dihydro-2H-
benzo[b] [1,4,5] oxathiazepin-2-yl) methyl) phenyl) propanoate (9b)

H NMR (600 MHz, DMSO-dg) 6 11.07 (s, 1H), 7.77 (ddd, J = 7.8,
4.6, 1.7 Hz, 1H), 7.65 (ddq, J = 9.4, 4.8, 1.7 Hz, 1H), 7.56 (dd, J = 8.2,
2.1 Hz, 1H), 7.44-7.43 (m, 1H), 7.37-7.33 (m, 2H), 7.29 (ddt, J = 7.6,
3.1, 1.3 Hz, 1H), 7.26 (dd, J = 7.4, 1.9 Hz, 1H), 7.12-7.09 (m, 2H), 6.94
(d,J=2.2Hz, 1H), 6.89 (dd, J = 19.8, 1.2 Hz, 1H), 6.84 (dt, J = 8.5, 2.7
Hz, 1H), 5.03 (dd, J = 12.8, 5.5 Hz, 1H), 4.43 (ddq, J = 22.4, 13.4, 4.1
Hz, 3H), 4.33 (d, J = 3.8 Hz, 3H), 4.12 (dq, J = 6.8, 3.8 Hz, 2H), 3.81
(dd, J = 14.0, 1.9 Hz, 1H), 3.64-3.59 (m, 1H), 3.16-3.12 (m, 3H),
3.08-3.06 (m, 1H), 3.05-3.00 (m, 1H), 2.91-2.80 (m, 2H), 2.73 (dd, J =
15.3, 1.4 Hz, 1H), 2.60-2.52 (m, 2H), 2.23 (d, J = 3.8 Hz, 3H), 1.80
(hept, J = 6.5 Hz, 2H), 1.57 (q, J = 6.9 Hz, 3H), 1.51-1.43 (m, 3H),
1.39-1.34 (m, 6H), 1.21 (d, J = 5.6 Hz, 9H), 1.09 (d, J = 6.3 Hz, 1H).).
HRMS (ESI) calculated for CsoHg1N7010S (M + Na)* 998.4201, found
998.4223.

4.2.10. tert-butyl 3-(7-(4-((2-(2,6-dioxopiperidin-3-yD-1,3-
dioxoisoindolin-4-yl) amino) butoxy)-1-methyl-1H-benzo[d] [1,2,3]
triazol-5-yl)-3-(4-methyl-3-(((R)-4-methyl-1,1-dioxido-3,4-dihydro-2H-
benzo[b] [1,4,5] oxathiazepin-2-yl) methyl) phenyl) propanoate (9c)

1H NMR (600 MHz, DMSO-dg) 6 11.10 (s, 1H), 7.76 (ddd, J = 7.8,
4.2, 1.7 Hz, 1H), 7.65 (tt, J = 7.7, 1.7 Hz, 1H), 7.56 (ddd, J = 8.5, 7.2,
2.8 Hz, 1H), 7.43 (d, J = 2.7 Hz, 1H), 7.34 (tdd, J = 9.4, 4.3, 3.1 Hz, 2H),
7.30-7.25 (m, 2H), 7.13-7.09 (m, 2H), 7.03 (dd, J = 6.9, 1.3 Hz, 1H),
6.90 (dd, J = 19.1, 1.1 Hz, 1H), 6.65 (q, J = 5.8 Hz, 1H), 5.05 (dd, J =
12.8, 5.3 Hz, 1H), 4.46-4.38 (m, 3H), 4.30 (d, J = 4.2 Hz, 3H), 4.17 (t,J
=6.1Hz, 1H), 3.81 (dd, J = 14.1, 2.5 Hz, 1H), 3.61 (dd, J = 15.3, 9.8 Hz,
1H), 3.42-3.38 (m, 2H), 3.09-3.02 (m, 2H), 2.90-2.80 (m, 2H),
2.75-2.71 (m, 1H), 2.61-2.54 (m, 2H), 2.23 (d, J = 3.7 Hz, 3H), 2.02 (d,
J=6.9 Hz, 1H), 1.90 (q, J = 7.2 Hz, 3H), 1.79 (q, J = 6.5 Hz, 2H), 1.54
(s, 1H), 1.21 (d, J = 6.1 Hz, 9H), 1.08 (d, J = 6.3 Hz, 1H).). HRMS (ESI)
calculated for C4gHs3N7010S (M + H)™ 920.3555, found 920.3690.

4.2.11. General procedure for tert-butyl group deprotection

9a (31 mg, 0.031 mmol), 9b (57 mg, 0.058 mmol) and 9c (44 mg,
0.047 mmol) were dissolved in 9 mL of 4 N HCl solution in dioxane at r.t
and was stirred for 1 h. The progress of reaction was monitored by TLC
and solvent was removed under reduced pressure washing with 10 mL
MeOH ( x 2) which afforded yellow/green sticky solid racemate prod-
ucts 10a (16 mg, 57%), 10b (28 mg, 53%) and 10c (36 mg, 88%)
respectively.
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4.2.12. 3-(7-((8-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)
amino) octyl) oxy)-1-methyl-1H-benzo[d] [1,2,3] triazol-5-y1)-3-(4-
methyl-3-(((R)-4-methyl-1,1-dioxido-3,4-dihydro-2H-benzo[b] [1,4,5]
oxathiazepin-2-yl) methyl) phenyl) propanoic acid (10a, SD2267)

H NMR (600 MHz, DMSO-dg) 6 12.12 (s, 1H), 11.10 (s, 1H), 7.77
(ddd, J =7.8, 3.4, 1.7 Hz, 1H), 7.65 (tt, J = 7.7, 1.8 Hz, 1H), 7.56 (dd, J
= 8.6, 7.1 Hz, 1H), 7.42 (d, J = 7.0 Hz, 1H), 7.37-7.33 (m, 2H), 7.29
(ddd, J = 8.1, 3.0, 1.2 Hz, 1H), 7.26 (ddd, J = 10.1, 7.7, 1.9 Hz, 1H),
7.10 (d, J = 7.8 Hz, 1H), 7.08 (d, J = 8.6 Hz, 1H), 7.01 (d, J = 7.1 Hz,
1H), 6.88 (dd, J = 16.5, 1.1 Hz, 1H), 6.52 (t, J = 6.0 Hz, 1H), 5.04 (dd, J
=12.8, 5.5 Hz, 1H), 4.49 (td, J = 7.9, 4.5 Hz, 1H), 4.41 (d, J = 14.3 Hz,
2H), 4.33 (d, J = 4.0 Hz, 3H), 4.10 (ddt, J = 9.6, 5.9, 3.2 Hz, 2H), 3.80
(d, J=14.0 Hz, 1H), 3.61 (ddd, J = 15.2, 10.2, 4.9 Hz, 1H), 3.28 (d, J =
6.7 Hz, 2H), 3.11-3.06 (m, 2H), 2.90-2.84 (m, 1H), 2.60-2.52 (m, 2H),
2.23 (d, J = 5.8 Hz, 3H), 2.04-2.00 (m, 1H), 1.79 (q, J = 7.1 Hz, 2H),
1.57 (t,J = 7.0 Hz, 2H), 1.46 (q, J = 7.0 Hz, 3H), 1.34 (t, J = 4.5 Hz, 6H),
1.23 (s, 1H), 1.18 (d, J = 6.6 Hz, 1H), 1.08 (d, J = 6.3 Hz, 1H). HRMS
(ESI) calculated for C4gHs3N;010S (M + Na)™ 942.3575, found
942.3534.

4.2.13. 3-(7-((8-((2-(2,6-dioxopiperidin-3-yD)-1,3-dioxoisoindolin-5-yl)
amino) octyl) oxy)-1-methyl-1H-benzo[d] [1,2,3] triazol-5-yD)-3-(4-
methyl-3-(((R)-4-methyl-1,1-dioxido-3,4-dihydro-2H-benzo[b] [1,4,5]
oxathiazepin-2-yl) methyl) phenyl) propanoic acid (10b, SD2268)

H NMR (600 MHz, DMSO-dg) 6 11.06 (s, 1H), 7.77 (ddd, J = 7.8,
4.2,1.7 Hz, 1H), 7.65 (tt, J = 7.6, 2.0 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1H),
7.44 (d, J = 2.9 Hz, 1H), 7.37-7.33 (m, 2H), 7.30 (ddd, J = 8.1, 2.4, 1.2
Hz, 1H), 7.26 (td, J = 7.7, 1.9 Hz, 1H), 7.11-7.08 (m, 2H), 6.94 (d, J =
2.1 Hz, 1H), 6.90 (dd, J = 14.4, 1.1 Hz, 1H), 6.83 (dd, J = 8.4, 2.1 Hz,
1H), 5.03 (dd, J = 12.8, 5.5 Hz, 1H), 4.52 (td, J = 8.0, 2.3 Hz, 1H),
4.43-4.39 (m, 2H), 4.33 (d, J = 3.8 Hz, 3H), 4.10 (qd, J = 5.8, 2.8 Hz,
2H), 3.80 (d, J = 14.1 Hz, 1H), 3.64-3.60 (m, 1H), 3.49 (d, J = 2.6 Hz,
3H), 3.22-3.19 (m, 1H), 3.14 (d, J = 6.3 Hz, 2H), 2.90-2.85 (m, 1H),
2.60-2.52 (m, 2H), 2.23 (d, J = 4.4 Hz, 3H), 1.79 (q, J = 6.9 Hz, 2H),
1.57 (t, J = 7.1 Hz, 2H), 1.47 (d, J = 7.5 Hz, 3H), 1.36 (s, 6H), 1.23 (s,
1H), 1.19 (d, J = 6.3 Hz, 1H), 1.09 (d, J = 6.3 Hz, 1H). HRMS (ESI)
calculated for C4gHs3N7010S (M + Na)™ 942.3575, found 942.3555.

4.2.14. 3-(7-(4-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)
amino) butoxy)-1-methyl-1H-benzo[d] [1,2,3] triazol-5-y1)-3-(4-methyl-3-
(((R)-4-methyl-1,1-dioxido-3,4-dihydro-2H-benzo[b] [1,4,5]
oxathiazepin-2-yl) methyl) phenyl) propanoic acid (10c, SD2269)

'H NMR (600 MHz, DMSO-dg) 5 12.17 (s, 1H), 11.10 (s, 1H), 7.76
(ddd,J=7.7,3.1,1.7 Hz, 1H), 7.64 (dddd, J = 8.2, 7.4, 1.7, 0.9 Hz, 1H),
7.56 (ddd, J = 9.1, 7.0, 2.5 Hz, 1H), 7.42 (d, J = 8.3 Hz, 1H), 7.36-7.33
(m, 2H), 7.29 (ddd, J = 8.1, 2.9, 1.1 Hz, 1H), 7.25 (ddd, J =9.7, 7.7, 1.9
Hz, 1H),7.12 (dd, J = 8.7, 5.1 Hz, 1H), 7.10 (d, J = 7.9 Hz, 1H), 7.02 (d,
J=7.0Hz, 1H), 6.90 (dd, J = 15.8, 1.1 Hz, 1H), 6.65 (q, J = 5.7 Hz, 1H),
5.05(dd, J=12.9, 5.4 Hz, 1H), 4.48 (dd, J = 8.1, 5.1 Hz, 1H), 4.41 (d, J
= 14.3 Hz, 2H), 4.29 (d, J = 4.2 Hz, 3H), 4.16 (t, J = 6.1 Hz, 1H), 3.80
(d, J=14.0 Hz, 1H), 3.60 (ddd, J = 14.7, 10.2, 3.9 Hz, 1H), 3.40 (d, J =
6.5 Hz, 2H), 3.07 (t, J = 7.9 Hz, 2H), 2.91-2.80 (m, 2H), 2.73 (d, J =
15.0 Hz, 1H), 2.61-2.52 (m, 2H), 2.23 (d, J = 5.8 Hz, 3H), 2.02 (ddd, J
=12.3, 6.9, 4.5 Hz, 1H), 1.92-1.86 (m, 2H), 1.79 (q, J = 7.2 Hz, 2H),
1.23 (s, 1H), 1.18 (d, J = 6.4 Hz, 1H), 1.08 (d, J = 6.3 Hz, 1H). HRMS
(ESI) calculated for C44HssN;,010S (M + Na)™ 886.2949, found
886.2979.

4.3. Competitive binding assay

4.3.1. Protein expression and purification

Mutant Magnetospirillum gryphiswaldense cereblon isoform 4 (MSCI4)
for two surface tryptophan residues was prepared by molecular cloning
as previously described [37]. The DNA fragment harboring residues 1 to
124 of MSCI4 and the PreScission cleavage site in front of the MSCI4
gene was synthesized by PCR and incorporated into pET-28a vector. The
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resultant construct contained the N-terminal hexa-histidine tag followed
by the cleavage site of PreScission protease. The mutant MSCI4
(MsCI4WW/FF hereafter) was overexpressed in E. coli C41 (DE3) cells at
25 °C [38]. Protein induction was conducted by adding IPTG 0.2 mM at
an OD of 0.6 overnight. Cells were harvested by centrifugation and
resuspended in 20 mM Tris (pH 7.5), 100 mM NaCl, 5 mM 2-mercaptoe-
thanol, 4 mM MgCl,, DNase I and Protease Inhibitor Cocktail (Roche).
After cells were lysed by sonication, the supernatant was applied to a
NiNTA agarose column. Histidine-tagged proteins were eluted with an
imidazole gradient, and pooled eluents were dialyzed against 20 mM
Tris (pH 7.5), 150 mM NaCl, and 5 mM 2-mercaptoethanol in the
presence of PreScission protease overnight at 4 °C. Cleaved MsCI4"VW/FF
was concentrated using an Amicon concentrator and loaded on the
S-100 size-exclusion column (Cytiva) equilibrated with 20 mM Tris (pH
7.5), 150 mM NaCl, and 5 mM 2-mercaptoethanol. Eluents were
collected, concentrated, and stored at —80 °C until required.

4.3.2. Fluorescence resonance energy transfer (FRET)-based competitive
binding assay

1-(N-2-MANT-imidoethyl)-uracil (MANT-uracil), which was used as
a fluorescence reporter ligand of MsCI4WW/F was synthesized in our
laboratory [37]. Fluorescence was measured using a BioTek Synergy H1
plate Reader (BioTek, VT, USA) and a black 96-well plate using excita-
tion and emission wavelengths of 295 and 350 nm, respectively. Near
the tryptophan residues, fluorescence of the bound MANT-uracil was
excited at 350 nm, and FRET emissions were measured at 440 nm for all
competitive binding assays. Measurements were performed in triplicate.
MANT-uracil, thalidomide (positive control), and ligands stocks were
prepared in DMSO and serially diluted with binding assay buffer (20 mM
Tris (pH7.5), 150 mM NaCl, and 5 mM 2-mercaptoethanol) to maintain a
final DMSO concentration of <0.02% to prevent DMSO influencing the
fluorescence of MANT-uracil. The autofluorescence of MANT-uracil at
appropriate concentrations was treated as a blank. Titrations of ligands
for the complex of MsCI4"W/FF and MANT-uracil produced a
concentration-dependent reduction in FRET signals. The MANT-uracil
binding constant to MsCI4"W/ was obtained by titrating
MANT-uracil to MsCI4"WW/¥¥ and binding resulted in higher FRET sig-
nals at 440 nm in a MANT-uracil concentration-dependent manner. The
obtained Kd value was 3.26 pM, which was highly similar to the pub-
lished Kd value of 3.3 pM [37]. Ki values of each ligand were calculated
based on the Kd of MANT-uracil. Data processing was performed using
Prizm (GraphPad). The log (competitor) response curves yielded ICsg
values, which were used to obtain Ki values by non-linear fitting using a
one site competition model [39].

4.4. Cell lines

HepG2 cell (human hepatocyte cell line) were purchased from the
Korea Cell Line Bank (Seoul, Korea) and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS; Welgene, Daegu, Korea), penicillin 100 U/mL, and strep-
tomycin 100 pg/mL (1x P/S; Welgene). AML12 cells (mouse hepatocyte
cell line) were purchased from the ATCC (VA, USA) and cultured in
DMEM/F-12 supplemented with 10% (v/v) FBS, 1x P/S, 1x Insulin-
Transferrin-Selenium-Pyruvate supplement (Welgene), and dexameth-
asone 40 ng/mL. Cells were sub-cultured every 3—-4 days. For in vitro
experiments, cells were seeded on cell-culture grade plates for 24 h, and
culture media were changed to drug-containing media.

4.5. Generation of cereblon (CRBN) knockdown HepG2 cells

To establish cells lacking CRBN expression, 6 shRNA constructs in
PGIPZ lentiviral vector were obtained from Horizon Discovery (Saint
Louis, MO, USA). Each construct was transfected into HEK293T cells
using accessory vectors to generate lentivirus. After 2 days of trans-
fection, culture supernatants were collected and filtered to remove cell
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debris. Supernatants were mixed with 5 pg/mL polybrene and added to
HepG2 cells. Cells expressing the vector harboring the GFP gene were
isolated by FACS sorting. CRBN expressions were determined by western
blotting with anti-CRBN antibodies.

4.6. Primary mouse hepatocyte isolation and culture

Primary mouse hepatocytes were isolated from 8-to 10-week-old
male C57BL6/N mice by collagenase perfusion, as previously described
[40] with slight modification. Briefly, mice were anesthetized with an
Alfaxalone-xylazine mixture (Alfaxalone 80 mg/kg + xylazine 10
mg/kg, IP), and livers were perfused with EGTA solution followed by
collagenase solution via the inferior vena cava. Isolated hepatocytes
were then seeded on Corning® Primaria™ 6-well plates (Corning, NY,
USA) in medium 199 (Sigma-Aldrich, St Louis, MO, USA) supplemented
with 10% (v/v) FBS, P/S, 10 nM dexamethasone and 23 mM HEPES.
After 4-6 h, culture media were replaced with fresh media, and cells
were treated with SD2267 at concentrations from 1 to 1000 nM.

4.7. Invitro ROS measurement

Primary mouse hepatocytes were seeded on a 96-well black plate
and, the following day, incubated with 100 nM of SD2267 for 6 h. Cells
were then loaded with 50 uM of dichlorodihydrofluorescein diacetate
(DCF-DA) (Cayman Chemical, MI, USA) in serum-free media for 30 min
at 37 °C, washed with serum-free media, and treated with 20 mM of
acetaminophen (APAP; Sigma-Aldrich, MO, USA). Fluorescence in-
tensities (ex488/em525) were measured using a BioTek Synergy H1
plate Reader (BioTek) every 20 min for 10 h. AML12 cells were seeded
on a 96-well black plate and, the following day, incubated with 5 mM of
APAP in the absence or presence of SD2267. After 4 h, cells were stained
with 50 pM of DCF-DA in serum-free media for 30 min at 37 °C, washed
with serum-free media, and fluorescence intensities (ex488/em525)
were measured using a BioTek Synergy H1 plate Reader. Data were
analyzed using BioTek Gen5 software (BioTek).

4.8. Mitochondrial ROS and mitochondrial membrane potential
measurement

AML12 cells were treated with 5 mM of APAP in the absence or
presence of SD2267. After 8 h, cells were stained with 5 pM of MitoSOX
Red (Invitrogen, CA, USA) or 0.25 pg/mL of JC-1 dye (MedChemEx-
press, NJ, USA) for measuring mitochondrial ROS or mitochondrial
membrane potential, respectively. Stained cells were subjected to flow
cytometry using CytoFLEX (Beckman Coulter, CA, USA). Red fluores-
cence intensity of MitoSOX Red stained cells was referred to mito-
chondrial ROS. Green fluorescence of JC-1 indicate JC-1 monomer
which is increased when the mitochondrial membrane potential is
decreased. Data were analyzed using software Kaluza (Beckman
Coulter).

4.9. Nuclear fractionation

HepG2 and AML12 cells were seeded on 100 mm cell culture dishes
and, the following day, incubated with 100 nM of SD2267, harvested
using 1 mL of PBS per dish, and transferred to 1.5 mL microcentrifuge
tubes, and centrifuged (4000 G, 4 °C, 5 min). Supernatants were dis-
carded, and cell pellets were resuspended in 500 pL of cytosolic protein
extraction buffer per tube, sonicated, vortexed, and centrifuged (15,000
G, 4 °C, 20 min). Supernatants (cytosolic fractions) were transferred to
1.5 mL microcentrifuge tubes and stored at —20 °C until required. Cell
pellets were resuspended in 100 pL of nuclear protein extraction buffer
per tube and then frozen. The next day, after vortexing and cen-
trifugating (15,000 G, 4 °C, 20 min), supernatants (nuclear fractions)
were transferred to 1.5 mL microcentrifuge tubes and stored at —20 °C
required. Proteins in cytosolic and nuclear fractions were quantified by
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BCA assay and subjected to western blotting.
4.10. Western blotting

Cells were lysed with RIPA assay buffer, transferred to 1.5 mL
microcentrifuge tubes on ice for 15 min, vortexed every 5 min, and
centrifuged at 13000 rpm for 20 min at 4 °C. Supernatants were trans-
ferred to 1.5 mL microcentrifuge tubes, and BCA assayed. Protein so-
lutions containing equal amounts of protein were mixed with 5x sample
loading buffer at a volume ratio of 4:1, heated for 5 min at 95 °C, cooled,
and then separated by SDS-PAGE electrophoresis. Proteins were then
transferred to PVDF membranes, which were blocked with skim milk
(5% in TBS-T), washed, and incubated with primary antibodies over-
night at 4 °C. The following day, membranes were conjugated with
respective secondary antibodies, and immunoreactive bands were
detected by enhanced chemiluminescence. Immunoreactive band in-
tensities were measured using Image J software, and target protein band
intensities were normalized versus GAPDH. Primary antibodies used in
this study are listed in Supplementary Table 1.

4.11. Real-time quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) analysis

Cells were lysed with TRIzol reagent (Invitrogen), and total RNA was
extracted. Complementary DNA was synthesized from isolated RNA
using a PrimeScript 1st strand ¢cDNA Synthesis Kit (Takara, Kyoto,
Japan) and used for qRT-PCR using a CFX Connect Real-Time System
(Biorad Laboratories, CA, USA). The expression levels of target genes
were normalized versus GAPDH, and relative expression levels were
determined using the AACt method [37]. The primer sequences used in
this study are listed in Supplementary Table 2.

4.12. Immunofluorescence staining

For immunofluorescence staining, HepG2 and AML12 cells were
seeded on coverslips in 12-well plates, treated with SD2267 for 3 h,
fixed with 4% (w/v in PBS) paraformaldehyde for 10 min at room
temperature, and permeabilized with 0.1% (v/v in PBS) Triton X-100 for
10 min at room temperature. After rinsing with PBS-T (0.1% (v/v)
Tween 20 in PBS), cells were blocked with 1% (w/v in PBS-T) BSA for 1
h, incubated with anti-NRF2 antibody (Proteintech, 16396-1-AP, IL,
USA) (1:200 in 1% BSA) overnight at 4 °C, washed with PBS-T, and
incubated with donkey anti-rabbit IgG FITC (Santa Cruz Biotechnology,
SC-2090, 1:200 in 1% BSA) for 1 h at room temperature. After secondary
antibody incubation, cells were washed with PBS-T and transferred to
slide glass. Nuclear staining was performed using DAPI mounting me-
dium (ImmunoBioScience Corp., AR-6501-01, WA, USA), and immu-
nofluorescence images were obtained using a confocal laser scanning
microscope (Al plus, Nikon, Japan) and analyzed using Nikon NIS-E
image analysis software.

4.13. In vivo experiments

4.13.1. Animals

The in vivo pharmacokinetics of SD2267 were evaluated in male ICR
mice (7-8 weeks old, 30-35 g), which were purchased from Orient Bio
(Seongnam, Republic of Korea), and the acetaminophen (APAP)-
induced liver injury model was conducted using 7 weeks old C57BL/6 N
male mice purchased from Koatech (Pyeongtaek, Republic of Korea).
Mice were acclimatized to standardized laboratory conditions for at
least one week before the experiments. During acclimatization, mice
were allowed free access to food and water and maintained under a daily
light/dark cycle. The animal study protocols were approved by the
Institutional Animal Care and Use Committee of Gachon University
(Approval # GU1-2022-IA0040 for the pharmacokinetics study and
Approval # GU1-2022-IA0011 for the APAP-induced liver injury model)
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and conducted in accordance with ARRIVE guidelines [41].

4.13.2. Pharmacokinetic study

In vivo pharmacokinetic studies in mice were conducted, as previ-
ously described [42]. SD2267 (0.75 mg/mL) was dissolved in a mixture
of Cremophor EL, polyethylene glycol 400 and double distilled water
(10/40/50%, v/v), and the resultant solution was administered PO or IP
to overnight-fasted mice at 3 mg/kg. Blood samples were collected at 15,
30, 60, 120, 240, 480, and 1440 min after IP administration from the
retro-orbital sinus using heparinized capillaries, and at 30, 60, 120, 240,
480, and 1440 min after oral administration. Blood samples were
immediately centrifuged at 14,000 rpm for 15 min at 4 °C, and super-
natants (plasma) were stored at —20 °C until required.

4.13.3. LC-MS/MS analysis and pharmacokinetic parameters

Concentrations of SD2267 in plasma samples were determined by
LC-MS/MS. Briefly, plasma samples (10 pL) were mixed with 10 pL
methanol and 50 pL of internal standard solution (100 ng/mL of phen-
acetin in methanol). The resultant mixtures were vortexed for 1 min,
centrifuged at 14,000 rpm for 15 min at 4 °C, and supernatants were
transferred to analytical vials for LC-MS/MS analysis. A series of cali-
bration standards were also prepared by mixing 10 pL of blank mice
plasma, 10 pL of stock solutions of SD2267 (10, 50, 100, 500, 1000,
2000, and 5000 ng/mL in methanol), and 50 pL of internal standard
solution.

An AB SCIEX Triple Quad™ 3500 (TQ3500) mass spectrometer (AB
Sciex LLC, Framingham, MA, USA) connected to Agilent 1290 HPLC
system (Agilent Technologies, Santa Clara, CA, USA) was used to
quantify SD2267 concentrations in mouse plasma. The HPLC system
was equipped with a Synergi™ polar reverse-phase column (pore size
80 A, particle size 4 pm, dimensions 150 x 2 mm, Phenomenex, Tor-
rance, CA, USA). The mobile phase used for isocratic elution consisted of
acetonitrile and 0.1% aqueous formic acid (70:30, v/v) at a flow rate of
0.2 mL/min. The chromatographic column was maintained at 25 °C, and
the sample injection volume used was 2 pL. The TQ3500 mass spec-
trometer was operated in positive electrospray ionization mode by
multiple reaction monitoring (MRM). The optimized MRM conditions
and MS parameters used were; m/z of precursor ion: 920.204, m/z of
product ion: 679.4, declustering potential: 231 V, entrance potential: 10
V, collision energy: 55 V, collision cell exit potential: 12 V, curtain gas
pressure: 25 psi, collision gas pressure: 9 psi, ion spray voltage: 5500 V,
ion source temperature: 500 °C, nebulizing gas (GS1) pressure: 50 psi,
and drying gas (GS2) pressure: 50 psi. The optimal MS parameters used
for the internal standard (phenacetin) were; m/z of precursor ion:
180.035, m/z of product ion: 110.0, declustering potential: 76 V,
entrance potential: 10 V, collision energy: 27 V, collision cell exit po-
tential: 8 V, curtain gas pressure: 25 psi, collision gas pressure: 9 psi, ion
spray voltage: 5500 V, ion source temperature: 500 °C, nebulizing gas
(GS1) pressure: 50 psi, and drying gas (GS2) pressure: 50 psi. Analyst
version 1.7.2 was used for instrument control, data acquisition, and
analysis. The calibration curve of SD2267 in plasma in the concentra-
tion range 10-5000 ng/mL showed good linearity, as demonstrated by a
high correlation coefficient (r = 0.9994 with a weighing factor of 1/x).
The accuracy at all concentration standards was between 90 and 110%.
Plasma drug concentrations were used to calculate pharmacokinetics
parameters for PO and IP administration by non-compartmental analysis
(WinNonlin® software version 8.3, Pharsight Corporation, Mountain
View, CA, USA).

4.13.4. Acetaminophen (APAP)-induced liver injury model

The APAP-induced liver injury model was conducted as previously
reported [43]. APAP was dissolved in PBS at 55-60 °C to a concentration
of 12.5 mg/mL. SD2267 (0.25 mg/mL or 0.75 mg/mL) was dissolved in
a mixture of Cremophor EL, polyethylene glycol 400, and double
distilled water (10/40/50%, v/v). After fasting for 16 h, mice were
administered PBS or APAP (250 mg/kg, IP), and food was allowed.
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PBS-injected mice were classified as (1) controls (n = 5), and
APAP-injected mice were randomly divided into three groups: (2)
APAP-only treatment group (n = 7), (3) APAP + 1 mg/kg of SD2267
group (n = 6), and (4) APAP + 3 mg/kg of SD2267 group (n = 7). Two
hrs after PBS or APAP injection, the control group and the APAP-only
treatment group were administered the SD2267 vehicle IP, whereas
the two APAP + SD2267 groups were administered 1 or 3 mg/kg of
SD2267 IP. Mice were sacrificed 6 h after vehicle or SD2267 injections,
and biological samples (blood and liver tissues) were collected for
evaluation. Serum was isolated from blood samples, and liver tissues
were formalin-fixed.

4.13.5. Serum analysis and histopathological evaluation

Serum aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) levels were measured using HITACHI 7180 autoanalyzer
(Hitachi, Ltd., Tokyo, Japan).

For histopathological evaluations, formalin-fixed liver tissues were
processed, paraffin-embedded, and sectioned at 4 pm. Sections were
stained with hematoxylin and eosin (HE) staining or terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) staining using a
TUNEL assay kit (Elabscience, #E-CK-A331, Wuhan, China). Necrotic
areas and the number of TUNEL-positive cells per high power field (HPF)
were quantified using QuPath digital pathology software (version 0.4.1).

4.13.6. GSH and GSSG measurement

GSH and GSSG level in liver tissues were measured by recycling assay
following the established protocol [44]. Briefly, liver tissues were ho-
mogenized in ice-cold 5% metaphosphoric acid and 0.6% sulfosalicylic
acid mixture, and the homogenates were centrifuged at 3000 G at 4 °C
for 10 min. Supernatants were used for the analysis. For total GSH
(GSH+2GSSG) measurement, 20 pL of each sample were mixed with
Ellman’s reagent (Daejung Chemicals & Metals, Siheung, Korea),
glutathione reductase (Sigma-Aldrich), and B-NADPH (TCI, Tokyo,
Japan), and then the absorbance at 412 nm was read using microplate
reader. For GSSG measurement, 100 pL of each sample were mixed with
2-vinylpyridine (Sigma-Aldrich) for 1 h, and neutralized with trietha-
nolamine (Daejung Chemicals & Metals) for another 10 min. After then,
the mixture (sample + 2-vinylpyridine + triethanolamine) was used for
further analysis as same as GSH measurement.

4.14. Statistical analysis

The analysis was conducted using one-way ANOVA followed by the
Student’s t-test. Results are presented as means + standard errors of
means (SEM), except plasma drug concentration-time profile results in
Fig. 6, which are presented as means + standard deviations (SDs). Sta-
tistical significance was accepted for p values < 0.05.
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