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Parkinson's disease (PD) is a progressive neurodegenerative move-
ment disorder characterized by the loss of nigrostriatal dopaminer-
gic neurons. Mounting evidence suggests that Nrf2 is a promising
target for neuroprotective interventions in PD. However, electro-
philic chemical properties of the canonical Nrf2-based drugs cause
irreversible alkylation of cysteine residues on cellular proteins
resulting in side effects. Bach1 is a known transcriptional repressor
of the Nrf2 pathway. We report that Bach1 levels are up-regulated
in PD postmortem brains and preclinical models. Bach1 knockout
(KO) mice were protected against 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP)-induced dopaminergic neurotoxicity and
associated oxidative damage and neuroinflammation. Functional
genomic analysis demonstrated that the neuroprotective effects in
Bach1 KO mice was due to up-regulation of Bach1-targeted path-
ways that are associated with both Nrf2-dependent antioxidant
response element (ARE) and Nrf2-independent non-ARE genes.
Using a proprietary translational technology platform, a drug
library screen identified a substituted benzimidazole as a Bach1
inhibitor that was validated as a nonelectrophile. Oral administra-
tion of the Bach1 inhibitor attenuated MPTP neurotoxicity in
pre- and posttreatment paradigms. Bach1 inhibitor-induced neu-
roprotection was associated with the up-regulation of Bachi-
targeted pathways in concurrence with the results from Bach1 KO
mice. Our results suggest that genetic deletion as well as pharma-
cologic inhibition of Bach1 by a nonelectrophilic inhibitor is a
promising therapeutic approach for PD.
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Parkinson’s disease (PD) is the most common age-related,
progressive, neurodegenerative movement disorder charac-
terized by loss of midbrain dopaminergic neurons of the sub-
stantia nigra pars compacta (SNpc) (1). PD afflicts more than
10 million people worldwide and is the fastest-growing neuro-
logical disorder in terms of prevalence, disability, and deaths,
without any cure. [https:/www.parkinson.org/ (2-4)]. PD is a
multifactorial disease caused by genetic, environmental, and
aging-related factors such as elevated oxidative stress, exagger-
ated inflammation, and abnormalities in cellular metabolic
pathways (2). A validated target for PD that could modulate
multiple etiological pathways involves drug-induced activation
of a coordinated genetic program to maintain redox equilib-
rium by expressing prosurvival proteins and cytoprotective
genes (5). A key transcription factor orchestrating this process
is nuclear factor erythroid 2-related factor 2 (Nrf2), a member
of the Cap ‘n’ Collar family of basic leucine zipper transcription

PNAS 2021 Vol. 118 No. 45 e2111643118

factors. Under normal homeostatic conditions, Keapl (Kelch-
like associated protein 1) anchors Nrf2 within the cytoplasm,
targeting it for ubiquitination and degradation by the 26S pro-
teasome. In response to oxidative stress or upon exposure to
Nrf2 activators, Nrf2 dissociates from Keapl, which prevents
Nrf2 ubiquitination and proteasomal degradation (6). Conse-
quently, free Nrf2 translocates to the nucleus, where it dimer-
izes with Maf proteins (7) and binds the antioxidant response
element (ARE), a cis-acting enhancer sequence located in
the promoter region of a battery of genes. Nrf2 regulates
the transcription of over 250 genes, building a multifaceted net-
work that integrates cellular activities [i.e., drug detoxification,
immunomodulation, maintenance of both redox and protein
homeostasis, and energy metabolism (8)]. The breadth of this
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endogenous response suggests that its activation counteracts
many of the large numbers of etiological pathways implicated
in PD. Complications with pharmacologic activation of Nrf2 to
treat neurodegenerative disorders such as PD originate from
the electrophilic nature of canonical Nrf2 activators. These
electrophiles not only react with cysteines on Keapl to activate
Nrf2 but nonspecifically alkylate cysteine residues on multiple
protein targets, leading to side effects (9, 10). The use of existing
thiol-modifying agents as inducers of Nrf2 is problematic unless
these agents target thiols specific to Keapl (9, 10). A promising
and safe approach to stabilize and activate Nrf2 is to use nonelec-
trophilic displacement activators targeting the Keapl Kelch
domain and thus dissociating Nrf2 from Keapl (10). However,
despite extensive research in this area, no promising nonelectro-
philic displacement activator has been identified as a therapeutic
agent for neurodegenerative diseases (9, 10).

BTB and CNC homology 1 (Bachl) is a member of the Cap
‘n’ Collar and basic region leucine zipper family (CNC-bZIP)
of transcription factors. The C-terminal region of Bachl
contains a bZIP domain that binds to DNA by forming hetero-
dimers of Bachl with small Maf proteins. The Bach1-Maf het-
erodimers bind to the Maf recognition elements (MAREs) in
the promoters of Nrf2 target genes and inhibit transcription
(11, 12). Bachl is ubiquitously expressed in mammalian tissues
and is known to regulate various cellular processes [i.e., oxida-
tive stress response, heme homeostasis, cell cycle regulation,
cellular differentiation, immunity, adipogenesis, and cellular
bioenergetics (13, 14)]. Bachl ablation is cytoprotective, as it
suppresses reactive oxygen species (ROS) generation, mitigates
excessive inflammation, improves mitochondrial function, and
inhibits apoptosis (13). Multiple studies have demonstrated
that Bachl inhibition/deletion is beneficial in a wide range of
disorders, including spinal cord injury (15, 16), atherosclerosis
(17), ischemia/reperfusion injury (18), pulmonary fibrosis (19),
Huntington’s disease (20), experimental autoimmune encepha-
lomyelitis (21), cardiomyopathy (22), cancer (14, 23-25), and in
age-related decline in Nrf2 pathway (13). The protective role of
Bachl deletion against neuronal degeneration suggests that
Bachl may represent a promising therapeutic target for neuro-
degenerative diseases by activating the Nrf2 pathway. In this
study, we demonstrated that Bachl is up-regulated in postmor-
tem PD brains and preclinical disease models. Genetic
knockdown of Bachl in mice protected against 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxicity that was
associated with up-regulation of Nrf2-dependent ARE and
Nrf2-independent non-ARE pathways. We used a proprietary
translational technology platform to identify Bachl inhibitors,
established nonelectrophilic properties of a substituted benz-
imidazole Bach1 inhibitor, and demonstrated its efficacy against
MPTP neurotoxicity in the pre- and posttreatment paradigms.
Our results suggest that genetic deletion as well as pharmaco-
logic inhibition of Bachl by a nonelectrophilic inhibitor is a
promising therapeutic strategy for PD.

Results

Bach1 Is Up-regulated in Postmortem Human PD- and Toxin-Based
Preclinical Models of PD. Mitochondrial dysfunction, oxidative
stress, and neuroinflammatory processes play significant roles in
the pathogenesis of PD. Bachl represses genes that combat oxi-
dative stress, mitochondrial dysfunction, and neuroinflammation
(13, 14). To determine if Bachl expression is affected during
nigrostriatal dopaminergic neurodegeneration, we assessed the
expression of Bachl in the brains of sporadic PD patients and
toxin-induced preclinical models of PD. Compared to age-
matched controls, we observed a significant up-regulation of
Bachl protein levels in the substantia nigra pars compacta
(SNpc) of human postmortem PD (Fig. 1 4 and B and SI
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Appendix, Table S1). The parkinsonian neurotoxin MPTP and its
toxic metabolite MPP+ cause neurodegeneration by inducing oxi-
dative stress, neuroinflammation, and mitochondrial dysfunction.
Time-course analysis of Bachl expression in the MPTP-treated
ventral midbrains (VBMs, the brain region that contains SNpc)
in mice showed a significant up-regulation of Bach1 protein levels
compared to saline-treated controls. Bachl levels were signifi-
cantly up-regulated as early as 2 h after MPTP before the onset
of nigrostriatal neurodegeneration. Bachl levels stayed
up-regulated until the seventh day after MPTP, when dopaminer-
gic neuronal cell death is at its peak (Fig. 1 C and D). Consistent
with the MPTP data, time-course analysis following MPP+ (toxic
metabolite of MPTP) treatment in N27 rat dopaminergic cells
showed a significant up-regulation of Bachl protein levels at 2
and 8 h compared to controls. By the time peak cell death occurs
in the N27 cells at 24 h, Bachl levels were significantly reduced
compared to MPP+ (at 2 and 8 h) and control groups (Fig. 1 E
and F). These data indicate that Bachl levels are up-regulated in
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Fig. 1. Bach1 is up-regulated in human postmortem PD brains and in pre-

clinical PD models. (A) Immunoblot comparing Bach1 levels in the substan-
tia nigra of age-matched controls and PD patients. (B) Quantitative densi-
tometric representation of Bach1 expression after normalization with
GAPDH. Data expressed as mean = SEM (n = 5). Statistical analysis used
two-tailed unpaired Student’s t test with *P < 0.05 compared to control.
(©) Immunoblot showing Bach1 levels in the VMB of MPTP-HCI (18 mg/kg,
three injections 2 h apart)-treated C57BL/6J mice at different time points
(Control, 2 h, 4 h, 24 h, 72 h, 96 h, and 7 d after last MPTP injection).
(D) Densitometric analysis of Bach1 levels (normalized to GAPDH expres-
sion) relative to control. Data expressed as mean + SEM (n = 3). One-way
ANOVA with Dunnett’s multiple comparison was used to compare between
control with other MPTP-treated time points (*P < 0.05, **P < 0.005 com-
pared to control). (E) Time course analysis of Bach1 levels by immunoblot in
MPP+ (500 pM)-treated N27 rat dopaminergic cells. (F) Densitometric analy-
sis of Bach1 levels (normalized to GAPDH expression) relative to control.
Data expressed as mean + SEM (n = 3). One-way ANOVA with Dunnett's
multiple comparison was used to compare between control with other time
points (*P < 0.05, **P < 0.005 compared to control). PD, Parkinson'’s disease;
SEM., SE of mean; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase;
MPP+, 1-methyl-4-phenylpyridinium; Con, Control.
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postmortem human brains and preclinical neurotoxin models of
PD, suggesting that increased Bachl activity may be related to
PD pathophysiology.

Ablation of Bach1 Mitigates MPTP-Induced Neurodegeneration. In
light of the sporadic PD- and MPTP-induced SNpc Bachl
up-regulation, we asked whether Bachl levels are implicated in
MPTP-induced nigrostriatal dopaminergic neurodegeneration.
To test this hypothesis, we compared acute and subacute modes
of MPTP neurotoxicity in mutant mice deficient in Bachl
(Bachl KO) with that of their wild-type (WT) littermates. The
mechanism of cell death differs in the acute versus subacute
MPTP models, and the latter is more apoptotic compared to
nonapoptotic mode of cell death observed in acute MPTP regi-
men (26). Stereological counts of SNpc dopaminergic neurons
defined by tyrosine hydroxylase (TH) and Nissl staining did not
differ between WT and Bachl KO mice after saline injections
(Fig. 2 A-D). SNpc dopaminergic neuronal counts were signifi-
cantly reduced in WT mice after MPTP injections in the acute
(Fig. 2 A and B) and subacute paradigms (Fig. 2 C and D).
However, in Bach1 KO mice, SNpc dopaminergic neurons were
significantly protected against acute (Fig. 2 4 and B) and sub-
acute (Fig. 2 C and D) paradigms of MPTP neurotoxicity, as
more TH- and Nissl- stained SNpc neurons survived in MPTP-
treated Bachl KO mice compared to MPTP-treated WT litter-
mates. In the striatum (STR), MPTP administration in the
acute (SI Appendix, Fig. S14) and subacute (SI Appendix,
Fig. S1B) paradigms resulted in significant depletion of dopa-
mine (DA) and its metabolites 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) in the WT mice. How-
ever, in Bachl KO mice, MPTP-induced loss of DA and its
metabolites in the acute (SI Appendix, Fig. S14) and subacute
(SI Appendix, Fig. S1B) paradigms were significantly attenuated
compared to MPTP-injected WT mice. These findings demon-
strate the crucial role of Bachl in mediating neurotoxic effects
in SNpc dopaminergic neurons.

One of the rate-limiting factors in MPTP neurotoxicity is the
conversion of MPTP to MPP+ in the brain. To ascertain that
resistance to the neurotoxic effects of MPTP provided by
Bachl1 ablation was not because of alteration in the bioavailabil-
ity of MPP+ we measured striatal levels of MPP+ 90 min after
MPTP injection. The MPP+ levels did not differ between
MPTP-injected Bachl KO mice compared to WT mice (SI
Appendix, Table S2). These findings suggest that attenuation of
MPTP-neurotoxicity in Bachl KO mice was not due to altera-
tions in conversion of MPTP to MPP+ in the brain.

Pathway Analysis Reveals that Bach1 Ablation Induces Both
ARE- and Non-ARE-Mediated Neuroprotective Pathways

To evaluate the effect of Bachl ablation in mouse VMB, total
RNA from the VMB of 2-mo-old mice was subjected to a
whole-genome gene expression analysis using the Affymetrix
platform (see Materials and Methods). Microarray data demon-
strated that 1,164 genes were differentially expressed by more
than 1.5-fold compared to WT, with a P value cutoff of 0.05
between WT and Bachl KO VMB samples (Fig. 34 and S/
Appendix, Fig. S24 and Table S3). The bioinformatics pipeline
used for evaluating differential expression of Bachl associated
genes is described in the scheme (Fig. 3B). We utilized a pub-
licly available Bachl chromatin immunoprecipitation sequenc-
ing (ChIP-seq) data (GSM2086721) (27) to identify physical
Bach1 association with gene loci. Motif analysis of Bach1 ChIP-
seq data identified ~33% of the Bachl peaks harboring classi-
cal ARE motifs (TGA(G/C)TC) followed by erythroblast
transformation specific (ETS) binding motif as the second most
abundant motif (18 to 23%) (Fig. 3C). Dependent on whether
a peak has an ARE motif-bound region, we classified the peak

Ahuja et al.
Bach1 derepression is neuroprotective in a mouse model of Parkinson’s disease

A Acute MPTP Paradigm B
Saline MPTP s

28

§2

S T3

k7]

Nissl+ Neurons in
SNpc (X1000)

C Subacute MPTP Paradigm D
Saline MPTP c
iz

E

Nissl+ Neurons in
SNpc (X1000)

MPTP

Saline

Fig. 2. Bach1 ablation protects against acute and subacute models of MPTP
neurotoxicity. (A) Immunohistochemical staining for TH and (B) stereological
analysis of total (Nissl) and TH+ neurons in the SNpc in WT and Bach1 KO
(KO) mice on seventh day after acute MPTP (MPTP.HCI 12 mg/kg three injec-
tions 2 h apart). Data expressed as mean = SEM. Two-way ANOVA with
Tukey's multiple comparison was used to compare between means of all the
groups (*P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001 com-
pared to the selected group; n = 6 to 10 mice per group). (C) Immunohisto-
chemical staining for TH and (D) stereological analysis of total (Nissl) and
TH+ neurons in the SNpc of WT and Bach1 KO (KO) mice performed 14 d
after last dose of MPTP in the subacute model (MPTP HCl 36 mg/kg once
daily for 5 d). Bars represent mean + SEM. Two-way ANOVA with Tukey’s
multiple comparison was used to compare between means of all the groups
(*P < 0.05, ***P < 0.0005, and ****P < 0.0001 compared to the selected
group; n = 4 to 6 mice per group). (Scale bar, 200 um.) SNpc, substantia
nigra pars compacta; TH, tyrosine hydroxylase.

as either a Bachl-ARE or Bachl-non-ARE. The obtained
Bach1-ARE and Bachl-non-ARE gene signatures were used to
evaluate the enrichment of gene sets using gene set enrichment
analysis [GSEA (28)]. Of the 2,242 genes that were associated
with Bach1-bound loci as judged by the nearest-neighbor analy-
sis, 48% had ARE elements within the Bachl-bound region,
and 52% of genes had non-ARE motifs. About 7% of genes
had at least one ARE and one non-ARE-bound Bachl loci
associated with them (Fig. 3D). GSEA demonstrated that
ARE-associated genes were predominantly enriched for the
pathways that were involved in oxygen sensing/regulation/as
well as neuronal death (Fig. 3 E, Top and SI Appendix, Fig. S2B
and Table S4), whereas non-ARE-bound genes mostly
accounted for transcription factor binding as well as the neuro-
nal death (Fig. 3 E, Bottom and SI Appendix, Fig. S2C and
Table S4). A subset of genes enriched in both Bachl ARE loci
(Fig. 3 E, Top and SI Appendix, Table S5) and Bachl non-ARE
loci (Fig. 3 E, Bottom and SI Appendix, Table S5) were validated
using RT-PCR from WT and Bachl KO mice VMB (Fig. 3F).
These data suggest that Bachl ablation activates both ARE- and
non-ARE-mediated neuroprotective pathways.

Ablation of Bach1 Attenuates MPTP-Induced Oxidative Stress and
Neuroinflammation. Dopaminergic neuronal degeneration in PD
and MPTP neurotoxicity is triggered by events that can lead to
progressive neuroinflammation and oxidative stress (29, 30).
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Fig. 3. Bach1l ablation activates Nrf2-dependent ARE and Nrf2-

independent non-ARE neuroprotective pathways. (A) Heatmap of 1.5-fold
differentially expressed genes in the VMB of Bach1 KO (KO) mice compared
to WT. (B) Schematic representation of the pipeline used for GSEA. (C) The
highly enriched motifs in the Bach1 peaks (GSM2086721). (D) Venn dia-
gram depicting the genes that are associated either with an ARE motif in
Bach1 peak or non-ARE motifs in Bach1 peak. (E) GSEA of genes that har-
bors at least one ARE motif from WT and Bach1 KO gene expression data
(Top). GSEA of genes that harbors at least one non-ARE motif from WT
and Bach1 KO gene expression data (Bottom). (F) Validation of differen-
tially expressed genes Hmox1 (ARE and non-ARE gene), Gc/m (ARE gene),
Hif3a (non-ARE gene), and Mafg (ARE gene) represented in the leading
edge of the gene sets associated with enrichment terms in D by WT and
Bach1 KO mice VMB by gRT-PCR. Bars represent fold expression relative to
control values depicted as mean + SEM. Two-tailed unpaired Student’s t
test was used to compare between WT and KO, *P < 0.05, **P < 0.005, and
**%%P < 0.0001 compared to the WT (n =5 to 15).

Based on our data from the pathway analysis in Bachl KO
VMB, we hypothesized that Bachl ablation would derepress
genes involved in cellular antioxidant transcriptional machinery
and induce expression of anti-inflammatory genes. To investi-
gate whether such a mechanism was in play there, we evaluated
markers of oxidative stress (3-nitrotyrosine) and reactive glia
(CD68, a microglial marker, and glial fibrillary acidic protein
[GFAP], an astrocytic marker) as markers for inflammation in
the SNpc. Immunohistochemical analysis showed a significant
increase in 3-NT immunoreactivity in the MPTP-injected WT
mice compared to saline-injected mice (SI Appendix, Fig. S34).
Bachl ablation significantly attenuated the MPTP-induced
increase in 3-NT immunoreactivity compared to WT mice
injected with MPTP both visually (SI Appendix, Fig. S34) and
quantitatively (SI Appendix, Fig. S3B). Similarly, MPTP admin-
istration significantly increased the CD68-immunopositive acti-
vated microglia (SI Appendix, Fig. S3C) and GFAP-immunopositive
reactive astrocytes (SI Appendix, Fig. S3E) in WT mice
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compared to saline-injected mice. Bachl ablation significantly
attenuated levels of MPTP-induced reactive microglia and astro-
cytes compared with MPTP-treated WT mice. Morphometric
analysis of CD68-positive reactive microglia and GFAP-positive
reactive astrocytes in the SNpc showed a profound increase in
the levels of reactive microglial and astrocytic cell counts in the
MPTP-treated WT mice compared with saline-injected controls,
which were markedly reduced in Bachl KO mice treated with
MPTP (SI Appendix, Fig. S3 D and F). Consistent with the
immunohistochemical markers of oxidative stress and neuroin-
flammation in the SNpc, messenger RNA (mRNA) analysis in
the VMB and STR of saline-injected WT and Bachl KO mice
demonstrated a significant increase in the levels of antioxidant
and anti-inflammatory genes hemeoxygenase 1 (HmoxI) and
the modulatory subunit of glutathione cysteine ligase (Gclm)
(81 Appendix, Fig. S4). Administration of MPTP in the WT mice
had no significant impact on mRNA levels of Hmox! and Gclm
in the VMB and STR compared to saline-injected WT mice. The
mRNA levels of HmoxI and Gclm showed a significant
up-regulation in MPTP-injected Bach1 KO mice when compared
with MPTP-treated WT mice (SI Appendix, Fig. S4). These find-
ings suggest that neuroprotective effects in Bachl KO mice
against MPTP neurotoxicity is mediated by up-regulation of anti-
oxidant and anti-inflammatory genes and associated with marked
reduction in markers of oxidative stress and inflammation.

Substituted Benzimidazole HPPE Is a Nonelectrophilic Bach1
Inhibitor. Based on our findings that Bachl ablation in mice
protected against MPTP-neurotoxicity, Bachl can be consid-
ered a validated target for MPTP-induced PD. To pharmacolog-
ically manipulate Bachl, we used a proprietary translational
technology platform developed by vIv Therapeutics to identify
Bachl inhibitors (WO 2012/094580) (31). A series of sub-
stituted benzimidazole hits were identified as Bach1 inhibitors,
which were further validated using a MARE-luciferase reporter
assay (see the assay principle in Fig. 44) (31-33). Maf recogni-
tion element or MARE are present in the regulatory region of
a variety of genes. Bachl heterodimerizes with small Maf pro-
teins to bind to the MARE elements to repress the expression
of MARE-regulated genes. The MARE-luciferase assay picks
pharmacophores that work both via Nrf2 activation and Bachl
inhibition. In the MARE-Luciferase assay, the potency of the
best hit, N-(2-(2-hydroxyethoxy)ethyl)-1-methyl-2-((6-(trifluoro-
methyl)benzo[d]thiazol-2-yl)amino)-1H-benzo[d]imidazole-5-
carboxamide, designated as HPPE (Fig. 4B and SI Appendix,
Fig. S54), was superior to an established physiological Bachl
inhibitor, hemin, and the Food and Drug Administration
(FDA)-approved Nrf2 activator, dimethylfumarate (DMF)
(Fig. 4B). The MARE-luciferase reporter activation by Bachl
inhibitors like cobalt protoporphyrin (Co-PPIX) (34), HPPE,
as well as bardoxolone methyl (CDDO-Me) was competitively
inhibited by the overexpressed WT Bachl (Fig. 4C). However,
the reporter activation observed for Co-PPIX and HPPE was
almost completely lost, with the overexpressed Bachl mutant
containing alanine residues in place of cysteines in the CP (cys-
teine-proline) motifs in the bZIP domain of the Bachl, known
for its heme-binding propensity (Fig. 4C) (31, 33), whereas acti-
vation induced by bardoxolone methyl was insensitive to the
presence of the mutant Bachl. The absence of activation by
Bachl inhibitor Co-PPIX and potential inhibitor HPPE in the
presence of the mutant Bachl confirms that they work by
Bachl displacement mechanism, which occurs via the com-
pound’s interaction with the mutated cysteine residues in the
CP motifs. Once these cysteine residues are replaced by ala-
nine, both Co-PPIX and HPPE lose their ability to interact
with Bachl and displace it from MARE. Thus, HPPE behaves
the same way as Co-PPIX, a known inhibitor of Bachl and can
be considered as a direct Bachl inhibitor. Based on the HPPE
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Fig. 4. Bach1 inhibitor HPPE derepress Bach1-mediated repression. (A) Sche-
matic representation of the luciferase assay used for validation of derepres-
sion mediated by Bach1 inhibition. (B) MARE-luciferase activity assay in the
presence of increasing concentrations of DMF, Hemin, and HPPE in HepG2
cells 24 h posttransfection. Line graph represents the change in fold intensity
of luciferase activity mean = SEM over controls (n = 6). (C) Schematic repre-
sentation of the human Bach1- WT and human Bach1-Mut (alanine
substituted at cysteine, AP3-6) expressed in the FLAG vector (Top). MARE-
luciferase activity assay following overexpression of FLAG vector, hBach1-
WT, and hBach1-Mut measured after treatment with Co-PPIX, CDDO-Me,
and HPPE for 18 h. Line graph represents the relative fluorescence unit of
luciferase activity mean = SEM. Two-way ANOVA with Bonferroni’s multiple
comparison was used for comparing the effect of hBach1-WT overexpression
with hBach1-Mut at respective concentrations of each compound when com-
pared to the FLAG vector (*P < 0.05 compared to FLAG-vector and #P < 0.05
compared to hBach1-WT; n = 6). DMF, dimethylfumarate; E, HPPE; Co-PPIX,
Cobalt Protoporphyrin; CDDO-me, Bardoxolone Methyl; CP, cysteine-proline
motif; AP, alanine-proline motif.

chemical structure, which matches one-half of the porphyrin
ring (with nitrogen atoms in HPPE benzothiazole and benz-
imidazole moieties coinciding with nitrogen atoms in two adja-
cent pyrrole moieties in heme porphyrin ring) (SI Appendix,
Fig. S54), one may expect HPPE binding to protein sites
accommodating metal-porphyrins such as heme itself or
Co-PPIX. Since Bachl has regulatory heme-binding sites,
HPPE’s ability to bind to the heme-binding sites can be pre-
dicted based on the structural considerations.

To determine the specificity of HPPE in activating Bachl tar-
get genes, WT and Bachl KO immortalized mouse embryonic
fibroblasts (iMEFs) were treated with HPPE or hemin. At basal
conditions, Hmox1 was significantly up-regulated in Bachl KO
iMEF compared to WT controls. Both HPPE and hemin signifi-
cantly up-regulated HmoxI mRNA levels in the WT iMEFs
compared to vehicle controls (SI Appendix, Fig. S64). In con-
trast, HPPE and hemin treatment in Bachl KO iMEFs did not
exhibit significant up-regulation of HmoxI mRNA levels com-
pared to vehicle-treated Bachl KO iMEFs, (SI Appendix, Fig.
S6A). These results suggest that both HPPE and hemin require
functional Bachl to up-regulate Hmox1. To further corroborate
our in vitro observations, we administered HPPE in WT and
Bach1l KO mice and measured HmoxI mRNA levels in the thy-
mus (an organ with the highest Bachl expression). Consistent
with our in vitro findings, the level of HmoxI mRNA was signifi-
cantly elevated in vehicle-treated Bachl KO thymus compared
to WT controls. Administration of HPPE significantly increased
Hmoxl mRNA levels in WT thymus compared to vehicle-
treated WT mice. However, HPPE failed to induce a significant
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up-regulation of Hmox!I in Bachl KO thymus compared to thy-
mus from vehicle-treated Bachl KO mice (SI Appendix, Fig.
S6B). The lack of synergistic induction of HmoxI mRNA in
Bachl KO thymus in the presence of HPPE further implies that
HPPE-induced up-regulation of HmoxI mRNA is mediated by
Bachl inhibition in vivo.

To test the possibility of HPPE covalently binding to Bachl,
we performed mass spectrometry analysis for detecting HPPE-
modified recombinant Bachl. DME, a known Nrf2 activator
that works via alkylation mechanism and as such, capable of
nonspecific alkylation of thiols on cellular proteins, was used as
a positive control for the alkylation reaction. The study con-
firmed that DMF covalently modifies Bachl cysteines resulting
in 2-dimethyl-succinyl modification of Bachl peptides com-
pared to controls, whereas HPPE failed to covalently modify
any of the Bachl cysteines (SI Appendix, Table S6). The con-
firmed absence of Bachl alkylation and structural similarity
between HPPE and porphyrin supports HPPE classification as
a true nonelectrophilic Bachl inhibitor working via heme-
binding sites of the Bachl protein.

HPPE-Induced Bach1 Derepression Requires Nuclear Export of
Bach1. Bachl inhibitors such as cadmium and hemin induce the
Crm1-dependent nuclear Bachl export, thus modulating nucle-
ocytoplasmic shuttling of Bachl, leading to transcription of
Bachl target genes (35, 36). Hemin is also known to inhibit
Bachl DNA binding and functions through multiple mecha-
nisms to inactivate the repressive effect of Bachl (32). HPPE
treatment significantly up-regulated Hmox1 (a Bachl target)
protein levels, but pretreatment with nuclear export inhibitor
Leptomycin B (LeptB) significantly reduced the HPPE-
mediated induction of Hmox1 protein levels (Fig. 5 4 and B).
Analysis of subcellular fractions after 1 h treatment of neuro-
blastoma cells showed that there was no change in the total
Bachl levels upon HPPE treatment. However, Bachl distribu-
tion between the nuclear and cytosolic fractions changed, such
that the Bachl protein levels in the nucleus were reduced,
whereas its cytosolic levels were increased as compared to the
levels of Bachl in the controls without HPPE treatment, which
is consistent with HPPE-induced Bach1 exit to the cytosol (Fig.
5C). Pretreatment with LeptB did not change the total Bachl
levels as well but clearly prevented HPPE-mediated Bachl1 exit
from the nucleus (Fig. 5C). The immunoblot also showed accu-
mulation of Nrf2 protein in the cytosol and especially in the
nucleus after HPPE treatment, confirming that HPPE exhibited
Nrf2 stabilization activity. However, accumulation of Nrf2 in
the nucleus by HPPE treatment in the presence of Bachl
export inhibitor LeptB did not up-regulate Hmox1 (Fig. 5 4
and B). This observation makes a strong point in justifying the
need for Bachl inhibition in addition to Nrf2 stabilization to
trigger Nrf2-induced genetic program. Apparently, the newly
identified Bach1 inhibitor HPPE does both (i.e., stabilizes Nrf2
and mediates Bachl nucleocytoplasmic shuttling).

To demonstrate the direct effect of HPPE on Bachl DNA
binding and competition between Bachl and Nrf2 for DNA
binding, we measured Bachl and Nrf2 relative occupancy on
the two MARE enhancer regions (EN1, —2 kilobase pair [kbp]
and EN2, —9 kbp from the transcription site) on the Hmox1
promoter for HPPE, hemin, a physiological Bachl inhibitor,
and DME an alkylating Nrf2 activator. ChIP assay showed that
under basal conditions, Bachl occupancy on EN1 (S Appendix,
Fig. S7) and EN2 sites (Fig. 5D) was significantly higher than
Nrf2 (Fig. 5E), pointing to Bachl-mediated repression in the
basal resting state. Following HPPE treatment, Nrf2 binding to
both EN2 (Fig. 5E) and EN1 (SI Appendix, Fig. S7) sites was
ca. eightfold higher, whereas Nrf2 binding with hemin to EN2
and ENI sites was ca. fivefold higher compared to controls.
This observation may indirectly prove that HPPE has an
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Fig. 5. Nuclear export of Bach1 is required for HPPE-mediated Bach1 dere-
pression. (A) Immunoblot and (B) densitometric analysis of HO-1 1 h follow-
ing HPPE (3 pM) or dimethyl sulfoxide (DMSO) (Con) treatment in M17-5
neuroblastoma cells pretreated with either vehicle (0.1% ethanol containing
media) or Leptomycin B (LeptB, 20 ng/mL, prepared in 0.1% ethanol contain-
ing media) for 1 h normalized to Gapdh. Bars represent percent increase rel-
ative to control values expressed as mean = SEM. One-way ANOVA followed
by Tukey’s multiple comparison test was used to compare between control
and other groups (**P < 0.005 and ****P < 0.0001; n = 3). (C) Immunoblot
showing total, cytosolic, and nuclear Bach1 and Nrf2 levels in M17-5 neuro-
blastoma cells. M17-5 neuroblastoma cells were treated as in A, and cells
were subjected to immunoblot 1 h after HPPE. Aldolase and Parp1 were
used to verify the purity of cytosolic and nuclear fractions, respectively. Chro-
matin immunoprecipitation assay showing the levels of Bach1 (D) and Nrf2
(E) on Hmox1-EN2 enhancer in M17-5 neuroblastoma cells treated with DMF
(20 pM), Hemin (20 pM), and HPPE (5 uM) for 5 h. Bar diagram represents
mean = SEM of fold enrichment of transcription factors. One-way ANOVA
with Tukey’s multiple comparison was used to compare control with other
groups (****P < 0.0001; n = 4).

additional activity in Nrf2 stabilization besides Bach1 inhibition.
The level of bound Nrf2 in the case of HPPE was close to that
of DME a canonical Nrf2 activator. However, DMF was capa-
ble of displacing only one-half of the Bachl occupied sites (Fig.
5D), which is likely a result of nonspecific alkylation of Bachl
cysteines by DMF as we demonstrated previously (37) (S/
Appendix, Table S6). It is important to note that twofold reduc-
tion in Bachl occupancy does not match the increase in Nrf2
occupancy in the case of DMF treatment, whereas for HPPE
and hemin, the Nrf2 binding to both EN2 and ENT1 sites were
accompanied by a corresponding reduction in Bach1 occupancy
compared to control (Fig. 5D). These results demonstrate that
HPPE combines both activities (e.g., Nrf2 stabilization and
Bachl inhibition in one molecule). HPPE behaves closely to
hemin but is fourfold more potent based on the concentrations
used to generate a similar response.

In summary, the results of HPPE evaluation with respect to
its mechanism of action confirm its nonalkylating nature and
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specificity for Bach1 derepression, similar to that of the physio-
logical Bachl inhibitor, hemin. The difference between the two
is that the Bachl inhibitor HPPE is much more potent and
will not exert harmful oxidative effects originating from the
well-known catalytic properties of hemin.

HPPE Does Not Alkylate Keap1 or Displace Nrf2. HPPE is a direct
stabilizer of Nrf2 as judged by its activation (SI Appendix, Fig.
S8) of Neh2-luciferase reporter specific for Nrf2 stabilizers
working via disruption of Keapl-Nrf2 interaction (37). There
are two well-characterized mechanisms of Nrf2 stabilization,
either by targeting Keapl thiols or noncovalently displacing
Neh2-domain of Nrf2 from its complex with Keap1 through its
C-terminal Kelch domains that binds Nrf2 (9). To rule out the
possibility of HPPE acting as an alkylating agent targeting
Keapl thiols, we tested the ability of HPPE to covalently mod-
ify glutathione (GSH). A simple assay of incubating GSH with
either HPPE or DMF was carried out in a test tube as reported
previously (37). In accord with our earlier findings, DMF exhib-
ited strong reactivity toward GSH as measured by the amount
of GSH consumed by DMF and the corresponding increase
in the GS-DMF adducts (Fig. 6 4 and B). However, HPPE
showed no reactivity toward GSH as demonstrated by the
absence of thiol adducts and preservation of GSH levels (Fig. 6
A and B). To compare the pro-oxidant potential of HPPE and
DMF in vitro, N27 rat dopaminergic cells were treated with
either HPPE or DMF to study the changes in the total GSH
and ROS levels. Consistent with its electrophilic properties
(37), DMF increased ROS and significantly depleted the total
GSH content in a dose-dependent manner, whereas HPPE
treatment did not increase ROS levels and deplete cellular
GSH but instead increased GSH content at 10-uM dose when
compared to DMF and vehicle controls (Fig. 6 C and D).

To evaluate the toxicity of HPPE for humans, we used a
liver-on-a-chip device with differentiated HepaRG spheroids
with varied concentration of HPPE circulating for 48 h (SI
Appendix, Fig. S9). The onset of toxicity is observed at 50 uM,
which is more than an order of magnitude higher than the con-
centration of HPPE used to achieve maximum activation effect
in the in vitro assays using human cells (Fig. 5).

A distinguishing feature of electrophilic molecules is their
inability to activate ARE-luciferase reporters in the presence of
reducing agents working as ROS scavengers (37). DMF-induced
activation of ARE-luciferase reporter was markedly quenched in
the presence of N-acetylcysteine (NAC) and GSH, whereas incu-
bation of NAC or GSH with HPPE failed to quench the ARE-
luciferase reporter activity (Fig. 6 E and F). The same effect was
observed using Neh2-luc reporter cells (SI Appendix, Fig. S8 A
and B). Finally, we tested if HPPE treatment could modify
Keapl cysteines. Contrary to the previously reported covalent
modification at the cysteine residue 151 of the Keapl protein
after DMF treatment (38, 39), HPPE treatment failed to modify
Keapl cysteines (SI Appendix, Fig. S104) and impact cellular
Keapl protein levels (SI Appendix, Fig. S11). To confirm the
mass-spectrometry results, we used Keapl null mouse embryonic
fibroblast that has been modified through CRISPR/Cas9-directed
mutagenesis, where cysteine was replaced by serine at position
151 on Keapl (Keapl©!'S/“118) a5 exemplified by schematics
(ST Appendix, Fig. S10C). In Keap1™"™T cells, DMF treatment
significantly increased HmoxI mRNA levels compared to con-
trols, whereas in KeaplcmyClSlS cells, DMF failed to induce
HmoxI mRNA levels (SI Appendix, Fig. S10B). In the case of
HPPE, HmoxI mRNA levels were significantly up-regulated both
in Keap1™"WTand in Keap1“"*'¥“1>!S cells, which suggests that
HPPE does not require covalent modification of Keapl cysteine
151 to activate the Nrf2 pathway. Collectively, these results
strongly support a nonelectrophilic nature of HPPE.
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Fig. 6. HPPE is a nonelectrophile. (A) Time course of the S-alkylation reac-
tion between 1 mM DMF or 1 mM HPPE with 1 mM GSH in phosphate-
buffered saline at pH 7.4 was measured and displayed as (A) time course
for GSH consumption and (B) GS-DMF adduct formation. (C) Intracellular
total GSH levels were determined at 4 h following DMF (5 and 10 uM) or
HPPE (3, 5, and 10 uM) treatment in N27 rat dopaminergic cells. Data
expressed as mean += SEM. One-way ANOVA followed by Dunnett’s multi-
ple comparison was used for evaluating statistical significance compared
to control group (*P < 0.05 or ****P < 0.0001; n = 6). (D) Total ROS levels
in N27 rat dopaminergic cells treated with DMF (5 and 10 uM) or HPPE (3,
5, and 10 uM) for 1 h. Bar plot represents the fold intensities relative to
control and expressed as mean + SEM. One-way ANOVA followed by Dun-
nett’s multiple comparison was used for evaluating statistical significance
compared to control group (***P < 0.0005; n = 5). Quenching of the ARE-
luciferase reporter activity in the presence of thiol reagents is as follows:
0.5 mM NAC or GSH when treated with (E) HPPE and (F) DMF for 24 h.
Line plot represents fold luciferase activity and expressed as mean =+ SEM.
Two-way ANOVA with Tukey’s multiple comparison test was used to com-
pare HPPE or DMF with thiol reagents (****P < 0.0001; n = 4). DMF,
Dimethyl fumarate; GSH, reduced glutathione.

These experiments establish that HPPE does not interfere
with Keap1-Nrf2 binding as a canonical electrophilic Nrf2 acti-
vator; however, they do not exclude the possibility that HPPE
might act as a displacement activator of Keapl-Nrf2 pathway.
A Nrf2-displacement activator is defined as a small molecule/
peptide that activates Nrf2 by displacing Nrf2 protein from the
Keap1-Nrf2 complex via binding with high affinity to the
ETGE-recognition site at Keap1, without covalent modification
of Keapl cysteines (9, 10). To evaluate the probability for
HPPE binding in the same site of Kelch domain as for Nrf2
displacement activators, HPPE docking was performed using
the known crystal structure of Keapl Kelch domain with the
bound displacement activator Cpd16 (4IQK.pdb). Based on the
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similar values of CDOCKER interaction energy for Cpdl6
(used as control) and HPPE (—46.23 and —47.12 kcal/mol,
respectively), one could speculate on the possibility for HPPE
to behave as a displacement activator in low micromolar range,
like Cpd16 does (SI Appendix, Fig. S12). To exclude the possi-
bility for HPPE to act as a displacement activator of Keapl-
Nrf2 pathway, we utilized a direct fluorescence polarization assay
monitoring the competition between fluorescently labeled Nrf2
peptide and HPPE for Kelch domain binding. HPPE in the con-
centration range up to 1 mM did not interfere with Keap1-Nrf2
peptide interaction and thus did not change the percentage of
fluorescent Nrf2 peptide-bound Keapl. This was in contrast to
the unlabeled Nrf2 peptide (peptide 70042) or small molecule
displacement activators (SML0959 and CPUY192018) that dose
dependently reduced the fluorescent N1f2 peptide bound Keapl
(SI Appendix, Fig. S10D).

Collectively, these observations confirm that HPPE is not an
electrophile or a displacement activator, but it does stabilize
Nrf2 via Keapl-Nrf2 axis modulation. The Nrf2 stabilization
effect is direct as judged by the time-course of Neh2-luc
reporter activation (SI Appendix, Fig. S8). To rule out the possi-
bility that the stabilization of Nrf2 by HPPE in cellular models
and in vivo (Fig. 5C and SI Appendix, Figs. S8 and S17C) is due
to HPPE’s ability to metabolize into active intermediates and
byproducts, a simple assay was performed by incubating HPPE
in the presence of human plasma in a test tube. This assay
revealed no metabolites as judged by mass spectrometry (S7
Appendix, Fig. S13). Hence, HPPE is highly stable and does not
undergo chemical conversion in the presence of human plasma,
meaning that HPPE works “as is” and stabilizes Nrf2. We spec-
ulate that HPPE can work as a zinc ionophore and target
Zn-binding site in Keapl to activate Nrf2 (40); however, this
site is barely characterized, and its role in Keapl function and
stability is not known. Whatever the mechanism of Nrf2 stabili-
zation by HPPE, this nonelectrophilic Bachl inhibitor presents
an exciting combination of the two activities necessary to trigger
the antioxidant genetic program. Given the detailed characteri-
zation of the inhibitor properties, and especially in the absence
of electrophilic properties, HPPE is perfectly suited for Bachl
pharmacological manipulation in vitro and in vivo.

HPPE Induces Genes Involved in Neuroprotective Pathways. The
functional genomics analysis of gene expression data from
Bachl KO mice VMB revealed activation of various pathways
that are involved in neuroprotection, neutralizing oxidative
stress, and balancing cellular inflammatory environment (Fig. 3
and SI Appendix, Fig. S2 and Table S2). To evaluate whether
similar pathways were triggered by HPPE, we performed gene
expression analysis in N27 rat dopaminergic cells treated with
HPPE. HPPE treatment resulted in significant up-regulation of
both ARE and non—-ARE-dependent genes (SI Appendix, Fig.
S144). Compared to the controls, ARE-dependent genes that
were up-regulated by HPPE in N27 cells included HmoxlI,
Gcle, Gelm, Nqgol, Mt3, Sodl, and Mt1, whereas the non-ARE
genes up-regulated by HPPE included HmoxI, Neurodl, and
Nr4a2 (SI Appendix, Fig. S144 and Table S5). Overall, HPPE
treatment resulted in significant up-regulation of genes involved
in heme degradation, redox regulation, cell cycle, negative reg-
ulation of neuronal apoptotic process, neuronal differentiation,
protein homo-oligomerization, and subcellular transport pro-
cesses (S Appendix, Fig. S144). To determine if the changes in
the gene expression are reflected in the expression of their
respective proteins, we evaluated protein expression of a subset
of genes from cells treated with HPPE using immunoblot. We
found an increased expression in HmoxlI, Nqol, Gcle, Gelm,
and Gsr in N27 cells after HPPE treatment compared to con-
trols (SI Appendix, Fig. S14 B and C). The change in expression
of these proteins were long lasting, as the expressed proteins

PNAS | 7of11
https://doi.org/10.1073/pnas.2111643118

APPLIED BIOLOGICAL

SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111643118

stayed up-regulated until 48 h after HPPE exposure (S/
Appendix, Fig. S14 B and C). Collectively, these results demon-
strated that HPPE-mediated Bachl inhibition resulted in effi-
cient induction of both ARE- and non-ARE-mediated genes
in vitro in rat dopaminergic N27 cells. To test expression of
ARE and non-ARE genes in vivo, we performed pharmacoki-
netic analysis in mice following HPPE administration. Oral
gavage of a single dose of HPPE (100 mg/kg body weight) in
mice showed significant accumulation of HPPE in various tis-
sues including liver, kidney, and brain. Levels of HPPE in all
tissues peaked at 2 h after HPPE treatment which gradually
declined by 24 h and were below the quantifiable level beyond
24 h (SI Appendix, Table S7). Gene expression analysis in the
mouse VMB and STR at similar time points and dose used for
pharmacokinetic analysis showed a marked increase in the
expression of genes that were involved in heme degradation
and redox regulatory processes including Hmox!, Gsr, Mafg,
and Mel in both VMB and STR (SI Appendix, Fig. S14 D and
E). In addition, a significant increase in the expression of
Prdx2, Txnip, Txnrdl, and Slc7all were observed in the VMB
of HPPE-treated mice compared to vehicle control (S/
Appendix, Fig. S14D). Most of the genes showed marked
up-regulation in the VMB at 8 h after HPPE except for Slc7al1
which was up-regulated at 2 h and TxnrdI up-regulated at 24 h.
These results suggest that HPPE is orally active with an excel-
lent pharmacokinetic profile and induces a battery of both
ARE and non-ARE genes involved in neuroprotection, neutral-
izing oxidative stress, and balancing cellular inflammatory
environment.

HPPE Ameliorates MPTP-Induced Dopaminergic Neurodegeneration
and Associated Oxidative Stress and Neuroinflammation. To deter-
mine the impact of pharmacological inhibition of Bachl in
MPTP-induced dopaminergic cell death, we evaluated the
effects of HPPE administration in an acute MPTP paradigm.
Based on its pharmacokinetic profile in vivo (SI Appendix,
Table S7), we treated HPPE twice a day by oral gavage. As dis-
played by the schematics in Fig. 7, HPPE was administered in
pre- and posttreatment paradigms to determine neuroprotec-
tive effects against acute MPTP neurotoxicity. In the pretreat-
ment paradigm, HPPE was administered twice daily for 3 d
before MPTP injections and for the next 3 d after the last dose
of MPTP. Stereological counts of SNpc dopaminergic neurons
defined by TH and Nissl staining did not differ between vehicle
and HPPE treatment (Fig. 7 A and B). SNpc dopaminergic
neuronal counts were significantly reduced in the MPTP-
treated group that received the vehicle (Fig. 7.4 and B). How-
ever, SNpc dopaminergic neurons were significantly protected
against MPTP neurotoxicity in the group treated with HPPE (5
and 10 mg/kg) in a dose-dependent manner, as more TH- and
Nissl-stained SNpc neurons survived in HPPE groups com-
pared to vehicle-treated MPTP mice (Fig. 7 A and B). Mea-
surement of striatal levels of DA and its metabolites DOPAC
and HVA did not differ between vehicle- and HPPE-treated
groups (SI Appendix, Fig. S154). Levels of DA and its metabo-
lites were significantly reduced in MPTP-treated mice that
received vehicle. However, in the HPPE-treated groups (5 and
10 mg/kg), MPTP-induced loss of DA and its metabolites was
significantly attenuated compared to MPTP-injected mice that
received the vehicle. To ascertain that resistance to MPTP neu-
rotoxicity provided by HPPE was not because of alteration in
the bioavailability of MPP+ we measured striatal levels of
MPP+ 90 min after MPTP injection when pretreated with
HPPE. Levels of MPP+ did not differ between MPTP-injected
mice that received HPPE compared to those that received vehi-
cle (SI Appendix, Table S8). These findings demonstrate that
pretreatment of HPPE attenuates MPTP-induced dopaminergic
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Fig. 7. Pre- and posttreatment of HPPE is neuroprotective against acute
MPTP neurotoxicity. Schematic representation of timepoints for HPPE pre-
treatment in acute MPTP paradigm. (A) Immunohistochemical staining for
TH in the SNpc of C57BL/6J mice on the seventh day following HPPE (5 and
10 mg/kg twice a day for 6 d by oral gavage) treatment in the acute MPTP
model (MPTP.HCI 12 mg/kg, three injections 2 h apart) as explained in
Materials and Methods. (Scale bar, 100 um.) (B) Stereological analysis of
total (Nissl) and TH+ neurons in the SNpc. Data expressed as mean + SEM.
One-way ANOVA with Tukey’s multiple comparison was used to compare
each treatment group (*P < 0.05, **P < 0.005, ***P < 0.0005, and ****P <
0.0001; n = 5 to 6). Schematic representation of timepoints for HPPE post-
treatment in acute MPTP paradigm. (C) Immunohistochemical staining for
TH in the SNpc of C57BL/6J mice on seventh day in the acute MPTP model
(MPTP HCl 12 mg/kg, three injections 2 h apart) treated with HPPE (50 mg/
kg twice a day for 6 d by oral gavage) 8 h after first dose of MPTP as
explained in Materials and Methods. (Scale bar, 100 um.) (D) Stereological
analysis of total (Nissl) and TH+ neurons in the SNpc. Data expressed as
mean *= SEM, One-way ANOVA followed by Tukey’s multiple comparison
(*P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001; n =5 to 6).

neurotoxicity in mice without impacting the conversion of
MPTP to MPP+ in the brain.

Given the neuroprotective effects of HPPE against MPTP
neurotoxicity in the pretreatment regimen, we next determined
its proficiency in the posttreatment paradigm. As shown in the
schematics for the posttreatment regimen in Fig. 7C, HPPE
was administered twice daily for 6 d after the last dose of
MPTP in the acute paradigm, where the first dose of HPPE
administered 8 h after the first dose of MPTP injection. Stereo-
logical counts of SNpc dopaminergic neurons defined by TH
and Nissl staining showed no difference between groups treated
with vehicle and HPPE (Fig. 7 C and D). SNpc dopaminergic
neuronal counts were significantly reduced in the MPTP-
treated group that received the vehicle (Fig. 7 C and D). How-
ever, SNpc dopaminergic neurons were significantly protected
against MPTP neurotoxicity in the group that were treated with
HPPE (50 mg/kg), as more TH- and Nissl-stained SNpc neu-
rons survived in MPTP-treated mice administered with HPPE
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compared to vehicle (Fig. 7 C and D). Measurement of striatal
levels of DA and its metabolites DOPAC and HVA showed no
difference between vehicle- and HPPE-treated groups (S7
Appendix, Fig. S15B). Levels of DA and its metabolites were
significantly reduced in MPTP-treated mice that received the
vehicle. However, in mice administered with HPPE, MPTP-
induced loss of DA and its metabolites were significantly atten-
uated compared to MPTP-injected mice that were administered
with vehicle. These findings suggests that HPPE attenuates
MPTP neurotoxicity when administered after MPTP injections
in mice in a posttreatment paradigm.

To investigate if neuroprotective effects of HPPE against
MPTP neurotoxicity are accompanied by reduction in markers
of inflammation and oxidative stress, we evaluated the levels
of 3-nitrotyrosine, CD68, and GFAP in the SNpc. Immuno-
histochemical analysis showed a significant increase in 3-NT
immunoreactivity in the MPTP-injected mice compared to
vehicle-treated mice (SI Appendix, Fig. S164). Administration
of HPPE significantly attenuated MPTP-induced increases in
3-NT immunoreactivity compared to mice injected with MPTP
(SI Appendix, Fig. S164). Quantitative analysis showed a
marked increase in 3-NT-immunoreactive cells in MPTP-
injected mice compared with vehicle-treated mice, which was
significantly reduced in the MPTP-treated mice that received
HPPE (SI Appendix, Fig. S16B). Similarly, MPTP administra-
tion significantly increased the CD68-immunopositive activated
microglia (SI Appendix, Fig. S16C) and GFAP-immunopositive
reactive astrocytes (SI Appendix, Fig. S16E) of MPTP-injected
mice compared to vehicle-treated mice. HPPE treatment signif-
icantly attenuated levels of MPTP-induced reactive microglia
and astrocytes compared to mice that received only MPTP.
Morphometric analysis of CD68-positive reactive microglia and
GFAP-positive reactive astrocytes in the SNpc showed a
marked increase in the levels of reactive microglial and astro-
cytic cell counts in the MPTP-treated group compared with
controls, which were markedly reduced in MPTP-treated mice
that received HPPE (SI Appendix, Fig. S16 D and F). Consis-
tent with the immunohistochemical markers of oxidative stress
and neuroinflammation in the SNpc, mRNA analysis in the
VMB of MPTP-injected mice demonstrated a significant
increase in the levels of proinflammatory genes TNF-a and
Mcp-1 (SI Appendix, Fig. S17 A and B) and antioxidant gene
Nrf2 (SI Appendix, Fig. S17C). Administration of HPPE signifi-
cantly reduced MPTP-induced increases in TNF-a and Mcp-1
mRNA levels, and on the other hand, HPPE significantly
increased mRNA levels of Nrf2 compared to MPTP-treated
mice that received the vehicle. Altogether, these findings sug-
gest that neuroprotective effects of HPPE against MPTP neu-
rotoxicity are associated with up-regulation of antioxidant
genes, down-regulation of proinflammatory genes and reduc-
tion in markers of oxidative stress and inflammation.

Discussion

Numerous studies have suggested that Nrf2 activation can ame-
liorate neurodegeneration in preclinical models of PD (5, 41).
Our findings reveal a previously unknown neuroprotective
mechanism based on derepression of Bachl, a transcriptional
inhibitor of the Nrf2 activity, in a mouse model of experimental
PD. Several studies show a correlative decline in Nrf2 activity
with age, which is a predominant risk factor for PD (42-44).
However, in the SNpc dopaminergic neurons of PD patients
from early Braak Stages I to II, Nrf2 was found in the nucleus,
whereas it was localized to the cytosol in healthy age-matched
controls (45). The translocation of Nrf2 to the nucleus in PD
patients indicates an attempt to up-regulate Nrf2 target genes,
the attempt that apparently fails to bring the Nrf2-driven
genetic program to the level needed to fight against ongoing
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neurodegeneration in PD. The problem stems from an existent
feedback regulation where continuous activation of Nrf2 is
compensated by higher expression levels of Nrf2 transcriptional
repressors (9). Notably, we observed up-regulation of Bachl (a
transcriptional repressor of Nrf2) protein levels in the SNpc of
human PD patients and in animal and cellular models of PD
(Fig. 1). Given that Bachl1 is an Nrf2 target gene, an increase in
Nrf2 protein stabilization is accompanied by a simultaneous
increase in Bachl expression, which will diminish the induction
of Nrf2 target genes (9, 13, 42). Consistent with this viewpoint,
we observed that Bachl-deficient mice were protected against
MPTP neurotoxicity, associated oxidative damage, and neuroin-
flammation (Fig. 2 and ST Appendix, Figs. S1, S3, and S4). Our
findings concur with reports of protective effects in Bachl-
deficient mice against neuronal degeneration in spinal cord
injury and experimental autoimmune encephalomyelitis (15, 16,
21). Functional genomic analysis suggest that Bachl-deficient
mice were protected against MPTP due to up-regulation of
both ARE and non-ARE (predominantly ETS motifs) genes
(Fig. 3). Genes associated with Bachl-ARE motifs were
enriched for pathways that were critical for oxygen sensing reg-
ulation and neuronal death, whereas genes enriched with non-
ARE motifs were involved in DNA binding, inflammatory
response, apoptosis, and neuronal death. Because Maf family
of transcription factors heterodimerize with Bachl (46) and
ETS transcription factors during differentiation (47, 48) and
immune response (49), Bachl could essentially regulate non-
ARE genes through ETS/MAF interactions. Taken together,
our results suggest that Bachl deficiency can up-regulate both
Nrf2 genes and unexplored non-Nrf2 target genes which may
have additional benefits against MPTP-neurotoxicity.

The Bachl repression of its target genes is mediated by het-
erodimerization of Bachl with small Maf proteins and its bind-
ing to Maf recognition element called MARE (11, 12). Bachl
derepression upon Bachl binding to heme and porphyrin-like
molecules is well studied and occurs through Bachl multiple
heme regulatory motifs (33). While heme/hemin is toxic (50,
51), metalloporphyrins are therapeutic in preclinical disease
models associated with oxidative and nitrosative stress (52).
However, metalloporphyrins have limited CNS bioavailability
due to their poor blood-brain barrier penetration, so there is a
strong need for a better drug candidate to pharmacologically
inhibit Bachl. Drug screening performed with a proprietary
translational technology platform coupled with MARE-
luciferase reporter [WO 2012/094580 (31)] identified a
substituted benzimidazole, HPPE, exhibiting an attractive com-
bination of two desired activities which involves Bachl inhibi-
tion (Fig. 4) and Nrf2 stabilization (Fig. 5C and SI Appendix,
Fig. S8). HPPE demonstrated a micromolar half-activation
constant compared to the FDA-approved Nrf2 activator, DMF,
and physiological Bachl inhibitor hemin, both working in 10-
to 20-uM range (Fig. 4B). The specificity of HPPE for Bachl
heme-binding sites was verified by inhibition of HPPE-induced
MARE-luciferase reporter activation when mutant Bachl was
overexpressed in the reporter cell line (Fig. 4C).

To confirm the nonalkylating nature of HPPE action in
Bachl inhibition and Nrf2 stabilization, we performed a thor-
ough characterization of HPPE chemical properties. The
results obtained proved HPPE nonalkylating nature with
respect to free glutathione (Fig. 64) and Keapl thiols (S
Appendix, Fig. S10 A and B) and the absence of HPPE affinity
for Keapl Kelch domain in fluorescence polarization assay (S
Appendix, Fig. S10D). HPPE did not reduce the levels of GSH
and increase ROS in neuronal cells (Fig. 6 C and D), and its
activation in ARE-luciferase assay is not sensitive to high con-
centrations of cell-permeable reducing agent, NAC (Fig. 6 E
and F), thus indicating the absence of oxidative transformation
of HPPE in the cell.
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Analysis of physical binding of HPPE to recombinant Bach1
using mass spectrometry showed that HPPE was unable to cova-
lently modify Bachl cysteines whereas DMF treatment resulted
in nonenzymatic succination of Bachl cysteines (SI Appendix,
Table S6), consistent with reports on DMF-modified active cys-
teines in proteins affecting various cellular pathways resulting in
side-effects (53, 54). Thus, even though HPPE and DMF both
activate MARE-luciferase reporter (Fig. 4B), they work by
entirely different mechanisms. HPPE has been confirmed as a
nonelectrophile and its likely mechanism of action is based on
noncovalent Bachl binding. Since overexpression of mutated
Bachl, with cysteines in heme-binding CP motifs replaced by
alanine, completely inhibited MARE-luciferase activation by
HPPE as well as by Co-PPIX (Fig. 4C), the mechanism of
HPPE action on Bachl likely includes modulation of the heme-
binding regulatory motifs, in a fashion similar to Co-PPIX and
hemin (32). The structural similarity between HPPE and por-
phyrin (i.e., HPPE resembles one-half of the porphyrin ring)
suggests that HPPE will act similar to hemin. However, HPPE
is a not an iron chelator, since the two potential ligands in
HPPE molecule are located on separate and freely rotating moi-
eties, and therefore HPPE will not exert any pro-oxidant activity
and toxicity like hemin, where the iron is 4-coordinated by por-
phyrin ring pyrroles and behaves as a catalyst for oxygen/hydro-
gen peroxide activation and lipid peroxidation (51, 55). The
confirmed absence of HPPE alkylating potency with respect to
both Keapl and Bachl supports HPPE classification as a true
Bachl inhibitor, free of deleterious effects as those of hemin
but working at the heme-binding sites of Bachl protein.

Bach1 derepression should include at least two steps—Bach1
dissociation from the DNA binding element followed by its
nuclear export. We performed the nuclear export inhibition
experiment for HPPE-induced Hmox1 up-regulation (Fig. 5
A-C) similarly to the hemin-mediated experiment described by
Suzuki and colleagues (35). In the presence of Crm1-dependent
nuclear export inhibitor leptomycin B, HPPE-induced Hmox1
up-regulation was blocked (Fig. 54), and Bach1 protein content
in the nucleus was higher in the nucleus and lower in the cyto-
solic fraction when compared to HPPE alone (Fig. 5C). Hence
HPPE, similar to hemin, supports Bachl nuclear export. An
inhibition of HPPE-induced Hmox1 up-regulation in the pres-
ence of leptomycin B was observed despite the significant accu-
mulation of Nrf2 in the nucleus. This observation justifies the
need in Bachl inhibition to fully explore the benefits of Nrf2
stabilization. Nevertheless, our ChIP assays showed that similar
to hemin, HPPE treatment results in ca. 10-fold drop in Bachl
occupancy on EN1 and EN2 enhancer regions of Hmox1 pro-
moter with the corresponding rise in Nrf2 occupancy at the
same regions (Fig. 5 D and E and SI Appendix, Fig. S7). Alto-
gether, our studies recommend HPPE as a benign mimic of
hemin and promising drug candidate to manipulate Bachl.

Both in vitro and in vivo studies demonstrated that HPPE
treatment up-regulated gene signatures that were similar to
those observed in the brains of Bachl KO mice (SI Appendix,
Fig. S144), which included both ARE-dependent and ARE-
independent cellular pathways (SI Appendix, Fig. S19). Our
experimental results showed that oral administration of HPPE
was safe, well-tolerated, and ameliorated MPTP-induced
nigrostriatal dopaminergic neurodegeneration in a pretreat-
ment and, most importantly, in a posttreatment paradigm,
where majority of Nrf2 activators show no benefit at all. MPTP
treatment in mice results in marked increases in oxidative dam-
age, glial activation, and levels of proinflammatory cytokines,
resulting in dopaminergic neurodegeneration. Postmortem
human PD brains accumulate elevated levels of oxidative
stress markers such as oxidized proteins, lipids, and nucleic
acids and abnormally activated glia that secrete toxic cytokines
(30). HPPE treatment significantly blocked accumulation of
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oxidative stress marker 3-nitrotyrosine, numbers of reactive
microglia and astrocytes in the SNpc, and increases in proin-
flammatory genes and a corresponding increase in neuroprotec-
tive genes suggesting that Bachl inhibition is beneficial in
blocking oxidative stress and neuroinflammation associated
with MPTP neurotoxicity (SI Appendix, Figs. S16 and S17). We
demonstrated that orally active nonelectrophilic Bach1 inhibi-
tor HPPE up-regulates Bachl-dependent ARE and non-ARE
gene signatures with robust neuroprotective properties in a
posttreatment mouse model of PD. Among the neuroprotective
genes, Bachl inhibition resulted in increased expression of
genes such as Gelm, Gele, Gsr, and Slc7all (SI Appendix, Fig.
S14), which are crucial in mitigating neurodegeneration caused
by ferroptosis (56). These findings are consistent with a recent
study showing Bach1 ablation can protect against ferroptosis in
a myocardial infarction model (22). Given the significant simi-
larity in bZIP domains of Bachl and Bach2 (57) and the fact
that heme can serve as a ligand for Bach2 (58), HPPE adminis-
tration in mice resulted in a modest but significant
up-regulation of mRNA levels of Bach2 and its target gene B
lymphocyte—induced maturation protein-1 (Blimpl) in the
VMB (S8I Appendix, Fig. S184). However, in the Bachl KO
mice, mRNA levels of Bach2 and Blimp! in the VMB were not
significantly different compared to WT mice (SI Appendix, Fig.
S18B). Hence, Bachl inhibition/genetic deletion is sufficient to
provide the observed neuroprotection in the MPTP model. Our
studies further support the evaluation of HPPE in chronic mod-
els of PD to gain additional insights into how Bach1 inhibitors
protect against neurodegeneration and their use in clinical tri-
als to treat PD. Future studies should also investigate HPPE’s
role in the expression of Bach2 target genes in various organs
and cellular systems to determine their influence in normal
physiology and in pathophysiological conditions. In summary,
the mechanism of pharmacological action of HPPE involved a
favorable combination of Nrf2 stabilization and Bachl inhibi-
tion, which resolves the feedback regulation issue resulting in
Bachl upregulation due to Nrf2 activation. Nonelectrophilic
displacement Nrf2 activators, as of today, lose the battle to
alkylating Nrf2 activators, which are more efficient in vivo
despite their unavoidable “accumulated” toxicity/side effects.
However, for conditions like PD and other forms of chronic
neurodegeneration, nonelectrophilic Bachl inhibitors and non-
electrophilic Nrf2 displacement activators combined in one
molecule is a promising therapeutic strategy to restore homeo-
static redox balance.

Materials and Methods

Human Postmortem Brains. Postmortem substantia nigra from subjects with
an antemortem clinical diagnosis of PD (n = 9) and age-matched controls
(n = 5) were obtained from Johns Hopkins University and University of
Maryland Brain and Tissue Bank, Baltimore. PD patients and control subjects
from both sexes did not differ significantly in their mean age at death (con-
trols 76 + 7 y; PD patients, 78 = 6) (S/ Appendix, Table S1). All participants
agreed to a detailed clinical evaluation and brain donation upon their death.
Additional details of reagents and methods are provided in S/ Appendlix.

Data Availability. Microarray data have been deposited in the Gene Expres-
sion Omnibus (GSE164412). All other study data are included in the article
and/or S/ Appendiix.
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