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‘ Anyone who has seen half a dozen ex-
amples of common lupus (cutaneous tu-
berculosis) and of lupus erythematosus
is capable with ease to distinguish the
one from the other .... but let him wait
awhile and see more, and he will find
before long that there are examples of
mixed forms of disease whichitisim-
possible to denote correctly without em-
ploying hybrid names or qualifying ad-
jectives. The reason of thisis.... that lu-
pusis not produced by one cause, but is
the result of various modifications of vi-
tal endowment existing in its subjects.’
Hutchinson, 1880

I ntroduction

Although the discovery by Hargraves (1)
of the‘'LE cells' in 1948 has helped cli-
nicians to identify the group of condi-
tions we now call systemic lupus ery-
thematosus (SLE), defining the disease
continues to be a problem. Both consti-
tutive and environmental factors are
thought to be important in determining
the protean manifestation of SLE.

The striking predominance of women
with lupus was noted more than a hun-
dred years ago by Erasmus Wilson (1809
- 1884), with the female:male ratio now
estimated to be between 9-15: 1 (2). The
peak incidence of lupus occursin the 15-
to 45-year old age group (3), during the
timein life when estrogen levels are
highest in women. In many genetic based
murine models of lupus, including the
NZB/NZW F1 and MRL/lpr/lpr mice,
the females also develop more severe
disease and higher titer of autoantibodies
at an earlier age (4, 5).

While the precise factors responsible for
this gender difference remain elusive, it
is known that normal females are more
immunoreactive than males (6, 7). For
example, women have higher baseline
immunoglobulin levels and produce
greater and more prolonged antibody
responses following immunization (7, 8).
Gender differences in cell-mediated re-
sponses, including accelerated all ograft
rejection, greater proliferative responses
and relative resistance to immunotol er-
ance in females, have al been document-
ed (8,9). It islikely that both hormonal
and non-hormonal gender-related factors
contribute to the abnormal immune re-
sponses seen in lupus patients. In thisre-
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view, we will examine the evidence for
therole of estrogens in the pathogenesis
of lupus.

Sex hormones are the obvious candi-
datesto explain the sexual dimorphism
in SLE. Although female lupus patients
have normal estradiol levels, decreased
testosterone metabolism and increased
levels of estrogenic metabolites have
been noted in male and female lupus
patients. For example, plasmalevels of
16a-hydroxyesterone and estrone are l-
evated in both males and females, and
estriol levels are devated in females with
lupus (10-12). It is worth pointing out
that gonadal and non-gonadal andro-
genic hormones, which may possess
‘anti-estrogen’ properties, also have im-
portant effects on the immune system
(reviewed in 7-9, 13, 14). Lower plasma
androgens, including testosterone, di-
hydrotestosterone, dehydroepiandroster-
one (DHEA) and dehydroepiandroster-
one sulfate (DHEAS), have been report-
ed in active and inactive lupus (15).
Dehydroepiandrosterone has also been
shown to enhance IL-2 production by
murine (16) and human (17) T cells.

Decreased anti-DNA antibody formation
and prolonged survival in NZB/NZW
mice (18), aswell as an improved clini-
cal statusin some lupus patients (19-21),
have also been associated with DHEA
supplementation.

Pregnant lupus patients may also have
lower plasma level of testosterone and
estradiol than non-lupus pregnant pa-
tients and patients with rheumatoid ar-
thritis (22). However, the question of

whether pregnancy induces lupus flare,
especially when the disease is quiescent
at the beginning of the pregnancy, has
not been fully answered. Some studies
have found increased exacerbations dur-
ing pregnancy and in the postpartum
period (23, 24), while others have found
asimilar risk regardless of the patients

pregnancy status (25, 26).

Estrogensin murinelupus

The importance of sex hormonesin ani-
mal models of lupus has been most clear-
ly established in the autoimmune NZB/
NZW F1 mouse. Female NZB/NZW F1
mice develop more severe renal disease
and die earlier than male mice (4, 5, 27).
Although elevated estrogen 2-hydroxy-
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lase activity was found, unlike human
lupus patients, abnormal formation of 2-
hydroxylated and 16a-hydroxylated pro-
ducts have not been demonstrated in
these animals (28). In female NZB/NZW
F1 mice estrogen supplementation is as-
sociated with worsening disease and ac-
celerated mortality. Castration or supple-
mentation with the male sex hormone
5a-dehydrotestosterone has the opposite
effects, and causes delayed onset of lu-
pus and prolong survival in these mice
(29, 30). Similarly, administration of 19-
nortestosterone, which has minimal vi-
rilizing effects, decreases anti-DNA an-
tibody production and improves longev-
ity in NZB/NZW/ F1 mice (31). Lastly,
male sex hormones have been shown to
retard autoimmune processes in a num-
ber of hybrid mice with the NZB back-
ground (32, 33).

The effect of estrogensis not as strong
in other autoimmune mouse strains. The
MRL/Ipr/lpr mouse with a defective Fas
molecule develops massive lympho-
proliferation and late-life lupus. Com-
pared with NZB/NZW F1 mice, gender
has asmdler effect on longevity in MRL/
Ipr/lpr mice (27). However, castrated
mal e mice supplemented with estradiol
devel oped more severe lymphadenopa-
thy, worse renal disease and increased
mortality (34). BXSB mice are unique
in that males have more severe autoim-
mune disease and a much shorter life
span than females. The gene responsi-
ble for this difference, Yaa(Y chromo-
some autoimmunity accelerator), islo-
cated on the Y chromosome. Female
BXSB mice develop late-life lupus, sug-
gesting that additional unidentified genes
also contribute to disease development.
Sex hormones do not appear to be as
important in BXSB mice, since neither
castration nor testosterone supplemen-
tation affect the disease outcome (35).

Effects of estrogens on immune cells

The effect of estrogenson T and B cells
is complicated and incompletely under-
stood. Earlier studies demonstrated
thymic sensitivity to gonadal hormones,
with thymic atrophy and lymphocyte
depletion in the thymic cortex follow-
ing estrogen treatment in rodents (36).
Thymic CD8+ cells may be preferen-
tially affected by estrogen in both nor-
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mal and autoimmune prone mice (37). T
cell-dependent immune functions such
as cutaneous del ayed-type hypersensitiv-
ity and lymphocyte proliferative respon-
sesto concanavalin A in MRL/Ipr/lpr
mice are depressed following exposure
to estrogen (34). Estrogen supplementa-
tion is associated with decreased natural
killer (NK) cell cytotoxicity in both non-
lupus prone and lupus prone mice. On
the other hand, similar hormonal treat-
ments have been reported to cause en-
hanced polyclonal B cell immunoglobu-
lin (38) and anti-DNA antibody (34) pro-
duction. Invitro suppression of T cell
function and exaggerated B cell antibody
production following estrogen treatment
have been observed in normal (39) and
lupus patients (40).

Implanted estradiol also has a stimula-
tory effect on antibody production
against both thymic-dependent and
thymic independent antigens in NZB/
NZW F1 mice (41). B cdllswith the CD5
marker spontaneously produce IgM an-
tibodies of low affinity and high cross-
reactivity (42, 43). These cells have been
implicated in lupus, and are found in
higher numbersin NZB mice (44) and
lupus patients (45).

Estrogen supplementation has been
shown to increase CD5+ B cellsin
orchidectomized normal (46) and NZB/
NZW male mice (47). The precise man-
ner by which estrogen affects T and B
cell functionsis unclear. Expression of
estrogen receptor (ER-a) has recently
been demonstrated in T (48-51) and B
cells (51). This opens up the possibility
that estrogens may have a direct effect
on theimmune cells. A second estrogen
receptor, termed ER-b, has recently been
identified (52). Understanding the re-
spective roles of the two receptorsin lu-
pus may prove to be important.
Multiple cytokine abnormalities have
been described in human and murine lu-
pus. Estrogens may modulate lupus by
affecting immune cell cytokine produc-
tion and function. High levels of serum
estrogen have been associated with de-
pressed IL-2 production in NZB/NZW
mice (53). Conversely, DHEA may en-
hance human T cell IL-2 production (17).
Estrogen may also be aregulator of a
number of inflammatory cytokines im-
plicated in the pathogenesis of lupus.
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Estradiol treatment was shown to result
inincreased serum TNF-a and IL-6 lev-
elsfollowing LPS challenge in normal
and MRL/Ipr/Ipr mice. These changes
are blocked by the anti-estrogen tamox-
ifen (54). The estrogen effect on IL-1
production is unclear, with reports of
both reduced and increased levels fol-
lowing estrogen treatment (55-57). En-
hancement of antigen-stimulated T cell
IL-10, TNF-a and b, and IFN-g produc-
tion have also been described (58).

Estrogens and drug-induced lupus
One human ‘model’ of lupusis drug-
induced lupus (DIL). Unlike idiopathic
lupus, the precise etiological factor in-
citing the disease is known. Although
procainamide and hydralazine are the
best known examples, more than 70
agents have been shown to be capable
of inducing a lupus-like disease in hu-
mans (59).

There are some obvious clinical differ-
ences between the idiopathic and the
drug-induced forms of the disease. With
the exception of anticonvul sant-induced
lupusin children, the age of DIL patients
is greater than that of idiopathic lupus
patients. For example, the average age
of onset for procainamide-induced lupus
(PIL) is59 to 68 years, with 35% to 58%
being female (59). Hydralazine-induced
lupus (HIL) tendsto develop in patients
younger than those with PIL, presum-
ably because the drug is prescribed to a
younger age group. Interestingly, the risk
for women of developing HIL is much
higher than that of men receiving hydra-
lazine (59). In general, patients with DIL
produce fewer anti-DNA antibodies and
have less renal and central nervous sys-
tem involvement (59).

The clinical features of DIL caused by
different drugs may also vary. For ex-
ample, patients with HIL are much more
likely to develop renal disease than pa-
tientswith PIL (59). Sex hormones may
play arolein determining the clinical
manifestationsin some cases of DIL. The
milder disease in older men and post-
menopausal women with DIL may in
part be due to the lower endogenous sex
hormone levelsin these populations. In
support of this, cases of DIL occurring
in younger patients, such as that induced
by sulfasalazine (59-61) and interferon
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(59,62), have a higher incidence of re-
nal disease and are more likely to de-
velop anti-DNA antibodies.
Unfortunately, the rarity and transient
nature of DIL make it adifficult disease
to study systematically in humans. Ge-
netic factors related to drug metabolism
have been shown to be important in some
cases. However, the condtitutive factor(s)
determining which individual will de-
velop DIL is poorly understood. We re-
cently showed that certain lupus-induc-
ing drugs may change T cdll gene expres-
sion viatheir effects on DNA methyl-
transferase (63, 64), the enzyme involved
in epigenetic modification of unmethyl-
ated DNA sequences. Interestingly, idi-
opathic lupus patients also have T cell
DNA hypomethylation (65, 66), thus
suggesting a common mechanism be-
tween the two forms of the disease.

Our laboratory recently established anin
vitro and in vivo murine model to study
DIL. We found that the adoptive trans-
fer of syngeneic CD4+ T cellswhich had
been made autoreactive by treatment
with DNA hypomethylating drugs, such
as procainamide or hydralazine, was suf-
ficient to induce a lupus-like disease in
AKR and DBA/2 mice (67-70). Similar
to the NZB/NZW and MRL/lpr/lpr mod-
els, the female mice developed a more
severe disease than males, and the cas-
tration of female mice resulted in milder
autoimmune disease (71). What is sur-
prising, though, isthe finding that thein
vivo homing pattern of normal and auto-
reactive T cells was gender-dependent,
with an approximately 7-fold increasein
splenic homing in fema e mice compared
with male mice. The effect of male and
female castration on splenic homing was
also examined. Castration produced a
small, but statistically insignificant, in-
crease in mae splenic homing. However,
splenic homing in oophorectomized fe-
males was significantly (P < 0.001) less
than that in males, suggesting that female
gonadal hormones may influence T cell
splenic homing. Significantly, splenect-
omized female mice receiving autore-
active T cells did not develop the ex-
pected features of autoimmunity (71).
The results of these experiments suggest
that gender-specific T cdll trafficking dif-
ferences may contribute to the patho-
genesis of lupus disease.

Estrogen, adhesion molecules and
inflammation

How then can estrogens affect lym-
phocyte homing and the devel opment of
lupus? Leukocyte trafficking is deter-
mined by the expression and interaction
of adhesion molecules on leukocytes and
vascular endothelia cells. Thisisanim-
portant initial step in both immune and
inflammatory responses. However, the
effect of estrogen on vascular endothe-
lial cell adhesion molecule expressionis
unclear.

One group of researchers reported that
17b-estradiol increased the surface ex-
pression of E-selectin and VCAM-1, and
increased the mRNA expression of E-
selectin, VCAM-1 and ICAM-1 on TNF-
a stimulated human umbilical vein en-
dothelial cells (HUVECS) (72). 17b-
estradiol treatment also enhanced neu-
trophil binding to TNF-a stimulated
HUVECs. Conversaly, estrogen increas-
ed the lymphocyte binding to IFN-gand
PMA-activated, but not TNF-a, IL-1 or
IL-4-activated HUVECs. Another group
of researchers reported that 17b-estradiol
increased the expression of ICAM-1 on
HUVECs stimulated with IL-1 or TNF-
a. Increased E-selectin was also dem-
onstrated on TNF-a stimulated HU-
VECs (73). Caulin-Glaser et al., on the
other hand, found that high-dose 17b-
estradiol decreased the IL-1-induced E-
sdlectin, VCAM-1 and ICAM-1 expres-
sion on HUVECs (74).

The reason for the different results re-
ported in the literature may in part be
due to the characteristics of the endo-
thelia cellsused, and to the different lev-
els of estrogens to which the cells were
exposed in the experiments. HUVECs
are easy to grow but are difficult to stand-
ardize. There is evidence that vascular
endothelial cells from different sources
may be physiologically different (75).
When we standardized our experiment
by using primary microvascular endothe-
lial cellsisolated from 4 weeks old fe-
male AKR mice, we found that exposure
to physiologic doses of 17b-estradiol in-
creased VCAM-1 and ICAM-1, but not
E-selectin, expression on TNF-a stimu-
lated endothelia cells.

Interestingly, the effects of 17b-estradiol
on endothelial cell adhesion molecule
expression may be biphasic. Treatment
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with high (supraphysiological) levels of
17b-estradiol result in decreased en-
dothelial cell VCAM-1 and I-CAM-1
expression (76). Thismay in part explain
the cardiovascular protective effect of
post-menopausal estrogen supplementa:
tion and the paradoxical deleterious ef-
fects of endogenous estrogen in young
lupus patients.

Exogenous estrogens:

Hor moner eplacement ther apy,

oral contraceptives and lupus
Therole of exogenous estrogen supple-
mentation in postmenopausal lupus pa-
tient remains controversia. One prospec-
tive study of 34 postmenopausal lupus
patients found hormone replacement
therapy (HRT) to be safe and well toler-
ated over amedian follow-up period of
35 months (77). A case-control study
from Canada failed to find any differ-
encein the rate of disease flares over 12
months of HRT use (78). However, an-
other study from Boston suggested that
long term estrogen use without proges-
teroneis associated with asmall increase
intherisk of developing lupus (79). One
large prospective study, the Nurses’
Health Study, found that postmenopau-
sal estrogen replacement therapy may
increase the risk of developing lupus
(80).

Whether patients with lupus should take
HRT, given the known beneficid effects
of such therapy in coronary artery dis-
ease and osteoporosis, remains unclear.
The effects of another form of estrogen
supplementation, oral contraceptives, in
lupus are also unclear (81). The use of
oral contraceptive therapy has been link-
ed to the development of ANA (82) and
clinical lupus (83-85). One large pro-
spective study found the past use of ora
contraceptives to be associated with a
dightly increased risk of developing SLE
(86). One retrospective study indicated
that even low dose oral contraceptives
may be associated with an exacerbation
of lupus activity (87). Other investiga-
tors, however, failed to find any signifi-
cant difference in the rate of flaresin
lupus patients on ora contraceptive pills
(88, 89).

Definitive recommendations for estro-
gen use in female lupus patients may not
be possible until the results of large
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multi-center placebo-controlled studies,
such as the Safety of Estrogen in Lupus
Erythematosus-National Assessment
(SELENA) trial, become available.

Conclusions

Sex hormones are probably the most
important identifiable constitutive fac-
torsin the development of lupus. Estro-
gens have been shown to affect multiple
components of theimmune system. Phy-
siological and pharmacological (supra-
physiological) levels of estrogen may
have different effects on theimmune sys-
tem. Male sex hormones and other hor-
mones of the hypothal amic-pituitary-
gonadol axisare aso likely to beimpor-
tant in the pathogenesis of SLE. Anim-
proved understanding of their individual
and cooperative rolesinimmune and in-
flammatory responses will bring impor-
tant new insights into the pathogenesis
of the many autoimmune diseases that
preferentially affect women.
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