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Abstract

We are exposed to numerous xenobiotic electrophiles on a daily basis through the environment, lifestyle, and

dietary habits. Although such reactive species have been associated with detrimental effects, recent accumulated

evidence indicates that xenobiotic electrophiles appear to act as signaling molecules. In this review, we introduce

our findings on 1) activation of various redox signaling pathways involved in cell proliferation, detoxification/

excretion of electrophiles, quality control of cellular proteins, and cell survival during exposure to xenobiotic elec-

trophiles at low concentrations through covalent modification of thiol groups in sensor proteins, and 2) negative

regulation of reactive sulfur species (RSS) in the modulation of redox signaling and toxicity caused by xenobiotic

electrophiles.

Key words: Electrophiles, Covalent modification, Redox signaling, Reactive sulfur species

INTRODUCTION

To lead richer lives, we seek jobs and places to live, as

well as eat meals, as we strive to maintain our health and

wellbeing. Food preferences vary from individual to indi-

vidual with some people eating mainly meat, whereas oth-

ers are vegetarians. In addition, some people smoke and

eat between meals to avoid stress. Chronically maintain-

ing such complex environmental factors causes a pre-

symptomatic health status (a condition in which diseases

are not diagnosed, but cannot be regarded as healthy),

eventually resulting in the development of diseases. Our

laboratory focuses on xenobiotic electrophiles as reactive

chemical substances that enter the body through diet, envi-

ronment, and lifestyle. For example, 1,2-naphthoquinone

(1,2-NQ) and 1,4-naphthoquinone (1,4-NQ) are produced

during the combustion of fuels and both contaminate as air

pollutants in PM2.5 particles and volatile fractions of air

(1-4). Additionally, 1,4-benzoquinone and crotonaldehyde

are constituents of tobacco smoke (5,6), while (E)-2-alke-

nals are found in vegetables and herbs such as coriander

(7). Acrylamide is found in certain heat-processed foods

such as potato chips (8). Methylmercury (MeHg), the

causative agent of Minamata disease that is considered as

one of Japan’s four major pollution-caused diseases, accu-

mulates in large edible fish, such as tuna, through the food
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chain and bioaccumulation (9,10). Moreover, cadmium

(Cd), is well known as the causative agent of the so-called

Itai-Itai disease, another of the four major pollution-

caused diseases, which is contained in rice (11,12). Thus,

we are routinely exposed to electrophilic stress. Fig. 1

shows xenobiotic electrophiles examined in our labora-

tory, although there is a very large number of electro-

philes in the environment.

ARE ELECTROPHILES GOOD OR BAD?

Electrophiles have low electron-density sites that form

adducts by covalently binding to nucleophilic substituents

such as high electron-density DNA guanine residues and

protein cysteine residues. There are many studies demon-

strating that adduct formation of such macromolecules

causes cancer and tissue injury, which indicates that elec-

trophiles have long been perceived as unhealthy. For exam-

ple, Katsusaburo Yamagiwa, a Professor at the Department

of Pathology, University of Tokyo School of Medicine,

induced squamous cell carcinoma by painting coal tar,

which contains numerous chemicals such as benzopyrene,

on the inner surface of rabbit ears in 1915 (13). Subse-

quently, another group reported that benzopyrene itself is

inactive, but undergoes metabolic activation mediated by

microsomal enzymes, forming its dihydrodiol epoxide that

is unstable and rapidly converted into an electrophilic

metabolite (14,15). As a result, this electrophile cova-

lently reacts with nucleophilic moieties of DNA, resulting

in the formation of DNA adducts involved in carcinoma

(14,15). Bernard B. Brodie, who established the Labora-

tory of Chemical Pharmacology in the 1950s, is known as

the father of modern pharmacology (16). Brodie predicted

the mechanism-of-action of hepatic necrosis by overdoses

of acetaminophen and bromobenzene in 1971 (17). These

chemicals undergo biotransformation, yielding electro-

philic metabolites that covalently bind to the abundant

small nucleophile glutathione (GSH), leading to the GSH

adducts associated with detoxification of these chemicals

(18). However, overdoses of the chemicals cause substan-

tial depletion of GSH in the liver. Thus, hepatic protein

thiol becomes the molecular target of the electrophilic

metabolites (18). Therefore, this protein adduct has been

thought to be linked to hepatic necrosis.

However, in 1990, Violet Daniel and associates in the

U.S. found that treatment of cultured cells with electro-

philes upregulates phase-II xenobiotic-metabolizing enzymes

through the electrophile-responsive element (EpRE) (19).

Fig. 1. Structures of representative xenobiotic and endogenous electrophiles. We are routinely exposed to electrophilic stress by a
large number of diverse xenobiotic electrophiles in the environment. However, various endogenous electrophiles have been identified.
Recent accumulated evidence indicates that both xenobiotic and endogenous electrophiles appear to act as signaling molecules.
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Nine years later, Masayuki Yamamoto and associates dis-

covered that electrophiles modify Kelch-like ECH-associ-

ated protein 1 (Keap1) thiols, resulting in inhibition of its

activity to bind the transcription factor NF-E2-related fac-

tor 2, Nrf2, thereby facilitating its nuclear translocation

(20). Nrf2 interacts with its partner proteins, small Maf to

form a heterodimer complex that binds to the EpRE, sug-

gesting that electrophiles have a beneficial effect (21).

On the other hand, various endogenous electrophiles have

been discovered as shown in Fig. 1. For example, Harald

Esterbauer (22), Bruce A. Freeman (23), and Takaaki Akaike

(24) discovered 4-hydoxynonenal, nitrated fatty acids, and

8-nitroguanosine 3',5'-cyclic monophosphate (8-nitro-

cGMP), respectively. Interestingly, these endogenous elec-

trophiles modify Keap1 and activate Nrf2 (25-27), sug-

gesting that they act as cellular signaling molecules.

MODULATION OF REDOX SIGNALING
PATHWAYS THROUGH COVALENT

MODIFICATION OF SENSOR PROTEINS

It is well recognized that, although there are 214,000

cysteine residues in the human genome, 80%-90% of them

are used for SH groups, S-S bonds, or ligands for zinc, and

it is suggested that the remaining 10%-20% exist as depro-

tonated thiolate ions (28). In addition, it has been reported

that there are multiple redox signaling pathways in cells,

consisting of sensor proteins containing thiolate ions and

effector molecules such as kinases and transcription fac-

tors (29-31). Under basal conditions, sensor proteins nega-

tively regulate effector molecules. Under oxidative stress

and inflammation conditions, such sensor proteins readily

undergo oxidative modification by reactive oxygen spe-

cies (ROS), suppressing their activities and thereby sub-

stantially activating effector molecules (32-38). Therefore,

we theorized that xenobiotic electrophiles may selectively

modify sensor proteins through thiolate ions at low doses

and thus inhibit their activities to activate effector mole-

cules (29). Our findings are based on the activation of cel-

lular redox signaling pathways during exposure to xenobiotic

electrophiles as detailed below.

Protein tyrosine phosphatase 1B (PTP1B) is responsi-

ble for dephosphorylation reactions and epidermal growth

factor receptor (EGFR) is a kinase and substrate of PTP1B.

PTP1B/EGFR signaling plays a role in cell proliferation

(39). We found that 1,2-NQ modifies PTP1B through

Cys121 in A431 cells, suppressing its catalytic activity

and stimulating phosphorylation of EGFR (40). Such

EGFR activation coupled with inhibition of PTP1B activ-

ity is also seen in HepG2 cells and primary hepatocytes

(41) in addition to EGFR activation mediated by MeHg in

human brain microvascular endothelial cells (42).

Under basal conditions, Nrf2 undergoes degradation by

the ubiquitin-proteasome system, leading to a minimal

level of Nrf2 in the cells. During oxidative and electro-

philic stresses, Keap1, which is an adapter protein for

ubiquitin E3 lyase Cullin 3, is oxidatively and chemically

modified through reactive thiols presumably correspond-

ing to thiolate ions, thereby diminishing its activity to bind

to Nrf2. As a result, newly synthesized Nrf2 upregulates

its downstream proteins through transactivation of the

EpRE (21). The Keap1/Nrf2 system co-operatively regu-

lates adaptive responses to oxidative stress and electrophilic

stresses (34). Xenobiotic electrophiles 1,2-NQ, crotonal-

dehyde, MeHg, and Cd modify Keap1 through Cys151

and activate Nrf2, thereby increasing the protein levels of

antioxidant proteins such as hemeoxygenase-1 (HO-1) and

glutamate cysteine ligase (GCL) to synthesize GSH, as

well as phase-II xenobiotic-metabolizing enzymes [e.g.,

GSH S-transferases (GSTs) and UDP-glucuronosyltrans-

ferase] and phase III transporters such as multi-drug resis-

tance-associated protein (MRP) (21,43-49).

Heat shock protein 90 (HSP90) is an interacting mole-

cule of transcription factor heat shock factor 1 (HSF1).

HSP90/HSF1 is a redox signal for quality control of cellu-

lar proteins (32). First, 2D SDS-PAGE and immunoblot

analysis with a specific antibody against 1,4-NQ revealed

that HSP90 is a molecular target of 1,4-NQ (50). Second,

we found that 1,4-NQ and Cd modify HSP90 through

Cys412 and Cys564, leading to substantial nuclear trans-

location of HSF1 by blocking its activity to bind HSF1 in

the cytoplasm of A431 and bovine aortic endothelial cells,

respectively. As a result, these xenobiotic electrophiles

activate heat shock transcription factors (51,52).

Phosphatase and tensin homolog (PTEN) is a protein

phosphatase, and Akt negatively regulated by PTEN is a

protein kinase (53). PTEN/Akt signaling is important for

cell survival (53). We have reported that 1,4-NQ and MeHg

selectively modify PTEN through Cys71 and Cys83 at

low doses, diminishing its enzymatic activity and activat-

ing Akt and its downstream transcription factor, cAMP

response element-binding protein (CREB) that regulates

gene expression of antiapoptotic protein B-cell lymphoma

2 (Bcl-2) (54-56). Under these conditions, pre-treatment

with a specific inhibitor of PI3K/Akt signaling signifi-

cantly enhances cytotoxicity mediated by MeHg, suggest-

ing that activation of Akt/CREB/Bcl-2 signaling by MeHg

is essential for repression of its cytotoxicity (54). We also

showed that MeHg at increasing doses modifies CREB

through Cys286 and thus represses the interaction between

CREB and CREB bound to MeHg in SH-SY5Y cells (54).

We also found that the target amino acid residue in the

interaction of 1,2-NQ with CREB is Cys286 (57). Bcl-2

was significantly downregulated under the conditions in

which we detected covalent modification of CREB by 1,2-

NQ (57). Therefore, increasing doses of xenobiotic elec-

trophiles cause extensive and non-selective modification

of cellular proteins associated with cytotoxicity. Therefore,
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we speculate that modulation of the PTEN/Akt/CREB/

Bcl-2 signaling pathway by MeHg is a typical example of

a xenobiotic electrophile with two different aspects as

shown in Fig. 2.

Fig. 2. Modulation of redox signaling pathways by xenobi-
otic electrophiles. Two different aspects of xenobiotic electro-
philes: xenobiotic electrophile-mediated activation (low dose)
and disruption (high dose) of redox signaling by sensor pro-
teins with low pKa thiols and effector molecules that are nega-
tively regulated by RSS through sulfur adduct formation. E,
xenobiotic electrophiles; RSS, reactive sulfur species.

Fig. 3. Two defense systems against xenobiotic electrophiles. Canonical pathway: electrophiles conjugate with GSH to form elec-
trophile-SG adducts that are rapidly excreted into the extracellular space. Nrf2 plays a critical role in the detoxification and excre-
tion of electrophiles via GSH conjugation by initiating the transcription of GCL, GST, and MRP. Noncanonical pathway: reactive sulfur
species produced by trans-sulfuration enzymes, such as CSE and CARS2, inactivate electrophiles through the formation of sulfur
adducts. CARS2, cysteinyl-tRNA synthetase 2; CSE, cystathionine γ-lyase;  GCL, glutamate-cysteine ligase; GST, glutathione S-transfer-
ase; MRP, multidrug resistance-associated protein; Nrf2, NF-E2-related factor 2.

REACTIVE SULFUR SPECIES AS POTENTIAL
REGULATORS THAT REPRESS REACTIVITY

OF XENOBIOTIC ELECTROPHILES

GSH produced by GCL (58) is an abundant antioxi-

dant, but the pKa value of its cysteine residue is 9.12, indi-

cating that approximately 2% of GSH exists in its de-

protonated form, GS-, which is an electrophile at physio-

logical pH. However, GSTs are thought to facilitate the

formation of electrophile-GSH adducts by lowering the

pKa value of GSH (59,60). The formed GSH adducts are

in turn excreted into extracellular spaces through MRP

(61,62). Nrf2 is a molecule critical to the detoxification

and excretion of xenobiotic electrophiles because this tran-

scription factor cooperatively regulates the gene expres-

sion of GCL, GST, and MRP (21,46) as shown in Fig. 3.

Although hydrogen sulfide (H2S) has been extensively

recognized as a harmful odorous gas, several lines of evi-

dence indicate that endogenously produced H2S plays a

role in the repression of cardiovascular and neuronal dis-

eases (63,64). Interestingly, the pKa value of H2S is only

6.76 (65), indicating that, unlike GSH, about 80% of H2S

exists in its deprotonated form, HS-, at physiological pH.

Therefore, we hypothesized that this small molecular

weight nucleophile may capture xenobiotic electrophiles,

resulting in the formation of their sulfur adducts. Consis-

tent with this notion, we identified bismethylmercury sul-

fide (MeHg)2S as a novel metabolite in SH-SY5Y cells

exposed to MeHg and the liver of rats treated with MeHg

(66). Using authentic (MeHg)2S, it was also shown that

these sulfur adducts are detoxified metabolites in vitro and

in vivo (66).

Cystathionine β-synthase (CBS), cystathionine γ-lyase

(CSE), and 3-mercaptopyruvate sulfurtransferase (3MST)

have been considered as H2S-producing enzymes. How-
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ever, a collaborative study with Takaaki Akaike from

Tohoku University, Japan reported that CBS and CSE cat-

alyze vitamin B6-dependent formation of cysteine persul-

fide (CysSSH) derived from cysteine (CysSSCys) as a

substrate (67). CysSSH spontaneously interacts with GSH,

yielding GSH persulfide (GSSH), GSH polysulfide (GSSnH,

n > 2), and H2S. This reaction suggests that the formation

of these reactive sulfur species is due to the transfer of

their intramolecular sulfane sulfur (zerovalent S atoms

consisting of six valence electrons that are reversibly bound

to other S atoms). GSSSG, the oxidized form of GSSH,

was detected during the interaction of CysSSH with GSH.

We found that GSSSG also served as a substrate for GSH

reductase, suggesting a generating system for GSSH in

vivo (67). Furthermore, a subsequent collaboration found

that mitochondrial cysteine-tRNA synthetase (CARS2)

also catalyzes the formation of CysSSH from CysSH (68),

indicating that CARS2 is a multifunctional protein.

In addition to GSSH and H2S participating in the forma-

tion of (MeHg)2S (69), we have identified numerous sul-

fur adducts of 1,2-NQ (70), 1,4-NQ (55), Cd (71), and N-

acetyl-p-benzoquinone (NAPQI), an electrophilic metabo-

lite of acetaminophen (72), as shown in Fig. 4. In particu-

lar, in the cases of 1,4-NQ and Cd, hardly any changes

were observed in the redox signaling and toxicity caused

by exposure to the parent compound for each sulfur

adduct (55,71). These studies describe a new detoxifica-

tion system through the capture and inactivation by reac-

tive sulfur species, which are different from the GSH

adducts of electrophiles that have previously been known

(Fig. 3).

CONCLUSIONS

Depending on our environment, lifestyle, and dietary

habits, we are exposed to various doses of multiple envi-

ronmental electrophiles. In 2005, Christopher Wild, who

served as director of the International Agency for Research

on Cancer (IARC) from 2009 to 2018, proposed the con-

cept of the exposome to describe the totality of environ-

mental exposures experienced by humans throughout their

lifetime. Although exposomes are classified into general

external, special external, and internal factors, it is consid-

ered that the differences in the dose and time of exposure

may be related to health, presymptomatic illness, or dis-

ease. Focusing on the fact that highly reactive electro-

philes are recognized as “priority components” in exposome

research, and that environmental electrophiles with differ-

ent structures are included among the chemicals, pollut-

ants, diet, and lifestyle factors that constitute the special

external factors, we have researched the environmental

electrophile exposome as introduced here. Our expecta-

tion is that combined exposure to various electrophiles

will cause each of these substances to covalently bond to

the thiolate ions of the sensor protein, resulting in the acti-

vation of the response molecule at lower doses than indi-

Fig. 4. Sulfur adducts of xenobiotic electrophiles identified in our laboratory. Reactions of electrophiles with reactive sulfur species
yield various sulfur adducts of electrophiles in vitro and in vivo.
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vidual exposure. Therefore, toxicity is expressed at a

lower dose than individual exposure in response to lower-

ing the sensitivity and response threshold during com-

bined exposure. Thus, there is a need for combined exposure

studies and reconsideration of the environmental risks. We

also speculate that various modulations of redox signaling

pathways and cytotoxicity are negatively regulated by

reactive sulfur species through the formation of their sul-

fur adducts (Fig. 4).
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