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Abstract

Earlier studies from our laboratory in MRL+/+ mice suggest that free radicals, especially
overproduction of reactive nitrogen species (RNS) and lipid-derived reactive aldehydes (LDRAS),
are associated with trichloroethene (TCE)-mediated autoimmune response. The current study was
undertaken to further assess the contribution of RNS and LDRAs in TCE-mediated autoimmunity
by using iINOS-null MRL+/+ mice. iNOS-null MRL+/+ mice were obtained by backcrossing
iNOS-null mice (B6.129P2-Nos2!™Lay/3) to MRL +/+ mice. Female MRL+/+ and iNOS-null
MRL+/+ mice were given TCE (10 mmol/kg, i.p., every 4! day) for 6 weeks; their respective
controls received corn oil only. TCE exposure led to significantly increased iNOS mRNA in
livers, iNOS protein in livers and sera, increased nitrotyrosine (NT) formation in both livers and
sera, induction of MDA-/HNE-protein adducts in livers and their respective antibodies in sera
along with significant increases in serum antinuclear antibodies (ANA) and anti-dsDNA in MRL
+/+ mice. Even though in iNOS-null MRL+/+ mice, the iINOS and NT levels were negligible in
both TCE-treated and untreated groups, TCE treatment still led to significant increases in MDA-/
HNE-protein adducts and their respective antibodies along with increases in serum ANA and anti-
dsDNA compared to controls. Most remarkably, the increases in serum ANA and anti-dsDNA
induced by TCE in the iNOS-null MRL+/+ mice were significantly less pronounced compared to
that in MRL+/+ mice. Our results provide further evidence that both RNS and LDRAS contribute
to TCE-induced autoimmunity in MRL+/+ mice, and iNOS deficiency attenuates this autoimmune
response.
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Introduction

The harmful free radicals can cause lipid, protein or DNA damage due to their
overproduction, leading to various diseases including autoimmune diseases (ADs) [1-4].
Different lines of evidence suggest the involvement of free radical-mediated reactions in the
pathogenesis of ADs [1-4]. Reactive nitrogen species (RNS) are nitrogen-containing
oxidants, i.e., nitric oxide (NO), peroxynitrite (ONOO™) and nitroxyl anion (HNO™)

[5]. 'NO, formed via the enzyme inducible nitric oxide synthase (iNOS), is one of the most
important and widely studied RNS. The potential of ‘'NO in disease pathogenesis depends
largely on the extent and generation of O, leading to the formation of peroxynitrite
(ONOOQO™). ONOO™ is a potent oxidizing agent which can oxidize tyrosine residues to
nitrotyrosine (NT) [3,6-9]. In addition, ONOO™-modified endogenous proteins and DNA
may become immunogenic, leading to a break in immune tolerance [3,10-12].
Accumulating evidence in murine lupus suggests an association between increasing iNOS
activity and development and progression of ADs [6,8,9,13-16]. Studies using competitive
inhibitors provide additional support that iNOS could play a pathogenic role in murine ADs
[6,8,9,15]. Furthermore, growing observational data in humans also suggest that increased
production of ONOO™ via overexpression of iNOS may contribute to glomerular and
vascular pathology, and to the pathogenesis of many ADs [11,14,17]. Although there is
appreciable evidence that NT, the marker of nitrosative modification of proteins, is
enhanced in systemic lupus erythematosus (SLE) and other ADs [12,18,19], the potential
contribution of RNS establishing a cause-and-effect relationship in the pathogenesis of ADs
remain largely unexplored.

Lipid-derived reactive aldehydes (LDRASs) are generally derived from unsaturated lipids.
LDRAs such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE) are highly reactive
electrophiles and are known to bind covalently to proteins resulting in their structural
modifications that may elicit an autoimmune response and contribute to disease
pathogenesis [18,20-22]. Indeed higher levels of MDA-/HNE-modified proteins have been
reported in patients with ADs [18,22-26], suggesting a potential role for these oxidatively
modified proteins in ADs.

Trichloroethene (TCE), a common environmental contaminant and a widely used cleaning
solvent, is associated with the development of ADs such as SLE, systemic sclerosis and
fascitis, both in humans and animals [27-32]. Even though TCE is known to cause increased
generation of RNS and LDRAs which may contribute to TCE-mediated autoimmunity
[27,28,31,33-35], potential mechanisms by which TCE-induced overproduction of RNS and
LDRAs lead to an autoimmune response and their contribution to disease pathogenesis need
to be thoroughly investigated. Our earlier studies in MRL+/+ mice showed induction of
iNOS, increased the formation of NT, and increased production of LDRA-protein adducts
with concurrent production of ANA and other autoantibodies following TCE exposure [35].
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To further evaluate the role of RNS and LDRASs, especially the potential of iNOS in TCE-
mediated autoimmunity, we examined the markers of autoimmunity, nitrosative and
oxidative stress in the sera and livers of both iINOS-null MRL+/+ mice and MRL+/+ mice
treated with TCE.

Materials and methods

Animals and treatments

Both MRL+/+ (MRL/MpJ) mice and iNOS-null (B6.129P2-Nos2t™1Lal/3) mice were
purchased from Jackson Laboratory (Bar Harber, ME) and housed at the University of Texas
Medical Branch (UTMB) animal house facility maintained at ~ 22°C, 50-60% relative
humidity, and a 12 hr light/dark cycle. The animals were provided standard lab chow and
drinking water ad libitum. TCE (purity 99+ %) was purchased from Sigma chemical Co. (St.
Louis, MO). The experiments were performed in accordance with the guidelines of the
National Institutes of Health and approved by the Institutional Animal Care and Use
Committee of UTMB. We chose to conduct our studies in female MRL+/+ mice as these
mice spontaneously develop relatively mild lupus-like disease and other autoimmune
disorders late in the second year of their lives [30,31,36,37]. Young MRL+/+ mice, with
their propensity for autoimmunity but absence of overt disease, make a good model to test
the immunostimulatory potential of TCE. Also, females are generally more susceptible to
ADs than males and approximately 70-90% of SLE patients are females [18,30,31,38].
iNOS-null mice were backcrossed to MRL +/+ mice for 10 generations and then
homozygous mutants (iNOS-null MRL+/+ mice) were obtained from N10 heterozygous
intercrosses. Female MRL+/+ and iNOS-null MRL+/+ mice, in groups of six each, were
treated with TCE (10 mmol/kg, i.p., every 4t day) [15,16,30,31,39] for 6 weeks, their
respective controls received corn oil only. After 6 weeks of treatment, the animals were
euthanized under nembutal (sodium pentobarbital) anesthesia, and blood was withdrawn
from the inferior vena cava. Individual sera were obtained following blood clotting and
centrifugation, and stored at -80°C until further analysis. At the same time, major organs
were immediately removed and weighed. Portions of livers from control and TCE-treated
mice were snap-frozen in liquid nitrogen and stored at —80°C for further analysis.

Quantification of nitrotyrosine and iNOS in serum

Nitrotyrosine (NT) levels in the mouse serum were quantitated by an ELISA kit (Cell
Sciences, Norwood, MA), whereas iNOS was measured by an ELISA established in our
laboratory [15,27].

Western blot detection of iINOS in the livers

iNOS in the livers of mice was also detected by Western blot analysis as described
previously [27]. Briefly, liver proteins from control, TCE-treated mice were obtained using a
lysis buffer (Pierce, Rockford, IL), and protein concentration in the lysates was determined
by Bio-Rad Protein Assay method (Bio-Rad Laboratories, Inc., Hercules, CA). Fifty ug of
protein dissolved in sample buffer was loaded onto a 12% Novex Tris-Glycine Gel
(Invitrogen, Carlsbad, CA), resolved by electrophoresis, and subsequently transferred to a
nitrocellulose membrane. The membrane was incubated with TBS with 0.1% Tween-20 and
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5% non-fat dry milk at room temperature for 2 h and subsequently probed with rabbit
polyclonal anti-iNOS antibody (1:3000; Alpha Diagnostic Int’l, San Antonio, TX) for 2 h.
Blots were washed thoroughly and incubated with horseradish peroxidase-conjugated goat
anti-rabbit antibody (1:5000; Upstate) for 1 h. iNOS bands were detected by using enhanced
chemiluminescence (ECL) system (Amersham, Piscataway, NJ). The density of iNOS bands
was analyzed with Eagle Eye Il software (Stratagene, La Jolla, CA).

Real-time PCR analysis for iNOS gene expression in liver

Real-time RT-PCR was performed essentially as described earlier [15,16]. Briefly, total
RNA was isolated from livers using a RiboPure kit (Ambion, Austin, TX) following the
manufacturer's instructions. cDNA was prepared from total RNA by using the SuperScript
first-strand synthesis kit (Invitrogen, Carlsbad, CA) as per the manufacturer's manual. Real-
time PCR employing a two-step cycling protocol (denaturation and annealing/extension)
was carried out using a Mastercycler Realplex (Eppendorf, Westbury, NY) and the primer
pairs used in the real-time PCR process were 5’-TGTCTGCAGCACTTGGATCA (forward)
and 5’-AACTTCGGAAGGGAGCAATG (reverse). For each cDNA sample, parallel
reactions were performed in triplicate for the detection of 18S and iNOS. The reaction
samples in a final volume of 25 pl contained 2 ul cDNA templates, 2 pl primer pair, 12.5 pl
iQ SYBR Green Supermix, and 8.5 ul water. Amplification conditions were identical for all
reactions: 95°C for 2 min for template denaturation and hot-start before PCR cycling. A
typical cycling protocol consisted of three stages, 15 s at 95°C for denaturation, 30 s at 60°C
for annealing, and 30 s at 72°C for extension and an additional 20-s hold for fluorescent
signal acquisition.

Quantitation of nitrotyrosine in the livers

Nitrated proteins were quantitated in the livers of control and TCE-treated mice. Liver
homogenates (10%, w/v) were made in PBS (pH 7.4) containing protease inhibitor cocktail
(Sigma), centrifuged at 10,000 g at 4 °C for 15 min and NT in the supernatants was
quantitated by an ELISA (Cell Sciences) [15,27].

Anti-MDA- and anti-HNE-protein adduct specific antibodies in the serum

ELISASs to analyze anti-MDA- and -HNE-protein adduct-specific antibodies in the mouse
serum were performed as described earlier [18,28,31,35]. The samples with net OD values
(the difference between OD for MDA-/HNE-ovalbumin and ovalbumin) greater than 0.2,
0.4, or 0.6 were graded as moderately positive (+), highly positive (++), or strongly positive
(+++), respectively [28,31].

Quantitation of MDA- and HNE-protein adducts in livers

Quantitative competitive ELISAs for MDA- and HNE-protein adducts in the liver
homogenates of control and TCE-treated mice was performed according to Wang et al.
[18,35]. Flat bottomed 96-well microtiter plates were coated with MDA-/HNE-ovalbumin
adducts or ovalbumin (0.5 pg/well) overnight at 4 °C. For the competitive ELISA, rabbit
antisera (1:2000 diluted anti-MDA or 1:3000 diluted anti-HNE) were incubated with test
samples (standards or unknown) at 4 °C overnight. The coated plates were blocked with a
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blocking buffer (50 mM Tris-buffered saline with 1% BSA, pH 8.0; Bio-Rad Laboratories)
for 2 h at room temperature (RT), then a 50 pl aliquot of each of the above mentioned
incubation mixtures was added to duplicate wells and incubated for 2 h at RT. After
washing, 50 pl of goat anti-rabbit IgG-HRP (1:2000 dilution, Millipore, Billerica, MA) was
added and incubated for 1 h at RT. After washing, 100 ul of TMB peroxidase substrate
(KPL, Gaithersburg, MD) was added to each well. The reaction was stopped after 10 min by
adding 100 pl 2M H,SO4 and the absorbance was read at 450 nm on a Bio-Rad Benchmark
plus microplate spectrophotometer (Bio-Rad Laboratories, Hercules, CA).

Anti-nuclear and anti-double stranded DNA antibodies in the serum

Serum levels of anti-nuclear antibodies (ANA) and anti-double stranded DNA antibodies
(anti-dsDNA) were determined by using mouse-specific ELISA kits (Alpha Diagnostic Int’l)
as described earlier [27,28,30,35].

Statistical analyses

Results

The values presented are means + SD. Two-way ANOVA followed by Tukey’s multiple
comparison test (GraphPad Prism software, La Jolla, CA) was performed for the statistical
analysis. A p value < 0.05 was considered to be statistically significant.

iNOS in the sera and livers

iNOS that generates ‘NO, the most important RNS, is associated with the development and
progression of ADs [5,6,14]. The levels of iNOS in the sera, determined by ELISA, in the
MRL+/+ and iNOS-null MRL+/+ mice are presented in Fig. 1A. iNOS levels in the TCE-
treated group were significantly higher in comparison to their controls in MRL+/+ mice, but
no iNOS was detectable in both TCE-treated and control iNOS-null MRL+/+ mice. The
iNOS protein expression in the livers (Western blot analysis) showed significantly increased
expression in the livers of TCE-treated MRL+/+ mice (~3.2 fold, Fig. 1B,C) compared to
their respective controls, whereas iINOS expression was negligible in both TCE-treated or
control iINOS-null MRL+/+ mice.

To further determine the impact of TCE exposure on iNOS regulation, the INOS mRNA
expression was analyzed using real-time PCR in the livers of MRL+/+ and iNOS-null MRL
+/+ mice. The mMRNA levels in livers of TCE-treated MRL+/+ mice increased significantly
(~3.1 fold) in comparison to their respective controls (Fig. 1D). As expected, INOS mRNA
expression was also negligible in both TCE-treated and control iNOS-null MRL+/+ mice.
Interestingly, the changes in liver mMRNA expression matched well with increases in protein
expression as determined by Western blot (Fig. 1B,C).

Nitrotyrosine levels in the serum and livers

Nitrotyrosine, a biomarker of RNS-modified proteins, is implicated in the pathogenesis of
ADs [6,12,18,40]. The role of nitrosative stress in TCE-mediated autoimmune response was
further assessed by measuring serum levels of NT in the MRL+/+ and iNOS-null MRL+/+
mice. Fig. 2A shows that TCE exposure led to significant increases in serum NT formation
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in MRL+/+ mice, whereas significantly low levels of NT were detected in iNOS-null MRL
+/+ mice (Fig. 2A). The NT levels in liver, a major organ where TCE is known to generate
free radicals and lead to autoimmune damages [28,29,33,35], were also analyzed. The NT
levels in livers were also significantly higher in TCE-treated MRL+/+ mice compared to
their respective controls, whereas the levels of NT were very low in both TCE-treated or
control iNOS-null MRL+/+ mice (Fig. 2B).

MDA- and HNE-protein adducts in the livers

Increasing evidence suggests that LDRASs such as MDA and HNE play a potential role in the
pathogenesis of ADs [18,21,22,24,25,35]. To obtain more evidence for the involvement of
LDRAs in TCE-mediated autoimmunity, we quantified MDA-/HNE-protein adducts in the
liver homogenates from both MRL+/+ and iNOS-null MRL+/+ mice (Fig. 3). TCE treatment
in both MRL+/+ and iNOS-null MRL+/+ mice led to significantly increased formation of
MDA-protein adducts in the livers in comparison to their corresponding controls. Increases
in these adducts induced by TCE in MRL+/+ mice were similar as that in iNOS-null MRL
+/+ mice (Fig. 3A). Similarly, the HNE-protein adduct levels were also significantly higher
in the livers of both MRL+/+ and iNOS-null MRL+/+ mice treated with TCE compared to
their corresponding controls (Fig. 3B), and the increased formation of HNE-protein adducts
in the two groups showed no significant difference.

Anti-MDA- and anti-HNE-protein adduct antibodies in the serum

Since TCE exposure caused increases in MDA/HNE-protein adducts in the livers of both
MRL+/+ and iNOS-null MRL+/+ mice, it was necessary to examine the potential role of
MDA-and HNE-adducts in TCE-mediated autoimmunity. Therefore, we were evaluated the
autoimmunogenicity of these adducts by determining serum anti-MDA-/HNE-protein adduct
antibodies in MRL+/+ and iNOS-null MRL+/+ mice (Fig. 4). As evident from Fig. 4A, the
levels of anti-MDA-protein adduct antibodies in both MRL+/+ and iNOS-null MRL+/+
mice treated with TCE for 6 weeks were significantly increased compared to their
corresponding controls. Moreover, the number and percentage of samples positive (+),
highly positive (++) and strongly positive (+++) for these antibodies were also higher in the
TCE-treated mice compared to their respective controls (data not shown). There was no
significant difference in the levels of anti-MDA-protein adduct antibodies in TCE-treated
MRL+/+ mice compared to that in TCE-treated iNOS-null MRL+/+ mice.

Serum levels of anti-HNE-protein adduct antibodies, and the number and percentage of
serum samples positive for these antibodies in TCE-treated MRL+/+ and iNOS-null MRL+/
+mice showed a pattern similar to that of anti-MDA-protein adduct antibodies. No
significant difference in the levels of anti-HNE-protein adduct antibodies between TCE-
treated MRL+/+ mice and TCE-treated iNOS-null MRL+/+ mice was observed (Fig. 4B).

Serum autoantibodies in the serum

Autoantibodies including ANA and dsDNA, are considered important indices and
biomarkers of ADs [41,42] and hence were analyzed in the sera of MRL+/+ and iNOS-null
MRL+/+ mice (Fig. 5). In comparison to respective controls, there were significant increases
in serum ANA and dsDNA levels in both MRL+/+ and iNOS-null mice treated with TCE.
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Most importantly, the increases in serum ANA and anti-dsDNA antibodies induced by TCE
in the INOS-null mice were significantly less pronounced compared to that in MRL+/+ mice

(Fig. 5).

Discussion

In recent years, increasing evidence is presented to suggest that free radical-mediated
reactions could potentially be involved in the pathogenesis of ADs [18,24,28,31,43,44]. This
is well-supported by reports showing increased oxidative/nitrosative stress in ADs
[14,18,23,24,43,45,46]. Earlier studies in our laboratory showed that increased formation of
RNS and LDRAs was associated with increased levels of autoantibodies in autoimmune-
prone MRL+/+ mice, suggesting a potential role of oxidative/nitrosative stress in TCE-
mediated autoimmune response [27,28,31,35]. However, the molecular mechanisms have
not been clearly elucidated. The present study was, therefore, aimed to provide new
mechanistic evidence for the role of RNS/ROS in TCE-mediated autoimmune response by
knocking out iNOS gene from MRL +/+ mice and treating both MRL +/+ and iNOS-null
MRL+/+ mice with TCE.

'NO, the most widely studied RNS, plays an important role in SLE and other ADs
[8,9,11,47]. 'NO, formed in excessive amounts via iNOS activation, is a short-lived radical
that contributes to the pathogenesis largely by reacting with superoxide to yield ONOO™
which can react with tyrosine residues to form NT in a given protein [3,8,11,13,47]. It has
been shown that increases in iINOS activity is associated with increased formation of NT and
plays a pathogenic role in the development and progression of ADs [6,8,9,13]. This led to
our interest in exploring the potential contributions of nitrosative stress, especially the INOS
gene to TCE-mediated autoimmunity by generating iNOS null MRL+/+ mice. The observed
increases in iINOS protein and mMRNA expression were accompanied by an enhanced
formation of NT in MRL+/+ mice treated with TCE. On the other hand, INOS-null MRL+/+
mice treated with TCE or their controls showed almost no iNOS and NT formation,
suggesting TCE induces an increased nitrosative stress in MRL +/+ mice, but not in iNOS-
null MRL +/+ mice.

MDA and HNE, two widely studied LDRAs, could be involved in the pathogenesis of ADs
[18,21,22,24,25,35]. Studies suggest that RNS such as 'NO may be an intermediary in the
initiation of lipid peroxidation through peroxynitrite [9,48], and inhibition of INOS
prevented lipid peroxidation [9,49,50]. Earlier studies from our laboratory have shown the
involvement of MDA and HNE in TCE-mediated autoimmune response in MRL+/+ mice
[27,28,31,35]. To further assess the possible contribution of iNOS gene in MDA and HNE
formation, we also measured the liver MDA-/HNE-protein adducts as well as serum anti-
MDA-/HNE-protein adduct antibodies in both MRL+/+ and iNOS-null MRL+/+ mice
treated with TCE. TCE treatment led to significant increases in liver MDA- and anti-HNE-
protein adducts and serum levels of anti-MDA- and anti-HNE-protein adduct antibodies in
both MRL +/+ and iNOS-null MRL +/+ mice. Even though TCE exposure also led to
increased formation of MDA- and HNE-protein adducts and their respective antibodies in
iNOS-null MRL +/+ mice, their levels were apparently less pronounced compared to that in
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MRL+/+ mice. However, there was no statistically significant difference either in the levels
of adducts or their antibodies in the two mouse types.

TCE exposure is known to induce/exacerbate autoimmune response both in humans and
animals [27,28,30-32,35,51-53]. Our results in this study showed that TCE treatment led to
significant increases in serum ANA and anti-dsDNA, the established markers of
autoimmunity in both MRL +/+ and iNOS-null MRL +/+ mice. Remarkably, the increases in
these autoantibodies induced by TCE in the iNOS-null mice were significantly less
pronounced compared to that in MRL+/+ mice, suggesting iNOS is also a contributor of
TCE-induced autoimmune response. To our knowledge, this is the first study to dissect the
role of iINOS in TCE-mediated autoimmunity.

Taken together, our data clearly show that TCE treatment leads to significant increases in
iNOS and NT formation, induction of MDA-/HNE-protein adducts and their respective
antibodies along with significant increases in serum ANA and anti-dsDNA in MRL+/+
mice. Even though in iNOS-null MRL+/+ mice, the iINOS and NT levels were negligible in
both TCE-treated and untreated groups, TCE treatment still led to significant increases in
MDA-/HNE-protein adducts and their respective antibodies along with increases in serum
ANA and anti-dsDNA compared to controls. Most remarkably, the increases in serum ANA
and anti-dsDNA induced by TCE in the iNOS-null MRL+/+ mice were significantly less
pronounced compared to that in MRL+/+ mice. Our results clearly demonstrated that iINOS
contributes to TCE-induced autoimmunity in MRL+/+ mice.
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Highlights

TCE led to significantly increased RNS/LDRAs along with autoimmunity in MRL+/+
mice.

TCE-induced autoimmune response in iNOS-null MRL+/+ mice was less pronounced.

Both RNS and LDRAs contribute to TCE-induced autoimmunity in MRL +/+ mice.

iNOS deficiency attenuated the autoimmune response in this animal model.
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Fig. 1.
iNOS content in the sera (A), INOS protein expression in the livers (B, C) and iNOS mRNA

expression in the livers (D) of MRL+/+ (MRL) and iNOS-null MRL+/+ (MRL iNOS—-/-)
mice treated with TCE. Values are means + SD. * p < 0.05 vs. controls.

Free Radic Biol Med. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wang et al.

Page 14

A 80
[l Controls
s # TCE-treated
| o
~— 60 |
(<}
=
w
o
2 40t
8 _
.:;:'
S
= 20 |
(<4}
; R
MRL iNOS-/-
B 20
[[/| Controls
% ¥ TCE-treated
“; 15 %
o T
>
£ ol
[¢}]
£ 7
w
o
>
s °|
= ,
0 mim R
MRL MRL iNOS-/-

Fig. 2.
Nitrotyrosine content in the sera (A) and livers (B) of MRL+/+ (MRL) and iNOS-null MRL

+/+ (MRL iNOS—-/-) mice treated with TCE. Values are means + SD. * p < 0.05 vs.
controls.
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MDA-protein adducts (A) and HNE-protein adducts (B) in the livers of MRL+/+ (MRL) and
iNOS-null MRL+/+ (MRL iNOS-/-) mice treated with TCE. Values are means £ SD. * p <

0.05 vs. controls.
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Anti-MDA-protein adduct antibodies (A) and Anti-HNE-protein adduct antibodies (B) in the
sera of MRL+/+ (MRL) and iNOS-null MRL+/+ (MRL iNOS—/-) mice treated with TCE.

Values are means £+ SD. * p < 0.05 vs. controls.
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Fig. 5.
Serum levels of anti-nuclear antibodies (A) and anti-dsSDNA antibodies (B) in the MRL+/+

(MRL) and iNOS-null MRL+/+ (MRL iNOS-/-) mice treated with TCE. Values are means
+ SD. * p < 0.05 vs. controls, # p < 0.05 vs. TCE- treated MRL+/+ mice.
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