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Apolipoprotein E-knockout (ApoE�/�) mice, atherosclerosis-prone mice, show an autoimmune response,
but the pathogenesis is not fully understood. We investigated the pathogenesis in female and male
ApoE�/� mice. The spleens of all ApoE�/� and C57BL/6 (B6) mice were weighed. The serum IgG level
and titers of anti-nuclear antibody (ANA) and anti-double-stranded DNA (anti-dsDNA) antibody were
assayed by ELISA. Apoptosis of spleen tissue was evaluated by TUNEL. TLR4 level in spleen tissue was
tested by immunohistochemistry and Western blot analysis. Levels of MyD88, p38, phosphorylated
p38 (pp38), interferon regulatory factor 3 (IRF3) and Bcl-2-associated X protein (Bax) in spleen tissue
were detected by Western blot analysis. We also survey the changes of serum autoantibodies, spleen
weight, splenocyte apoptosis and the expressions of TLR4, MyD88, pp38, IRF3 and Bax in spleen tissue
in male ApoE�/� mice after 4 weeks of lipopolysaccharide (LPS), Toll-like receptor 4 ligand, administra-
tion. ApoE�/� mice showed splenomegaly and significantly increased serum level of IgG and titers of
ANA and anti-dsDNA antibody as compared with B6 mice. Splenocyte apoptosis and the expression of
TLR4, MyD88, pp38, IRF3 and Bax in spleen tissue were significantly lower in ApoE�/� than B6 mice.
The expression of TLR4, MyD88, IRF3, pp38, and Bax differed by sex in ApoE�/� spleen tissue. The
down-regulation of TLR4 signal molecules induced by LPS led to decreased expression of Bax and
increased serum titers of ANA and anti-dsDNA antibody. Therefore, the TLR4 signal pathway may partic-
ipate in maintaining the balance of splenocyte apoptosis and autoantibody production in ApoE�/� mice.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Growing evidence indicates that atherosclerosis is associated
with autoimmunity, and the related autoantigens include oxidized
low-density lipoprotein (LDL), heat-shock protein, b2 glycoprotein
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and structural components of some microorganisms [1–8]. Apoli-
poprotein E-knockout (ApoE�/�) mice, atherosclerosis-prone mice,
show abnormal immune function [9–12]. The levels of serum anti-
oxidized LDL and anti-cardiolipin autoantibodies are significantly
higher in ApoE�/� than C57BL/6 (B6) mice [13]. Phenotypic
analysis of spleen cells showed activation of polyclonal B cells in
ApoE�/� mice [13]. However, what induces lymphocytes to play a
role in the pathogenesis of autoimmunity in the mice remains to
be elucidated.

Toll-like receptors (TLRs) recognize various pathogen-
associated molecular patterns and induce an innate immune
response. TLRs are also critical for the development of adaptive
immunity [14,15]. TLR4 is an important member of the TLR family.
Previous studies suggested that TLR4 is associated with atheroscle-
rosis in ApoE�/� mice [16,17]. Lipopolysaccharide (a TLR4 ligand)
was found to increase autoantibody levels and the deposition of
immune complex in transgenic [18], BALB/C [19] and MRLlpr/lpr
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mice [20]. Therefore, TLR4 is associated with both atherosclerosis
and autoimmunity and may play an important role in the produc-
tion of autoantibodies in ApoE�/� mice.

Here, we compared levels of serum IgG, anti-nuclear antibody
(ANA) and anti-double-stranded DNA (anti-dsDNA) antibody in
ApoE�/� and B6 mice. We also investigated spleen weights, spleno-
cyte apoptosis, and levels of TLR4 and signal molecules in spleen
tissue of the mice. Then, we surveyed differences by sex for
ApoE�/� mice. Eventually, we investigated the changes of serum
autoantibody titers and TLR4 pathway molecule levels in spleen
tissue in male ApoE�/� mice after TLR4 ligand administration. This
research may provide a new insight into the potential pathogenesis
of autoimmunity in atherosclerosis-prone mice.
2. Materials and methods

2.1. Mice

We obtained the first group of mice which included 10 females
and males each of B6.129P2-Apoetm1Unc/J (ApoE�/�) and B6 mice,
then obtained the second batch of mice which included 12 male
ApoE�/� mice from Peking University (Beijing). All mice were
12 weeks old. Use of mice in this study was approved by the Ani-
mal Care and Use Committee of Shandong University.
2.2. Lipopolysaccharide (LPS) administration

LPS and physiological saline (NS) were used in the second group
of mice. LPS (Sigma Chemical Co.), from Escherichia coli 055:B5, was
diluted at 0.25 mg/ml with NS. Six male ApoE�/�mice were given a
intraperitoneal injection of LPS (10 ml/kg), while other 6 male
ApoE�/� mice were given a intraperitoneal injection of NS (10 ml/
kg) twice a week for 4 weeks.
2.3. Measurement of serum level of IgG and titers of ANA and anti-
dsDNA antibody

Mice were anesthetized with 3% pentobarbital, and blood was
collected from postcava. Serum was separated by centrifugation
at room temperature and stored at �40 �C. We diluted 10 ll serum
from each mouse at 1:100 to determine the titers of ANA and anti-
dsDNA antibody by ELISA kits (Alpha Diagnostic International, San
Antonio, TX). Another 10 ll of serum from each mouse was diluted
at 1:100,000 and used to determine IgG levels by an ELISA kit (Al-
pha Diagnostic International).
2.4. Splenomegaly evaluation

Mice were killed, and perfused with NS through the left ventri-
cle to remove blood in organs, and spleens were harvested,
weighed and photographed individually.
2.5. TUNEL staining of spleen tissue

Part of the spleen of each mouse in first group of mice was fixed
with 4% paraformaldehyde for 24 h, embedded in paraffin, and cut
into 4-lm-thick sections for TUNEL staining and TLR4 detection by
immunohistochemistry. To investigate splenocyte apoptosis, TUN-
EL staining involved use of a DNA fragmentation detection kit
(Roche, Nutley, NJ) and was analyzed by use of Image Pro Plus
(Media Cybemetics). Nine fields were chosen randomly for each
specimen. The ratio of positive TUNEL cells to total number of
splenocytes was determined by counting the number of TUNEL-po-
sitive splenocytes.
2.6. TLR4 detection in spleen tissue by immunohistochemistry

Paraffin sections of spleen tissues were incubated with rabbit
polyclonal antibody against mouse TLR4 (1:100, Abcam,
Cambridge, MA) for 17 h at 4 �C. After a rinsing in phosphate
buffered saline, the sections were incubated with horseradish
peroxidase-conjugated anti-rabbit IgG (Zhongshan Glodenbridge
Biotechnology, Beijing) for 30 min at 37 �C, then ABC reagent and
diaminobenzidine chromogen (Zhongshan Glodenbridge Biotech-
nology). The immunostained areas of TLR4 in spleen tissues were
analyzed by use of ImagePro Plus. Nine fields were chosen ran-
domly for each specimen. The percentage of TLR4-positive staining
was obtained for each specimen.
2.7. Western blot analysis of levels of TLR4, MyD88, interferon
regulatory factor 3 (IRF3), p38, phosphorylated p38 (pp38) and Bcl-2-
associated X protein (Bax)

Protein samples were obtained from part of the fresh splenic tis-
sue from each mouse as described [21,22]. In total, 50 lg protein ex-
tract was separated by SDS–PAGE, transferred onto polyvinylidene
fluoride membranes, and blocked with 5% defatted milk. After a
washing, membranes were incubated with the polyclonal rabbit
antibodies anti-mouse TLR4 (1:300), MyD88 (1:500), p38 (1:500),
IRF3 (1:300), Bax (1:500, all Abcam, Cambridge, UK), pp38
(1:1000), and b-actin (1:1000, both Cell Signaling Technology, Dan-
vers, MA) overnight at 4 �C, washed, then incubated with horserad-
ish peroxidase-conjugated secondary antibodies (1:3000–1:10,000)
for 2 h at room temperature. After another washing, membranes
were incubated with chemiluminescent horseradish-peroxidase
conjugated substrate (Pierce, Rockford, IL, USA), and luminescent
signals were exposed to films. Signals were quantified by scanning
densitometry, and the mean light density was obtained by use of Im-
age Pro Plus. Levels were normalized to that of b-actin.
2.8. Statistical analysis

Data are presented as mean ± standard error of the mean (SEM).
Statistical significance was evaluated by Student’s t-test. Data anal-
ysis involved use of SPSS v16.0 (SPSS Inc., Chicago, IL). P < 0.05 was
considered statistically significant.
3. Results

3.1. Levels of serum IgG, ANA and anti-dsDNA antibody in B6 and
ApoE�/� mice

Serum levels of IgG and ANA and anti-dsDNA antibody were
higher in ApoE�/� than B6 mice (P < 0.05, Fig. 1A, C and E), with
a greater increase in female than male ApoE�/� mice (P < 0.05,
Fig. 1B, D and F).
3.2. Splenomegaly in ApoE�/� mice

ApoE�/� mice showed splenomegaly as compared with B6 mice
(P < 0.05, Fig. 1G), with greater enlargement and weight increase of
spleen for females than male ApoE�/� mice (P < 0.05, Fig. 1H and I).
3.3. Splenocyte apoptosis in B6 and ApoE�/� mice

ApoE�/� mice showed less TUNEL staining of splenocytes, for
apoptosis, than B6 mice (P < 0.05, Fig. 1J). TUNEL staining was low-
er for female than male ApoE�/� mice (P < 0.05, Fig. 1K and L).



Fig. 1. Serum IgG, anti-nuclear antibody (ANA) and anti-double-stranded DNA (anti-dsDNA) antibody titers higher, spleen greater and splenocyte apoptosis lower in ApoE�/�

than C57BL/6 (B6) mice. Quantitative analyses of serum levels of IgG (A and B) and titers of ANA (C and D) and anti-dsDNA antibody (E and F) and sex differences (B, D and F)
by ELISA in B6 and ApoE�/� mice. Wet weights of spleens (G and H), sex differences (H), and gross appearance of representative spleen tissues (I) in B6 and ApoE�/� mice.
Quantitative analysis of TUNEL staining by immunohistochemistry (J and K) in spleen tissue of B6 and ApoE�/� mice and sex differences (K), and representative
photomicrographs (L). Data are mean ± SEM. ⁄P < 0.05, compared with B6 mice; �P < 0.05, compared with male ApoE�/� mice; �P < 0.05, compared with female B6 mice;
§P < 0.05, compared with male B6 mice. Bar = 200 lm.
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3.4. TLR4 expression in spleen tissue of B6 and ApoE�/� mice

ApoE�/� mice showed decreased TLR4 expression in spleen tis-
sue than B6 mice by immunohistochemistry and Western blot
analysis (P < 0.05 and P < 0.01, respectively, Fig. 2A and D), with
lower levels of TLR4 expression for females than males (P < 0.05
and P < 0.01, respectively, Fig. 2B, C, E and F).

3.5. TLR4 signal molecules and Bax expression in spleen tissue of B6
and ApoE�/� mice

The relative levels of MyD88, IRF3 and pp38 but not total p38
were lower in ApoE�/� than B6 mice (all P < 0.01, Fig. 3A, C, E and
G). The relative level of Bax (apoptosis-associated molecule) was
also lower in ApoE�/� than B6 mice (P < 0.01, Fig. 3J). Furthermore,
the relative levels of MyD88, IRF3 and Bax were significantly lower
for female than male ApoE�/�mice (all P < 0.01, Fig. 3B, D, I, K, and L).

3.6. Serum titers of autoantibodies, spleen weight, and the expressions
of TLR4 pathway molecules and Bax in NS- and LPS-challenged male
ApoE�/� mice

Serum titers of ANA and anti-dsDNA antibody and spleen
weight were significantly increased in LPS-challenged ApoE�/�
Fig. 2. Toll-like receptor 4 (TLR4) expression in spleen tissue lower in ApoE�/� than B6
and Western blot (D and E) in spleen tissues of B6 and ApoE�/� mice, sex differences (B
compared with B6 mice; ⁄⁄P < 0.01, compared with B6 mice; �P < 0.05, compared with ma
with female B6 mice; ��P < 0.01, compared with female B6 mice; §P < 0.05, compared w
mice compared with NS-challenged mice (P < 0.05, Fig. 4A–D).
The relative levels of TLR4, MyD88, IRF3 and pp38 were lower in
LPS- than NS-challenged male ApoE�/� mice (all P < 0.05, Fig. 4E–
H). The relative level of Bax was also lower in LPS- than NS-chal-
lenged male ApoE�/� mice (P < 0.05, Fig. 4I).
4. Discussion

Significantly increased titers of autoantibody, especially anti-
dsDNA antibody, is a characteristic of systemic lupus erythematosis
(SLE) [23], a prototypical autoimmune disease. We found
ApoE�/� mice with higher serum level of IgG and titers of ANA
and anti-dsDNA antibody than B6 mice, which suggested abnormal
autoimmunity in ApoE�/� mice. ApoE�/� mice showed splenomeg-
aly and significantly less TUNEL staining of splenocytes, showing
apoptosis, than B6 mice, which suggests decreased splenocyte
apoptosis in ApoE�/�mice. In addition, the expression of TLR4 path-
way molecules and Bax was lower in spleen tissue of ApoE�/� than
B6 mice. The down-regulation of TLR4 pathway molecules and Bax
induced by LPS led to elevated titers of ANA and anti-dsDNA
antibody. Therefore, TLR4 signal pathway may participate in
maintaining the balance of splenocyte apoptosis and antibody
production in ApoE�/� mice.
mice. Quantitative analysis of TLR4 expression by immunohistochemistry (A and B)
and E), and representative photographs (C and F). Data are mean ± SEM. ⁄P < 0.05,

le ApoE�/� mice; ��P < 0.01, compared with male ApoE�/� mice; �P < 0.05, compared
ith male B6 mice; §§P < 0.01, compared with male B6 mice. Bar = 200 lm.



Fig. 3. TLR4 pathway molecules and Bax in spleen tissue lower in ApoE�/� than B6 mice. Quantitative analysis of MyD88 (A and B), IRF3 (C and D), p38 (E and F),
phosphorylated p38 (pp38) (G and H) and Bax (J and K) expression in spleen tissue of B6 and ApoE�/� mice, sex differences (B, D, F, H and K), and representative photographs
(I and L). Data are mean ± SEM. ⁄⁄P < 0.01, compared with B6 mice; ��P < 0.01, compared with male ApoE�/� mice; ��P < 0.01, compared with female B6 mice; §P < 0.05,
compared with male B6 mice; §§P < 0.01, compared with male B6 mice.
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Although ApoE�/� mice are known to have an abnormal im-
mune response, significantly increased titers of ANA and anti-
dsDNA antibody have never been reported in ApoE�/� mice. Only
one study reported that the level of anti-dsDNA antibody did not
change significantly with increased levels, although not significant,
of total IgG and anti-chromatin antibody titer in ApoE�/�mice [13].
The differences in results may be due to different sample size and
different sensitivity of antibodies used.

The spleen, the largest immune organ in the periphery, is the
destination for lymphocytes, especially B cells (accounting for
60% of the total number of splenic lymphocytes). It is the main
location for the immune response to antigens in blood and the
main organ that produces antibodies. Apoptosis of lymphatic cells
directly affects the stability of the immune system. Increased apop-
tosis causes immunodeficiency, and decreased apoptosis causes
the proliferation of immune organs and the formation of autoim-
munity [24]. Bax, a protein of the Bcl-2 gene family, promotes
apoptosis by competing with Bcl-2. Bax is a cytosolic monomer
that may insert into the outer mitochondrial membrane and form
oligomers [25]. The oligomers lead to the release of cytochrome c
into cytoplasm and the initiation of apoptosis. We found low
expression of Bax and decreased splenocyte apoptosis in spleen tis-
sue of ApoE�/�mice, which suggests that the low expression of Bax
probably causes decreased splenocyte apoptosis in ApoE�/� mice.

LPS, the ligand of TLR4, induces apoptosis of endothelial cells
[26] and hepatic cells [27] but inhibits that of monocytes [28], neu-
trophils [29], macrophages [30] and cardiocytes [31]. We found de-
creased splenocyte apoptosis and TLR4 expression in ApoE�/�mice,
which suggests a possible relation of TLR4 regulating splenocyte
apoptosis of ApoE�/� mice. IRF3 and p38 are activated via TLR4-
TRIF and TLR4-MyD88 pathways, respectively [32–36]. IRF3 and
p38 are both associated with apoptosis [37–42], and all may in-
duce apoptosis via Bax [38,42]. MyD88 is an important adaptor
molecule in the TLR4 signal pathway. MyD88�/� may inhibit T-
and B-lymphocyte apoptosis in mice [43]. We found a significantly
lower expression of TLR4, MyD88, IRF3 and pp38 but not p38 in
spleen tissue of ApoE�/� than B6 mice, so the TLR4 signal pathway
may regulate Bax expression through IRF3 and pp38 and play a role



Fig. 4. Serum ANA and anti-dsDNA antibody titers higher, spleen greater, the expressions of TLR4 pathway molecules and Bax lower in lipopolysaccharide (LPS)-than
physiological saline (NS)-challenged male ApoE�/� mice after 4 weeks of intraperitoneal injection of LPS or NS. Quantitative analyses of serum titers of ANA (A) and anti-
dsDNA antibody (B) by ELISA in NS- and LPS-challenged male ApoE�/� mice. Wet weights of spleens (C) and gross appearance of representative spleen tissues (D) of NS- and
LPS-challenged male ApoE�/� mice. Quantitative analysis of TLR4 (E), MyD88 (F), IRF3 (G), pp38 (H) and Bax (I) expression in spleen tissue of NS- and LPS-challenged male
ApoE�/� mice. Data are mean ± SEM. ||P < 0.05, compared with NS-challenged male ApoE�/� mice.
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in splenocyte apoptosis. Furthermore, the down-regulation of TLR4
signal molecules induced by LPS led to decreased expression of Bax
and increased serum titers of ANA and anti-dsDNA antibody in
male ApoE�/� mice. Therefore, the decreased expression of TLR4
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pathway molecules in spleen tissue may have elevated serum ti-
ters of autoantibodies in ApoE�/� mice by down-regulating spleno-
cyte apoptosis.

The serum titers of autoantibodies were greater in female than
male ApoE�/�. SLE is more prevalent among young women, with a
female to male ratio of 9:1 [44]. Sex steroid hormones in females
were considered to be responsible for this difference in autoimmu-
nity [45]. We found that splenocyte apoptosis and levels of TLR4,
IRF3, pp38 and Bax in spleen tissue were lower for female than
male ApoE�/� mice. Accordingly, sex steroid hormones in female
ApoE�/� mice may boost autoantibody generation by regulating
TLR4 signal molecules and the apoptosis of spleen tissue.

We show less splenocyte apoptosis, greater spleen and higher
titers of ANA and anti-dsDNA antibody in ApoE�/� than B6 mice.
The expression of TLR4 signal molecules in spleen tissue was lower
in ApoE�/� than B6 mice and lower for female that male ApoE�/�

mice. The down-regulation of TLR4 signal molecules induced by
LPS led to decreased expression of Bax and increased serum titers
of ANA and anti-dsDNA antibody in male ApoE�/� mice. The TLR4
signal pathway may participate in maintaining the balance of
splenocyte apoptosis and antibody production in ApoE�/� mice.
Further experiments are needed to explore the connections among
the TLR4 signal pathway, splenocyte apoptosis and autoantibodies
in ApoE�/� mice.

Conflict of interest

The authors declare that they have no conflicts of interests.

Acknowledgments

This study was completed in the Key Laboratory of Cardiovascu-
lar Remodeling and Function Research, Chinese Ministry of
Education and Chinese Ministry of Health. We thank Jinghong Yu,
Xuping Wang, Shanying Huang, Donghua Qu and Yanping Liu for
excellent technical support. This work was supported by the key
program of scientific research of FuJian Medical University (No.
09ZD019), the National 973 Basic Research Program of China (No.
2010CB732605), the National Natural Science Foundation of China
(Nos. 81100152, 30700301, 30971096), the Foundation for Excel-
lent Young Scientists of Shandong Province (No. BS2009SW026),
the Natural Science Foundation of Shandong Province (Nos.
ZR2010HQ012, ZR2009CZ003), and the Foundation for the Author
of the National Excellent Doctoral Dissertation of PR China (No.
201181).

References

[1] C. Blasi, The autoimmune origin of atherosclerosis, Atherosclerosis 201 (2008)
17–32.

[2] G.K. Hansson, P. Libby, The immune response in atherosclerosis: a double-
edged sword, Nat. Rev. Immunol. 6 (2006) 508–519.

[3] G.K. Hansson, Inflammation, atherosclerosis, and coronary artery disease, N.
Engl. J. Med. 352 (2005) 1685–1695.

[4] M. Benagiano, M.M. D’Elios, A. Amedei, A. Azzurri, R. van der Zee, A. Ciervo, G.
Rombola, S. Romagnani, A. Cassone, G. Del Prete, Human 60-kDa heat shock
protein is a target autoantigen of t cells derived from atherosclerotic plaques, J.
Immunol. 174 (2005) 6509–6517.

[5] K. Mandal, M. Jahangiri, Q. Xu, Autoimmunity to heat shock proteins in
atherosclerosis, Autoimmun. Rev. 3 (2004) 31–37.

[6] G. Wick, M. Knoflach, Q. Xu, Autoimmune and inflammatory mechanisms in
atherosclerosis, Annu. Rev. Immunol. 22 (2004) 361–403.

[7] K.S. Michelsen, T.M. Doherty, P.K. Shah, M. Arditi, Tlr signaling: an emerging
bridge from innate immunity to atherogenesis, J. Immunol. 173 (2004) 5901–
5907.

[8] S. Manzi, E.N. Meilahn, J.E. Rairie, C.G. Conte, T.A. Medsger Jr., L. Jansen-
McWilliams, R.B. D’Agostino, L.H. Kuller, Age-specific incidence rates of
myocardial infarction and angina in women with systemic lupus
erythematosus: comparison with the framingham study, Am. J. Epidemiol.
145 (1997) 408–415.
[9] D.T. Laskowitz, D.M. Lee, D. Schmechel, H.F. Staats, Altered immune responses
in apolipoprotein e-deficient mice, J. Lipid Res. 41 (2000) 613–620.

[10] C. Tenger, X. Zhou, Apolipoprotein e modulates immune activation by acting
on the antigen-presenting cell, Immunology 109 (2003) 392–397.

[11] N. de Bont, M.G. Netea, P.N. Demacker, I. Verschueren, B.J. Kullberg, K.W. van
Dijk, J.W. van der Meer, A.F. Stalenhoef, Apolipoprotein e knock-out mice are
highly susceptible to endotoxemia and Klebsiella pneumoniae infection, J. Lipid
Res. 40 (1999) 680–685.

[12] S.E. Roselaar, A. Daugherty, Apolipoprotein e-deficient mice have impaired
innate immune responses to listeria monocytogenes in vivo, J. Lipid Res. 39
(1998) 1740–1743.

[13] Z. Ma, A. Choudhury, S.A. Kang, M. Monestier, P.L. Cohen, R.A. Eisenberg,
Accelerated atherosclerosis in apoe deficient lupus mouse models, Clin.
Immunol. 127 (2008) 168–175.

[14] A. Iwasaki, R. Medzhitov, Regulation of adaptive immunity by the innate
immune system, Science 327 (2010) 291–295.

[15] Q. Huang, R.M. Pope, Toll-like receptor signaling: a potential link among
rheumatoid arthritis, systemic lupus, and atherosclerosis, J. Leukoc. Biol. 88
(2010) 253–262.

[16] X.H. Xu, P.K. Shah, E. Faure, O. Equils, L. Thomas, M.C. Fishbein, D. Luthringer,
X.P. Xu, T.B. Rajavashisth, J. Yano, S. Kaul, M. Arditi, Toll-like receptor-4 is
expressed by macrophages in murine and human lipid-rich atherosclerotic
plaques and upregulated by oxidized ldl, Circulation 104 (2001) 3103–3108.

[17] K.S. Michelsen, M.H. Wong, P.K. Shah, W. Zhang, J. Yano, T.M. Doherty, S. Akira,
T.B. Rajavashisth, M. Arditi, Lack of Toll-like receptor 4 or myeloid
differentiation factor 88 reduces atherosclerosis and alters plaque phenotype
in mice deficient in apolipoprotein E, Proc. Natl. Acad. Sci. USA 101 (2004)
10679–10684.

[18] T.P. Lee, S.J. Tang, M.F. Wu, Y.C. Song, C.L. Yu, K.H. Sun, Transgenic
overexpression of anti-double-stranded DNA autoantibody and activation of
toll-like receptor 4 in mice induce severe systemic lupus erythematosus
syndromes, J. Autoimmun. 35 (2010) 358–367.

[19] T. Cavallo, M. Goldman, P.H. Lambert, Animal model of human disease.
Proliferative glomerulonephritis associated with polyclonal b-cell activation,
Am. J. Pathol. 114 (1984) 346–348.

[20] R.D. Pawar, L. Castrezana-Lopez, R. Allam, O.P. Kulkarni, S. Segerer, E.
Radomska, T.N. Meyer, C.M. Schwesinger, N. Akis, H.J. Grone, H.J. Anders,
Bacterial lipopeptide triggers massive albuminuria in murine lupus nephritis
by activating Toll-like receptor 2 at the glomerular filtration barrier,
Immunology 128 (2009) e206–221.

[21] D. Cao, H. Lu, T.L. Lewis, L. Li, Intake of sucrose-sweetened water induces
insulin resistance and exacerbates memory deficits and amyloidosis in a
transgenic mouse model of alzheimer disease, J. Biol. Chem. 282 (2007) 36275–
36282.

[22] L. Li, D. Cao, H. Kim, R. Lester, K. Fukuchi, Simvastatin enhances learning and
memory independent of amyloid load in mice, Ann. Neurol. 60 (2006) 729–
739.

[23] L.E. Munoz, C. Janko, C. Schulze, C. Schorn, K. Sarter, G. Schett, M. Herrmann,
Autoimmunity and chronic inflammation – two clearance-related steps in the
etiopathogenesis of sle, Autoimmun. Rev. 10 (2010) 38–42.

[24] S. Nagata, Apoptosis by death factor, Cell 88 (1997) 355–365.
[25] A. Nechushtan, C.L. Smith, I. Lamensdorf, S.H. Yoon, R.J. Youle, Bax and bak

coalesce into novel mitochondria-associated clusters during apoptosis, J. Cell
Biol. 153 (2001) 1265–1276.

[26] K.B. Choi, F. Wong, J.M. Harlan, P.M. Chaudhary, L. Hood, A. Karsan,
Lipopolysaccharide mediates endothelial apoptosis by a fadd-dependent
pathway, J. Biol. Chem. 273 (1998) 20185–20188.

[27] E. Hamada, T. Nishida, Y. Uchiyama, J. Nakamura, K. Isahara, H. Kazuo, T.P.
Huang, T. Momoi, T. Ito, H. Matsuda, Activation of kupffer cells and caspase-3
involved in rat hepatocyte apoptosis induced by endotoxin, J. Hepatol. 30
(1999) 807–818.

[28] A. Goyal, Y. Wang, M.M. Graham, A.I. Doseff, N.Y. Bhatt, C.B. Marsh, Monocyte
survival factors induce akt activation and suppress caspase-3, Am. J. Respir.
Cell Mol. Biol. 26 (2002) 224–230.

[29] C. Ward, J. Murray, A. Clugston, I. Dransfield, C. Haslett, A.G. Rossi, Interleukin-
10 inhibits lipopolysaccharide-induced survival and extracellular signal-
regulated kinase activation in human neutrophils, Eur. J. Immunol. 35 (2005)
2728–2737.

[30] E. Lombardo, A. Alvarez-Barrientos, B. Maroto, L. Bosca, U.G. Knaus, Tlr4-
mediated survival of macrophages is myd88 dependent and requires TNF-
alpha autocrine signalling, J. Immunol. 178 (2007) 3731–3739.

[31] X. Zhu, H. Zhao, A.R. Graveline, E.S. Buys, U. Schmidt, K.D. Bloch, A. Rosenzweig,
W. Chao, Myd88 and nos2 are essential for Toll-like receptor 4-mediated
survival effect in cardiomyocytes, Am. J. Physiol. Heart Circ. Physiol. 291
(2006) H1900–1909.

[32] S. Akira, K. Takeda, Toll-like receptor signalling, Nat. Rev. Immunol. 4 (2004)
499–511.

[33] C. Brikos, L.A. O’Neill, Signalling of Toll-like receptors, Handb. Exp. Pharmacol.
183 (2008) 21–50.

[34] K.M. Rao, MAP kinase activation in macrophages, J. Leukoc. Biol. 69 (2001) 3–
10.

[35] H.Z. Foncea, J.M. Raymackers, L. Deldicque, P. Renard, M. Francaux, TLR2 and
TLR4 Activate p38 MAPK and JNK during endurance exercise in skeletal
muscle. Med. Sci. Sports Exerc. 2012 Feb 9 (Epub ahead of print).

[36] F. Guo, Z. Zhou, Y. Dou, J. Tang, C. Gao, J. Huan, GEF-H1/RhoA signalling
pathway mediates lipopolysaccharide-induced intercellular adhesion



812 Y. Wang et al. / Biochemical and Biophysical Research Communications 423 (2012) 805–812
molecular-1 expression in endothelial cells via activation of p38 and NF-jB,
Cytokine 57 (2012) 417–428.

[37] K. Sheth, J. Friel, B. Nolan, P. Bankey, Inhibition of p38 mitogen activated
protein kinase increases lipopolysaccharide induced inhibition of apoptosis in
neutrophils by activating extracellular signal-regulated kinase, Surgery 130
(2001) 242–248.

[38] S. Ghatan, S. Larner, Y. Kinoshita, M. Hetman, L. Patel, Z. Xia, R.J. Youle, R.S.
Morrison, P38 map kinase mediates bax translocation in nitric oxide-induced
apoptosis in neurons, J. Cell Biol. 150 (2000) 335–347.

[39] K.K. Donnahoo, B.D. Shames, A.H. Harken, D.R. Meldrum, Review article: the
role of tumor necrosis factor in renal ischemia–reperfusion injury, J. Urol. 162
(1999) 196–203.

[40] J. Hiscott, P. Pitha, P. Genin, H. Nguyen, C. Heylbroeck, Y. Mamane, M. Algarte,
R. Lin, Triggering the interferon response: the role of irf-3 transcription factor,
J. Interferon Cytokine Res. 19 (1999) 1–13.
[41] S.E. Collins, R.S. Noyce, K.L. Mossman, Innate cellular response to virus particle
entry requires irf3 but not virus replication, J. Virol. 78 (2004) 1706–1717.

[42] S. Chattopadhyay, J.T. Marques, M. Yamashita, K.L. Peters, K. Smith, A. Desai,
B.R. Williams, G.C. Sen, Viral apoptosis is induced by irf-3-mediated activation
of bax, EMBO J. 29 (2010) 1762–1773.

[43] O.M. Peck-Palmer, J. Unsinger, K.C. Chang, C.G. Davis, J.E. McDunn, R.S.
Hotchkiss, Deletion of myd88 markedly attenuates sepsis-induced t and b
lymphocyte apoptosis but worsens survival, J. Leukoc. Biol. 83 (2008) 1009–
1018.

[44] D.P. D’Cruz, Systemic lupus erythematosus, BMJ 332 (2006) 890–894.
[45] N. Agmon-Levin, M. Mosca, M. Petri, Y. Shoenfeld, Systemic lupus

erythematosus one disease or many?, Autoimmun Rev. 11 (2012) 593–595.


	Apolipoprotein E-knockout mice show increased titers of serum anti-nuclear  and anti-dsDNA antibodies
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Lipopolysaccharide (LPS) administration
	2.3 Measurement of serum level of IgG and titers of ANA and anti-dsDNA antibody
	2.4 Splenomegaly evaluation
	2.5 TUNEL staining of spleen tissue
	2.6 TLR4 detection in spleen tissue by immunohistochemistry
	2.7 Western blot analysis of levels of TLR4, MyD88, interferon regulatory factor 3 (IRF3), p38, phosphorylated p38 (pp38) and Bcl-2-associated X protein (Bax)
	2.8 Statistical analysis

	3 Results
	3.1 Levels of serum IgG, ANA and anti-dsDNA antibody in B6 and ApoE−/− mice
	3.2 Splenomegaly in ApoE−/− mice
	3.3 Splenocyte apoptosis in B6 and ApoE−/− mice
	3.4 TLR4 expression in spleen tissue of B6 and ApoE−/− mice
	3.5 TLR4 signal molecules and Bax expression in spleen tissue of B6 and ApoE−/− mice
	3.6 Serum titers of autoantibodies, spleen weight, and the expressions of TLR4 pathway molecules and Bax in NS- and LPS-challenged male ApoE−/− mice

	4 Discussion
	Conflict of interest
	Acknowledgments
	References


