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Background and hypothesis: Several studies suggest that
raloxifene, a selective estrogen receptor modulator, im-
proves symptoms and cognition in post-menopausal women
with Schizophrenia-Spectrum Disorders (SSD). We aimed
to assess the effects of adjunctive raloxifene in women and
men with SSD. Study design: This parallel, randomized,
double-blind, placebo-controlled trial included adult SSD
patients across the Netherlands and Belgium. Participants
were stratified by age, sex, and global functioning and ran-
domly assigned 1:1 to 12-week add-on raloxifene or pla-
cebo. Primary outcomes were symptom severity at 6, 12,
and 38 weeks and cognition at 12 and 38 weeks, as meas-
ured with the Positive and Negative Syndrome Scale and
the Brief Assessment of Cognition in Schizophrenia, re-
spectively. Intention-to-treat analyses were performed using
linear mixed-effect models. Study results: We assessed
261 patients for eligibility, of which 102 (28% female)
were assigned to raloxifene (n = 52) or placebo (n = 48).
Although we found no main effect of raloxifene, secondary
sex-specific analysis showed that in women, raloxifene had
beneficial effects on negative symptoms at week 6 (LSM
=2.92; adjusted P =0.020) and week 12 (LSM -3.12;
adjusted P =0.030), and on working memory at week
38 (LSM 0.73; adjusted P = 0.040), while having nega-
tive effects on working memory at week 38 in men (LSM
—0.53; adjusted P = 0.026). The number of adverse events
was similar between groups. Conclusions: Our results do
not support the use of raloxifene in patients with SSD in

general, but suggest female-specific beneficial effects of
raloxifene on negative symptoms and working memory.
Our findings encourage further research on sex-specific
pharmacotherapeutic treatment.
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Introduction

Schizophrenia-Spectrum Disorders (SSDs) aftect approx-
imately 24 million people worldwide and are associated
with considerable morbidity and mortality.! The treat-
ment of SSD remains challenging as a substantial group
of patients remain symptomatic despite adequate treat-
ment.? Especially negative and cognitive symptoms often
persist, severely hampering functional outcomes.” In re-
cent times, reviews and large register studies have brought
the spotlight back on sex differences in the diagnosis,
treatment and course of SSD. In premenopausal women,
negative and cognitive symptoms tend to be milder,
which is attributed to the protective effects of estrogens,
whereas after menopause, symptoms tend to worsen con-
siderably.®” Moreover, in premenopausal women, symp-
toms ameliorate at times when estrogen levels are high,
for example during ovulation and pregnancy, while they
tend to exacerbate during the premenstrual phase and
after delivery, when levels of estrogen are low.*” Despite
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their protective effects in women with SSD,¥!* estrogens
are unsuitable for long-term augmentation therapy, given
their carcinogenic side effects.!" The addition of raloxi-
fene, a selective estrogen receptor modulator, has been
opted a safe alternative, as it has estrogen-like influences
on brain tissue, without the increased risk of breast and
uterine cancer.!!

A meta-analysis, predominantly based on post-
menopausal women, revealed medium to large effects of
raloxifene compared to placebo on psychotic symptoms
in SSD.!? The exact mechanism by which raloxifene exerts
these beneficial effects is not entirely understood but may
be explained by its effects on the pre- and post-synaptic
modulation of different neurotransmitter systems in-
volved in SSD, such as glutamatergic and dopaminergic
neurotransmission.'*!* Although several imaging studies
have shown that raloxifene may increase hippocampal
and prefrontal brain activity during cognitive tasks,'>!"
the clinical evidence of raloxifene’s effects on cognition
remains inconclusive, as some studies found beneficial
effects,'®2! while others have not.?>?* In premenopausal
women and in men, studies on raloxifene efficacy are lim-
ited and yielded mixed results.?**'** In addition, the long-
term effects of raloxifene addition for SSD have not been
studied yet. In this study, we aimed to investigate the ef-
fects of adjunctive raloxifene in a large sample of patients
with SSD after 12 weeks of treatment, as well as its long-
term effects at 6, 12, and 24 months post-treatment. As
a secondary analysis, we also investigated whether these
effects differed between men and women since sex differ-
ences in brain dopaminergic activity and estrogen levels
imply that responses to estrogen-like therapies may be
sex-specific. 4242

Methods

Study Design

This study was conducted in full accordance with the
Declaration of Helsinki and Good Clinical Practice
guidelines and with approval by the Dutch competent
authority for human-related research and the local ethics
committees. The trial was registered with ClinicalTrials.
gov, NCTO03043820, and the study protocol has pre-
viously been published elsewhere.”” During the study,
there were 10 protocol amendments, which are de-
scribed in Supplementary Material p. 3-4. This study
followed Consolidated Standards of Reporting Trials
(CONSORT) reporting guidelines.?

Participants

We recruited patients from 5 in and outpatient clinics (4
in The Netherlands and 1 in Belgium). All patients had
to be willing and capable to provide written informed
consent prior to participation. Eligible participants
were adults aged >18 years with a DSM-IV diagnosis of
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schizophrenia, schizoaffective, schizophreniform disorder
(295.x), or psychotic disorder not otherwise specified
(298.9), who were on a fixed dose of antipsychotics for at
least 2 weeks. The Mini International Neuropsychiatric
Interview 5.0.0% was conducted at the screening to con-
firm a diagnosis of SSD. As raloxifene can cause fetal
harm when administered to pregnant women, female pa-
tients of childbearing age were required to consent to six-
weekly pregnancy tests during the treatment phase. The
exclusion criteria were preexisting cardiovascular disease;
a history of thromboembolic events or breast cancer; a fa-
milial tendency to form blood clots; hypertriglyceridemia;
liver failure; severe kidney failure; and the use of estro-
genic or androgenic hormonal therapy (including the use
of estrogenic contraception) within 3 months preceding
trial participation. Women above the age of 52 and/or
with an increased risk of uterine or breast cancer were
only included if they could provide a negative result on
their regular national cancer screening test. Criteria for
study withdrawal were at the request of the patient, preg-
nancy, or a decision made at the discretion of the respon-
sible physician or trial investigator.

Intervention, Randomization, and Masking

We performed a parallel-design, double-blind, random-
ized, placebo-controlled trial (RCT). Patients were ran-
domly assigned (1:1) to receive 120 mg/day of raloxifene
(two 60 mg tablets) or placebo (two 60 mg tablets con-
taining lactose, identical in size, shape, smell, and color)
for 12 weeks, using minimization.*® We chose this dosing
as there is some evidence that a higher dose of raloxi-
fene is more effective than a lower dose (120 mg/day vs
60 mg/day).’!*2 Patients were stratified by sex, age (above/
below 45 years), and personal and social performance
(PSP) (Personal and Social Performance scale score
above/below 40).3* Randomization sequences were deter-
mined by an off-site statistician. The treatment options
were shuffled in different blocks of 4 (e.g., AABB, ABAB,
BBAA) to avoid reporting detection bias, as there was no
detectable pattern in the order of treatment assignment.
A single pharmacy was responsible for dispensing the
study medication. Patients, informal caregivers, treating
physicians, and the researchers carrying out the assess-
ments were masked to the treatment condition until study
completion. Study medication was dispensed in 2 batches
of 92 tablets at baseline and week 6. Treatment adherence
was assessed by counting the number of pills returned at
each visit following dispensation. Changes in concomi-
tant medication were monitored throughout the study.

Measures and Procedures

The treatment phase consisted of a baseline visit (week
0), a midterm visit (week 6), and an end-of-treatment
visit (week 12), followed by a follow-up phase of 2 years,
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which consisted of 1 follow-up visit 6 months post-
treatment (week 38), and 2 telephone interviews at 12 and
24 months post-treatment (week 64 and 116).

For the schedule of assessments for visits and calls, see
Supplementary Table 1. For patients who discontinued
trial participation within 12 weeks, end-of-treatment as-
sessments were made when possible. Blood was drawn
for analysis of sex hormones (17p3-estradiol and testos-
terone in men; 17p-estradiol and FSH in women), lipids
and C-reactive protein (CRP) at baseline and week 12
(Supplementary Material p. 3 and Supplementary Table
2). For safety reasons, triglycerides, renal function, and
liver function tests were obligatory at baseline and re-
peated at week 6 and 12 if these markers were abnormal
at baseline. Any new physical or mental complaint was
recorded as an adverse event (AE), adverse reaction, or
serious adverse event (SAE) at each visit using standard
reporting procedures. SAEs were reported between base-
line and week 38 because we did not expect any relevant
SAEs related to the study medication after this period.
The Greene Climacteric Scale’! was used to assess
hormone-related complaints.

Outcomes

To evaluate treatment efficacy, we measured the change
in positive, negative, and total symptoms at week 6, 12,
and 38 with the Positive and Negative Syndrome Scale
(PANSS)** and the change in cognitive functioning
at week 12 and 38, based on 4 cognitive domains
(processing speed, reasoning/problem solving, verbal
memory, and working memory) assessed with the Brief
Assessment of Cognition in Schizophrenia (BACS).*
The BACS includes assessments of four neurocognitive
domains designated as important by the MATRICS:
processing speed (Token Motor Task, Symbol coding,
and Verbal Fluency), reasoning and problem solving
(Tower of London Test), verbal memory (List learning),
and working memory (Digit sequencing). Scores were
converted into age- and sex-corrected Z-scores for
the four cognitive domains. Secondary outcomes in-
cluded depression (Beck’s Depression Inventory,
BDI),*¢ quality of life (EQ-5D-5L)* personal and so-
cial performance (PSP)** and thought and language
disorder (TALD)*® (Supplementary Material p. 3 and
Supplementary Table 3). To establish interrater relia-
bility, training videos were coded by 2 investigators in-
dependently. For premenopausal women with regular
menses, the baseline visit was scheduled during days
1-4 of menstruation.

Statistical Analysis

The study was designed to produce clinical data for
100 patients (n = 50 per group), resulting in 80% statis-
tical power with an a level of.05 (two-sided) to detect a

Adjunctive Raloxifene for Schizophrenia Patients

standardized effect size of 0.57 in the primary clinical
outcomes, based on a previous meta-analysis.”> This
sample size had been adjusted for a 10% attrition rate due
to drop-out up to week 38. Treatment differences between
groups were estimated using least-squares means with
95% Cls supplemented by P values. The treatment effect
is the difference between group means (raloxifene minus
placebo) attributable to treatment after controlling for
baseline scores, reported as an average outcome across
time points (6, 12, or 38 weeks). Analyses were carried
out following the intention-to-treat principle. Given that
there was statistical dependency between repeated meas-
ures, linear mixed-effect models were used to assess the
2 experimental conditions with a random effect for the
patient. Fixed effects consisted of time (categorical vari-
able), treatment condition, sex, and their two-/three-way
interactions to allow the treatment effect to be calculated
per sex since current literature implies that responses to
estrogen-like therapies may be sex-specific.'***?* When
there was no significant interaction of treatment-by-
sex and/or treatment-by-sex-by-time, as assessed with
likelihood-ratio (LR) tests, we removed the interac-
tion from the model and estimated treatment efficacy in
women and men together. By this way, we only evaluated
potential sex-specific effects of raloxifene versus placebo
when there was a clear indication to do this (i.e., when
adding the interaction led to a significant improvement
of the overall model). In addition, significant P values
were adjusted using the Benjamini-Hochberg method
controlling for the False Discovery Rate.” Estimates were
adjusted for baseline scores, study site, and for smoking
status (continuous variable), since smoking influences
raloxifene pharmacokinetics,* and for age and education
(years) for cognition. For exploratory purposes, we exam-
ined whether the effect of raloxifene was modified by
high/low 17@-estradiol (in men and women separately),
testosterone (in men), or menopausal status (in women),
using LR tests assessing the effect of the subgroup and its
interaction with treatment. For 173-estradiol and testos-
terone, subgroup categories were defined as close to the
median value (Supplementary Material p. 4). A cutoff of
25 TU/L for FSH was used to differentiate between pre-
and post-menopausal women.

Mixed model assumptions were assessed by visual in-
spection of residuals for normality and by looking for
influential observations using Cook’s distance. Cohen’s d
effect size was computed to estimate the standardized ef-
fect size. All analyses were performed using SPSS version
26.0.4

Data Monitoring Committee

A Data Safety Monitoring Committee, consisting of an
independent gynecologist, psychiatrist, and statistician
evaluated the study’s progress and safety and advised the
sponsor on an ongoing basis.
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Results (Figure 1). The last follow-up call was made on January
14, 2022. Eight patients (3 female) dropped out be-
fore week 12, of whom 2 (1 female) could not be in-
cluded in the intention-to-treat analysis due to missing

From November 1, 2016, to October 8, 2020, 261 pa-
tients were screened, of which 102 were randomized
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1 Died

15 Discontinued study
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v

v

45 Included in safety analysis

51 Included in safety analysis

Fig. 1. CONSORT diagram. Note: SSD, Schizophrenia-Spectrum Disorder.
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Table 1. Baseline demographic and clinical characteristics

Adjunctive Raloxifene for Schizophrenia Patients

Total (N = 100) Men (N = 72) Women (N = 28)
Placebo Raloxifene Placebo Raloxifene Placebo Raloxifene
(n=48) (n=152) (n=134) (n=138) n=14) (n=14)

Schizophrenia, 1 (%) 33 (69) 43 (83) 26 (76) 32 (84) 7 (50) 11(79)
Schizoaffective, n (%) 14 (29) 9(17) 7(21) 6 (16) 7 (50) 3(21)
Schizophreniform, 7 (%) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Psychosis NOS, n (%) 1(2) 0(0) 1(3) 0(0) 0(0) 0(0)
DOI, mean (SD), mo 185 (116) 216 (124) 180 (110) 190 (101) 195 (135) 285 (157)
Age, mean (SD), y 39.3(11.2) 42.0(11.9) 38.6 (9.7) 38.8 (10.0) 41.1 (14.4) 50.9 (12.6)
BMI, mean (SD) 27.0 (5.1) 26.3 (4.4) 28.3 (4.9) 26.6 (4.8) 27.0 (5.8) 25.3(3.1)
Olanzapine Eq. mean (SD), mg/day 17.6 (11.6) 17.7 (15.5) 17.5(11.5) 19.2 (17.1) 17.8 (12.3) 13.8(9.2)
Adherence, mean (SD), no. of pills 152 (34.4) 162 (25.7) 153 (34.1) 159 (29.1) 150 (36.5) 171 (7.5)
Smoking behavior, mean (SD), cigarettes/day 9.4(9.7) 10.0 (12.9) 10.4 (10.0) 10.2 (12.4) 7.1(8.8) 9.4 (14.5)
Education, mean (SD), y 12.2 (2.3) 12.5(2.4) 12.2(2.0) 12.4 (2.7) 12.3(2.9) 12.6 (1.8)
PANSS total score, mean (SD) 56.6 (14.6) 58.9(15.2) 58.0 (15.1) 60.7 (15.0) 53.1(13.1) 54.0 (15.0)

Positive scale, mean (SD) 14.0 (4.2) 15.9(5.3) 14.6 (4.2) 16.5(5.2) 12.5 (4.0) 14.2 (5.2)

Negative scale, mean (SD) 13.4 (5.5) 13.8 (4.8) 14.2 (6.0) 13.9(5.2) 11.4 (3.6) 12.1 (3.4)
BACS working memory, mean (SD) -1.3(1.1) -1.2(1.1) -1.1(1.0) -0.8 (1.0) -1.7(1.4) -0.9(1.1)
BACS verbal memory, mean (SD) -1.2(1.1) -0.8 (1.0) -1.4(1.2) -1.2(1.2) -1.2(0.9) -1.3(1.0)
BACS processing speed, mean (SD) -1.1(0.9) -1.1(0.9) -1.1(1.1) -1.1(0.9) -1.2(0.6) -1.2(0.9)
BACS reasoning/problem solving, mean (SD) -0.3(1.3) -0.4(1.1) -0.1(1.2) -0.3(1.1) -0.6 (1.3) -0.8 (1.0)
BNSS, mean (SD) 18.4 (13.4) 15.4 (12.0) 19.4 (14.2) 16.2 (12.5) 159 (11.4) 13.1(10.3)
BDI, mean (SD) 15.1 (11.7) 12.4 (9.6) 13.4 (8.9) 11.6 (8.2) 19.4 (16.3) 14.6 (12.8)
PSP, mean (SD) 56.3 (12.3) 57.0 (12.4) 56.3 (13.1) 55.7(12.4) 56.2 (10.6) 60.5 (11.9)
EuroQol-5, mean (SD) 70.4 (15.1) 69.3 (13.2) 71.6 (13.6) 68.8 (13.4) 67.6 (18.6) 70.3 (13.1)
TALD total score, mean (SD) 19.4 (8.1) 22.1(10.8) 18.8 (7.7) 22.6 (10.0) 20.8 (9.2) 20.7 (12.8)
Positive scale, mean (SD) 8.0 (5.0) 10.5 (8.0) 8.6 (5.4) 11.3(8.0) 6.5(3.9) 8.5(7.8)
Negative scale, mean (SD) 11.4(6.2) 11.5(6.6) 10.2 (5.4) 11.3(6.5) 14.3(7.2) 12.2 (7.1)
17B-Estradiol, median (IQR), pmol/l 96.7 (59.8) 89.9 (54.4) 83.0 (56.5) 95.2 (46.8) 125 (98.0) 80.0 (102.7)
Prolactin, median (IQR), pg/l 8.93(13.2) 8.93 (15.0) 6.58 (8.93) 7.05(12.7) 10.3 (26.3) 15.5(32.9)
Testosterone, median (IQR), nmol/l 15.0 (7.0) 16.5(13.5)
Premenopausal women, 7 (%) 9 (64) 6 (43)

Note: DSM-1V, Diagnostic and Statistical Manual of Mental Disorders; NOS, Not Otherwise Specified; y, years; BMI, body mass index
(calculated as weight in kilograms divided by the square of height in meters); Eq., equivalent; DOI, duration of illness; mo, months;
PANSS, Positive And Negative Syndrome Scale; BACS, Brief Assessment of Cognition in Schizophrenia; BNSS, Brief Negative
Symptom Scale; BDI, Beck Depression Inventory score; PSP, Personal and Social Performance Score; EuroQol-5, EuroQol-5 dimen-

sions, 5 levels; TALD, Thought and Language Disorder Scale.

end-of-treatment measures. One male patient dropped
out between week 12 and 38. Baseline demographic and
clinical characteristics were similar between treatment
groups (Table 1, for statistical tests, see Supplementary
Table 4). Mean total PANSS scores of 58.9 £15.2
(raloxifene group) and 56.6 + 14.6 (placebo group) indi-
cated a mild level of symptom severity.*> Mean positive
and negative PANSS scores were respectively 15.9 + 5.3
and 13.8 + 4.8 for the raloxifene groupand 14.0 = 4.2 and
13.4 £ 5.5 for the placebo group. Treatment adherence
was high and antipsychotic prescription patterns changes
were similar across treatment groups (Supplementary
Tables 5-8). The number of pre-menopausal and post-
menopausal women was equal across treatment groups
(Supplementary Table 9).

The raloxifene group was not significantly different
from the placebo group in PANSS total scores, and for
this measure, we found no significant interaction of
treatment-by-sex or treatment-by-time (Figure 2; Table 2;

and Supplementary Table 10). For negative PANSS
scores, an interaction of treatment-by-sex was found
(x*(1) =4.11; P =0.04), indicating that treatment effects
differed between men and women. Mean change in neg-
ative PANSS scores was significantly greater with raloxi-
fene versus placebo in women at week 6 (LSM —2.92; 95%
CI -5.26 to —0.57; adjusted P =0.030) and at week 12
(LSM —3.12; 95% CI —5.49 to —0.74; adjusted P = 0.020),
but not at week 38 and not in men (Fig. 3). No effects
were found for positive symptoms. Regarding the four
cognitive domains, three-way interactions (treatment-by-
time-by-sex) were found for the mean change in scores
for working memory (x*(1) = 8.67; P = 0.003) and proc-
essing speed (x*(1) =5.98; P =0.014), indicating that
treatment effects differed between week 12 and 38 and
between men and women (Supplementary Table 10). The
sex- and time-specific estimates for verbal memory scores
did not reach significance (Table 2). At week 38, improve-
ments in working memory scores were found in women
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Time of study visit (weeks)

Fig. 2. Least squares mean change in PANSS total score from
baseline to week 38 on the full analysis set. The solid lines
represent the least squares mean from MMRM with fixed effects
of site, sex, age, smoking behavior, years of education, baseline
score, treatment condition, study visit (weeks 6, 12, and 38), and
visit-by-condition interaction. The dotted lines represent the least
squares mean from MMRM with fixed effects of site, sex, age,
smoking behavior, years of education, baseline score, treatment
condition, study visit (weeks 6, 12, and 38), visit-by-condition,
and sex-by-condition interaction. Note: MMRM, mixed-

effect model repeated measures; PANSS, positive and negative
syndrome scale.

with raloxifene versus women with placebo (LSM 0.73;
95% CI, 0.04 to 1.43; adjusted P = 0.040; Supplementary
Fig. 1), in contrast to men, where working memory scores
deteriorate with raloxifene as compared to placebo at
week 38 (LSM —0.53; 95% CI —0.95 to —0.12; adjusted
P =0.026). We found no significant treatment effects on
other secondary outcomes (Table 2 and Supplementary
Table 11). Although we found a significant interac-
tion effect of treatment-by-sex for the negative subscale
of the Thought and Language Disorder scale (TALD)
(1) =4.37, P=0.024), sex-specific estimated effects
did not survive multiple testing adjustments (Table 2).
Means with SDs of all outcome variables and sex-specific
estimates for outcome measures without significant inter-
action of treatment-by-sex are provided respectively in
Supplementary Tables 12 and 13.

For exploratory purposes, we examined whether the
effect of raloxifene on primary outcomes differed for
subgroups of patients. We examined whether treatment
effects differed for pre-menopausal and post-menopausal
women, for men and women with low 173-estradiol levels
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Fig. 3. Least squares mean change in BACS working memory
(digit sequencing) from baseline to week 38 on the full analysis
set. The dotted lines represent the least squares mean from
MMRM with fixed effects of site, sex, age, years of education,
smoking status, baseline score, treatment condition, study visit
(weeks 12 and 38), and treatment-by-visit-by-sex interaction. The
solid lines represent the least squares mean from MMRM with
fixed effects of site, sex, age, years of education, smoking status,
baseline score, treatment condition, study visit (weeks 12 and 38),
and treatment-by-visit interaction. Note: 7, P value after False
Discovery Rate correction; MMRM, mixed-effect model repeated
measures; BACS, Brief Assessment of Cognition in Schizophrenia
Negative Symptom Assessment.

and high 17f-estradiol levels, and for men with low testos-
terone levels and high testosterone levels (Supplementary
Material p. 4). In women, we found no effect of meno-
pause status or 17B-estradiol levels on symptoms or
cognition (Supplementary Table 14). In men, we found
an interaction of treatment-by-testosterone for verbal
memory ()*(1) =3.92; P=0.047), and of treatment-by-
17B-estradiol for processing speed (y*(1) = 4.93; P = 0.027;
Supplementary Table 15). In men with higher testosterone
levels, raloxifene had a negative effect on verbal memory
compared to placebo at week 38 (LSM —0.88; 95% CI
—1.51 to —0.21; adjusted P = 0.044; Supplementary Table
16 and Supplementary Fig. 1). The effects of treatment-
by-17p-estradiol in men did not survive multiple testing
corrections (Supplementary Table 16).

Safety

Between baseline and week 38, admission to the hos-
pital was classified as SAE. Some were repeated admis-
sions such that 7 admissions occurred in 5 patients in the
placebo group, all for incremental psychotic symptoms.
In the raloxifene group, 5 admissions occurred in 5 pa-
tients. Two were for incremental psychotic symptoms,
one was possibly related to raloxifene addition (obstipa-
tion), one was for SARS-CoV-2 infection and one was for
drug misuse. The prevalence of SAEs, AEs, and ARs was
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Table 2. Summary of best estimates of treatment effects of raloxifene versus placebo across time points

Sex Time (wks) n Estimate (95% CI); P value’ Cohen’s d SE
Primary outcomes

PANSS total score Both (N = 100) 6 100 —1.52 (-5.03t0 1.99), P = 0.40 0.11 1.78
12 100 —1.89 (=5.50 to 1.71), P =0.30 0.13 1.83
38 93 0.16 (—3.47 t0 1.99), P =0.93 0.01 1.84
PANSS negative score Women (N = 28) 6 28 -2.92 (-5.26 to —0.57), P =0.030  0.59 0.84
12 28 —3.12 (-5.49 to —0.74), P = 0.020  0.65 0.86
38 26 —2.31(-4.70t0 0.07), P = 0.11 0.49 0.86
Men (N =72) 6 72 —0.33 (-1.98 to 1.32), P = 0.69 0.06 1.19
12 72 —0.52 (-2.22 to 1.16), P = 0.54 0.09 1.20
38 67 0.27 (-1.43t0 1.98), P=10.75 0.05 1.21
PANSS positive score Both (N = 100) 6 100 —0.72 (-1.07 t0 0.52), P = 0.25 0.15 0.63
12 100 —0.86 (—2.15t0 0.42), P =10.19 0.17 0.65
38 93 0.10 (—1.19 to 1.39), P =0.88 0.02 0.65
BACS working memory Women (N = 28) 12 28 —0.09 (-0.77 t0 0.59), P = 0.78 0.09 0.34
38 23 0.73 (0.04 to 1.43), P = 0.040 0.62 0.35
Men (N = 64) 12 64 —0.14 (—0.57 t0 0.30), P = 0.54 0.11 0.22
38 60 —0.53 (-0.95 to —0.12), P =0.026  0.46 0.21
BACS processing speed Women (N = 28) 12 28 0.11 (-0.31 t0 0.53); P =0.88 0.12 0.21
38 23 0.10 (=0.30 to 0.51); P=10.93 0.11 0.21
Men (N = 64) 12 64 0.02 (—0.26 to 0.30); P = 0.88 0.02 0.14
38 60 0.01 (=0.26 t0 0.28); P =0.93 0.01 0.14
BACS verbal memory Both (N =92) 12 92 —0.01 (-0.35t0 0.34), P =0.98 0.01 0.17
38 83 —0.37 (-0.82 t0 0.09), P = 0.12 0.28 0.23
BACS reasoning/problem solving Both (N =92) 12 92 —0.10 (—0.47 t0 0.28), P = 0.61 0.08 0.19
38 81 —0.12 (—0.59 t0 0.34), P = 0.60 0.09 0.23

Secondary outcomes
BNSS Both (N =99) 6 98 0.71 (—2.69 to 4.12), P = 0.68 0.06 1.73
12 93 —0.41 (—3.88 t0 3.05), P =0.82 0.03 1.76
38 90 -1.82 (=5.35t0 1.72), P = 0.31 0.16 1.80
BDI Both (N =92) 6 92 0.16 (—2.33 t0 2.65), P =0.90 0.01 1.26
12 90 0.51 (=2.01 to 3.03), P =0.69 0.05 1.28
38 89 0.52 (=2.02 to 3.07), P = 0.69 0.05 1.29
PSP Both (N = 100) 6 99 1.31 (-2.13t0 4.76), P = 0.45 0.10 1.75
12 94 0.76 (—2.74 to 4.26), P = 0.67 0.06 1.77
38 92 1.87 (=1.71t0 5.44), P=0.32 0.15 1.81
EuroQol-5 dimensions Both (N =90) 12 90 —2.78 (=7.95 t0 2.40), P =0.29 0.19 2.62
38 88 3.44(-1.89t08.77), P=0.21 0.22 2.70
TALD Both (N =99) 6 99 —0.68 (—3.41 t0 2.05), P = 0.62 0.07 1.38
12 94 0.39 (—2.40 t0 3.19), P =0.78 0.04 1.42
38 93 0.82 (—1.98 to0 3.63), P = 0.56 0.09 1.42
TALD positive score Both (N =99) 6 99 —0.21 (-1.98 to 1.56), P =0.82 0.03 0.89
12 94 0.57 (-1.39 to 2.54), P = 0.57 0.10 0.99
38 93 0.46 (—1.11 to 2.04), P =0.56 0.08 0.79
TALD negative score Women (N = 28) 6 28 -4.20 (-8.24t0 0.16), P =0.12 0.71 2.12
12 26 —4.20 (—8.37 to —0.04), P = 0.10 0.67 2.10
38 26 —3.33(-7.54t00.87), P=0.13 0.47 2.12
Men (N =71) 6 71 1.43(-1.34t04.19), P=0.31 0.24 1.40
12 68 1.26 (—1.49 t0 4.02), P =0.37 0.20 1.39
38 67 2.13(=0.65t0 4.915), P=0.13 0.34 1.41

Significant results are presented in bold (P < 0.05 after False Discovery Rate correction). Interactions with sex were included when log-
likelihood tests were significant. Covariates are study site, time, baseline score, smoking behavior, and condition-by-time. For BACS
scores, covariates are study site, time, baseline score, smoking behavior, age, condition-by-time, and years of education. Week 12 was the
end-of-treatment visit and week 38 was the follow-up visit (6 months post-treatment). Cohen’s d effect size was calculated as (mean differ-
ence)/(pooled standard deviation). Note: wks, Weeks; SE, Standard Error; PANSS, Positive and Negative Symptom Scale; BACS, Brief
Assessment of Cognition in Schizophrenia; BNSS, Brief Negative Symptom Scale; BDI, Beck’s Depression Inventory; PSP, Personal and
Social Performance scale; EuroQol-5, EuroQol-5 dimensions, 5 levels; TALD, Thought and Language Disorder Scale; *, P value after
False Discovery Rate Correction.
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low and similar between groups (Supplementary Tables
17-20). The incidence of hormone-related complaints
was low and similar in both groups. We found an interac-
tion of treatment-by-time for physical hormone-related
complaints (y*(4) = 10.87; P =0.030) driven by a lower
score in the raloxifene group at week 116 (LSM —1.87;
95% CI, —=3.22 to —0.53; P =0.006; Supplementary
Tables 21 and 22 and Supplementary Figs. 2 and 3).

Discussion

Our results do not support the use of raloxifene in pa-
tients with SSD in general. Yet, we showed that the ef-
fects of the daily addition of 120 mg raloxifene to regular
antipsychotic treatment may be dependent on sex, which
warrants further exploration of the potential sex-specific
effects of raloxifene. Additional sex-specific analyses sug-
gest a beneficial effect of raloxifene on negative symptoms
only in women. At 6 months after treatment discontin-
uation, we also found evidence for a beneficial effect
of raloxifene on working memory in women, while we
found negative effects of raloxifene on working memory
in men on this time point. No significant differences were
observed regarding secondary outcomes in both sexes.
Although the effect of raloxifene on symptoms of nega-
tive thought disorder differed between men and women,
sex-specific treatment effects were not significant.

Importantly, we were not able to replicate previously
reported beneficial effects of raloxifene on total and pos-
itive symptom severity.!>*# This may be explained by
the high proportion of men in our study (70%), in which
no beneficial effects were observed. In addition, ceiling
effects could have played a role as positive symptom se-
verity at baseline was relatively low. Furthermore, we
could not replicate the beneficial effects of raloxifene on
symptom severity in men, as previously reported by an
Iranian study.”® Because our study was well-powered, the
absence of any positive effects on symptom severity or
cognitive functioning provides no indication for raloxi-
fene addition in men.

Our findings suggest a beneficial effect of raloxifene
on negative symptoms in women, which corroborates
with previous meta-analyses showing the potential of ad-
junctive raloxifene in post-menopausal women,'** and
indicate that these effects can be extended to premeno-
pausal women. In line with our hypothesis that raloxifene
has neuroprotective effects, raloxifene seemed to prevent
deteriorating effects that were observed in the placebo
group. Noteworthy, these beneficial effects of raloxifene
were not confirmed by the BNSS, our secondary measure
for negative symptoms. Although the BNSS is considered
to have a greater sensitivity than the PANSS,*® this discrep-
ancy may be explained by the large variation in negative
symptom scores as measured with the BNSS in our sample.

Although one study reported beneficial effects of ral-
oxifene on cognition in a mixed-sex sample of men and

1586

premenopausal women,'® this is the first study to report
beneficial effects of raloxifene on negative symptoms
in a mixed group of pre- and post-menopausal women
with SSD. This is a promising first result which is par-
ticularly valuable given the persistent nature of negative
symptoms and their strong association with functional
outcome,>*34 although replication is essential in pre-
menopausal women. Our finding of a latent beneficial
effect of adjunctive raloxifene on working memory in
women adds up to the available evidence of a positive
direct effect of raloxifene on cognition. If replicated,
this could be of considerable interest, taking into ac-
count the relative safety of raloxifene and considering
the limited treatment options for cognitive impairment
in SSD.*#7

This is the first RCT that investigated the long-term
effects of adjunctive raloxifene on symptoms and cogni-
tion. While our sex-specific findings were based on sec-
ondary analyses, they indicate a latent opposing effect
of raloxifene on working memory in women and in men.
In line with our female-specific beneficial effects, cur-
rent literature provides evidence that short-term admin-
istration of estrogens increases estrogen receptor alpha
(ERa) levels in the hippocampus, resulting in sustained
neuroprotective effects.® A recent study derived pluri-
potent stem cells from SSD patients and differentiated
them into neurons, and showed that both estrogens and
raloxifene increase synapse density, which may underlie
their positive effects on cognition.® Since the process of
synaptogenesis takes time, this could match our findings
of alatent beneficial effect on cognition in women.*® Also,
this would provide an argument why we found specific ef-
fects on working memory because this domain appears to
benefit most from higher hippocampal synaptic density.*
Taken together, our results encourage further research
on the latent beneficial effects of raloxifene on cognitive
functioning in women with SSD.

Our domain-specific results also correspond with other
studies reporting beneficial effects of raloxifene only on
specific cognitive domains.'®2! Tt has been suggested that
estrogens and estrogen-like compounds may specifically
affect brain areas involved in learning and memory,>*>*
which is substantiated by our findings and those of other
clinical trials and imaging studies.!>!¢19:20:3!

While our positive findings in female patients may be
explained by biological mechanisms in the brain, our
negative findings in male patients suggest that raloxifene
may have a different effect on the brain in men. Indeed,
a growing body of literature has reported clear sex dif-
ferences in how estrogen modulates hippocampal neu-
rotransmission on a molecular level, indicating that the
effect of estrogens on cognitive functioning may be sex-
ually dimorphic (for a review, see Ref. **). For example,
the sexes differ in estrogen receptor subtypes that mediate
neural excitation,” and in how potentiation of excita-
tory post-synaptic currents is facilitated.>® Estrogen-like
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compounds may thus have sex-specific effects on brain
regions where estrogen receptors are expressed.

We found no evidence for an effect of menopausal
status on the efficacy of raloxifene, although this may be
due to a lack of power. In addition, our sample size was
too small to distinguish a third group of perimenopausal
women; a group which we hypothesize to benefit most
from raloxifene addition, as they have diminished endog-
enous production of estrogens, but still have functional
estrogen receptors in the brain.” Long-term estrogen
deprivation after menopause transition eventually leads
to permanent depletion in ERa levels, while maintaining
a sufficient pool of hippocampal ERa is essential for
the neuroprotective effects of estrogens on cognition.*
Indeed, in women with Alzheimer’s disease, a therapeutic
window has been suggested during which estrogen-like
therapy is effective for cognition, which starts during
the menopause transition and ends shortly after meno-
pause.”® Such a therapeutic window may also apply for
raloxifene addition in women with SSD."®

An important strength of this study is that we reveal
through sex-specific analyses that raloxifene may have
different effects in women and in men, which encourages
further research on sex-specific pharmacotherapeutic
treatment strategies.”® ®" Our sample contained almost
twice as many males as compared to previous RCTs on
raloxifene addition in male patients. This can be con-
sidered a strength, as it increases the reliability of our null
findings regarding symptoms and negative findings on
cognition in male patients. The broad inclusion criteria
of the current RCT, for example regarding the range of
allowed background antipsychotics and the absence of
restrictions regarding age, are another strength of our
study and allow generalizability and translatability of our
findings. On average, RCTs represent only a fifth of the
real-world individuals with SSD as a consequence of
strict eligibility criteria, which renders their generaliza-
bility and translatability low.®

Limitations

A limitation of this study is the relatively small propor-
tion of women in our sample. We expected the use of
estrogen-like medication to be more appealing to women
than to men and therefore did not make an extra effort to
recruit them. In hindsight, we should have made this extra
effort. Consequently, the evidence regarding raloxifene’s
effect on symptoms in premenopausal women remains
limited and requires replication. Our findings also en-
courage further research into the long-term effects of
raloxifene on cognition in women with SSD. Another
putative limitation is the relatively mild symptom se-
verity of our sample.*> We are aware of several cases
with a minimum score on the PANSS positive or nega-
tive scale at baseline, leaving no room for further reduc-
tion in symptoms. Nevertheless, our findings do show
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that women were protected against deterioration on the
negative symptom scale, a protection that was absent in
men. A further limitation is that patients were permitted
to change their regular medications under the supervision
of their physician. Although such changes are inevitable
in pragmatic-oriented trials of longer duration, this may
have added noise to the treatment signal.

Conclusions

In summary, our results do not support the use of ral-
oxifene in patients with SSD in general but indicate that
the beneficial effects of raloxifene are females specific.
Raloxifene addition has a significant beneficial effect on
negative symptoms in women, which confirms and ex-
tends findings from previous RCTs in postmenopausal
women. Raloxifene also improved working memory
in women 6 months after treatment discontinuation.
We encourage further exploration of the sex-specific
pharmacotherapeutic effects of raloxifene in patients
with SSD. These findings support neuroprotective quali-
ties of raloxifene for women with SSD and encourage fur-
ther exploration of the sex-specific pharmacotherapeutic
effects of raloxifene.

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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