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Can estrogens promote hypertension during systemic lupus
erythematosus?

Marcia Venegas-Pont and Michael J. Ryan

Abstract

SLE is a chronic autoimmune inflammatory disorder that predominantly affects young women.
Based on this observation, it has been speculated that sex steroids, particularly estrogens,
contribute to SLE disease progression. Young women with SLE are at an increased risk for the
development of hypertension yet the reasons for this are unclear. One potential mechanism for the
increased risk of hypertension during SLE is the chronic inflammation caused by immune
complex mediated tissue injury. Estrogens are known to have an immunomodulatory role that can
lead to the production of characteristic autoantibodies important for immune complex formation.
Therefore, it is conceivable that during SLE estrogens contribute to tissue injury, increased
inflammation and hypertension. This brief review discusses the increased risk for hypertension
during SLE, the role of estrogens in immune system function, evidence for estrogens in SLE, and
a possible link between estrogens and SLE hypertension.

Introduction

Systemic lupus erythematosus (SLE) is a chronic, multifaceted inflammatory autoimmune
disease of unknown etiology affecting an estimated 1.5 million people in the United States.
The interaction between environmental factors and susceptibility genes, coupled with a loss
of tolerance, trigger abnormal immune system activation. The hallmark of the disease is the
production of autoantibodies leading to immune complex formation that can be deposited in
any organ system and promote a generalized inflammatory response. The deposition of these
immune complexes and subsequent inflammation promotes diverse clinical manifestations.
These include non-specific symptoms such as fever, malaise, anorexia, weight loss, and
fatigue, as well as disease-specific findings including the common malar rash, discoid rash,
non-erosive polyarthritis, central nervous system involvement and hematologic disturbances
such as anemia and thrombocytopenia. The kidneys are also prominently affected in the
form of immune complex glomerulonephritis which occurs in approximately 50% of cases
and the leading cause of mortality in patients with SLE is cardiovascular disease [1;2].
Hypertension is a major risk factor for cardiovascular disease and is highly prevalent in
patients with SLE; however, the reasons for this have not been widely examined. Our
laboratory has been focused on trying to understand mechanisms that promote hypertension
during SLE with an emphasis on the kidney because of its prominent role in the long term
regulation of blood pressure.
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Although the exact underlying cause of SLE has not been fully elucidated, it is clear that
SLE predominantly affects young women. The most commonly cited statistic is that the
ratio of women to men with SLE is 9:1 during the time period ranging from menarche until
the onset of menopause. Prior to the onset of puberty and after menopause, the ratio of
women to men is markedly blunted [3]. The strong preference for women during this time
suggests that sex steroids, specifically estrogens, play an important role in the pathology of
SLE. This is of particular interest to us because the risk for cardiovascular disease, renal
disease, and hypertension are dramatically increased in women with SLE at an age where
they are otherwise thought to be protected. Therefore, this raises the question as to whether
sex steroids such as estrogen play a causative role in the development of hypertension and
renal disease during SLE. The purpose of this brief review is to discuss the increased risk for
hypertension and cardiovascular disease during SLE, the role of estrogens in immune system
function and its possible contribution to the progression of SLE, and to raise questions
related to the potential role that estrogens could have in the development of hypertension
during SLE.

Women with SLE are at increased CV risk

Women with SLE have a markedly reduced life expectancy and 10% of patients will die
within five years after the initial diagnosis [4]. A bimodal pattern of mortality has been
described in SLE patients with short-term mortality primarily due to lupus and infection and
long-term mortality related to cardiovascular and vascular complications [1;2]. Women with
SLE have an increased risk for virtually all cardiovascular diseases including
atherosclerosis, stroke, and myocardial infarction [5-7]. This is supported by a study that
compared the risk for cardiovascular events (myocardial infarction and angina pectoris) in a
group of nearly 500 women with SLE from the University of Pittsburgh Medical Center to
the cardiovascular risk in age matched women from the Framingham Offspring Study and
found a more than 50-fold higher risk in women with SLE [8]. Importantly, hypertension is
a major risk factor for cardiovascular disease and is highly prevalent in women with SLE.

The prevalence of hypertension is increased during SLE

In normal healthy young women (ages 15-44 years), the prevalence of hypertension is low
(3-14%) [9]. In contrast, the prevalence of hypertension in women with SLE can be
considerably higher ranging from 35-74% depending on the cohort studied [10-13]. The
increased risk for hypertension during SLE can be erroneously dismissed as resulting from
nephron loss due to glomerulonephritis. However, there are reports suggesting that lupus
nephritis and hypertension can occur independently of each other. For example, in one study
approximately one third of the patients had glomerulonephritis but no hypertension [14]. In
another, 38% were hypertensive with no signs of glomerulonephritis [15]. These data
suggest that nephron loss is likely not the only factor contributing to the increased
prevalence of hypertension during SLE. To date, few studies have examined mechanisms of
hypertension during SLE.

A role for inflammation in hypertension

One potential contributing factor to the high prevalence of hypertension during SLE is the
increased level of inflammatory cytokines. It is well known that a number of circulating
cytokines such as tumor necrosis factor alpha (TNF-a), interferon gamma (IFN-y) and
interleukin 6 (IL-6) are implicated in the pathogenesis of SLE [16]. Similarly, studies report
a direct correlation between circulating inflammatory cytokines (TNF-a, 1L-6) and blood
pressure in patients with essential hypertension or in healthy men [17;18]. Experimental
animal models have also been utilized to confirm the importance of chronic inflammation in
several forms of hypertension including angiotensin Il dependent and salt sensitive
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hypertension [19;20]. Therefore, it seems reasonable to predict that the increased
inflammatory mediators during SLE may be an important mechanism leading to
hypertension. Our laboratory is currently investigating the role for renal inflammation in the
progression of SLE hypertension. We recently reported that treating a mouse model of SLE
with a thiazolidinedione (rosiglitazone) reduces the number of inflammatory cells in the
kidneys in part through reducing the expression of chemokines (Figure 1) [21]. Importantly,
the reduced renal inflammation correlated directly with a reduction in blood pressure.
Although estrogens are generally thought of as protective against cardiovascular disease, the
immunomodulatory actions of estrogen could theoretically contribute to the increased risk
for hypertension and cardiovascular disease found in young women with SLE.

A role for estrogen in immune system function

Estrogens are well known modulators of immune system function [22;23]; however, their
role is complex and cannot be reviewed comprehensively here. This section will provide a
brief summary of the effect of estrogen in three aspects of immune system function
(inflammatory cytokines, T cell function, and B cell function) that have implications for the
development of SLE.

With regard to cytokine production, estrogens are thought to suppress T helper 1 (Th1) and
promote T helper 2 (Th2) cytokine profiles. The Thl response typically leads to the
production of inflammatory cytokines such as TNF-a and IFN-y whereas the Th2
lymphocytes typically produce cytokines such as IL-4, IL-6, IL-10 that are important for
promoting B-cell activity to increase antibody production (humoral immunity). The concept
of an estrogen mediated shift to a Th2 response is exemplified during pregnancy since
estrogen levels continually rise throughout gestation [24]. The exact mechanism by which
estrogen promotes the Th2 response and suppresses Thl cytokines remains unclear with
some evidence suggesting an indirect effect of estrogen on T lymphocytes through its
actions in dendritic cells [25;26]. In addition, this Th1/Th2 paradigm is oversimplified as it
applies to SLE given that both Th1 and Th2 cytokines are implicated in disease progression
[27]. For example, estrogens can increase the production of Th1 inflammatory cytokines
indirectly through the stimulation of prolactin release [28]. Overall, the data suggest that
estrogen tends to promote humoral immunity through Th2 cytokines, but can also increase
the production of Th1 cytokines.

In addition to promoting cytokine release from T cells, estrogens can have direct effects on
T cell maturation. Estrogen administration induces thymic atrophy by causing apoptosis in
immature T cells [29]. The loss of immature T cells enriches the thymocyte population for
mature CD5+ T lymphocytes [30] capable of promoting B cell mediated immunoglobulin
class switching and therefore the production of antibodies. Maturation of CD4+ T helper
cells (important for B cell function) is also enhanced in females [23;31] and recent evidence
suggests that this may occur through estrogen mediated activation of the calcineurin
signaling pathway. Interestingly, T cells from patients with SLE reportedly exhibit an
enhanced calcineurin response to estrogen stimulation [32;33]. Taken together, the net effect
of estrogens on T cell regulation is to promote humoral immunity that is prominent in SLE.

Finally, estrogens have direct effects on B cell production and function. While estrogens can
attenuate the production of new B cells, they also promote B cell differentiation and an
increased number of mature B cells capable of producing antibodies (reviewed in [34]), a
response that can be blocked by tamoxifen. Several lines of evidence support these effects of
estrogens. For example, 17p-estradiol permits B cells to escape negative selection by
reducing apoptosis and also promotes autoantibody production from B cells [35]. The
increased production of autoantibodies stems from an estradiol induced polyclonal
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expansion of B cells that are capable of producing 1gG to double stranded DNA that are
pathogenic for SLE. In summary, the immunomodultory role of estrogen can promote the
production of autoantibodies critical for immune complex formation and subsequent tissue
injury and inflammation.

Evidence for a role of estrogens in SLE

Although estrogens are known to promote antibody production, and SLE predominantly
affects women, definitive proof of estrogen’s involvement in SLE progression remains
elusive. In fact, whether serum levels of estrogens are actually increased in patients with
SLE is not entirely clear. Some evidence suggests an altered aromatase-mediated production
of estrogens in women with SLE [36]; however, evidence for increased estrogens during
SLE has been conflicting. This is highlighted in a review/meta-analysis of 20 studies [37]
that found populations of women with SLE had either increased, decreased, or normal
physiological levels of circulating 17-p estradiol. In men with SLE there are similar
equivocal findings related to serum estradiol levels [37]. On balance, the serum levels of
estrogens in women with SLE appear to be in the normal physiological range; however, this
does not exclude a possible role for estrogens in SLE. One potentially important factor to
consider is the ratio estrogen to testosterone as this has been implicated in the pathogenesis
of autoimmune diseases [38;39]. An altered ratio of estradiol to testosterone has also been
considered as a potentially important factor in the development of postmenopausal
hypertension [40]. Another interesting consideration is that, although serum levels of
estradiol may not be different; there may be an increased conversion of 17-B estradiol to
more feminizing estrogens like 16a-hydroyestrone in women with SLE [41] which has
potent mitogenic activities that could increase inflammatory cell numbers [42].

Several genetic, physiologic and pharmacologic lines of evidence have been used to
speculate about the role of estrogens in the progression of SLE; however, none of these
definitively prove a link. One example is related to men with the rare genetic disorder
Klinefelter’s Syndrome. Men with Klinefelter’s syndrome carry an extra X chromosome
(47, XXY) and have increased serum levels of estradiol [43] as well as a 14-fold higher risk
of developing SLE than genetically normal men (46,XY) [44]. In fact, men with
Klinefelter’s have a similar risk for developing SLE as in women. Alternatively, it is
possible that the presence of the extra X chromosome may simply increase SLE
susceptibility by a gene dosage effect. This is partially supported by evidence in women
with Turner’s syndrome who lack one X of their chromosomes (45,XQO) where the
prevalence of SLE in these women is low [45]. These patients also have low levels of
estrogens and high levels of testosterone making it difficult to definitively know the cause
for the reduced risk of SLE.

One example of a normal physiological situation that has been used to bolster the argument
for estrogens in SLE is pregnancy. Estrogen levels continually rise during the normal 40
week gestation and as a result some women with SLE have been discouraged from
becoming pregnant. However, more recent studies report that the number and severity of
flares are not increased during pregnancy in women with SLE [46;47]. One factor that may
influence SLE flares is the timing of the pregnancy in relation to disease activity. For
example, low complement levels, active renal flares, and not being in remission at the time
of conception are predictive of worse pregnancy outcomes in women with SLE [48]. This
may account for the increased risk of pregnancy related hypertension, preeclampsia
(hypertension with albuminuria), premature birth and fetal growth restriction in women with
SLE.
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The use of oral contraceptives in women with SLE has also been largely avoided because of
the fear of possible complications related to estrogens. However, it is now recognized that
oral contraceptives can be effectively and safely used in women with SLE, specifically in
women who have stable or improving SLE [49]. Patients with recently diagnosed SLE,
active lupus nephritis, or high titers of antiphospholipid antibodies (present in approximately
one third of patients with SLE) are often excluded from these studies, and therefore the risk
of taking estrogen based oral contraceptives during SLE cannot be generalized to all
populations. Similar to oral contraceptives, hormone replacement therapy (HRT) has been
considered a risk factor for women with SLE; however, the scientific evidence does not
seem to support this. For example, one study reported no difference in the rate of severe
lupus flares between women who received ethynilestradiol/norethindine and those who
received placebo [50]. Similar conclusions have been reported by other investigators
examining the role of HRT in SLE [51;52]. In a recent study of post-menopausal women, it
was reported that HRT did not increase the cardiovascular risk in women with SLE
compared to women with SLE who had never taken hormone replacement [53].

The biological effects of estrogen and estrogen metabolites are mediated largely via
interactions with two different estrogen receptors (ERa and ERp). Few studies have
examined the role of selective estrogen receptor modulators (SERM) in women with SLE.
One small case study involving only 11 patients reported that treatment with the SERM
tamoxifen did not improve disease activity or laboratory indices of SLE activity [54]. In
another study, treatment with the SERM raloxifene in post-menopausal women with SLE
was found to have beneficial effects to prevent bone loss but had no apparent effect to
reduce SLE disease activity [55].

Finally, menstrual disturbances such as irregular cycling are associated with SLE disease
activity. However, these are not attributable to altered serum estradiol levels when compared
to normal cycling women with SLE [56]. There are also functional polymorphisms
(Asp327Asn) in sex hormone-binding globulin that associate with an imbalance between
estrogens and androgens during SLE [57] as well as polymorphisms in mitochondrial DNA
(mtDNA) that associate with SLE. The mtDNA polymporphisms exhibit a sexual
dimorphism, with the single nucleotide polymorphisms nt16189C and nt13708A associated
with increased SLE disease activity in women and men, respectively [58].

Collectively, the data in humans does not appear to definitively prove or refute a role for
estrogens in the development of SLE. However, much of the ambiguity can likely be
attributed to the variable nature of populations studied and the specific inclusion criteria
used in the studies that may focus mainly on women in remission or with stable SLE
activity. Because of the variability in data from humans, the use of experimental animal
models to study the pathogenesis of SLE and SLE hypertension becomes increasingly
important.

The utility of animal models in investigating SLE hypertension

Our understanding of the potential role for estrogen in the progression of SLE has been
greatly enhanced by the use of experimental animal models. There are several good genetic
models of SLE in mice. The most commonly utilized are the NZBWF1 and the MRL/lpr,
although there are several other models available. NZBWF1 represent the F1 offspring from
a cross between New Zealand Black (NZB) and New Zealand White (NZW) mice. These
mice produce the characteristic anti-double stranded DNA antibodies and develop immune
complex glomerulonephritis similar to what is observed in humans with SLE. In addition,
we recently demonstrated in conscious freely moving mice using direct methods (radio
telemetry and indwelling catheters) that female NZBWF1 mice are hypertensive (Figure 2)
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[59;60]. Interestingly, there is no single genetic mutation that promotes SLE in these mice,
thus mimicking the complex genetic contributions to SLE that are prevalent in humans.
Moreover, female NZBWF1 mice are more prominently affected with most dying before
one year of age (245 days) while the males live to an average of 406 days (The Jackson
Laboratory, jaxmice.jax.org). This makes the NZBWF1 model useful for investigating the
importance of estrogens in SLE hypertension. A second established and widely used model,
the MRL/Ipr, has a mutation in the lymphoproliferative gene (Fas Ligand) that accelerates
features of SLE including autoantibody production, immune complex glomerulonephritis
and arthritis. The average life span of male MRL/Ipr is only moderately longer than females
(120 vs 154 days) (The Jackson Laboratory, jaxmice.jax.org). In addition, it is not clear
whether and to what extent these mice develop hypertension. Both of these models have
been extensively studied to understand SLE and several studies have examined the possible
role of estrogens.

A recent study elegantly tested the effect of a genetic deletion of the ERa receptor in
NZBWF1 mice [61]. ERa NZBWF1 knockout mice exhibited less glomerulonephritis,
reduced urinary albumin, and a delayed development of anti-double stranded DNA
antibodies. ERa deficient NZBWF1 male mouse also presented increased survival and
reduced anti-double stranded DNA antibodies. Importantly, survival was increased the ERa.
knockout NZBWF1. These data appear to unambiguously support a role for estrogens in the
development of SLE that is mediated by the ERa receptor. In agreement with these findings,
another study showed that ERa deficient NZM2410 mice (a less commonly utilized mouse
model of SLE that originated from NZBWF1 mice in genetic crosses) exhibit reduced
proteinuria and glomerulosclerosis and increased survival compared with wild-type mice
[62]. The decreased renal damage occurred even as serum levels of anti-double stranded
DNA antibodies, estrogen and testosterone were increased, thus further emphasizing the
importance of the ERa receptor in murine lupus.

As an alternative to engineering knockout mice, ovariectomy, has been used in both
NZBWF1 and MRL/lpr female mice as a means to test the importance of estrogen in SLE
progression. Ovariectomy at 6-8 weeks of age delays the onset of renal disease, production
of autoantibodies and mortality in NZBWF1 mice [63]. In another study, estradiol infusion
into ovariectomized NZBWF1 increased the number of activated CD4+ T cells when
compared to ovariectomized controls [64]. The limited studies that investigate the role of
estrogens in MRL/lpr mice show that ovariectomy actually exacerbates autoimmune arthritis
and that supplementation with estrogen protects against this damage [65]. Similar results
were achieved when MRL/mp mice (control strain for Ipr) where ovariectomized and an
increase in parotid, lacrimal and submandibular gland lesions were observed [66]. The
effects of ovariectomy on renal pathology in MRL/Ipr has not been addressed to our
knowledge and in neither model has the effects of ovariectomy on blood pressure been
evaluated. It is also interesting to note that ovariectomy appears only to protect NZBWF1
given that SLE has a more pronounced effect in female NZBWF1 compared with males
whereas life expectancy is similar in male and female MRL/lpr. Therefore, careful
consideration should be given when selecting models to examine the possible role of
estrogens in SLE.

Experiments in animal models of SLE have also provided additional insight as to the
possible role for estrogen receptors through the use of SERMs. Tamoxifen decreases
proteinuria and increases survival in female NZBWF1 mice with no changes in serum levels
of anti-single stranded DNA and anti-double stranded DNA antibodies [67]. Female
NZBWF1 mice treated with tamoxifen also have decreased circulating levels of B cells and
CD5+ B cells as well as reduced serum levels of soluble tumor necrosis factor (TNF)
receptor I and Il molecules. When MRL/Ipr mice were treated with an analog of the SERM
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raloxifene (LY139478), survival increased and glomerular injury was reduced. In the same
study MRL/lpr mice treated with 17a-ethinylestradiol (EE2, an orally active estrogen)
exhibited reduced glomerular injury with no change in mortality. Neither treatment reduced
the production of autoantibodies [68].

One common underlying characteristic of the studies described here is that the inhibition of
estrogen receptors, removal of ovaries, or genetic deletion of the estrogen receptors were all
initiated at birth (knockout mice) or at the onset of sexual maturity in mice (6-8 weeks of
age). This may also be an important consideration when designing experiments to test the
effects of estrogens on SLE and SLE hypertension given evidence that hormone
manipulation after sexual maturity has been reached may have minimal impact on SLE [69].
Therefore, one explanation for the conflicting data related to the role for estrogens in human
SLE may be that the affected women are more susceptible as a result of sex hormone-
induced imprinting of the immune system early in life [70]. Indeed, it will be important to
examine the effect of estrogen blockade on the cardiovascular system in adult experimental
mouse models of SLE to compare with studies using lifetime inhibition of this system.

Other hormones implicated in SLE pathogenesis

While the primary focus of this review has been on a possible role for estrogens in SLE and
SLE hypertension, there are other hormones that may play a role in the pathogenesis of this
disease. Dehydroepiandrostinedione (DHEA) is a weak androgen and the most abundant
circulating androgen. Reduced levels of DHEA have been implicated in the progression of
SLE [71] and there have been reports that DHEA supplementation can cause modest
improvements in the quality of life for patients with SLE [72]. Another hormone that may be
important to consider is prolactin. Prolactin is a small peptide hormone produced by the
adenohypophysis that is commonly known for its role to promote lactation. Prolactin, which
is stimulated by estrogens, is permissive for autoreactive B cells [73] and its activity is
associated with worsening of SLE in the post-partum period [28;74]. The potential role for
prolactin in murine lupus was evaluated in NZBWF1 mice. Mice were ovariectomized and
supplemented with estradiol and/or prolactin in the presence or absence of bromocriptine, an
inhibitor of prolactin. The mice with high levels of estradiol but low levels of prolactin had
improved survival [75]. These data support an important contribution of prolactin to SLE
progression in these mice. Interestingly, prolactin has also been implicated in various forms
of hypertension. For example, men with essential hypertension have higher plasma prolactin
concentration compared to normotensive men, and oral administration of bromocriptine, a
dopaminergic agonist, lowers blood pressure in these patients [76]. Additionally,
preeclampsia is characterized by increased urinary prolactin and urinary levels of this
hormone correlate with the severity of the disease [77]. Finally, New Zealand rats treated
with bromocriptine have significantly lower blood pressure compared to vehicle-treated
animals, suggesting that prolactin may play a role in the pathogenesis of hypertension in this
animal model [78].

Perspectives and questions

A major risk factor for developing SLE is the female sex with nine out of every ten cases
being in young women. For this reason sex steroids have been implicated as a causative or
permissive factor in disease progression. Although this association between SLE and the
female sex is well established, data in humans has not yet definitively proven a mechanistic
link between estrogen and SLE. This is likely due to the highly variable nature of SLE
progression, as well as the diverse populations studied. Animal models of SLE, particularly
murine, have been extremely valuable in delineating a role for estrogens in SLE progression.
However, it is clear that even among different murine models there are variable roles for
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estrogens in the progression of SLE and that experimental design can substantially alter the
outcome of the study and therefore interpretations of estrogen’s importance. Despite, some
of the ambiguity, it seems very likely that estrogens play an important role in SLE
progression, particularly given their known immunomodulatory effects to increase
autoantibody production.

At present there is no consensus mechanism for the dramatically increased risk of
hypertension in patients with SLE. Several lines of evidence now support an important role
for chronic inflammation and inflammatory cytokines in numerous forms of hypertension.
We have been investigating the importance of chronic inflammation during SLE is an
important mechanism that leads to renal injury, impaired renal function and ultimately
hypertension. We hypothesize, therefore, that one mechanism by which women are more
susceptible to hypertension through SLE is via estrogen mediated increases in autoantibody
production. Increased autoantibody production promotes immune complex formation and
deposition that promotes a local inflammatory response in the kidney to promote
hypertension. This is a hypothesis that can be experimentally tested using murine models of
SLE and could provide important insight into the progression of SLE hypertension.
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Figure 1.

Treatment of a mouse model of SLE with rosiglitazone reduces renal inflammation. (A)
Previous work from our laboratory show that macrophage and monocyte infiltration (noted
by black arrows) is reduced in the kidneys of the NZBWF1 mouse model of SLE after
treatment with rosiglitazone (image taken at 40x magnification) (B) The expression of the
chemokine, osteopontin, is reduced in the renal cortex of NZBWF1 mice treated with
rosiglitazone. (figures from reference 21)
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Figure 2.

The NZBWF1 mouse model of SLE develops hypertension. The control used is the NZW/
LacJ mouse. Pressure was measured in conscious freely moving mice at 36 weeks of age.
(figure from reference 59)
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