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Abstract

Both spontaneous and chemically induced rodent models of autoimmune nephritis and autoantibody
production have been explored to understand mechanisms involved in human systemic lupus
erythematosus (SLE). While it has been known for decades that women are more susceptible than
men to SLE, mechanisms underlying this female preponderance remain unclear. One chemically
induced model involves injection of hydrocarbon oils such as pristane into otherwise normal mouse
strains, which results in the development of autoantibodies and inflammation in organs such as kidney
and liver. It is unknown whether lupus-like disease induced by chemicals would exhibit a sex bias
in disease susceptibility. Here, we show that SJL/J female mice injected with pristane display greater
mortality, kidney disease, serum anti-nuclear and anti-dsDNA antibodies than their male siblings.
This is the first evidence that a female sex bias exists in a chemically induced lupus model.
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Introduction

Human systemic lupus erythematosus (SLE) is characterized by inflammation and fibrosis in
multiple organs, including kidneys, and the presence of autoantibodies against a variety of self-
antigens [1-3]. The majority of autoimmune diseases, including SLE, affect females more
frequently than males [4]. In SLE, there is a female to male ratio of 9:1. Many spontaneous
models of SLE in mice also demonstrate a female preponderance and have been used as models
to understand mechanisms underlying the development of lupus nephritis. In (NZBXNZW)
F1 mice, females spontaneously develop IgG antibodies to DNA and severe immune complex
glomerulonephritis (GN) earlier than males. Females also have decreased survival as compared
to males [5]. The NZM.2328 strain also develops anti-DNA antibodies as well as both chronic
and acute GN, and this too is characterized by a female preponderance [6]. Finally, (NZBxSJL)
F1 mice spontaneously develop a less acute form of lupus, which displays a sex bias in that
females develop more anti-DNA antibodies, more severe GN and increased mortality as
compared to males [7].
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In addition to spontaneous lupus, humans may develop drug-induced lupus erythematosus
(DILE) after taking certain medications such as hydralazine, procainamide, isoniazid,
methyldopa, chlorpromazine, quinidine or minocycline [8]. Whether or not there is a sex bias
in susceptibility to DILE is unknown. Studies examining the numbers of men and women
affected by DILE are confounded by the fact that many of these drugs are used more frequently
in one sex than another [9]. For example, procainamide and hydralazine, the two drugs most
strongly associated with the development of DILE, are prescribed for high blood pressure and
cardiac arrhythmias, conditions that affect men more often than women [9,10].

Animal models have been described for DILE in humans. Strains of lupus prone mice have
been treated with drugs known to cause DILE in humans, mainly procainamide and hydralazine
[10-14]. In addition, strains of lupus prone and non-lupus prone mice treated with
environmental chemicals have been used as DILE models [15-17]. Treatment of the murine
SJL/J strain with the hydrocarbon oil, pristane, induces a lupus-like syndrome characterized
by nepbhritis, arthritis, serositis and the presence of autoantibodies (e.g. anti-nuclear, anti-Sm,
anti-dsDNA and anti-ribosomal P) [16]. Since it is currently unknown whether a sex bias exists
in any chemically induced lupus model, the purpose of this study was to determine whether a
sex bias exists in pristane-induced lupus in SJL/J mice.

Materials and methods

Mice

Male and female SJL/J mice, 5-8 weeks old, were purchased from the Jackson Laboratory (Bar
Harbor, ME). All studies were performed in accordance with the National Institutes of Health
Animal Protection Guidelines and were approved by the UCLA Chancellor’s Committee on
Animal Research.

Induction of pristane-induced lupus

Mice were injected i.p. once with 0.5 ml of pristane (2,6,10,14-tetramethyl-pentadecane;
Sigma-Aldrich, St. Louis, MO), as described [16,18]. Others were injected with saline as a
control. Age at injection was 6 weeks in two experiments and 11 weeks in one experiment.
Mice were monitored daily for signs of disease (lethargy, ruffled fur, distended abdomen) and
survival rates were attained. In some cases, mice required euthanasia before natural death due
to their moribund state. For survival graphs, death was assumed to occur 2 weeks after
euthanasia. Mice underwent serial eye bleeds via retro-orbital puncture at 2, 4 and 6 months
and sera were frozen for analysis of autoantibodies.

Assessment of nephritis

Kidney disease was assessed as follows: Proteinuria was measured weekly on a 0-4+ scale
using a colorimetric assay strip for albumin (Albustix: Bayer, Elkhart, IN), where 0 is absent,
1+ is <30 mg/dl (mild), 2+ is 100 mg/dl (moderate), 3+ is 300 mg/dl and 4+ is <2000 mg/dl
(severe). Furthermore, in later stages of disease when proteinuria levels were equal to or greater
than 100 mg/dl, blood urea nitrogen (BUN) levels were measured by impregnating Azostix
(Bayer) with a drop of fresh blood and using the following scale: 1+ (normal), 2+ (mild) is 15—
30 mg/dl and 3+ (severe) is >30 mg/dl. When mice displayed 3+ proteinuria on two occasions
and elevated BUN, they were perfused with saline and sacrificed. In another separate
experiment, female and male mice were all sacrificed at the same time point, 21 weeks after
disease induction.

Upon sacrifice, kidneys were collected for pathologic studies. Kidney sections were stained
with standard H&E and periodic acid-Schiff (PAS). Sections were scored by two observers for
active and chronic kidney lesions (glomerular cellularity and necrosis, glomerulosclerosis,
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interstitial infiltration, tubular atrophy, interstitial fibrosis and vasculitis) and the mean
individual scores were summed to obtain a composite kidney biopsy index, as described [18,
19].

Detection of antibodies

Approximately 21 weeks post-pristane or saline injection, serum samples were assessed for
ANA 1gG by QUANTA Lite ANA ELISA (INOVA Diagnostics, Inc., San Diego, CA), adapted
to test mouse serum. The serum samples were also assessed for anti-dsDNA antibody (IgG,
1gG1, 19G2a), as well as total 19G, 1gG1, 1gG2a and IgE levels by ELISA, as described [20].
ANA and anti-dsDNA values were expressed as attributed units per milliliter using a reference-
positive standard of pooled serum. IgE and total immunoglobulin ELISA values were
expressed as ODygsnm Units. IgE and IgG1 antibodies were purchased from BD PharMingen
(San Diego, CA) and IgG and 1gG2a antibodies were purchased from Southern Biotechnology
Associates, Inc. (Birmingham, AL).

Statistical analysis

Results

Survival curves between the sexes within any one experiment were computed using the
Kaplan—Meier method and compared using the log rank test. To control for the effect of
experiment, overall survival between males and females was compared using the Cox
proportional hazards model with experiment as the covariate. Disease scores and antibody
levels were compared using GraphPad Prism software (San Diego, CA). Student’s t tests were
used if data followed a normal distribution; otherwise, the Mann—Whitney test was used.

Pristane-induced lupus in SJL/J females was characterized by reduced survival as compared

to males

We addressed whether a chemically induced lupus model might demonstrate a sex bias. Female
and male pristane-injected mice were monitored daily for signs of disease. Survival data were
collected from three separate experiments. Females exhibited earlier mortality, as they began
dying at 16 weeks of age while males began dying at 24 weeks of age. By 35 weeks, only
37.5% of females had survived, whereas greater than 80% of males had survived, p<0.0017
(Fig. 1). Overall, females were 3.4 times more likely to die at any given point in time than
males.

Nephritis was more severe in SJL/J females with pristane-induced lupus as compared to

SJL/J males

We next addressed whether renal pathology differed between the sexes. Two separate
experiments, one sacrificed at 32 weeks post-pristane injection and another at 21 weeks post-
injection were examined. H&E- and PAS-stained sections of kidneys from both experiments
were scored for renal histological changes, as described [21]. Sections revealed typical signs
of lupus nephritis including epithelial and endothelial deposits, focal proliferative nephritis,
diffuse glomerular hypercellularity, cellular and fibrous crescents, tubular dilatation and
atrophy, tubular casts as well as epithelial cells and macrophages in tubular lumens (Fig. 2).
These changes were more severe in female mice. Semi-quantitative kidney pathology scores
are shown in Fig. 3. At the late stage in the disease (32 weeks post-pristane injection), the
female SJL/J mice experienced significantly more severe pristane-induced lupus pathology
overall than their male siblings, p<0.03 (Fig. 3A). At an earlier stage (21 weeks post-pristane
injection), females experienced significantly more glomerular hypercellularity and necrosis,
p<0.0128, and also displayed a trend for greater glomerulosclerosis, greater cellular crescent
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formation and greater interstitial infiltration, while there was no sex difference in tubular
disease (Fig. 3B).

Autoantibody levels were higher in pristane-induced lupus in SJL/J females as compared to
SJL/J males

ANA and anti-dsDNA autoantibodies, as well as autoantibodies to other nuclear proteins, are
hallmark features of SLE. Levels of ANA, anti-dsDNA antibody, as well as 1IgG1 and IgG2a
isotypes of anti-dsDNA antibody were determined in the sera of female and male mice injected
with pristane. At 21 weeks, females produced higher levels of ANA IgG, p=0.0002 (Fig. 4A);
anti-dsDNA IgG antibody, p=0.03 (Fig. 4B); anti-dsDNA 1gG1 antibody, p=0.024 (Fig. 4C);
and 1gG2a antibody, p=0.039 (Fig. 4D) than males. In addition, we measured OD4gsn\ levels
of total 1gG antibody and its isotypes and found that all levels were significantly higher in
female sera as compared to males [total IgG (females=1.34+0.05, males=1.09+0.07, p=0.019),
total 1gG1 (females=1.08+0.20, males=0.46+0.13, p=0.016) and total 1IgG2a (females=1.06
+0.12, males=0.78+0.08, p=0.023)]. A similar trend was found for serum IgE levels, but this
difference did not reach significance (females= 0.21+0.071, males=0.08+0.004, p=0.076). To
insure that the sex differences in autoantibody production were due to pristane injection and
not inherent to the SJL/J strain, autoantibodies were also determined in serum from age-
matched SJL/J mice injected with saline. At 21 weeks, ANA and anti-dsDNA antibody levels
from sera of female and male SJL/J mice injected with saline were significantly lower than
female and male SJL/J mice injected with pristane, very similar to levels from Balb/c negative
controls, and there was no significant difference between the sexes in these low levels (ANA:
PBS-treated females=2.882+0.384, males=2.539+1.416; anti-dsDNA: PBS-treated
females=5.566+1.006, males=2.523+1.106).

Discussion

Human SLE affects females more frequently than males with a ratio of 9:1. This sex difference
may be due to sex hormones, sex chromosomes or both. To begin to understand this sex
difference, animal models of SLE can be informative. Human SLE is heterogeneous, with
etiologies involving both genetic background and environmental exposure. The use of more
than one murine disease model is therefore needed, each contributing insights which bear some
relevance to various subtypes of human SLE. Analysis of kidney disease in large cohorts of
patients with SLE reveals that the histological pattern of kidney involvement varies from mild
mesangial and focal lesions to diffuse proliferative and interstitial nephritis [1,22]. Different
animal models of SLE probably represent these various subsets of the human disease. For
example, mesangial and focal lesions, typically seen in about 35-60% of pristane-injected
BALB/c [18,23] mice, are found in approximately 50% of SLE patients who undergo kidney
biopsy. On the other hand, diffuse proliferative nephritis, typically seen in almost 100% of
female (NZBXNZW)F1, NZM.2328 and MRL-Ipr mice, is found in 34% of SLE patients
[22]. Taken together, these observations suggest that the pristane-induced lupus model is
probably as relevant as the other genetically lupus-prone strains for investigations into the
mechanisms of lupus nephritis. In this paper we describe for the first time a sex difference in
susceptibility to pristane-induced lupus. Use of this model has some advantages over
spontaneous models in that sex differences in early and late pathogenic events can now be
determined since the time point of disease induction is known.

A role of sex hormones in lupus has been clearly demonstrated. Endogenous testosterone is
clearly protective in murine lupus since castration or use of a testosterone blocker accelerates
disease in the (NZBxNZW)F4 and (NZBxSJL)F; models [7,24-26]. In addition, exogenous
testosterone treatment is protective in these spontaneous models, as well as in BALB/c mice
immunized with human anti-DNA antibodies [7,24,25,27-30]. The effect of endogenous
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estrogens is unclear since ovariectomy of the ROP Os/+ strain [31] or use of an estrogen blocker
in (NZBXNZW)F1 [32] and BALB/c [33] mice accelerates lupus-like symptoms, where as
ovariectomy has no effect in the (NZBXNZW)F; and (NZBxSJL)F1 models [7,24,25]. The
effect of exogenous estrogen treatment is also unclear since exogenous estrogen treatment
exacerbates disease in the (NZBxNZW)F1 model [17,24], as well as in BALB/c mice
immunized with human anti-DNA antibodies [28], but ameliorates disease in the ROP Os/+
model [31]. The hormonal contribution to the sex bias in susceptibility to murine lupus would
reflect the effect of endogenous circulating levels of sex hormones, not effects of exogenous
hormone treatment. Overall, it appears that the hormonal contribution to the increased
susceptibility of females to murine lupus primarily entails a protective effect of endogenous
androgens, while the role of endogenous estrogens is less clear.

An effect of sex hormones in murine lupus does not rule out additional effects of sex
chromosomes in the sex bias in susceptibility. In one model of SLE, male BXSB mice with
the Yaa (Y chromosome-linked autoimmune acceleration) gene spontaneously develop a
severe case of the autoimmune syndrome in which more than half of them die before 6 months
of age, whereas females of the same strain do not develop autoimmune disease until one year
later [34]. This well-documented Y chromosome effect in lupus pathogenesis was recently
shown to be associated with increased expression of Toll Like Receptor 7 (TLR7) [35].
However, the Yaa gene effect is a strain-specific Y chromosome effect, unique to the BXSB
strain and other strains consomic for the BXSB Y chromosome [36-39]. In the outbred human
population, sexual dimorphisms occur in numerous models of autoimmunity involving
numerous strains. Thus, to model a sex chromosome complement effect in the sex difference
in human autoimmune disease, one would require that it not be strain specific but be present
across numerous genetic backgrounds. It would also need to be consistent with there being
disease acceleration in females, not males. Therefore, a role of sex chromosome complement
in the female preponderance for autoimmune disease remains unclear at present. Further
complicating this issue is the recent finding that compensatory relationships may exist between
sex hormones and sex chromosomes [40]. Informative mice were used whereby the testis-
determining Sry gene was “moved” from the Y chromosome to an autosome by successive
deletion from the Y chromosome with introduction of an Sry transgene onto an autosome. Thus,
the inheritance of the gene causing testicular differentiation was separated from the Y
chromosome, permitting the study of effects of the sex chromosome complement in the absence
of the confounding effect of differences in sex hormones. These informative mice were
backcrossed onto the SJL background. The pristane-induced lupus model in SJL mice
characterized by greater susceptibility in females described herein can now be used to unravel
sex chromosome versus sex hormone-based mechanisms underlying the female preponderance
to pristane-induced lupus.

Finally, it is remarkable that in a common genetic background, the SJL/J, there is a female
preponderance to two very immunologically distinct diseases, experimental autoimmune
encephalomyelitis (EAE) and SLE. EAE is a prototypic Thl-mediated autoimmune disease
induced by myelin protein specific T lymphocytes, which serves as a model for multiple
sclerosis. It affects female mice more frequently and more severely than male SJL/J mice
[41-44], and differences in Thl cytokine production are thought to underlie this female
preponderance, at least in part [42—44]. As is the case with murine lupus, castration exacerbates
disease [45,46], while the effect of ovariectomy is unclear [46,47]. This manuscript now
demonstrates that pristane-induced lupus also affects female SJL/J mice more frequently and
more severely than male SJL/J mice. Differences in autoantibody production may underlie this
female preponderance. The presence of a female preponderance to two such
immunopathologically distinct diseases reveals the pervasiveness of the sex influence on
autoimmunity in this common genetic background. The pervasiveness of the sex influence in
this strain is consistent with the observation that numerous human autoimmune diseases,
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entailing a variety of immunopathogenic mechanisms, demonstrate a female preponderance.
Unraveling the basis for the sexual dimorphism in these two distinct autoimmune disease
models in this strain will yield insights into the female bias in SLE, multiple sclerosis and other
autoimmune diseases.
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Figure 1.

Reduced survival in female pristane-induced lupus mice. Female (n=44) and male (n=49) mice
were injected with pristane and animals monitored for survival (p<0.0017; Kaplan-Meier log
rank test). 19 females and 8 males, which were sacrificed during study for tissue harvesting,
were censored from analysis (open circles). There was no difference in survival outcome among
the three experiments (Cox proportional hazards model).
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Figure 2.

Representative renal histology from pristane-induced lupus SJL/J mice. Mice were injected
with pristane at 6 weeks of age and sacrificed at 32 weeks. Kidneys were harvested, fixed in
4% formalin and paraffin sections were stained with H&E and PAS. (A, D) Representative
sections from male and (B, C, E) female mice are shown. These figures show typical epithelial
and endothelial deposits (denoted by *), focal proliferative nephritis (FPN), diffuse glomerular
hypercellularity (in D and E), cellular and fibrous crescents (Cres), tubular dilatation and
atrophy (TA) and casts (TC) and tubular epithelial cell and macrophages (#) in tubular lumen.
Summary of disease grades with differences in female versus male is shown in Fig. 3.
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Figure 3.

Female pristane-induced lupus mice have significantly greater kidney disease pathology as
compared to males. (A) In one experiment, 8 female and 12 male pristane-injected mice were
sacrificed at 32 weeks post-injection. (B) In a second experiment, twelve female and fifteen
male pristane-injected mice were sacrificed at 21 weeks post-injection. H&E- and PAS-stained
kidney sections from both experiments were scored for lesions. Kidney pathology scores were
quantified and statistically analyzed by the Wilcoxon test. (A) Note that at a late stage in the
disease (32 weeks post-pristane injection), female mice experienced significantly more severe
pristane-induced lupus disease pathology overall than their male siblings, p<0.03. (B) At an
earlier stage (21 weeks post-pristane injection), females experienced significantly more
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glomerular hypercellularity and necrosis (GIm cell), p<0.0128, and also displayed a trend for
greater disease pathology overall, greater glomerulosclerosis (GSc), greater cellular crescent
formation (Cres/PGF) and greater interstitial infiltration (PV1), while there was no sex
difference in tubular disease (Tub dz). Histograms show means and SEM for mice in each
group. *p<0.05.
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Autoantibody levels were significantly higher in sera from female, as compared to male SJL/
J mice with pristane-induced lupus. (A) Sixteen weeks post-pristane injection, female mice
(n=9) produced more serum IgG ANA than male mice (n=13), p=0.0002. (B) Female mice
(n=29) produced more serum anti-dsSDNA IgG Ab than male mice (n=31), p=0.03. (C and D)
Female mice (n=10) produced more serum anti-dsSDNA 1gG1 and 1gG2a Ab than male mice
(n=13), p=0.024 and p=0.039, respectively. Autoantibody levels were determined using a
reference-positive standard of pooled serum and expressed as attributed units per milliliter.
Histograms show means and SEM for mice in each group. *p<0.05; ***p<0.0005. ANA and
anti-dsDNA data are representative of two independent experiments on different sets of mice.
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