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ARTICLE INFO ABSTRACT

Keywords: Garlic has been demonstrated to exert protective effects against oxidative damage using numerous experimental
Bachl models. The antioxidant effects of garlic are associated with the activation of Nrf2-dependent gene expression. S-
Nrf2 1-Propenylcysteine (S1PC) and S-allylcysteine (SAC) are two predominant sulfur amino acids present in aged
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Garlic

garlic extract; however, the exact roles of these amino acids within the Keap1/Nrf2 system remain unknown. We
hypothesized that sulfur-containing amino acids derived from garlic could activate Nrf2 in the presence of nitric
oxide (NO). Neither S1PC nor SAC affected gene expression of either heme oxygenase-1 (HMOX1) or the glu-
tamate-cysteine ligase modifier subunit (GCLM) in human umbilical vein endothelial cells (HUVECs) or human
aorta endothelial cells (HAECs). Interestingly, SIPC augmented expression levels induced by nitric oxide donors
(NO-donors) such as NOR3 and GSNO. NO-donors were found to induce nuclear accumulation of NRF2 and
activation of the el[F2a/ATF4 pathway, whereas S1PC did not further amplify the NO-induced effects on NRF2 or
elF2a/ATF4. Additionally, NO-donors induced the degradation of BTB domain and CNC homolog 1 (BACH1), a
transcriptional repressor that can compete with NRF2. In addition, SIPC enhanced BACH1 downregulation
within the nucleus. Pretreatment with deferoxamine, an inhibitor of heme synthesis, upregulated BACH1 protein
levels and abolished the effect of NO-donors and S1PC on HMOX1 expression. The above results indicate that
S1PC could modulate antioxidant gene expression via the NO/heme/BACHI1 signaling pathway, thereby sug-
gesting that S1PC-induced degradation of BACH1 may provide a basis for therapeutic applications.

1. Introduction Some natural products, such as curcumin, resveratrol, and sulfor-

aphane, are known to activate Nrf2 in both in vivo and in vitro experi-

Garlic supplementation is thought to provide preventive or ther-
apeutic effects against various diseases that are caused by oxidative
stress [1]. Several clinical studies reported that the intake of aged garlic
extract reduces the risk of cardiovascular disease [2,3]. The sulfur-
containing amino acids S-1-propenylcysteine (S1PC) and S-allylcysteine
(SAQ) previously isolated from aged garlic extracts have been demon-
strated to exhibit high oral bioavailability [4-6]. Additionally, SAC has
been shown to increase stress resistance and to reduce the accumulation
of reactive oxygen species (ROS) in Caenorhabditis elegans-based oxi-
dative stress models. The transcription factor SKN-1, an ortholog of
nuclear factor erythroid 2 like 2 (Nfe212/Nrf2) in mammals, has been
demonstrated to play an integral role in mediating the antioxidant re-
sponse [7]. The molecular mechanism underlying SKN-1 activation by
SAC or other sulfur-containing compounds, however, remain unclear.

mental models where Nrf2-mediated gene expression plays a crucial
protective role [8]. Under basal conditions, Nrf2 binds to Kelch-like
ECH-associated protein 1 (Keapl) resulting in proteasomal degradation
of Nrf2 in the cytoplasm. In the presence of oxidative stress or inducers,
Nrf2 is released from the Keap1-dependent complex and accumulates in
the nucleus. Within the nucleus, Nrf2 binds to antioxidant response
elements (AREs), which are cis-elements essential for the expression of
various antioxidant and detoxification genes, including heme oxyge-
nase 1 (Hmox1) and glutamate-cysteine ligase modifier subunit (Gclm)
[8]. Additionally, the BTB domain and CNC homolog 1 (Bachl) het-
erodimerizes with sMaf proteins and interacts with the AREs of the
corresponding genes to prevent Nrf2 binding and to inhibit gene ex-
pression in the basal state. In the presence of oxidative stress, arsenite,
or heme, Bachl is released from AREs and facilitates Nrf2 translocation
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and subsequent activation of antioxidant gene expression [9,10].

Nitric oxide (NO) is a well-characterized signaling molecule that
mediates various physiological effects [11]. In addition to its physio-
logical significance, NO influences the functional states of transcription
factors and other signaling molecules and modulates gene expression.
Multiple studies have reported that NO upregulates Hmox1 levels via
transcriptional upregulation mediated by Nrf2 activation [12]. Al-
though several studies have shown that NO increases nuclear Nrf2 le-
vels by of S-nitrosylation of Keapl [13] or inhibition of nuclear export
of Nrf2 [14], the underlying molecular mechanisms remain unclear.
Additionally, further studies are required to determine whether NO is
involved in the regulation of Bach1 to suppress the expression of Nrf2-
regulated genes.

In the present study, we evaluated the effects of sulfur-containing
compounds on NRF2-regulated gene expression. Our results revealed
that S1PC enhanced the expression of antioxidant genes in a NO-de-
pendent manner. We identified a novel interaction between S1PC and
NO, and we found that NO induces BACH1 degradation in the nucleus
and that S1PC enhances BACH1 downregulation. The interaction be-
tween NO and S1PC and the role of this interaction in regulating
BACH1 protein levels provides a potential novel therapeutic target for
improving antioxidant defense status against certain diseases.

2. Materials and methods
2.1. Reagents

S1PC, SAC, and S-allylmercaptocysteine (SAMC) were synthesized
and purified as previously described [15,16]. The NO-donors ( + )-(E)-
4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide (NOR3) and S-ni-
trosoglutathione (GSNO) were purchased from Dojindo (Kumamoto,
Japan). tert-Butylhydroquinone (tBHQ), hemin, and deferoxamine me-
sylate salt were obtained from Sigma-Aldrich (St. Louis MO). Lepto-
mycin B (LeptB) was purchased from LC laboratories (Woburn, MA).
Antibodies used included anti-HMOX1 (ab13248, Abcam Cambridge,
UK), anti-BACH1 (14018-1-AP, Proteintech, Rosemont, IL), anti-NRF2
(sc-13032, Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-
EIF2A (Ser51) (#3398, Cell Signaling Technology, Danvers, MA), anti-
EIF2A (#5324, CST), anti-GAPDH (015-25473, Wako pure chemical,
Japan), anti-ACTB (20536-1AP, Proteintech), and anti-LMNB1 (66095-
1-Ig, Proteintech).

2.2. Cell culture

Commercially available human umbilical vein endothelial cells
(HUVECs) (Lonza, Basel, Switzerland) and human aorta endothelial
cells (HAECs) (Lonza) were grown in EGM™-2 medium (Lonza) con-
taining supplements and 2% fetal bovine serum (FBS). Confluent cell
cultures grown in EBM™-2 medium (Lonza) containing 2% FBS were
used for analysis of gene expression or signaling molecules.

2.3. Quantitative real-time RT-PCR

Total RNA was isolated from cells using TRIzol™ reagent (Thermo
Fisher Scientific, Waltham, MA) according to manufacturer protocol.
First-strand ¢cDNA synthesis was performed using random six-mers,
oligo-dT primers, and PrimeScript™ RT reagent (Takara Bio, Otsu,
Japan). Real-time PCR was performed using TB Green™ premix
(Takara) on a PikoReal™ system (Thermo). The following PCR primer
pairs were used for real-time PCR: HMOX1, 5’- CTT TCA GAA GGG CCA
GGT GAC -3, 5’- GCG CTC AAT CTC CTC CTC CAG -3’; GCLM, 5’- CAG
CGA GGA GCT TCA TGA TTG -3/, 5’- TGC ATT CCA AGA CAT CTG GAA
A -3 BACHI1, 5’- GAG ACG GAC ACC GAA GGA GA -3, 5- CGC TGT
GCA GCA ATT CTG TT -3’; NRF2, 5’- AGT GGA TCT GCC AAC TAC TC
-3’, 5- CAT CTA CAA ACG GGA ATG TCT G -3’; TXNRD1, 5’- TTG CAG
CTG CGC TCA AAT GT -3/, 5- ATT TGG GCA CGG AAA CGA GC -3

23

Nitric Oxide 84 (2019) 22-29

ACTB, 5’- CGC GAG AAG ATG ACC CAG AT -3, 5- GGT GAG GAT CTT
CAT GAG GTA GTC -3’. mRNA expression levels were calculated re-
lative to that of the ACTB gene according to the comparative 2~ 24T
method.

2.4. Immunoblot analyses

Whole-cell proteins were extracted using a radio-im-
munoprecipitation assay (RIPA) buffer (Wako) containing a protease
and phosphatase inhibitor cocktail (Thermo). Nuclear and cytosolic
fractions were prepared using NE-PER™ reagents according to manu-
facturer protocol (Thermo). Proteins were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and subjected to immunoblot
analysis. Proteins that reacted with primary antibodies were detected
using HRP-conjugated secondary antibody and either Amersham™ ECL
Prime (GE Healthcare, Menlo Park, CA) or Supersignal™ West Femto
(Thermo). Chemiluminescence was visualized and quantified using a
ChemiDoc™ MP Imager (Bio-Rad Laboratories, Hercules, CA).

2.5. Small interfering RNA (siRNA) transfection

HUVECs were seeded at 1.4 x 10* cells/well on 48-well plates and
subsequently transfected with 2.4 pmol of control (sc-44230, Santa
Cruz) or specific siRNA cocktails targeting BACH1 (sc-37064, Santa
Cruz) or NRF2 (sc-37030, Santa Cruz). Transfections were performed
using Lipofectamine™ RNAiMAX (Thermo) in accordance with manu-
facturer instructions. At 72h post-transfection, HUVECs were treated
with NOR3 and/or S1PC for 6 h, and the expression levels of mRNA
were measured by quantitative real-time RT-PCR.

2.6. Statistical analysis

Data are expressed as means * standard deviation (SD). Group
comparisons were performed using a Student's t-test or one-way ana-
lysis of variance followed by Bonferroni's multiple comparison test. All
statistical analyses were performed using WinSTAT (M Sato, Japan).
P < 0.05 was considered statistically significant.

3. Results
3.1. Effects of SIPC on HMOX1 and GCLM expression in endothelial cells

To evaluate the effect of SIPC on antioxidant gene expression in
endothelial cells, HMOX1 and GCLM expression levels were measured
in HUVECs treated with S1PC and/or NOR3. Results revealed that
NOR3, but not S1PC, induced the expression of HMOX1 and GCLM,;
however, S1PC more effectively enhanced the NOR3-induced gene ex-
pressions compared to enhancement by treatment with NOR3 alone
(Fig. 1A). Additionally, results from immunoblot analysis demonstrated
the synergistic effects of SIPC and NOR3 in upregulating HMOX1 ex-
pression (Fig. 1B). To verify the synergistic effects of SIPC and NO on
HMOX]1 induction, similar experiments were performed by exposing
HAECs to the NO-releasing compound GSNO. Consistent with previous
results, treatment with S1PC alone did not significantly affect HMOX1
expression, but co-treatment with SIPC and GSNO led to synergistic
upregulation of HMOX1 expression (Fig. 2). Conversely, SAC and SAMC
did not exert synergistic effects in combination with GSNO. S1PC, SAC,
and SAMC are sulfur-containing amino acids that are abundant in aged
garlic extracts [4]. Despite small differences in the S-propenyl struc-
tures of SIPC and SAC, only S1PC was found to exert synergistic effects
on HMOX1 induction by GSNO (Fig. 2).

3.2. Effects of SIPC and NORS3 on signaling molecules involved in HMOX1
expression

A number of signaling molecules and transcription factors have
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Fig. 1. Effects of SIPC on NOR3-induced HMOX1 and GCLM expression in
HUVECs. (A) HUVECs were treated with NOR3 (25 uM) and/or S1PC (50 uM)
for 4, 8, or 24 h. Relative mRNA levels of HMOX1 and GCLM, normalized to
ACTB levels, were determined by real-time PCR. Data are expressed as
mean = SD (n = 3). Significant differences relative to the control cells
(##p < 0.01) or NOR3-treated cells were determined (**p < 0.01) using
one-way ANOVA followed by Bonferroni's multiple comparison test. (B)
HUVECs were treated with NOR3 (50 uM) and/or S1PC (25 or 50 pM) and SAC
(50 uM) for 16 h. Whole-cell lysates were subjected to immunoblot analysis.
Results of HMOX1 and GAPDH are shown.
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Fig. 2. Effects of sulfur-containing compounds on GSNO-induced HMOX1
expression in endothelial cells. Endothelial cells were treated with GSNO
(100 uM) and/or S1PC, SAC, SAMC (100 uM) for 6 h. Relative mRNA levels of
HMOX1, normalized to ACTB levels, were determined by real-time PCR. Data
are expressed as mean * SD (n = 3). Significant differences relative to the
control (##p < 0.01) or GSNO-treated cells were determined (**p < 0.01)
using one-way ANOVA followed by Bonferroni's multiple comparison test.
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been identified to regulate HMOX1 expression [17,18]. To explore the
synergistic effects of SIPC and NO in the context of antioxidant gene
expression, we analyzed protein expression and activation of signaling
molecules including NRF2, the alpha subunit of the eukaryotic initia-
tion factor 2 (elF2a/EIF2A), mitogen-activated protein kinases
(MAPKSs), and nuclear factor-kappa B (NF-kB). Activation of the KEAP1/
NRF2 system was examined by immunoblotting for NRF2. We observed
no significant NRF2 accumulation in HUVECs treated with S1PC alone.
NORS3 was found to induce NRF2 accumulation, but cells co-treated
with NOR3 and S1PC showed no significant differences in NRF2 protein
levels compared to those in cells treated only with NOR3 (Fig. 3). Ac-
tivation of the endoplasmic reticulum (ER) stress response or the in-
tegrated stress response (ISR) was assessed by measuring increases in
EIF2A phosphorylation and subsequent increases in the protein levels of
activating transcription factor 4 (ATF4) [19]. NOR3 treatment in-
creased EIF2A phosphorylation, but cells co-treated with NOR3 and
S1PC showed no significant differences in E1F2A phosphorylation
compared to that of cells treated with NOR3 alone (Fig. 3). ATF4 pro-
tein levels were induced in response to NOR3 in the nuclear fraction.
Our results confirmed that S1PC exerted no synergistic effects in com-
bination with NOR3 (Fig. S1). Additionally, we analyzed NRF2 phos-
phorylation at serine 40 as a marker of ER stress response. In this
context, treatment with NOR3 and/or S1PC did not affect NRF2 phos-
phorylation levels (Fig. S2). Immunoblot analysis revealed that cells
treated with NOR3 alone and cells co-treated with NOR3 and S1PC
exhibited no significant differences in P-ERK5, P-JNK, and P-AKT levels
(data not shown) and nuclear accumulation of NF-kB p65 (Fig. S1).
BACH1 and FRAL1 play suppressive roles in NRF2-dependent ARE-
driven transcriptional responses [20,21]. NOR3 caused a reduction in
BACH]1 protein levels in HUVECs, whereas S1PC did not affect BACH1
levels. S1PC did, however, enhance BACH1 downregulation upon co-
treatment with NOR3 (Fig. 3). Additionally, BACH1 downregulation
was observed in the presence of cycloheximide, a translation inhibitor,
and BACH1 was degraded post-translationally (Fig. S3). FRA1 protein
levels were analyzed in the nuclear fraction, and results indicated that
NOR3 and S1PC did not affect FRA1 protein expression (Fig. S4).

3.3. Subcellular localization and downregulation of BACH1 following
treatment with S1PC and NOR3

Nuclear localization of BACH1 is essential for this protein to exert
suppressive effects on ARE-driven transcription. To investigate BACH1
downregulation following treatment with NO-donor or S1PC, we ex-
amined the changes in the nuclear and cytosolic distribution of BACH1.
BACH1 was present in both the nuclear and the cytosolic fractions in
control cells, and BACH1 levels in the cytosol were higher than those in
the nucleus (Fig. 4A). BACH1 levels were significantly downregulated
by NORS3 treatment in both the nuclear and cytosolic fractions, and they
were further downregulated following co-treatment with S1PC and
NORS3 (Fig. 4B). BACH1 has been reported to be exported from the
nucleus and ubiquitinated and degraded in response to oxidative stress
or heme exposure [22]. To evaluate whether the NOR3-induced or
S1PC-enhanced degradation of BACH1 is dependent on its nuclear ex-
port, cells were pretreated with leptomycin B (LeptB), an inhibitor of
chromosomal region maintenance 1 (CRM1/exportin-1), and were
analyzed for BACH1 protein levels in the nuclear and cytosolic frac-
tions. BACH1 nuclear levels were found to be upregulated in control
cells treated with LeptB when compared to that in untreated cells.
Despite LeptB treatment, nuclear BACH1 levels were significantly
downregulated by treatment with NOR3 alone or in combination with
S1PC (Fig. 4A and B). Conversely, cytosolic BACH1 levels were down-
regulated in LeptB-treated control cells relative to untreated cells. Co-
treatment with NOR3 and S1PC did not significantly influence BACH1
levels in the cytosol compared to treatment with LeptB alone (Fig. 4A
and B). The above results indicate that NOR3 and S1PC induce BACH1
degradation in the nucleus.
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Fig. 3. Effects of SIPC and NOR3 on signaling
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Fig. 4. Effects of SIPC and NOR3 on subcellular localization of BACH1 in
HUVECs. Cells were treated with NOR3 (25 uM) and/or S1PC (50 uM) with or
without leptomycin B (40nM) for 4h. Nuclear and cytosolic extracts were
subjected to immunoblot analysis. The lysates were prepared from an equal
amount of cells. (A) Representative immunoblots of BACH1, LMNB1, and ACTB
are shown. (B) Immunoblot signals of BACH1 were quantified and normalized
to those of LMNBI for nuclear extracts or ACTB for cytosolic extracts. Data are
expressed as mean *= SD (n = 3). Significant differences relative to the control
cells were determined (##p < 0.01) using one-way ANOVA followed by
Bonferroni's multiple comparison test.

25

To further evaluate the role of BACH1 and NRF2 on S1PC-induced
HMOX1 expression, we used HUVEC cells transfected with siRNA tar-
geting BACH1 or NRF2. The siRNAs-transfected cells showed partial
depletion of BACHI mRNA or NRF2 mRNA, with levels reaching ap-
proximately 50% or 20% of those of the control siRNA-transfected cells,
respectively (Fig. S5). BACH1 depletion resulted in a 5-fold increase in
HMOX1 expression in basal or NOR3-treated cells compared that ob-
served in control siRNA-transfected cells. Co-treatment with S1PC and
NOR3, however, resulted in no significant enhancement of HMOX1
expression compared to that in NOR3-treated cells (Fig. 6). Conversely,
HMOX1 expression was severely reduced in the NRF2-depleted cells;
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Fig. 5. Effects of SIPC on HMOX1 and TXNRD1 expression in HUVECs
treated with hemin, tBHQ, or NOR3. Cells were treated with NOR3 (25 uM),
hemin (0.5uM), or tBHQ (5uM) with or without SIPC (100 uM) for 6h.
Relative mRNA levels of HMOX1 and TXNRD1, normalized to ACTB levels, were
determined by real-time PCR. Data are expressed as mean * SD (n = 3).
Significant differences relative to control (##p < 0.01) or NOR3-treated cells
(**p < 0.01) were determined using one-way ANOVA followed by
Bonferroni's multiple comparison test.

however, co-treatment of SIPC with NORS3 still significantly induced
HMOX1 expression (Fig. 6). These results indicated that BACH plays a
pivotal role in the synergistic effect of SIPC and NOR3 on HMOX1 in-
duction.

3.6. Effect of iron deficiency on HMOX1 expression induced by NOR3 and
S1PC

The binding of heme to the BACH1 C-terminal domain has been
demonstrated to inhibit its DNA binding activity, trigger its export from
the nucleus, and induce its ubiquitination and subsequent degradation
[25]. Therefore, iron deficiency induced by deferoxamine, a ferric iron
chelator, inhibits heme synthesis in cells and results in decreased heme
levels and induced nuclear accumulation of BACH1 [26]. Here, we used
an iron deficiency model to verify the relationship between BACH1 and
HMOX1 expression levels induced by NO and S1PC. HUVECs were
pretreated with deferoxamine to induce excessive BACH1 accumula-
tion. Cells exhibiting upregulated BACH1 expression were used for
further analysis. Deferoxamine treatment to induce iron deficiency
caused upregulation of BACH1 levels by more than twofold relative to
those of the controls (Fig. 7). BACH1 protein levels were downregulated
in cells with NOR3 and S1PC but showed no significant differences in
control cells without deferoxamine treatment. Despite the observed
BACH1 downregulation induced by NOR3 and S1PC, the BACH1 pro-
tein still suppressed HMOX1 expression under deferoxamine treatment
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Fig. 6. Effect of BACH1 depletion on S1PC-induced HMOX1 expression in
HUVECs. HUVEC cells were transfected with siRNA targeting BACHI or NRF2.
At 72 h post transfection, cells were treated with NOR3 (25 uM) with or without
S1PC (50 uM) for 6 h. Relative mRNA levels of HMOX1 normalized to ACTB
levels were determined by real-time PCR. Data are expressed as mean + SD
(n = 4). Significant differences relative to control (##p < 0.01) or NOR3-
treated cells (**p < 0.01) were determined using one-way ANOVA followed
by Bonferroni's multiple comparison test.

(Fig. 7). Analysis of mRNA expression levels also indicated that iron
deficiency inhibited the upregulation of HMOX1 expression induced by
co-treatment with NOR3 and S1PC (Fig. 8). In contrast, NOR3-induced
TXNRD1 expression was unaffected in deferoxamine-treated cells
(Fig. 8).

4. Discussion

Garlic supplementation is well known to exert a wide range of
beneficial effects, particularly in the prevention of cardiovascular dis-
ease [27]. Several studies indicated that the beneficial effects of garlic
supplementation can be attributed to the antioxidant activities of
compounds present in the garlic preparations. Nrf2-mediated anti-
oxidant gene expression is one of the primary molecular mechanisms
underlying the beneficial effects of garlic supplementation [1,28]. In
the present study, we demonstrated that SIPC, a sulfur-containing
amino acid isolated from aged garlic extract, enhanced ARE-mediated
transcription of the genes such as HMOX1 and GCLM in a NO-depen-
dent manner. Additionally, SIPC did not enhance NRF2 accumulation,
but instead promoted the degradation of BACHI, a repressor of ARE-
mediated transcription, in the presence of NO. These results shed light
on the potential role of BACH1 as a target protein of sulfur-containing
amino acids present during antioxidant gene response and suggest that
S1PC acts in coordination with NO.

NO is an intracellular messenger gas that plays a key role in nu-
merous physiological and pathological processes. In addition to its
physiological roles, NO is known to modulate the expression of various
genes [29]. One mechanism underlying NO-mediated regulation of
gene expression is the activation of the KEAP1-NRF2 pathway, which
can be triggered by NO-mediated S-nitrosylation of KEAP1 [13]. An-
other mechanism is the activation of multiple serine-threonine kinases,
such as those controlling the unfolded protein response that leads to
elF2a/EIF2A phosphorylation and stress-dependent translation of ATF4
[30]. At higher ATF4 levels, ATF4 can dimerize with NRF2 and bind to
ARE:s present in the HMOX1 gene [31]. In our current study, NO-donors
were found to induce NRF2 accumulation and EIF2A phosphorylation,
indicating that NO could activate these signaling pathways in HUVECs.
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Fig. 8. Effects of iron deficiency on HMOX1 expression induced by NOR3
and S1PC. HUVECs were pretreated with deferoxamine (100 uM) for 15h and
subsequently treated with NOR3 (25 uM) and/or S1PC (50 uM) for 6 h. Relative
mRNA levels of HMOX1, BACHI1, and TXNRDI, normalized to ACTB levels,
were determined by real-time PCR. Data are expressed as mean = SD (n = 4).
Significant differences relative to the control (##p < 0.01) or NOR3-treated
cells were determined (**p < 0.01) using one-way ANOVA followed by
Bonferroni's multiple comparison test.

Although S1PC treatment upregulated HMOX1 expression, it did not
affect NRF2 accumulation and EIF2A phosphorylation. Conversely,
S1PC augmented BACH1 degradation. S1PC treatment also elevated the
expression of HMOX1 and GCLM, but this treatment did not affect
TXNRDI. This is in agreement with a previous study that demonstrated
that the ARE motif of TXNRDI is not regulated by BACH1 [23]. Ad-
ditionally, siRNA-mediated depletion of BACH1 abolished the S1PC-
dependent enhancement on the HMOX1 expression. Together, these
findings suggest that BACH1 is the primary target of S1IPC during the
upregulation of ARE-mediated genes.

In the present study, BACH1 downregulation did not correlate with
nuclear accumulation of NRF2, suggesting that these changes were
triggered via an independent mechanism. BACH1 is a transcriptional
repressor that is regulated by heme. Heme binding to the BACH1 C-
terminal domain inhibits BACH1 DNA binding activity, triggers its ex-
port from the nucleus, and induces its ubiquitination and subsequent
degradation [25]. Heme has been proposed to bind to the CP motif of
BACH1, an area that contains dipeptide sequences of cysteine and
proline [32]. Multiple studies reported that protein-bound heme further
binds gas molecules, such as NO, oxygen, and carbon monoxide.
Therefore, the interaction of heme with the cysteine residue of the CP
motif could serve as a potential target for NO. The assumption that
heme binds more strongly to BACH1 in the presence of higher NO
concentrations, however, could not be explained by current models and
requires further investigation.
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Fig. 7. Effects of NOR3 and S1PC on BACH1 and
HMOX1 under iron-deficient conditions. HUVECs
were pretreated with deferoxamine (100uM) for
15h and then treated with NOR3 (25uM) and/or
S1PC (50 uM) for 6h. Whole-cell lysates were ex-
tracted using RIPA buffer and subjected to im-
munoblot analysis. (A) Representative immunoblots
of HMOX1, BACH1, and ACTB are shown. (B)
Immunoblot signals of HMOX1 and BACH1 were
quantified and normalized to those of ACTB. Data are
expressed as mean = SD (n = 3). Significant differ-
ences relative to the control cells were determined
(##p < 0.01) using one-way ANOVA followed by
Bonferroni's multiple comparison test.
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tBHQ has been reported to induce the phosphorylation of tyrosine
486 of BACHI, thereby enhancing its nuclear export in a CRM1-de-
pendent manner [33]. Additionally, diamide, a sulfhydryl oxidizing
agent, was reported to induce the dissociation of BACH1 from AREs.
During this process, it is thought that the cysteine residue of BACH1
(C574) acts as a sensor of redox status [34]. In the case of NO, the
cysteine residue of BACH1 (C578) can serve as a target of nitrosylation
to induce nuclear export of BACHI1. In the present study, however,
BACHI1 degradation induced by the combination of NO and S1PC was
observed in the nucleus. The observed nuclear degradation of BACH1 is
inconsistent with previously reported findings [22,33,35], and our
findings suggested a novel mechanism for BACH1 downregulation.
Some cysteine residues of BACH1 are likely to be targets of nitrosyla-
tion, and this modification can induce conformational changes and
subsequent degradation of BACH1. Similarly, S1PC could interact with
the S-nitrosothiols of BACH1 to influence protein stability. The me-
chanisms underlying these interactions require further investigation.

Various sulfur compounds derived from several sulfur-containing
amino acids originally found in raw garlic are responsible for the
characteristic properties of garlic supplements [36]. SIPC and SAC
isolated from aged garlic extracts have been demonstrated to exhibit
remarkable oral bioavailability [4,5]. In the present study, SIPC was
observed to uniquely interact with NO to modulate the expression of
ARE-regulated genes. In contrast, SAC, a stereoisomer of S1PC, did not
affect the expression of ARE-regulated genes. Additionally, a recent
study indicated that S1PC, but not SAC, increases immunoglobulin A
production in vivo and in vitro [37]. The above results indicate that the
structure of S-1-propenyl is critical for the unique physiological effects
of S1IPC. The above findings also provide evidence that the unique
feature of the sulfur atom in the S-1-propenyl moiety is responsible for
the stereospecific activity of S1PC in the context of BACH1 degradation.

Although Bachl is expressed in diverse cell types, no clear defects
are observed in Bachl-deficient mice under normal conditions [10].
Bach1-deficient mice also exhibit elevated disease tolerance in various
models, including atherosclerosis in ApoE double-knockout mice [38],
lung damage after high oxygen exposure [39], osteoarthritis [40], and
chemically induced colitis [41]. Multiple studies have demonstrated the
involvement of Hmox1 in this resistance. This protein is highly ex-
pressed in diverse tissues in Bachl-deficient mice. Additionally, recent
studies have reported that Bachl is a critical regulator of the immune
system, specifically in the context of macrophage polarization. Genetic
ablation of Bachl was found to promote the activation of M2 macro-
phages and ameliorate lupus nephritis in mice [42]. The above results
indicate that downregulation of BACH1 levels and upregulation of
HMOX]1 levels may provide promising therapeutic approaches for the
treatment of inflammatory diseases.

In conclusion, our findings demonstrated that S1PC augments
HMOX1 expression in a NO-dependent manner, and its effects are as-
sociated with the enhancement of BACH1 degradation. In addition,
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S1PC and NO potentially degrade BACH1 based on the observation that
nuclear degradation of BACH1 differs from what was observed in pre-
vious studies [22,33,35]. Although the mechanism by which S1PC in-
teracts with NO remains unclear, the inhibition of BACH1 expression by
S1PC provides novel insight into potential therapeutic strategies for the
treatment of various inflammatory diseases.

Conflicts of interest

The authors have declared that there is no conflict of interest.

Acknowledgments

The authors thank Dr Takami Oka and Dr Koichi Tamura for insights

and valuable discussion. This research did not receive any specific grant
from funding agencies in the public, commercial, or not-for-profit sec-

tors.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.niox.2019.01.003.

References

[1]

[2]

[3]

[4]

[5]

[6]

71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

A.L. Colin-Gonzalez, R.A. Santana, C.A. Silva-Islas, M.E. Chanez-Cardenas,

A. Santamaria, P.D. Maldonado, The antioxidant mechanisms underlying the aged
garlic extract- and s-allylcysteine-induced protection, Oxid. Med. Cell Longev. 2012
(2012) 907162, https://doi.org/10.1155/2012/907162.

M.J. Budoff, J. Takasu, F.R. Flores, Y. Niihara, B. Lu, B.H. Lau, R.T. Rosen,

H. Amagase, Inhibiting progression of coronary calcification using Aged Garlic
Extract in patients receiving statin therapy: a preliminary study, Prev. Med. 39
(2004) 985-991, https://doi.org/10.1016/j.ypmed.2004.04.012.

N. Ahmadi, S. Tsimikas, F. Hajsadeghi, A. Saeed, V. Nabavi, M.A. Bevinal,

J. Kadakia, F. Flores, R. Ebrahimi, M.J. Budoff, Relation of oxidative biomarkers,
vascular dysfunction, and progression of coronary artery calcium, Am. J. Cardiol.
105 (2010) 459-466, https://doi.org/10.1016/j.amjcard.2009.09.052.

Y. Kodera, M. Ushijima, H. Amano, J.I. Suzuki, T. Matsutomo, Chemical and bio-
logical properties of S-1-propenyl-l-cysteine in aged garlic extract, Molecules 22
(2017) E570, https://doi.org/10.3390/molecules22040570.

H. Amano, D. Kazamori, K. Itoh, Y. Kodera, Metabolism, excretion, and pharma-
cokinetics of S-allyl-L-cysteine in rats and dogs, Drug Metab. Dispos. 43 (2015)
749-755, https://doi.org/10.1124/dmd.115.063230.

H. Amano, D. Kazamori, K. Itoh, Pharmacokinetics and N-acetylation metabolism of
S-methyl-l-cysteine and trans-S-1-propenyl-l-cysteine in rats and dogs, Xenobiotica
46 (2016) 1017-1025, https://doi.org/10.3109/00498254.2016.1144229.

T. Ogawa, Y. Kodera, D. Hirata, T.K. Blackwell, M. Mizunuma, Natural thioallyl
compounds increase oxidative stress resistance and lifespan in Caenorhabditis ele-
gans by modulating SKN-1/Nrf, Sci. Rep. 6 (2016) 21611, https://doi.org/10.1038/
srep21611.

L.E. Tebay, H. Robertson, S.T. Durant, S.R. Vitale, T.M. Penning, A.T. Dinkova-
Kostova, J.D. Hayes, Mechanisms of activation of the transcription factor Nrf2 by
redox stressors, nutrient cues, and energy status and the pathways through which it
attenuates degenerative disease, Free Radic. Biol. Med. 88 (2015) 108-146, https://
doi.org/10.1016/j.freeradbiomed.2015.06.021.

J. Sun, M. Brand, Y. Zenke, S. Tashiro, M. Groudine, K. Igarashi, Heme regulates the
dynamic exchange of Bachl and NF-E2-related factors in the Maf transcription
factor network, Proc. Natl. Acad. Sci. Unit. States Am. 101 (2004) 1461-1466,
https://doi.org/10.1073/pnas.0308083100.

K. Igarashi, M. Watanabe-Matsui, Wearing red for signaling: the heme-bach axis in
heme metabolism, oxidative stress response and iron immunology, Tohoku J. Exp.
Med. 232 (2014) 229-253, https://doi.org/10.1620/tjem.232.229.

U. Forstermann, N. Xia, H. Li, Roles of vascular oxidative stress and nitric oxide in
the pathogenesis of atherosclerosis, Circ. Res. 120 (2017) 713-735, https://doi.org/
10.1161/CIRCRESAHA.116.309326.

X.M. Liu, K.J. Peyton, D. Ensenat, H. Wang, M. Hannink, J. Alam, W. Durante, Nitric
oxide stimulates heme oxygenase-1 gene transcription via the Nrf2/ARE complex to
promote vascular smooth muscle cell survival, Cardiovasc. Res. 75 (2007) 381-389,
https://doi.org/10.1016/j.cardiores.2007.03.004.

H.C. Um, J.H. Jang, D.H. Kim, C. Lee, Y.J. Surh, Nitric oxide activates Nrf2 through
S-nitrosylation of Keap1 in PC12 cells, Nitric Oxide 25 (2011) 161-168, https://doi.
org/10.1016/j.niox.2011.06.001.

P. Wang, G.H. Liu, K. Wy, J. Qu, B. Huang, X. Zhang, X. Zhou, L. Gerace, C. Chen,
Repression of classical nuclear export by S-nitrosylation of CRM1, J. Cell Sci. 122
(2009) 3772-3779, https://doi.org/10.1242/jcs.057026.

M. Nakamoto, T. Fujii, T. Matsutomo, Y. Kodera, Isolation and identification of
three gamma-glutamyl tripeptides and their putative production mechanism in
aged garlic extract, J. Agric. Food Chem. 66 (2018) 2891-2899, https://doi.org/10.

28

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

Nitric Oxide 84 (2019) 22-29

1021/acs.jafc.7b05480.

H. Hikino, M. Tohkin, Y. Kiso, T. Namiki, S. Nishimura, K. Takeyama,
Antihepatotoxic actions of Allium sativum bulbs, Planta Med. 52 (1986) 163-168,
https://doi.org/10.1055/5-2007-969111.

Y.M. Kim, H.O. Pae, J.E. Park, Y.C. Lee, J.M. Woo, N.H. Kim, Y.K. Choi, B.S. Lee,
S.R. Kim, H.T. Chung, Heme oxygenase in the regulation of vascular biology: from
molecular mechanisms to therapeutic opportunities, Antioxidants Redox Signal. 14
(2011) 137-167, https://doi.org/10.1089/ars.2010.3153.

S.P. Reddy, The antioxidant response element and oxidative stress modifiers in
airway diseases, Curr. Mol. Med. 8 (2008) 376-383, https://doi.org/10.2174/
156652408785160925.

K. Pakos-Zebrucka, I. Koryga, K. Mnich, M. Ljujic, A. Samali, A.M. Gorman, The
integrated stress response, EMBO Rep. 17 (2016) 1374-1395, https://doi.org/10.
15252/embr.201642195.

J. Sun, H. Hoshino, K. Takaku, O. Nakajima, A. Muto, H. Suzuki, S. Tashiro,

S. Takahashi, S. Shibahara, J. Alam, M.M. Taketo, M. Yamamoto, K. Igarashi,
Hemoprotein Bach1 regulates enhancer availability of heme oxygenase-1 gene,
EMBO J. 21 (2002) 5216-5224, https://doi.org/10.1093/emboj/cdf516.

R. Venugopal, A.K. Jaiswal, Nrfl and Nrf2 positively and c-Fos and Fral negatively
regulate the human antioxidant response element-mediated expression of NAD(P)
H:quinone oxidoreductasel gene, Proc. Natl. Acad. Sci. Unit. States Am. 93 (1996)
14960-14965, https://doi.org/10.1073/pnas.93.25.14960.

H. Suzuki, S. Tashiro, S. Hira, J. Sun, C. Yamazaki, Y. Zenke, M. Ikeda-Saito,

M. Yoshida, K. Igarashi, Heme regulates gene expression by triggering Crm1-de-
pendent nuclear export of Bachl, EMBO J. 23 (2004) 2544-2553, https://doi.org/
10.1038/sj.emboj.7600248.

J.F. Reichard, G.T. Motz, A. Puga, Heme oxygenase-1 induction by NRF2 requires
inactivation of the transcriptional repressor BACH1, Nucleic Acids Res. 35 (2007)
7074-7086, https://doi.org/10.1093/nar/gkm638.

K. Takaya, T. Suzuki, H. Motohashi, K. Onodera, S. Satomi, T.W. Kensler,

M. Yamamoto, Validation of the multiple sensor mechanism of the Keap1-Nrf2
system, Free Radic. Biol. Med. 53 (2012) 817-827, https://doi.org/10.1016/j.
freeradbiomed.2012.06.023.

Y. Zenke-Kawasaki, Y. Dohi, Y. Katoh, T. Ikura, M. Ikura, T. Asahara, F. Tokunaga,
K. Iwai, K. Igarashi, Heme induces ubiquitination and degradation of the tran-
scription factor Bachl, Mol. Cell Biol. 27 (2007) 6962-6971, https://doi.org/10.
1128/MCB.02415-06.

T. Tahara, J. Sun, K. Nakanishi, M. Yamamoto, H. Mori, T. Saito, H. Fujita,

K. Igarashi, S. Taketani, Heme positively regulates the expression of beta-globin at
the locus control region via the transcriptional factor Bachl in erythroid cells, J.
Biol. Chem. 279 (2004) 5480-5487, https://doi.org/10.1074/jbc.M302733200.

R. Varshney, M.J. Budoff, Garlic and heart disease, J. Nutr. 146 (2016) 416S-4218S,
https://doi.org/10.3945/jn.114.202333.

S. Kalayarasan, N. Sriram, A. Sureshkumar, G. Sudhandiran, Chromium (VI)-in-
duced oxidative stress and apoptosis is reduced by garlic and its derivative S-al-
lylcysteine through the activation of Nrf2 in the hepatocytes of Wistar rats, J. Appl.
Toxicol. 28 (2008) 908-919, https://doi.org/10.1002/jat.1355.

E. Warabi, W. Takabe, T. Minami, K. Inoue, K. Itoh, M. Yamamoto, T. Ishii,

T. Kodama, N. Noguchi, Shear stress stabilizes NF-E2-related factor 2 and induces
antioxidant genes in endothelial cells: role of reactive oxygen/nitrogen species, Free
Radic. Biol. Med. 42 (2007) 260-269, https://doi.org/10.1016/j.freeradbiomed.
2006.10.043.

R. Nakato, Y. Ohkubo, A. Konishi, M. Shibata, Y. Kaneko, T. Iwawaki, T. Nakamura,
S.A. Lipton, T. Uehara, Regulation of the unfolded protein response via S-ni-
trosylation of sensors of endoplasmic reticulum stress, Sci. Rep. 5 (2015) 14812,
https://doi.org/10.1038/srep14812.

S. Dey, C.M. Sayers, Verginadis II, S.L. Lehman, Y. Cheng, G.J. Cerniglia,

S.W. Tuttle, M.D. Feldman, P.J. Zhang, S.Y. Fuchs, J.A. Diehl, C. Koumenis, ATF4-
dependent induction of heme oxygenase 1 prevents anoikis and promotes metas-
tasis, J. Clin. Invest. 125 (2015) 2592-2608, https://doi.org/10.1172/JCI78031.
S. Hira, T. Tomita, T. Matsui, K. Igarashi, M. Ikeda-Saito Bach1, A heme-dependent
transcription factor, reveals presence of multiple heme binding sites with distinct
coordination structure, IUBMB Life 59 (2007) 542-551, https://doi.org/10.1080/
15216540701225941.

J.W. Kaspar, A.K. Jaiswal, Antioxidant-induced phosphorylation of tyrosine 486
leads to rapid nuclear export of Bachl that allows Nrf2 to bind to the antioxidant
response element and activate defensive gene expression, J. Biol. Chem. 285 (2010)
153-162, https://doi.org/10.1074/jbc.M109.040022.

M. Ishikawa, S. Numazawa, T. Yoshida, Redox regulation of the transcriptional
repressor Bachl, Free Radic. Biol. Med. 38 (2005) 1344-1352, https://doi.org/10.
1016/j.freeradbiomed.2005.01.021.

C. Su, Q. Shi, X. Song, J. Fu, Z. Liu, Y. Wang, X. Xia, E. Song, Y. Song,
Tetrachlorobenzoquinone induces Nrf2 activation via rapid Bachl nuclear export/
ubiquitination and JNK-P62 signaling, Toxicology 363-364 (2016) 48-57, https://
doi.org/10.1016/j.tox.2016.07.002.

H. Amagase, Clarifying the real bioactive constituents of garlic, J. Nutr. 136 (2006)
716S-7258S, https://doi.org/10.1093/jn/136.3.716S.

J. Suzuki, T. Yamaguchi, T. Matsutomo, H. Amano, N. Morihara, Y. Kodera, S-1-
Propenylcysteine promotes the differentiation of B cells into IgA-producing cells by
the induction of Erk1/2-dependent Xbp1 expression in Peyer's patches, Nutrition 32
(2016) 884-889, https://doi.org/10.1016/j.nut.2016.01.026.

Y. Watari, Y. Yamamoto, A. Brydun, T. Ishida, S. Mito, M. Yoshizumi, K. Igarashi,
K. Chayama, T. Ohshima, R. Ozono, Ablation of the bachl gene leads to the sup-
pression of atherosclerosis in bachl and apolipoprotein E double knockout mice,
Hypertens. Res. 31 (2008) 783-792, https://doi.org/10.1291/hypres.31.783.

T. Tanimoto, N. Hattori, T. Senoo, M. Furonaka, N. Ishikawa, K. Fujitaka, Y. Haruta,


https://doi.org/10.1016/j.niox.2019.01.003
https://doi.org/10.1016/j.niox.2019.01.003
https://doi.org/10.1155/2012/907162
https://doi.org/10.1016/j.ypmed.2004.04.012
https://doi.org/10.1016/j.amjcard.2009.09.052
https://doi.org/10.3390/molecules22040570
https://doi.org/10.1124/dmd.115.063230
https://doi.org/10.3109/00498254.2016.1144229
https://doi.org/10.1038/srep21611
https://doi.org/10.1038/srep21611
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1073/pnas.0308083100
https://doi.org/10.1620/tjem.232.229
https://doi.org/10.1161/CIRCRESAHA.116.309326
https://doi.org/10.1161/CIRCRESAHA.116.309326
https://doi.org/10.1016/j.cardiores.2007.03.004
https://doi.org/10.1016/j.niox.2011.06.001
https://doi.org/10.1016/j.niox.2011.06.001
https://doi.org/10.1242/jcs.057026
https://doi.org/10.1021/acs.jafc.7b05480
https://doi.org/10.1021/acs.jafc.7b05480
https://doi.org/10.1055/s-2007-969111
https://doi.org/10.1089/ars.2010.3153
https://doi.org/10.2174/156652408785160925
https://doi.org/10.2174/156652408785160925
https://doi.org/10.15252/embr.201642195
https://doi.org/10.15252/embr.201642195
https://doi.org/10.1093/emboj/cdf516
https://doi.org/10.1073/pnas.93.25.14960
https://doi.org/10.1038/sj.emboj.7600248
https://doi.org/10.1038/sj.emboj.7600248
https://doi.org/10.1093/nar/gkm638
https://doi.org/10.1016/j.freeradbiomed.2012.06.023
https://doi.org/10.1016/j.freeradbiomed.2012.06.023
https://doi.org/10.1128/MCB.02415-06
https://doi.org/10.1128/MCB.02415-06
https://doi.org/10.1074/jbc.M302733200
https://doi.org/10.3945/jn.114.202333
https://doi.org/10.1002/jat.1355
https://doi.org/10.1016/j.freeradbiomed.2006.10.043
https://doi.org/10.1016/j.freeradbiomed.2006.10.043
https://doi.org/10.1038/srep14812
https://doi.org/10.1172/JCI78031
https://doi.org/10.1080/15216540701225941
https://doi.org/10.1080/15216540701225941
https://doi.org/10.1074/jbc.M109.040022
https://doi.org/10.1016/j.freeradbiomed.2005.01.021
https://doi.org/10.1016/j.freeradbiomed.2005.01.021
https://doi.org/10.1016/j.tox.2016.07.002
https://doi.org/10.1016/j.tox.2016.07.002
https://doi.org/10.1093/jn/136.3.716S
https://doi.org/10.1016/j.nut.2016.01.026
https://doi.org/10.1291/hypres.31.783

T. Tsuneyoshi et al.

[40]

[41]

A. Yokoyama, K. Igarashi, N. Kohno, Genetic ablation of the Bachl gene reduces
hyperoxic lung injury in mice: role of IL-6, Free Radic. Biol. Med. 46 (2009)
1119-1126, https://doi.org/10.1016/j.freeradbiomed.2009.01.017.

T. Takada, S. Miyaki, H. Ishitobi, Y. Hirai, T. Nakasa, K. Igarashi, M.K. Lotz,

M. Ochi, Bach1 deficiency reduces severity of osteoarthritis through upregulation of
heme oxygenase-1, Arthritis Res. Ther. 17 (2015) 285, https://doi.org/10.1186/
s13075-015-0792-1.

A. Harusato, Y. Naito, T. Takagi, K. Uchiyama, K. Mizushima, Y. Hirai,

Y. Higashimura, K. Katada, O. Handa, T. Ishikawa, N. Yagi, S. Kokura, H. Ichikawa,

29

[42]

Nitric Oxide 84 (2019) 22-29

A. Muto, K. Igarashi, T. Yoshikawa, BTB and CNC homolog 1 (Bach1) deficiency
ameliorates TNBS colitis in mice: role of M2 macrophages and heme oxygenase-1,
Inflamm. Bowel Dis. 19 (2013) 740-753, https://doi.org/10.1097/MIB.
0b013e3182802968.

D. Kishimoto, Y. Kirino, M. Tamura, M. Takeno, Y. Kunishita, K. Takase-Minegishi,
H. Nakano, I. Kato, K. Nagahama, R. Yoshimi, K. Igarashi, I. Aoki, H. Nakajima,
Dysregulated heme oxygenase-1(low) M2-like macrophages augment lupus ne-
phritis via Bach1 induced by type I interferons, Arthritis Res. Ther. 20 (2018) 64,
https://doi.org/10.1186/513075-018-1568-1.


https://doi.org/10.1016/j.freeradbiomed.2009.01.017
https://doi.org/10.1186/s13075-015-0792-1
https://doi.org/10.1186/s13075-015-0792-1
https://doi.org/10.1097/MIB.0b013e3182802968
https://doi.org/10.1097/MIB.0b013e3182802968
https://doi.org/10.1186/s13075-018-1568-1

	S-1-Propenylcysteine augments BACH1 degradation and heme oxygenase 1 expression in a nitric oxide-dependent manner in endothelial cells
	Introduction
	Materials and methods
	Reagents
	Cell culture
	Quantitative real-time RT-PCR
	Immunoblot analyses
	Small interfering RNA (siRNA) transfection
	Statistical analysis

	Results
	Effects of S1PC on HMOX1 and GCLM expression in endothelial cells
	Effects of S1PC and NOR3 on signaling molecules involved in HMOX1 expression
	Subcellular localization and downregulation of BACH1 following treatment with S1PC and NOR3
	Effects of S1PC on HMOX1 and TXNRD1 expression in HUVECs treated with NOR3, hemin, or tBHQ
	Effects of BACH1 depletion on S1PC-induced HMOX1 expression in HUVECs
	Effect of iron deficiency on HMOX1 expression induced by NOR3 and S1PC

	Discussion
	Conflicts of interest
	Acknowledgments
	Supplementary data
	References




