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Abstract

Lipid peroxidation is implicated in the pathogenesis of various autoimmune diseases. Lipid
peroxidation-derived aldehydes (LPDAS) such as malondialdehyde (MDA) and 4-hydroxynonenal
(HNE) are highly reactive and bind to proteins, but their role in eliciting an autoimmune response
and contribution to disease pathogenesis remains unclear. To investigate the role of lipid peroxidation
in the induction and/or exacerbation of autoimmune response, 6-week-old autoimmune-prone female
MRL +/+ mice were treated for 4 weeks with trichloroethene (TCE; 10 mmol/kg, i.p., once a week),
an environmental contaminant known to induce lipid peroxidation. Sera from TCE-treated mice
showed significant levels of antibodies against MDA- and HNE-adducted proteins along with anti-
nuclear antibodies. This suggested that TCE exposure not only caused increased lipid peroxidation,
but also accelerated autoimmune responses. Furthermore, stimulation of cultured splenic
lymphocytes from both control and TCE-treated mice with MDA-adducted mouse serum albumin
(MDA-MSA) or HNE-MSA for 72 h showed significant proliferation of CD4* T cells in TCE-treated
mice as analyzed by flow cytometry. Also, splenic lymphocytes from TCE-treated mice released
more IL-2 and IFN-y into cultures when stimulated with MDA-MSA or HNE-MSA, suggesting a
Th1 cell activation. Thus, our data suggest a role for lipid peroxidation-derived aldehydes in TCE-
mediated autoimmune responses and involvement of Th1 cell activation.
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Introduction

Autoimmune diseases (ADs), such as systemic lupus erythematosus (SLE) and rheumatoid
arthritis, are among the leading causes of death in young and middle-aged women [1]. ADs
are of unknown etiology, but are believed to be multifactorial. In recent years, reactive oxygen
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species (ROS) have been implicated in the pathogenesis of ADs [2-5]. ROS can be produced
exogenously or from a variety of intracellular processes collectively linked to the generation
of superoxide anions, hydroxyl radicals, and hydrogen peroxide [6]. Such reactive oxidants
can modify a variety of biological molecules, including polyunsaturated fatty acid-containing
lipids generating lipid peroxides, which on decomposition lead to reactive aldehydes such as
malondialdehyde (MDA) and 4-hydroxynonenal (HNE). These lipid peroxidation-derived
aldehydes (LPDAs) can bind covalently with a variety of amino acids of proteins to form MDA.-
and HNE-modified protein adducts [7-10]. Increased lipid peroxidation [4,7,11-13] and higher
levels of MDA- and HNE-modified proteins are reported in patients with ADs [4,7,14,15].
However, their involvement in the pathogenesis of ADs remains unknown.

Environmental factors, including chemicals, not only play a role in the development of SLE,
butalso contribute to increased prevalence of many other ADs [16-19]. Trichloroethene (TCE),
a widely used volatile organic solvent, is a ubiquitous environmental contaminant [20-22]. A
series of reports have implicated TCE in the development of various ADs including SLE,
systemic sclerosis and fascitis, both from occupational [23-26] and environmental exposures
[17,27-29]. Our laboratory was the first to demonstrate that TCE induces/exacerbates an
autoimmune response in female MRL +/+ mice [30]. These findings were further substantiated
by others [31,32] and our follow-up studies [2,33—-36]. TCE is known to generate free radicals
and induces lipid peroxidation both in vivo and in vitro [2,35-39]. Our recent studies show an
association between TCE-induced lipid peroxidation and induction/exacerbation of
autoimmune response in MRL+/+ mice, and thus suggest that lipid peroxidation and/or LPDA-
protein adducts may play an important role in the disease pathogenesis [2,35,36]. Investigating
a potential role for LPDA-protein adducts in the autoimmune response, with TCE as an inducer
of lipid peroxidation, may thus provide mechanistic clues to their etiologic role in ADs.

T cells, in particular CD4* T cells, have been implicated in mediating many aspects of
autoimmune inflammation. Of fundamental importance in initiating, controlling, and driving
these specific immune responses is the activation of CD4* T cells [40-42]. Once activated,
CD4™* T cells differentiate into specialized effector cells and become the central regulators of
specific immune responses. Based on distinctive cytokine secretion patterns and concomitant
effector functions, CD4* T cells can be divided into at least two major subsets [43,44]. Thl
cells, upon activation, secrete the proinflammatory cytokines IL-2, IFN-y and TNF-a, which
activate macrophages to produce ROS and nitric oxide, stimulate their phagocytic functions,
and enhance their ability for antigen presentation by upregulating MHC class 11 molecules.
Th1 cells thus are involved in cell-mediated immunity [43,44]. On the other hand, Th2 cells
produce anti-inflammatory cytokines IL-4, IL-5 and IL-10 and provide potent help for B-cell
activation and immunoglobulin class switching to IgE and subtypes of 1gG that do not fix
complement [43,44]. However, there is little direct evidence to link increased lipid peroxidation
with immune responses, especially the efficacy of MDA- and HNE-protein adducts in inducing
lymphocyte proliferation and activation, leading to ADs.

To support our hypothesis that covalent binding of LPDAs causes structural alterations to
endogenous proteins, resulting in the formation of neoantigens that elicit autoimmune
responses by stimulating T and/or B lymphocytes, we have conducted studies in MRL+/+ mice
by treating them with TCE. Specifically, we have measured serum levels of anti-MDA- and
anti-HNE-protein adduct antibodies and anti-nuclear antibodies (ANA). Furthermore, splenic
lymphocyte proliferation following the stimulation with MDA-adducted mouse serum albumin
(MDA-MSA) or HNE-MSA adducts and release of Thl and Th2 cytokines into the cultures
were also measured. Our results not only show that TCE exposure induces/accelerates both
oxidative stress and autoimmune responses, but also suggest that LPDA-protein adducts play
arole in the TCE-mediated autoimmune response by inducing Th1 T cell activation.
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Materials and methods

Animals and treatments

Five-week old female MRL+/+ mice (23-26 g) were purchased from Jackson Laboratory (Bar
Harbor, ME) and housed in plastic cages on a bedding of wood chips at the UTMB animal
house facility maintained at ~ 22°C, 50-60% relative humidity, and a 12 h light/dark cycle.
The animals were provided standard lab chow and drinking water ad libitum and were
acclimated for 1 week prior to the treatment. TCE (purity 99+%) was purchased from Sigma-
Aldrich Inc.(St. Louis, MO). The mice were divided into two groups of eight animals each.
The TCE exposure group received intraperitoneal injections of 10 mmol/kg TCE in 100 pl of
corn oil [2,30,36]. The control mice received an equal volume of corn oil only. The TCE
treatments were given once a week for 4 weeks, and animals were weighed on a weekly basis.
After 4 weeks of TCE treatment, the animals were euthanized under nembutal (sodium
pentobarbital) anesthesia, and blood was withdrawn from the inferior vena cava. Individual
sera, obtained following blood clotting and centrifugation, were stored in small aliquots at —80°
C till further analysis. At the same time, spleens were removed immediately and splenocytes
were isolated and suspended in RPMI 1640 medium supplemented with 2 mM glutamine, 50
pg/ml gentamycin and 10% FBS [45].

Preparation of MDA-and HNE-protein adducts

MDA and HNE adducts of ovalbumin or mouse serum albumin (MSA) were prepared as
described earlier in our laboratory [2,8,9,35,46]. Free amino groups of ovalbumin or MSA,
which did not react with MDA or HNE, were determined by 2,4,6-trinitrobenzene-1-sulfonic
acid assay [8,35,46,47]. Our results show that treatment of ovalbumin or MSA (5 mg/ml) with
50 mM MDA or 8.7 mM HNE modified ~88% and ~66% of the amino groups, respectively.

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

ELISAS to analyze anti-MDA- and anti-HNE-protein adduct-specific antibodies in the mouse
serum were performed as described earlier [2,35,36]. Briefly, flat-bottomed 96-well microtiter
plates were coated with MDA-/HNE-ovalbumin adducts or ovalbumin (0.5 pg/well) overnight
at 4 °C. The plates were washed with Tris-buffered saline-Tween 20 (TBST) and the non-
specific binding sites were blocked with Tris-buffered saline (TBS) containing 1% BSA
(Sigma) at room temperature (RT) for 1 h. After washing extensively with TBST, 50 ul of
1:100 diluted mouse serum samples were added to duplicate wells of the coated plates and
incubated at RT for 2 h. The plates were washed five times with TBST and then 50 pl rabbit
anti-mouse 1gG-horseradish peroxidase (HRP, 1:2000 in TBS; Chemicon, Temecula, CA) was
added and incubated at RT for 1 h. After washing, 100 pl of TMB peroxidase substrate (KPL,
Gaithersburg, MD) was added to each well. The reaction was stopped after 10 min by adding
100 pl 2 M HpSO4 and the OD was read at 450 nm on a Bio-Rad Benchmark plus microplate
spectrophotometer.

Serum anti-nuclear antibodies

Serum levels of anti-nuclear antibodies (ANA) were determined by using mouse-specific
ELISA kits (Alpha Diagnostic Int’l, San Antonio, TX) as described earlier [30,33,35].

Determination of serum immunoglobulins

Immunoglobulin isotypes and IgG subtypes (1IgG1, 1gG2a and IgG2b) were quantified by
specific ELISAs (Bethyl, Montgomery, TX) following the manufacturer’s instructions.

Free Radic Biol Med. Author manuscript; available in PMC 2009 April 1.
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Flow cytometry analysis for splenocyte proliferation

Splenocytes isolated from spleens of control and TCE-treated mice were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE) using CellTrace CFSE Cell
Proliferation kit for Flow Cytometry (Molecular Probes, Eugene, OR), and then plated into
24-well flat-bottom plates at 2 x 10%/well in a total volume of 1ml. Native mouse serum albumin
(MSA, 20 pg/ml; Sigma), MDA-MSA (20 pg/ml) or HNE-MSA (20 pg/ml) were added to
culture plates, respectively, to stimulate lymphocytes and incubated at 37°C with 5% CO,.
After 72 h, the splenocytes from each well were blocked with anti-mouse CD16/CD32
(Feyll/11 Receptor, BD Biosciences, San Jose, CA), and then stained with anti-mouse CD45R/
B220-PE, anti-mouse CD4-PE, anti-mouse CD8-PE (BD Biosciences), respectively, and
analyzed using a Becton-Dickinson FacsCanto (BD Biosciences).

Determination of IL-2, IFN-y, IL-4 and IL-10 in splenocyte cultures

Splenocytes isolated from spleens of control and TCE-treated MRL+/+ mice were plated into
24-well flat-bottom plates at 2 x 10%/well in a total volume of 1ml. MSA (20 pg/ml), MDA-
MSA (1, 5, 20 pg/ml), HNE-MSA (1, 5, 20 pg/ml) or anti- mouse CD3 (2.5 pg/ml, BD
Biosciences) were added, respectively, to stimulate lymphocytes in the culture and incubated
at 37°C with 5% CO». After 72 h, culture supernatants from each well were harvested and the
release of IL-2, IFN-y, IL-4 and IL-10 into the cultures was quantitated using specific ELISA
kits (Biosource, Camarillo, CA).

Statistical analyses

All data are expressed as means + SD. Statistical comparisons were done by p value
determinations using Student’s t test. When comparisons involved multiple groups, analysis
of variance (ANOVA) followed by Student-Newman—Keuls test was performed. A p value
less than 0.05 was considered as statistically significant.

Results

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

In an earlier study, we have shown that TCE exposure in MRL+/+ mice leads to increased
production of MDA- and HNE-proteins [36]. To assess the immunogenic potential of LPDA-
protein adducts in TCE-induced autoimmune response, we determined the serum levels of anti-
MDA.- and anti-HNE-protein antibodies in control and TCE-treated mice. TCE treatment led
to significant increases in the serum levels of both anti-MDA.- and anti-HNE-protein antibodies
(Fig. 1). As shown in Fig. 1, not only the levels of anti-MDA-protein antibodies were
significantly higher, but also the number of samples positive for anti-MDA-protein antibodies
were greater in TCE-treated mice compared to untreated controls (4/8 and 0/8, respectively).
Similarly, serum levels of anti-HNE-protein antibodies and the number of samples positive for
anti-HNE-protein antibodies (3/8 vs. 0/8 for TCE-treated vs. control mice) also increased
following TCE treatment.

TCE accelerates induction of ANA

To establish the association between TCE exposure and autoimmune response, we analyzed
ANA, an initial laboratory evaluation index and biomarker of ADs [48-50], in the serum.
Significant increase in serum ANA level was observed in mice treated with TCE compared to
the controls (Fig. 2). More importantly, while only one of the eight mice was positive for ANA
in the controls, five of the eight mice were positive in the TCE-treated group.
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Serum immunoglobulins in TCE-treated mice

To further evaluate the exacerbation of immune response following TCE exposure, we
quantitated the immunoglobulin (1g) isotypes and IgG subtypes in the serum of MRL+/+ mice
treated with TCE. As shown in Fig. 3, TCE treatment led to significant increases in serum IgM
and IgG, and also in IgG1 and 1gG2a subtypes, compared to the controls. However, no
significant change in serum 1gG2b levels was observed following TCE exposure. Increases in
Ig isotypes and 1gG subtypes suggest that TCE treatment leads to an overall immunostimulatory
response in MRL+/+ mice.

Effect of stimulation with MDA-MSA or HNE-MSA on splenocyte proliferation

To determine the effects of LPDA-protein adducts on adaptive immune responses, splenocytes
isolated from TCE-treated and control mice were labeled with CFSE and cultured with or
without MDA-MSA or HNE-MSA. Seventy two hours later, T and B lymphocyte proliferation
was analyzed using flow cytometry by staining with anti-mouse CD4-PE, anti-mouse CD8-PE
or anti-mouse CD45R/B220-PE. Culture of splenocytes from TCE-treated mice with MDA-
MSA or HNE-MSA resulted in significant stimulation in the proliferation of CD4* T
lymphocytes compared to those from control animals (Fig. 4 and Fig. 5). Incubation of
splenocytes from TCE-treated and control mice with MSA alone did not have any effect on
the proliferation of CD4" T cells compared to respective unstimulated cells (data not shown).
Interestingly, incubation of splenocytes from untreated control mice with MDA-MSA or HNE-
MSA also resulted in significant increases in the proliferation of CD4" cells compared to
unstimulated cells (Fig. 4 and Fig. 5). Furthermore, compared to HNE-MSA, MDA-MSA led
to greater increases in the CD4™ T cell proliferation. Stimulation with MDA-MSA or HNE-
MSA did not result in any significant difference in the proliferation of B lymphocytes and
CD8* T lymphocytes (data not shown).

Release of IL-2, IFN-y, IL-4 and IL-10 into splenocyte cultures following treatment with MDA-
MSA or HNE-MSA

Cytokines produced by T helper cells have been suggested to play an important role in the
immune dysregulation observed in SLE and rheumatoid arthritis patients, and in murine models
[51-54]. To assess the effect of LPDA-protein adducts on cytokine release and further evaluate
T cell response to LPDA-protein adducts, splenocytes isolated from TCE-treated and control
mice were cultured with or without MDA-MSA, HNE-MSA or anti-mouse CD3 and the release
of IL-2, IFN-y, IL-4 and IL-10 in the culture supernatants was determined. Splenocytes from
TCE-treated mice secreted significantly higher levels of IL-2 (Fig. 6A) than did splenocytes
from untreated control mice following 72h stimulation with MDA-MSA or HNE-MSA, and
the response was dose-dependent. The increases in IL-2 release into cultures were 1.8-, 2.0-
and 3.4-fold for 1, 5 and 20 pg/ml of MDA-MSA, and 1.8-, 1.7- and 2.2-fold for 1, 5 and 20
pg/ml of HNE-MSA for TCE-treated mice compared to control mice. Similar patterns and
greater increases in IFN-y release into the splenocyte cultures with the MDA-MSA or HNE-
MSA stimulation were observed (Fig. 6B). Even the splenocytes from control mice secreted
more IL-2 and IFN-y when stimulated with MDA-MSA or HNE-MSA, compared to
unstimulated control cells. However, neither MDA-MSA not HNE-MSA led to significant
differences in IL-4 or IL-10 release by cultured splenocytes of TCE-treated and control mice
(data not shown).

Discussion

Lipid peroxidation is implicated in the pathogenesis of various ADs [2-5,35,55,56]. LPDAs
such as MDA and HNE are highly reactive and bind proteins to form LPDA-protein adducts,
which may elicit an autoimmune response and contribute to disease pathogenesis. To
investigate the role of LPDA-protein adducts in the induction and/or exacerbation of
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autoimmune responses, we conducted studies in female MRL+/+ mice, an animal model
established earlier in our laboratory to demonstrate that TCE could induce both lipid
peroxidation and autoimmune response [2,30,35,36]. Our findings suggest that LPDA-protein
adducts elicit an immune response that involves activation of Thl cells and, thus, may
contribute to the pathogenesis of ADs.

Non-enzymatic oxidative modification of proteins, including adduction with aldehydes,
renders proteins immunogenic [15,36,57-59]. Antibodies against oxidatively modified
proteins have been found in various ADs and other diseases, and have generally been suggested
as biomarkers of increased oxidative damage [2,4,15,35,36,60,61]. Evidence has accumulated
for the presence of significantly higher antibody responses to LPDA-modified proteins in
patients with various ADs [4,62,63]. To evaluate our central hypothesis that exacerbation of
an autoimmune response may be mediated through increased formation of LPDA-modified
protein adducts following TCE exposure, we first determined anti-MDA- and HNE-protein
specific antibodies in the sera of control and TCE-treated mice. Our data show significant
induction of both anti-MDA-and anti-HNE-protein specific antibodies in the sera of mice
treated with TCE. More importantly, the number of mice positive for anti-MDA or anti-HNE-
protein antibodies was also higher in the TCE-treated group (Fig. 1). These findings in response
to a short-term exposure to TCE along with results from chronic exposure studies [35] indicate
that TCE is not only capable of inducing/accelerating lipid peroxidation in vivo, but also
support the concept that LPDA-modified proteins are immunogenic and could contribute to
the induction of an autoimmune response.

To demonstrate that TCE exposure leads to exacerbation of autoimmune response, we
determined the levels of serum ANA, which serves as one of the initial laboratory evaluation
indices for ADs such as SLE [48,50,64,65]. Human and experimental studies have documented
that TCE exposure is associated with the induction of various autoantibodies, including ANA
[24,29,30,32]. Our data showed that TCE treatment did not only increase serum ANA levels,
but also led to increased ANA levels in more mice, suggesting that four weeks of TCE treatment
was sufficient to induce an autoimmune response in MRL+/+ mice. Interestingly, the pattern
of serum ANA appears to be similar to the patterns of anti-LPDA-protein antibodies, suggesting
a close relationship between them, thus further supporting our hypothesis that LPDA-proteins
could contribute to TCE-mediated autoimmune responses in MRL +/+ mice [2,35].

It has been suggested that covalent binding of LPDAS to endogenous proteins not only alters
their function, but also results in structural modifications to generate neoantigens. It is thus not
surprising that higher levels of anti-LPDA-protein adduct antibodies are observed in patients
with ADs and in experimental studies [2,14,15,35,36,59], further supporting an association
between covalent modification of LPDAs and ADs. However, the mechanism by which LPDA-
protein adducts affect the adaptive autoimmune response remains unknown. It is well known
that T cells, in particular activated CD4™ T cells, are the key mediators of autoimmune disorders
[40-42,56,66]. Even though studies suggest that lipid peroxidation could play an important
role in TCE-induced autoimmune response [2,35] and TCE accelerates an autoimmune
response by CD4* T cell activation [31,32], the potential role of LPDAs in the activation of
CD4* T cells is not known. In this study, we showed that both MDA-MSA and HNE-MSA
were able to significantly promote CD4* T cell proliferation, providing direct evidence for a
link between LPDA-modified endogenous proteins and immune responses. The findings led
to the hypothesis that post-translational modification of proteins with LPDAs, such as MDA
and HNE, could serve as an immunological trigger in the activation of CD4* T cells, potentially
leading to autoimmune responses.

To further determine whether LPDA-protein adducts preferentially promote a specific T helper
cell phenotype and to substantiate the role of T cells, we stimulated splenocytes obtained from
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TCE-treated and control mice in culture with LPDA-protein adducts, MDA-MSA or HNE-
MSA, and quantitated the release of IL-2, IFN-y, IL-4 and IL-10. Cytokines such as IL-2, IFN-
v and IL-4 are known to be important regulators of the immune system and their roles have
been widely studied in the pathogenesis of SLE and other ADs [51-54]. However, the data
regarding the levels of these cytokines are often not consistent due to variation in methods,
disease stages and contribution of other cells, like mast and dendritic cells [52,67,68].
Following a 72 h-stimulation with MDA-MSA or HNE-MSA, the release of both IL-2 and
IFN-y from splenocytes isolated from TCE-treated mice showed a dose-dependent response
and was significantly higher than from splenocytes from control mice (Figs. 6A and 6B). Even
the cells from untreated control mice secreted greater IL-2 and IFN-y when stimulated with
MDA-MSA or HNE-MSA, compared with unstimulated controls. Furthermore, the serum IgG,
1gG2a levels were significantly increased in TCE-treated mice compared to controls (Fig. 3).
Since Th1 cells secrete IL-2 and IFN-y and are tightly linked to 19G2a isotype switching [43,
44], above findings clearly suggest that TCE treatment favored Th1 differentiation following
activation by the LPDA-protein adducts. Hence, the data strongly imply that activated Th1l
cells are involved in TCE-induced autoimmune responses. Other studies suggest a link between
lipid peroxidation and increased secretion of Thl cytokines (69-71), and our data provide
further support to the idea that LPDAs preferentially promote the production of Th1 cytokines.

Together, this study provides evidence for the existence of an association between oxidative
stress and induction of autoimmunity, and strongly supports the concept that LPDA-modified
proteins act as an immunologic trigger by activating T lymphocytes and promoting Thl
differentiation, thus contributing to an autoimmune response. Further studies are needed to
establish a clear link between oxidative stress and autoimmunity, especially by depleting
distinct lymphocyte subsets, knocking out specific genes, and dissecting the role of redox
status.
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Fig. 2.

Serum ANA levels in MRL+/+ mice treated with TCE for 4 weeks. The values are means +
SD of eight animals in each group. Net OD values exceeding the negative control values by
more than 0.2 were considered positive. The numbers of mice positive for ANA were 0/8 and
5/8 for control and TCE-treated mice, respectively. * p < 0.05 vs. controls.
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Fig. 3.
Serum levels of IgM, IgG and IgG subclasses in MRL+/+ mice treated with TCE for 4 weeks.
The values are means + SD of eight animals in each group. * p < 0.05 vs. controls.
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Fig. 4.

Proliferation of splenic CD4"* T cells from control and TCE-treated MRL+/+ mice. Splenocytes
isolated from control and TCE-treated mice were labeled with CFSE, cultured with MDA.-
MSA or HNE-MSA for 72h, then stained with anti-mouse CD4-PE and analyzed by flow

cytometry.
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Fig. 5.

Quantitation of splenic CD4" T cell proliferation from control and TCE-treated mice.
Spenocytes were labeled with CFSE, cultured with MDA-MSA or HNE-MSA, then stained
with anti-mouse CD4-PE and analyzed by flow cytometry. Proliferation is expressed as percent
of proliferating CD4* cells in the total CD4* T cell population (PE+ cells). The values are
means = SD of eight animals in each group. ™ p < 0.05 vs. controls; # p < 0.05 vs. un-stimulated
cells; ™ p < 0.05 vs. un-stimulated control cells.
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Fig. 6.

Release of IL-2 (A) and IFN-y (B) into splenocyte cultures of control and TCE-treated MRL
+/+ mice. Splenocytes were incubated with MSA alone, increasing concentrations of MDA-

MSA (M1-M3), HNE-MSA (H1-H3), or anti-mouse CD3 antibody for 72h and the release of
IL-2 and IFN-y into cultures were measured by ELISA. The values are means + SD of eight

animals in each group. US: unstimulated cells. " p < 0.05 vs. respective controls; # p < 0.05 vs.
MSA; ™" p < 0.05 vs. MSA controls.
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