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Abstract
Currently available treatments for multiple sclerosis reduce inflammatory lesions on MRI and
decrease clinical relapses but have limited effects on disability. Novel treatment options that target
both the inflammatory as well as the neurodegenerative component of the disease are therefore
needed. A growing body of evidence from basic science and clinical studies supports the therapeutic
potential of estrogens in MS. Mechanisms of action include both immunomodulatory and directly
neuroprotective pathways. A first pilot trial of oral estriol treatment showed encouraging results.
There are now several phase II trials underway to further determine the efficacy of estrogen treatment
in MS.
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Inflammation and Neurodegeneration in MS
Multiple sclerosis (MS) is a heterogeneous inflammatory, demyelinating disease of a presumed
Th1-autoimmune origin. However, over the last decade, abundant neuroimaging studies have
indicated a significant neurodegenerative process in MS (1–6), particularly in gray matter (5,
7,8). Gray matter atrophy has been shown to correlate better with permanent disability than
markers of inflammation (3,5,6). Pathological findings in MS have described cortical lesions
that were characterized by transected neurites (both axons and dendrites) and apoptosis with
very little T and B cell infiltration (9,10). While the relationship between inflammatory
demyelination and degenerative processes is a matter of ongoing debate in the field (11,12),
there is accumulating evidence that neurodegeneration is at least in part independent of
inflammation (12). Therefore, there is a need to discover novel treatment options, which
combine neuroprotective properties with anti-inflammatory effects.

The need for new treatment options in MS
The currently approved treatments for relapsing-remitting (RR) MS (Interferon-β; Glatiramer
Acetate and Mitoxantrone) as well as emerging therapies including monoclonal antibodies
(such as Natalizumab, Alemtuzumab, and Rituximab) and oral drugs currently in Phase III
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trials (Cladribine, Fingolimod (FTY 72), Teriflunomide, Oral fumarate, and Laquinimod) all
target the inflammatory component of MS pathogenesis. While these may exert some indirect
neuroprotective effects via inhibition of inflammation, there are no directly neuroprotective
agents available at this time (Figure 1). Direct neuroprotection would involve a treatment that
could cross the blood brain barrier to promote the health of neurons, axons and
oligodendrocytes directly, not merely reduce inflammatory cell infiltration into the brain.

As outlined below, a large body of evidence from basic science, preclinical and clinical studies
suggests that estrogens have the potential to exert both anti-inflammatory as well as direct
neuroprotective effects in MS. In addition, estrogens can be administered orally, are safe, and
comparatively inexpensive.

Rationale for Estrogen Treatment in MS
The rationale for using estrogens as a treatment in MS is based on the remarkable effects of
pregnancy and the post partum period on disease activity in patients with autoimmune diseases.
MS patients as well as individuals with other disorders such as rheumatoid arthritis (RA) and
psoriasis, experience clinical improvement during pregnancy, with a temporary ‘rebound’
exacerbation postpartum (13–19). The most definitive study of the effect of pregnancy on MS
came in 1998 by the Pregnancy in Multiple Sclerosis (PRIMS) Group (15). This study followed
254 women with MS to one year post delivery and showed that relapse rates were reduced by
nearly 80% during the third trimester. This reduction in relapse rates during late pregnancy
was therefore more robust than that achieved by treatment with Interferon-β or Glatiramer
Acetate (33%), and also Natalizumab (66%). In the post partum period, relapse rates then
increased above pre-pregnancy levels by about 40% during the first 3 months postpartum,
before eventually returning to pre-pregnancy rates. Together these data clearly demonstrated
that late pregnancy is associated with a significant reduction in relapses, while there is a
rebound increase in relapses postpartum. It is however unclear if this effect on relapse rate
translates into a beneficial effect on long-term disability. One short-term 2 year follow-up study
indicated that there is no ‘net’ effect of a single pregnancy on disability (20). However, a long-
term study in 200 women showed that patients who had at least one pregnancy after onset were
wheelchair dependent after 18.6 years, versus 12.5 years for the other women (21), indicating
a protective effect of pregnancy on long term disability accumulation. Thus, there is clear
evidence that pregnancy has a potent short-term effect on inflammation and relapse rate but
data regarding long term effects on disability are inconclusive.

In addition to estrogens (estradiol and estriol), numerous other factors have been identified to
be increased in blood during pregnancy, and many have been shown to be immunomodulatory
including cortisol, progesterone, vitamin D, early pregnancy factor (EPF), α-Fetoprotein, with
some potentially also having neuroprotective properties. Estrogens are primary candidates as
therapeutic agents in MS since there is a temporal correlation with their increase in the last
trimester with remission and their decrease post partum with relapse. Also, preclinical studies
in MS models have used estriol treatment at doses equivalent to what would occur during late
pregnancy and shown that this dose was sufficient for disease protection (22,23). In contrast,
doses of estradiol that induced blood levels over three-fold higher than those seen during
pregnancy in mice, were required to achieve protection from clinical disease in EAE (23).
While estrogens may play a role in the disease remission during late pregnancy in MS, this
does not preclude additional or synergistic roles of the other pregnancy factors.

Protective mechanisms of estrogens in animal models
It has been previously shown by numerous laboratories that the clinical severity of both active
and adoptive experimental autoimmune encephalomyelitis (EAE) is reduced by estrogen
(estriol or 17β-estradiol) treatment in several strains of mice (SJL, C57BL/6, B10.PL,
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B10.RIII) (22–30). Estriol treatment has also been shown to be effective in EAE when
administered after disease onset (22).

Protective mechanisms of estrogen treatment (both estriol and estradiol) in EAE clearly involve
anti-inflammatory processes. Estrogen treatment has been shown to affect cytokines,
chemokines, matrix metalloproteinase-9 (MMP-9), antigen presentation and dendritic cell
function (24,25,27,28,30,31). Estrogen treatment has also recently been shown to induce CD4
+CD25+ regulatory T cells in EAE (32,33).

Numerous reviews have described estrogen’s neuroprotective effects, both in vitro and in
vivo (34–36). In vitro, estrogens have been shown to protect neurons in a variety of models of
neurodegeneration, including those induced by excitotoxicity and oxidative stress (37–40).
Treatment with estrogen decreased glutamate-induced apoptosis and preserved
electrophysiologic function in neurons (41,42). Estrogen may also protect neurons from
excitotoxicity by increasing glutamate uptake by astrocytes (43,44). Estrogen treatment also
protected oligodendrocytes from cytotoxicity (45–47) as well as accelerated oligodendrocyte
process formation (48). In vivo studies have shown that estrogen treatment can be
neuroprotective in animal models of Parkinson’s disease, cerebellar ataxia, late onset
leukodystrophy, stroke and spinal cord injury, often by reducing apoptosis (49–55). Estrogens
have also been shown in vitro and in vivo to increase dendritic spine formation and synapses
on CA1 pyramidal cells of the hippocampus in healthy rats, resulting in improved working
spatial memory (56–59).

Safety and risks of estriol treatment for multiple sclerosis
Concerns regarding the use of estrogens as therapeutic agents have been raised after results
became available from the Women’s Health Initiative (WHI), a set of clinical trials in a very
large group of postmenopausal women receiving hormone-replacement-therapy (HRT) (60).
Participants were treated with conjugated equine estrogens (Premarin) with or without
medroxyprogesterone acetate (Provera) versus placebo. The estrogen+progestin trial arm was
stopped due increased the risk for a number of diseases including stroke, cardiovascular disease
and breast cancer. Later, the arm of the trial that involved women treated with estrogen only,
was also stopped because no beneficial effect was detected on the primary outcome (heart
disease). Therefore, it is important to address a number of issues regarding the safety of estrogen
treatment in MS and other autoimmune diseases.

1) All estrogens are not alike
The three major estrogens are estradiol, estrone and estriol. Estrogens regulate gene
transcription by nuclear estrogen receptors (ER), ERα and ERβ, which exhibit distinct
transcriptional properties. Quantitatively, estriol is a very weak estrogen and preferentially
binds ERβ versus ERα (61–64). This is important since binding of each ER can result in
opposite effects on transcription (65). Estriol has been accepted as the safest of the three
estrogens in reviews dating from the 1970s to the 2000s (66–69). It has been used extensively
in Europe and Asia for the treatment of menopausal symptoms (70–77) and, unlike 17β-
estradiol, causes minimal uterine endometrial proliferation (69,70,77–80). Further, treatment
with estriol of 911 women with climacteric complaints in a five-year prospective study was
not associated with endometrial or ovarian cancer (80).

2) The age of subjects in the HRT study was 50–79 years, while RRMS subjects are much
younger (age 18–50 years)

Generally, younger subjects are at much lower risk for cancer and vascular events. Age appears
to play an important role both for the protective as well as the adverse effects of estrogen
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therapy. In a recent WHI reanalysis, there were no significant increases in risk due to hormone
therapy for any adverse event (stroke, coronary heart disease and total mortality) when initiated
at ages 50 to 59 years. In addition, in this age group, there was a trend towards lower mortality
in estrogen-treated women compared to placebo (81). For women aged 18–50, data derived
from the use of oral contraceptives indicate that there may be an increased rate for vascular
events in those who smoke.

3) Having a prolonged period (many years) of being hypogonadal (low / no circulating
estradiol levels in the blood) may impact the subsequent responsiveness to estrogen
treatment

Women in the HRT study above, at ages 50–79, had an average age whereby they had been
menopausal for over a decade before entering this trial. Because of the recent recognition of
the importance of the timing of estrogen treatment in order to achieve therapeutic protection,
many large scale trials of HRT have been redesigned to treat menopausal women in the early
stages, before a prolonged hypoestrogenic state occurs. In a recent ancillary study of the
Women's Health Initiative trial, 1064 women age 50–59 were treated with HRT versus placebo.
In this study, a biomarker for risk of cardiovascular events, was lower in women assigned to
estrogen as compared to placebo (82).

4) The Risk:Benefit ratio for treatment of MS compared to preventative treatment of healthy
individuals

Absolutely no toxicity is tolerable when treating healthy individuals such as in HRT. In
contrast, modest levels of toxicity are tolerable when treating patients with MS. For example,
Interferon-β and Glatimer acetate are relatively well tolerated but side effects such as flu-like
symptoms, liver enzyme elevation, and injection site reaction are common. Other currently
approved treatments for MS can have significant toxicities that are not yet fully understood
and may include life-threatening conditions such as progressive multifocal leukencephalopathy
(PML) in the case of Natalizumab. This would be considered far in excess of what is tolerable
for preventative treatment of healthy subjects. On the other hand, the risks and side effects of
these treatments are considered appropriate for treatment of MS. Thus, while it is controversial
if the risk:benefit ratio of estrogen therapy is acceptable for preventive treatment of healthy
individuals, its safety profile clearly compares favorably with available drugs for therapy of
patients with MS.

Clinical trials
Phase I trial of oral estriol in MS

Estriol was administered in a pilot clinical trial to women with MS in an attempt to recapitulate
the protective effect of pregnancy on disease (83). A cross-over study was used whereby
patients were followed for 6 months pre-treatment to establish baseline disease activity, which
included cerebral MRI every month and neurological examination every 3 months. The patients
were then treated with oral estriol (8 mg/day) for 6 months, then observed for 6 more months
in the post-treatment period followed by another 4-month re-treatment period. The doses
yielded estriol levels in the blood that approximated 6-month pregnancy levels in humans. Six
RRMS patients and four SPMS patients finished the entire 22 months study period.

As compared with pretreatment baseline, relapsing remitting patients treated with oral estriol
(8 mg/day) demonstrated decreased gadolinium enhancing lesion numbers and volumes on
MRI. When estriol treatment was stopped, enhancing lesions increased to pretreatment levels.
When estriol treatment was reinstituted, enhancing lesions again were significantly decreased.
This improvement in the group as a whole was driven by the beneficial effect of estriol
treatment in the RRMS, not the SPMS, group. Interestingly, estriol treatment also significantly
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increased cognitive function as measured by the PASAT in the RRMS group but not in the
SPMS group.

As compared with pretreatment baseline, relapsing remitting patients treated with oral estriol
(8 mg/day) demonstrated significant decreases in delayed type hypersensitivity (DTH)
responses to a recall antigen (83). Immunological studies (84) revealed that oral estriol
treatment was associated with significant decreases in CD4+ and CD8+ T cells and an increase
in CD19+ B cells, with no changes in CD64+ monocytes/macrophages. Significant decreases
in CD4+CD45Ro+ (memory T cells) and increases in CD4+CD45Ra+ (naive T cells) were
also observed. Significantly increased levels of IL-5 and IL-10 and decreased TNFα were
observed in stimulated PBMC isolated during estriol treatment. These changes in cytokines
correlated with reductions of enhancing lesions on magnetic resonance imaging in RRMS. In
addition, supernatants from stimulated PBMCs obtained during treatment showed decreased
levels and bioactivity of MMP-9 (85), a protein that plays an important role for immune cell
transmigration into the CNS.

Phase II/III trials of estrogens in MS
There are currently two phase II combination trials under way examining the efficacy of
estrogens in female patients with RRMS. One is a double blind, placebo controlled, multicenter
trial of oral estriol in the U.S. lead by our group at the University of California, Los Angeles.
The second is a single blind, three arms monocenter study of an estroprogestin formulation
conducted at the University of Rome/Italy. In addition, there is an ongoing phase III European
multicenter trial of estradiol plus progestin to prevent post-partum relapses in pregnant MS
patients.

The U.S. study (http://clinicaltrials.gov/ct2/show/NCT00451204) compares the combination
of Glatiramer Acetate injection plus estriol pill (8 mg per day) to Glatiramer Acetate injection
plus placebo pill. The estriol dose is identical to the dose used in the pilot trial (83). The duration
of treatment is 24 months and the primary outcome measure is relapse rate. Secondary
outcomes include disability measures (Multiple Sclerosis Functional Composite (MSFC),
Expanded Disability Status Scale (EDSS), as well as measures of quality of life, fatigue and
depression) and a surrogate marker for disability (cerebral MRI for whole brain volume and
gray matter atrophy). The study will enroll 150 patients, was started in 2007 and is currently
recruiting patients in 16 centers across the United States. It is estimated to conclude in 2012.

The Italian study (http://clinicaltrials.gov/ct2/show/NCT00151801) uses two different doses
of an estroprogestin formulation (containing both desogestrel and ethinyl estradiol) or placebo
in combination with Interferon β-1a for 24 months. The primary endpoints of this study include
relapse rate, EDSS progression and MSFC composite score. Secondary outcome measures
include lesion counts on MRI (gadolinium-enhancing T1 lesions, new T1 and T2 lesions), brain
atrophy measures on MRI, neuropsychological functioning, and measures of quality of life,
depression and fatigue. This trial, which will enroll 200 patients, was started in 2002 and is
estimated to conclude in 2009.

In addition, there is one ongoing phase III trial examining the effects of progestin and estradiol
on post-partum relapse in RRMS (http://clinicaltrials.gov/ct2/show/NCT00127075). This
European, multicenter, double-blind, placebo-controlled clinical trial uses high doses of
progestin (nomegestrol acetate), in combination with endometrial protective doses of estradiol.
Treatment will be given immediately after delivery and continuously during the first three
months post-partum. The primary outcome is rate of relapses during the first 12 weeks after
delivery. This study was started in 2005 and will enroll approximately 300 patients.
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Conclusions
A large body of evidence supports the therapeutic potential of estrogens in inflammatory
autoimmune diseases. Mechanisms of action include both immunomodulatory and
neuroprotective pathways thus suggesting that estrogens could beneficially affect the
inflammatory as well as the neurodegenerative component of the disease. We now also have
pilot clinical evidence for the effectiveness of estriol in MS. Ongoing phase II/III trials of
estrogens in MS will provide more definitive evidence regarding their therapeutic potential.
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Figure 1.
Direct and indirect neuroprotection in multiple sclerosis. Drugs currently approved for
treatment of relapsing-remitting MS (Interferon-β, Glatiramer Acetate, Mitoxantrone) are
targeted at the immune system and mainly confer anti-inflammatory effects. While this may
exert some indirect neuroprotection by reducing the immune attack on neurons and
oligodendrocytes, no approved treatment directly protects CNS cells and/or promotes
regeneration and repair (direct neuroprotection). Studies using in vitro systems and in vivo
models indicate that estrogen treatment has the potential to be both anti-inflammatory and
directly neuroprotective (see text for details).
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