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Abstract

Previous studies in MRL +/+ mice suggest involvement of oxidative stress (OS) in trichloroethene
(TCE)-mediated autoimmunity. However, molecular mechanisms underlying the autoimmunity
remain to be fully elucidated. Even though toll-like receptors (TLRs) and Nuclear factor
(erythroid-derived 2)-like2 (Nrf2) pathways are implicated in autoimmune diseases (ADs),
interplay of OS, TLR and Nrf2 in TCE-mediated autoimmune response remains unexplored. This
study was, therefore, undertaken to clearly establish a link among OS, TLR4 and Nrf2 pathways in
TCE-induced autoimmunity. Groups of female MRL +/+ mice were treated with TCE,
sulforaphane (SFN, an antioxidant) or TCE + SFN (TCE, 10 mmol/kg, /.p., every 4th day; SFN, 8
mg/Kkg, 7.p., every other day) for 6 weeks. TCE exposure led to greater formation of serum 4-
hydroxynonenal (HNE)-protein adducts, HNE-specific circulating immune complexes (CICs) and
protein carbonyls which were associated with significant increases in serum antinuclear antibodies
(ANAs). Moreover, incubation of splenocytes from TCE-treated mice with HNE-modified proteins
resulted in enhanced splenocyte proliferation and cytokine release evidenced by increased
expression of cyclin D3, Cyclin-dependent kinase 6 (CDK6) and phospho-pRb as well as
increased release of IL-6, TNF-a and INF-y. More importantly, TCE exposure resulted in
increased expression of TLR4, MyD88, IRAK4, NF-kB and reduced expression of Nrf2 and HO-1
in the spleen. Remarkably, SFN supplementation not only attenuated TCE-induced OS,
upregulation in TLR4 and NF-kB signaling and down-regulation of Nrf2, but also ANA levels.
These results, in addition to providing further support to a role of OS, also suggest that an
interplay among OS, TLR4 and Nrf2 pathways contributes to TCE-mediated autoimmune
response. Attenuation of TCE-mediated autoimmunity by SFN provides an avenue for preventive
and/or therapeutic strategies for ADs involving OS.
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1. Introduction

Autoimmune diseases (ADs), the complex, chronic, and occasionally life-threatening
medical disorders, are thought to impact 3-5% of the population in industrialized countries
with rising rates (Dahlgren et al., 2007; Dinse et al., 2020; Lerner et al., 2015; Roberts and
Erdei, 2020; Scherlinger et al., 2020). Accumulated epidemiological data suggest continued
increases in both incidence and prevalence of ADs, and environmental factors, including
chemicals such as trichloroethene (TCE) are implicated to drive these phenomena (Dinse et
al., 2020; Khan and Wang, 2018, 2020; Lerner et al., 2015; Roberts and Erdei, 2020;
Scherlinger et al., 2020; Wang et al., 2007, 2008). Therefore, there is an urgent need to
extensively study the contribution and potential mechanisms of chemical-induced
autoimmunity leading to ADs. TCE, a common environmental contaminant and a widely
used industrial solvent, is involved in the development of ADs such as system lupus
erythematosus (SLE), systemic sclerosis and autoimmune hepatitis, both in human and
animal studies (Khan et al., 1995, 2001; Khan and Wang, 2018; Kilburn and Warshaw, 1992;
Wang et al., 2007, 2012, 2019a). Previous findings using lupus-prone MRL+/+ mice support
that TCE exposure causes cellular, immunological and molecular changes, including
oxidative stress-related pathways, that play a role in TCE-mediated autoimmune response
(Khan et al., 2001; Khan and Wang, 2018; Wang et al., 2007, 2012, 2019b). However,
specific molecular mechanisms in the pathogenesis of TCE-mediated autoimmunity need to
be fully elucidated.

Environmental factors play a vital role in the steady rise in the frequency of ADs (Dinse et
al., 2020; Khan and Wang, 2018; Lerner et al., 2015; Roberts and Erdei, 2020; Scherlinger et
al., 2020). Within the processes of these environmental factors, particularly through
oxidative stress-mediated mechanisms, pathogen-associated molecular patterns (PAMPS)
and damage-associated molecular patterns (DAMPSs) are speculated to be involved in the
environmental factor-accelerated ADs (Asadzadeh Manjili et al., 2020; Engelmann et al.,
2020; Gill et al., 2010; Li et al., 2019; Peden, 2011; Zheng et al., 2020). These factors
induce immune responses through interactions with pattern recognition receptors (PRRS),
and toll-like receptors (TLRs) are among the most important PRRs expressed either on the
cell surface or in the cytoplasmic vesicles of the immune cells (Asadzadeh Manjili et al.,
2020; Engelmann et al., 2020; Fitzgerald and Kagan, 2020; Gill et al., 2010). It is important
to point out that the concept of DAMP may represent a link among some environmental
factors such as environmental chemical exposure, oxidative stress and ADs (Asadzadeh
Manjili et al., 2020; Engelmann et al., 2020; Gill et al., 2010; Kadl et al., 2011; Li et al.,
2019; Peden, 2011). Indeed, TLR4, an extensively studied TLR family member, plays a key
role in the recognition of DAMPs and/or PAMPs, initiation of immune response and process
of autoimmune disorders (Asadzadeh Manijili et al., 2020; Gill et al., 2010; Lim et al., 2014;
Liu et al., 2014). Even though TLR pathways, specifically TLR4 signaling, have been
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implicated in the pathogenesis of ADs and considered as a potential therapeutic target for
prevention or/and treatment of the diseases, the role of TLR4 in TCE-mediated autoimmune
response remains unexplored.

Oxidative stress is increased in various ADs, including SLE, and shows a good relationship
with disease activity and organ damage, suggesting its role in the pathogenesis of ADs
(Bona et al., 2020; da Fonseca et al., 2019; Khan and Wang, 2018; Perl, 2013; Smallwood et
al., 2018; Wang et al., 2010). Although the mechanisms by which oxidative stress
participates in the pathogenesis of ADs are not fully understood, several hypotheses such as
oxidative modification of selfantigens (endogenous macromolecules), abnormal activation of
cell-death signaling, as well as dysregulation of oxidative stress-responsive pathways have
been proposed (Khan and Wang, 2018; Perl, 2013; Smallwood et al., 2018; Wang et al.,
2010, 2019a, 2019b). Recently, the most exciting trend concerning the response to oxidative
stress has been elucidation of the signaling pathways by which such responses are regulated.
Central to the understanding of such regulation is the activation of nuclear factor erythroid 2-
related factor 2 (Nrf2) and its interaction with Kelch-like erythroid cell-derived protein with
CNC homology (ECH)-associated protein 1 (Keapl) (Baird and Yamamoto, 2020; Banerjee
et al., 2020; Smallwood et al., 2018). Nrf2, a master of redox switch in turning on cell
signaling pathways, is involved in the regulation of about 1% of human genes via
antioxidant response element (ARE) (Baird and Yamamoto, 2020; Kavian et al., 2018;
Miller et al., 2020; Smallwood et al., 2018). Nrf2 is now considered as a drug target for
various ADs in which oxidative stress and inflammation underlie the disease pathogenesis
(Smallwood et al., 2018; Wheeler et al., 2020). Therefore, it would also be interesting to
investigate the role of Nrf2 in the pathogenesis as well as potential therapeutic targeting of
TCE-mediated autoimmunity.

Our previous studies in MRL+/+ mice clearly support an involvement of oxidative stress in
TCE-mediated autoimmunity (Khan et al., 2001; Khan and Wang, 2018; Wang et al., 2007,
2012, 2019a). However, a thorough evaluation of molecular mechanisms underlying the
autoimmunity, particularly the role and interaction of oxidative stress-responsive redox
signaling pathways including TLR signaling, Nrf2 and NF-xB remain to be fully elucidated.
Therefore, in this study, we have attempted to evaluate the interplay and potential of
oxidative stress with TLR signaling and Nrf2 pathways in the pathogenesis of TCE-
mediated autoimmunity. To our knowledge, this is the first attempt to assess the potential
role of TLR signaling pathway in TCE-mediated autoimmunity. The findings in this study,
in addition to providing further support to a role of oxidative stress, also suggest that an
interplay among oxidative stress, TLR4 signaling, Nrf2 and NF-xB pathways contributes to
TCE-mediated autoimmune response.

Materials and methods

2.1. Animals and treatments

TCE (purity 299%) and sulforaphane (SFN, purity =95%) were obtained from Sigma-
Aldrich (St. Louis, MO). Five-week old female MRL+/+ (MRL/MpJ) mice were purchased
from Jackson Laboratory (Bar Harber, ME). MRL+/+ mice were chosen for our studies as in
these mice autoantibodies appear several months after their birth, and disease (SLE)
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develops spontaneously late in their second year of life, which provides an ideal window of
time to investigate the potential of agents such as TCE in inducing/exacerbating ADs (Khan
et al., 1995, 2001; Wang et al., 2012, 2019a). Female animals were used in this study
because of higher prevalence of ADs in women than in men (Christou et al., 2019; Wang et
al., 2010, 2016). The mice were housed at the University of Texas Medical Branch (UTMB)
animal house facility and kept under a 12 h light/dark cycle at ~22 °C, 50-60% relative
humidity, and were provided standard lab chow and drinking water ad libitum. All
experiments were performed in accordance with the guidelines of the National Institutes of
Health (NIH) and were approved by the Institutional Animal Care and Use Committee
(IACUC) of UTMB. The animals were randomly divided into 4 groups (6 mice in each
group) that included control, TCE, SFN or TCE + SFN treatment groups. Groups of mice
were exposed to TCE, SFN or TCE + SFN (TCE, 10 mmol/kg in corn oil, jp, every 4th day;
SFN, 8 mg/kg in corn oil, /p, every other day) for 6 weeks, whereas controls were given an
equal volume of corn oil only (Banerjee et al., 2020; Khan et al., 1995, 2001; Wang et al.,
2019a). The details of dose and duration of TCE and SFN exposure are described in
previous studies (Banerjee et al., 2020; Guerrero-Beltran et al., 2012; Khan et al., 1995,
2001; Wang et al., 2015, 2019a). After 6 weeks of TCE, SFN or TCE + SFN treatments, the
mice were euthanized under ketamine/xylazine, blood was withdrawn through posterior vena
cava, and sera obtained following blood clotting and centrifugation were divided into small
aliquots and stored at —80 °C for further analysis. Major organs from the animals were
immediately collected, and portions were snap-frozen and stored at —80 °C for subsequent
studies. At the same time, taking a portion of spleen, the splenocytes were isolated for
various evaluations (Wang et al., 2015, 2019b).

Quantitation of serum anti-nuclear antibodies

Serum anti-nuclear antibodies (ANA) were determined by using mouse-specific ELISA kit
(Alpha Diagnostic Int'l, San Antonio, TX) according to the manufacturer's protocol as
described in our earlier reports (Khan et al., 1995; Wang et al., 2007, 2012).

Serum protein carbonyl determination

Serum protein carbonyl content was determined using a Protein Carbonyl Assay Kit
(Cayman Chemical, Ann Arbor, MI) by following the manufacturer's instructions.

Determination of serum lipid-derived reactive aldehyde (LDRAS)-protein adducts

To quantitate the formation of LDRAs, serum hydroxynonenal (HNE)-protein adducts were
determined by using a quantitative competitive ELISA assay as reported in our previous
studies (Khan et al., 2002; Wang et al., 2010, 2012, 2015).

Analysis of HNE-specific circulating immune complexes (CICs) in the serum

The level of HNE-specific CICs in the serum was analyzed using specific ELISAs
established in our laboratory (Wang et al., 2016).
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2.6. Cell culture and ex vivo studies

Splenocytes isolated from spleens of control, TCE, SFN or TCE + SFN treated mice were
plated into 24-well flat-bottom plates at 2 x 10%/well in a total volume of 1 ml. Mouse serum
albumin (MSA, 10 pg/ml; Sigma) or HNE-MSA adducts (10 pg/ml) were added into culture
plates to stimulate lymphocytes and incubated at 37 °C with 5% CO, (Wang et al., 2008,
2011, 2012). After incubation for 48 h, the splenocytes from each well were harvested, and
total cell protein was extracted for the determination of cyclin D3, Cyclin-dependent kinase
6 (CDK®6) and phosphorylated retinoblastoma protein (pRb) by using Western blot analysis
(Wang et al., 2011, 2019a). In the culture supernatants, the release of IL-6, TNF-a and INF-
Y was quantitated using specific Quantikine ELISA kits according to manufacturer's
instructions (R&D Systems, Inc., Minneapolis, MN).

2.7. Protein expression of TLR4, MyD88, IRAK4, Nrf2, HO-1 and NF-xB in the spleen

Splenic nuclear proteins were extracted using NE-PER nuclear extraction reagents (Thermo
Fisher Scientific, Waltham, MA) according to manufacturer's instructions and total protein
from spleen tissues was isolated using T-PER tissue protein extraction reagent (Thermo
Fisher Scientific) following the manufacturer's instructions (Banerjee et al., 2020; Wang et
al., 2011, 2019a, 2019b). The protein expression of Nrf2 and NF-xB was determined in
nuclear fraction, whereas TLR4, myeloid differentiation primary response 88 (MyD88),
interleukin-1 receptor-associated kinase 4 (IRAK4), and heme oxygenase-1 (HO-1)
expression was evaluated in the whole tissue proteins using Western blot as reported earlier
and quantification of blot signals was done by densitometry and normalized using p-actin
expression (Wang et al., 2011, 2019a).

2.8. Statistical analyses

All values are presented as means + SD. Data were subjected to statistical evaluation using
one-way ANOVA followed by Tukey-Kramer multiple comparisons test (GraphPad Prism
software, La Jolla, CA). The values of p < 0.05 were considered as statistically significant.

3. Results

3.1. TCE-mediated autoimmune response and its attenuation by antioxidant SFN

In the previous studies, our laboratory and other research groups have established a link
between TCE exposure and autoimmunity in MRL+/+ mice (Cai et al., 2008; Griffin et al.,
2000; Khan et al., 1995, 2001; Wang et al., 2007, 2009, 2012, 2013). To further verify the
role of TCE in promoting an autoimmune response, we determined serum levels of ANA, an
established biomarker of autoimmunity (Dinse et al., 2020; Khan et al., 1995, 2001; Wang et
al., 2019b). As shown in Fig. 1, TCE exposure led to increased formation of ANA in
comparison to controls, which is consistent with our earlier reports (Cai et al., 2008; Khan et
al., 1995, 2001; Wang et al., 2007, 2012, 2013). Interestingly, SFN supplementation
effectively attenuated TCE-mediated increases in ANA production, suggesting a protective
effect of SFN in TCE-induced autoimmunity and further supporting the role of oxidative
stress.
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3.2. TCE exposure led to increased oxidative stress which was attenuated by SFN

3.3.

Increasing evidence supports a critical role of oxidative stress in the pathogenesis of a
variety of ADs (Bona et al., 2020; Khan and Wang, 2018; Wang et al., 2010, 2016). In fact,
our earlier studies suggest an involvement of oxidative stress in TCE-mediated
autoimmunity (Khan et al., 2001; Wang et al., 2007, 2009, 2012, 2013). To further support
the role of oxidative stress in the pathogenesis of autoimmunity, we exposed MRL+/+ mice
to TCE with or without antioxidant SFN and analyzed markers of oxidative stress. TCE
exposure led to significantly increased serum carbonylated proteins (protein carbonyls) and
HNE-protein adducts, suggesting increased oxidative modification of proteins (Fig. 2).
Furthermore, TCE exposure also resulted in increased formation of serum HNE-specific
CIC, supporting an immunogenic potential of HNE-protein adducts that could contribute to
TCE-mediated autoimmune response. Remarkably, the elevated levels of both oxidatively
modified proteins and HNE-specific CIC were significantly attenuated by SFN
supplementation (Fig. 2).

HNE-protein adducts play an important role in stimulating TCE-accelerated

inflammatory/autoimmune response

Recent reports suggest that oxidatively modified proteins can trigger an autoimmune
response and also show striking correlation with the disease activity and organ damage in
ADs (Carubbi et al., 2019; Perl, 2013; Wang et al., 2012; Yang et al., 2018). As mentioned
earlier in the results, TCE exposure promoted autoimmune response in MRL+/+ mice which
was associated with increased formation of HNE-protein adducts as well as HNE-specific
CIC. Moreover, we also observed that TCE exposure leads to significant increases in spleen
weight (data not shown). Therefore, to further establish the contribution of oxidative stress,
particularly contribution of oxidatively modified proteins in TCE-mediated autoimmunity,
we conducted ex vivo studies by treating splenocytes from control, TCE or TCE + SFN
treated mice with HNE-protein adducts and analyzed markers of cell proliferation and
inflammation. As shown in Fig. 3, incubation of splenocytes with HNE-MSA adducts
significantly enhanced the protein expression of cyclin D3, CDK6 and phospho-pRb in the
splenocytes from TCE-treated mice in comparison with controls, suggesting that HNE-
modified proteins can lead to increased cellular proliferation. Remarkably, elevated
expression of these proteins was less pronounced in the splenocytes from the mice exposed
to TCE + SFN compared with the mice treated with TCE only (Fig. 3). Furthermore,
incubation of splenocytes from TCE-treated mice with HNE-MSA also promoted IL-6,
TNF-a and INF-vy release (Fig. 4), which was less pronounced from splenocytes of mice
also treated with SFN along with TCE (Fig 1). Together, these results provide compelling
evidence to support that oxidative modification of proteins could play a critical role in
initiating an inflammatory/autoimmune response.

3.4. TCEinduces dysregulation of TLR4 signaling

TLR pathways, particularly TLR4 signaling, have been involved in the pathogenesis of ADs,
and also considered as a potential therapeutic target for prevention and/or treatment of
inflammatory diseases, including ADs (Asadzadeh Manjili et al., 2020; Engelmann et al.,
2020; Fitzgerald and Kagan, 2020; Liu et al., 2014). Recent studies indicate that oxidative
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stress, especially oxidatively modified proteins, contributes to inflammation via activating
TLR pathways and TLR family has a critical link between oxidative stress and inflammatory
diseases (Carubbi et al., 2019; Gill et al., 2010; Kadl et al., 2011; Li et al., 2019). It was,
therefore, critically important to explore the contribution of TLR4 signaling in TCE-
mediated autoimmune response. As shown in Fig. 5, TCE exposure in MRL+/+ mice led to
significantly increased protein expression of TLR4, MyD88 and IRAK-4, suggesting an
upregulation of TLR4 signaling. Interestingly, co-exposure with Nrf2 activator SFN clearly
attenuated the TCE-mediated enhanced expression of TLR4, MyD88 and IRAK-4,
indicating that SFN ameliorates TCE-mediated dysregulation of TLR4 signaling pathway,
and thus disrupts the cross-talk between TLR4 and Nrf2.

3.5. TCE exposure results in systemic impairment of Nrf2 pathway which is improved by
SFN supplementation

Nrf2 acts a critical oxidative stress sensor and a key antioxidant system regulator (Banerjee
et al., 2020; Kavian et al., 2018; Smallwood et al., 2018; Zheng et al., 2020). Increasing
evidence supports a link between Nrf2 and TLR family in disease pathogenesis (Chen et al.,
2016; Ingram et al., 2019; Yan et al., 2018). Since we observed oxidative modification and
upregulation of TLR4 signaling following TCE treatment in this study, it was logical to
evaluate Nrf2 and its target genes in response to TCE exposure. As shown in Fig. 6, TCE
exposure led to dramatically reduced expression of both Nrf2 and HO-1 in the spleens of
MRL+/+ mice, suggesting an impairment of Nrf2 pathways following TCE exposure. More
importantly, SFN supplementation clearly ameliorated the TCE-induced reduction in both
Nrf2 and HO-1 (Fig. 6).

3.6. SFN supplementation ameliorates TCE-induced NF-xB activation

NF-xB, an extensively studied transcription factor, has been implicated in ADs with its role
in the transcription of a number of genes (Herrington et al., 2016; Miraghazadeh and Cook,
2018; Sivandzade et al., 2019; Sun et al., 2013). It regulates cell response to oxidative stress
and inflammation via interplay with Nrf2 (Ganesh Yerra et al., 2013; Sivandzade et al.,
2019; Smallwood et al., 2018). It is also the main target transcription factor of TLR4
signaling (Chen et al., 2016; Fitzgerald and Kagan, 2020; Liu et al., 2014). Therefore, we
analyzed its activation in the spleen following TCE exposure. Consistent with our previous
findings in the livers (Banerjee et al., 2020; Wang et al., 2019b), TCE exposure also
dramatically increased NF-xB (p65) activation in the spleens of MRL+/+ mice, and SFN
supplementation remarkably attenuated the NF-xB activation mediated by TCE exposure.
(See Fig. 7.)

4. Discussion

Oxidative stress has drawn attention in recent years for its critical roles in the pathogenesis
of chronic diseases, especially ADs (Bona et al., 2020; Khan and Wang, 2018; Smallwood et
al., 2018; Wang et al., 2010). Previous studies in our laboratory have established a link
among TCE exposure, oxidative stress and autoimmunity (Khan et al., 2001; Wang et al.,
2007, 2012, 2015, 2019a, 2019b). However, the exact molecular mechanisms through which
oxidative stress may contribute to the initiation and progression of inflammation/
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autoimmunity need to be thoroughly established. Although TLR signaling and Nrf2
pathways have been implicated in ADs, their roles and interplay of oxidative stress, TLR4
and Nrf2 in TCE-mediated autoimmune response remain unexplored. In this study,
therefore, we exposed female MRL+/+ mice to TCE along with SFN, an antioxidant and
well-known Nrf-2 activator, and determined the markers of oxidative stress, inflammation/
autoimmunity, and TLR4, Nrf2/NF-xB pathways. Our findings clearly suggest a role of
oxidative stress in initiation and perpetuation of autoimmunity via oxidative modification
and dysregulation of oxidative stress-responsive signaling pathways.

To unravel the molecular mechanisms contributing to the disease pathogenesis, we first
verified the association between TCE exposure and autoimmunity in this study. Consistent
with our earlier reports (Cai et al., 2008; Khan et al., 1995, 2001; Wang et al., 2009, 2015,
2019b), TCE exposure promoted autoimmunity in MRL+/+ mice based on increased serum
ANA levels. Importantly, antioxidant SFN supplementation attenuated TCE-mediated
autoimmune response, providing further support to the role of oxidative stress in the disease
pathogenesis.

Generation of reactive oxygen/nitrogen species (RONS) and imbalances in the antioxidant
defense system are common toxic mechanism for many compounds (Khan and Wang, 2018,
2020; Peden, 2011; Zheng et al., 2020). Oxidative stress can trigger direct modification of
certain proteins, or alternatively, modification of macromolecules by LPDAs such as HNE or
MDA generated as a consequence of increased lipid peroxidation (Carubbi et al., 2019;
Khan et al., 2001; Wang et al., 2007, 2008). In this study, TCE exposure enhanced protein
carbonylation and led to increased HNE-protein adduct formation. More importantly, TCE-
induced formation of HNE-specific CICs was associated with increased serum levels of
ANA, which not only shows the immunogenic characteristics of oxidatively modified
proteins, but also suggests a potential contribution of oxidative stress in the pathogenesis of
TCE-mediated autoimmunity.

Since TCE exposure resulted in increased HNE-adducts and HNE-specific CICs, it was
necessary to further evaluate the potential of HNE-modified proteins in inducing an
inflammatory/autoimmune response. Our ex vivo studies showed remarkable increases in
cyclin D3, CDKG6 and phospho-pRb, suggesting that HNE-modified proteins can promote
proliferation/activation of splenocytes, including T and B cells, in TCE-treated mice.
Moreover, incubation of spleocytes from TCE-treated mice with HNE-protein adducts lead
to greater generation of proinflammatory cytokines including IL-6, TNF-a and INF-y. It is
known that IL-6 and TNF-a promote the activation and differentiation of immune cells
implicated in autoimmune response and also play a critical role in B cell hyperactivation
(Bona et al., 2020; Lim et al., 2014; Yang et al., 2018). Also, INF-y which is mainly
secreted by Th1 cells, is a key cytokine involved in autoimmune pathogenesis via multiple
signaling pathways including TLR4/NF-xB pathways (Barrat et al., 2019; Liu et al., 2014;
Yang et al., 2018). Our findings thus clearly suggest a role for oxidatively modified proteins
in inflammation/autoimmunity, and also support their contribution to the pathogenesis of
inflammation/autoimmunity via Th1l cell activation.
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Beside initiating and promoting autoimmune response by serving as neoantigens,
oxidatively modified proteins can also activate DAMPs and/or PAMPs of immune system,
thereby triggering inflammation/autoimmunity responses being recognized by PRRs such as
TLR (Carubbi et al., 2019; Kadl et al., 2011; Sutti et al., 2014). TLR 4, an extensively
studied TLR family member, plays a key role in the recognition of DAMPs and/or PAMPs,
initiation of immune response and progression of autoimmune disorders (Asadzadeh Manyjili
et al., 2020; Gill et al., 2010; Lim et al., 2014; Liu et al., 2014). One of the most distinctive
features of TLR4 is that it is expressed in non-specialist types of immunocytes, yet it is the
central component of the immune system, responding to a plethora of ligands (exogenous
and endogenous) (Garcia et al., 2020; Gill et al., 2010). As a link for oxidative stress and
inflammation/autoimmunity, TLR4 responds to DAMPs or PAMPs such as oxidatively
modified proteins using MyD88 adaptor pathway, and the adaptor protein MyD88 could
interact with IRAK4 leading to activation of transcription factors including NF-xB
(Asadzadeh Manjili et al., 2020; Chen et al., 2016; Gill et al., 2010; Liu et al., 2014). Here,
for the first time, we provide evidence that TCE exposure causes remarkable increases in the
expression of TLR4 as well as MyD88 and IRAK4 along with increased autoimmune
response, suggesting potential role of TLR4 pathways in TCE-promoted autoimmunity.
Furthermore, SFN, an antioxidant and Nrf2 activator, clearly ameliorated these changes,
further suggesting the interactions and roles of oxidative stress, TLR4 and Nrf2 signaling
pathways in promoting autoimmunity.

Antioxidant defenses are crucial in countering excessive RONS production and influence the
disease outcome including ADs (Kavian et al., 2018; Miller et al., 2020; van Horssen et al.,
2010; Wang et al., 2010, 2016). Nrf2 is a key redox-sensitive transcription factor which
regulates expression of hundreds of antioxidant proteins including NQO1, HO-1 and
glutathione synthesis, and plays a central role in cellular defense against oxidative stress
(Baird and Yamamoto, 2020; Kavian et al., 2018; van Horssen et al., 2010; Wang et al.,
2019b). Indeed, both decreased levels of antioxidant enzyme and/or non-enzyme
antioxidants and dysregulated Nrf2 pathways are reported in AD patients and animal studies
(Kavian et al., 2018; Khan and Wang, 2018; Miller et al., 2020; Wang et al., 2010, 2016). In
view of increased oxidative stress and upregulated TLR4 signaling pathway in this study, it
was logical to assess the redox state following TCE and TCE + SFN exposure. As evident
from the results, TCE exposure led to decreases in Nrf2 as well as HO-1 in the spleens.
Importantly, SFN remarkably attenuated the decreases in Nrf2 and HO-1 and was associated
with improved autoimmune response following TCE exposure, providing support to a
compromised defense mechanism of Nrf2 pathway to oxidative stress following TCE
exposure.

NK-xB is a well-known proinflammatory mediator, immune tolerance mediator and a key
lymphocyte regulator (Herrington et al., 2016; Miraghazadeh and Cook, 2018; Sun et al.,
2013). While TRL4 can activate NK-xB signaling via activating IRLA4, recent studies have
indicated that oxidative stress activates NK-xB through multiple pathways and activated
NK-xB can suppress Nrf2 by competing for the transcriptional co-activator CREB-binding
protein-p300 complex (Ganesh Yerra et al., 2013; Gill et al., 2010; Sivandzade et al., 2019;
Sun et al., 2013). Thus, NK-xB may play a role in the ADs serving as a key link for these
signaling pathways. In this study, TCE exposure led to increased activation of NK-xB (p65)
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and was associated with the elevation of autoimmune response accompanied by enhanced
oxidative stress, upregulated TLR signaling, impaired Nrf2 signaling pathways, as well as
activated splenocytes and increased release of proinflammatory cytokines. These findings
support the contribution of NK-xB in concert with oxidative stress, TLR and Nrf2 signaling
pathways in the pathogenesis of TCE-mediated autoimmune response.

ADs are complex medical disorders, and mechanisms of ADs are complicated that involves
multiple signaling pathways (Roberts and Erdei, 2020; Scherlinger et al., 2020;
Theofilopoulos et al., 2017; Wang et al., 2010, 2016). In this study, we investigated the
mechanisms of TCE-mediated autoimmunity by evaluating the interplay and roles of
oxidative stress and TLR4, Nrf2-/NF-xB-signaling pathways. Our findings demonstrate that
TCE exposure leads to oxidative stress and oxidative modification of proteins which
influence the TLR4 signaling and Nrf2/NF-xB pathways, causing autoreactive cell
proliferation, cytokine generation and loss of immune tolerance, ultimately resulting in an
autoimmune response (Fig. 8). Attenuation of TCE-induced autoimmunity by SFN provides
an avenue for preventive and/or therapeutic strategy for ADs. Further studies are needed to
verify the contribution of specific signaling pathways and identify novel therapeutic targets
of ADs by knocking out specific genes such as Nrf2, TLR4 and TRAK4, and/or inhibiting/
activating specific proteins.
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TCE exposure accelerated autoimmune response in MRL+/+ mice which was attenuated by
SFN. Female mice were treated with TCE, SFN or TCE + SFN for 6 weeks, and serum ANA
levels were determined using mouse-specific ELISA. The results are expressed as means +
SD (n =6). * p <0.05 vs. controls, # p < 0.05 vs. TCE-treated mice.
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TCE + SFN for 6 weeks. The data are presented as means £ SD (n = 6). * p < 0.05 vs.

TCE exposure led to increased oxidative stress. Serum levels of protein carbonyls (A), HNE-
respective controls, # p < 0.05 vs. TCE-treated mice.
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Fig. 3.

HI%IE—protein adducts promoted proliferation of splenocytes isolated from TCE-treated mice.
Representative Western blot for cyclin D3 (A), CDKG6 (B) and phospho-pRb (C) in the
splenocytes following 48 h incubation with or without HNE-protein adducts. The data are
presented as means £ SD (n = 4). * p < 0.05 vs. respective splenocytes without treatment
with HNE-protein adducts, # p < 0.05 vs. the splenocytes from TCE-treated mice incubated
with HNE-protein adducts. Note: WO: Without treatment with HNE-protein adducts; W:
treated with HNE-protein adducts.
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Fig. 4.

nglE—protein adducts increase cytokine release from splenocytes of TCE-treated mice.
Cytokine levels of IL-6 (A), TNF-a (B) and INF-y (C) in the culture supernatants of
splenocytes with (W) or without (WO) the presence of HNE-protein adducts. The data are
presented as means £ SD (n = 4). * p < 0.05 vs. respective splenocytes without treatment
with HNE-protein adducts, # p < 0.05 vs. splenocytes incubated with HNE-protein adducts
from TCE-treated mice. Note: WO: Without treatment with HNE-protein adducts; W:
treated with HNE-protein adducts.
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Fig. 5.
TCE exposure resulted in dysregulation of TLR4 signaling in the spleens of MRL+/+ mice,

which was ameliorated by SFN supplementation. Representative Western blot for TLR4 (A),
MyD88 (B) and IRAK4 (C) in the spleens of MRL+/+ mice following TCE or TCE + SFN
exposure for 6 weeks. The results are expressed as means = SD (n = 6). * p < 0.05 vs.
controls, # p < 0.05 vs. TCE-treated mice.
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Fig. 6.

TCE exposure in MRL+/+ mice caused impairment in Nrf2 pathway, which was improved
by SFN. Representative Western blot for Nrf2 (A) and HO-1 (B) in the spleens of MRL+/+

mice following treatment

with TCE or TCE + SFN for 6 weeks. The data are presented as

means £ SD (n = 6). * p < 0.05 vs. controls, # p < 0.05 vs. TCE-treated mice.
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Fig. 7.

TCE treatment led to increased NF-xB (p65) expression in MRL+/+ mice, which was
alleviated SFN supplementation. Representative Western blot for p-NF-xB (p65) in the
spleens of MRL+/+ mice following treatment with TCE or TCE + SFN for 6 weeks. The
data are presented as means £ SD (n = 6). * p < 0.05 vs. controls, # p < 0.05 vs. TCE-treated
mice.
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Fig. 8.

Sc%ematic presentation of our hypothesis. TCE exposure causes oxidative stress and
oxidative modification of proteins which interact with TLR signaling and Nrf2-NF-xB
pathways, and lead to elevated lymphocyte proliferation, cytokine generation and loss of
immune tolerance, eventually resulting to autoimmunity in MRL+/+ mice. Improvement in
oxidative stress, dysregulation of TLR signaling and impairment of Nrf2-NF-xB pathway
following SFN supplementation attenuates increased activation of lymphocytes and release
of cytokines, ultimately leading to alleviation of inflammation/autoimmunity mediated by
TCE exposure.
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