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Sex differences in schizophrenia: estrogen and mitochondria
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Schizophrenia (SCZ) is a neuropsychiatric disorder which displays
sex differences in its clinical manifestations, including women
presenting with later age at onset, less severe course, and better
response to antipsychotics in comparison with men. Estrogen is
a steroid hormone which, in addition to its role in females’
reproduction and sex characteristics, contributes to neuroprotection
within the central nervous system.
In this context, there is compelling evidence that estrogen has

a protective effect in females against the development of
neuropsychiatric disorders, particularly SCZ. Estrogen is reported
to influence several features of SCZ pathophysiology and to
promote the observed sex-difference in the clinical outcomes
between males and females. The molecular mechanisms by
which estrogen affects SCZ are still largely unknown, but there is
evidence that estrogen plays a role in synaptic plasticity,
neurogenesis, and neurotransmission, as well as in modulating
reactive oxygen species (ROS) burden in the brain [1]. Notably,
each of these neurobiological mechanisms is disturbed in the
brain of SCZ patients.
More recently, it has been reported that estrogen also

modulates mitochondrial function [2]. Mitochondria are the main
source of energy for most cellular activities. In the brain,
mitochondria are also implicated in many neuronal processes
reported to be involved in SCZ pathophysiology, and mitochon-
drial dysfunction is emerging as a risk factor for the disorder [3].
Over 1000 mitochondrial genes are encoded by the nuclear
genome, and also, mitochondria contain their own small genome
(mtDNA), which is exclusively maternally inherited. Interestingly,
studies have revealed a stronger maternal inheritance of SCZ
compared to paternal [4].
Mitochondria have sex-specific features, exhibiting distinct

effects in males versus females, and these effects have strong
links to neuroprotection. Briefly, studies in a variety of animal
models have shown that females’ mitochondria have increased
biogenesis and oxidative capacity, and greater antioxidant
defense with (consequently) reduced generation of ROS, thus
less release of mitochondrial apoptotic factors [5]. There is
evidence that estrogen might be a key player in this mitochondrial
sexual dimorphism. Several nuclear-encoded mitochondrial genes

show specific DNA sequences that are targets of estrogen, called
estrogen response elements (ERE). The strongest evidence is the
finding that estrogen receptor beta binds to estrogen EREs in
mtDNA, directly regulating its gene transcription. Moreover, with
respect to direct biochemical connection for the role of estrogen
in mitochondrial function, treatment of cells with estrogen
protects against electron transport chain inhibitors [2]. However,
the actions of estrogen on mitochondrial functioning that may
underlie this hormone’s sex-specific effects on brain development
and behavior in schizophrenia remain uninvestigated, and are an
important target of research in animal models for the disease.
Overall, it appears that estrogen plays a role in SCZ

pathophysiology and in protecting females against a more severe
course of the disease, probably (but not exclusively) through its
regulation of the mitochondrial system. A better understanding of
the influence of estrogen on mitochondrial function in the context
of SCZ will reveal new insights regarding the pathophysiology of
the disease in males versus females. This new perspective will
generate novel targets for drug discovery with potential to
improve many of the SCZ clinical outcomes, as well as developing
future preventive and therapeutic strategies.
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Vaccines to treat opioid use disorders and to reduce opioid
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As the incidence of opioid-related fatal overdoses continues to
rise in the United States, new therapeutic strategies for opioid
use disorders (OUD) are needed. One proposed solution is active
immunization with anti-opioid conjugate vaccines, which
selectively reduce the effects of their target opioid through
production of drug-specific antibodies. As opposed to pharma-
cotherapies (e.g., methadone, buprenorphine, and naltrexone)
targeting opioid receptors in the brain, opioid-specific anti-
bodies operate through a pharmacokinetic mechanism by
sequestering the target opioid in serum and reducing its
distribution to the brain. Anti-opioid vaccines could provide
safe and cost-effective interventions that offer several advan-
tages over current small molecule medications: long-lasting
protection that reduces the burden of compliance; no abuse
liability or risk of diversion; and due to their selectivity, vaccines
do not interfere with endogenous opioids, or with nontarget
opioids prescribed for pain management or for treatment of
OUD. To improve clinical outcome, vaccines could be used in
combination with other medications for OUD.
Extensive preclinical studies have identified a series of lead

vaccines selectively targeting heroin, oxycodone, hydrocodone,
or fentanyl (e.g., [1–3]). Anti-opioid vaccines effectively reduce
distribution of the target opioid to the brain, and reduce opioid-
induced behavior, including drug self-administration, in mice,
rats, or nonhuman primates. Notably, vaccine efficacy in
reducing opioid distribution to the brain depends on the target
opioid, its dose, and route of exposure [2], highlighting the need
to consider variables such as patterns of drug use in study
design of clinical trials. Supporting a role for vaccines in
overdose prevention, vaccination reduces opioid-induced
respiratory depression and bradycardia, two significant factors
in overdose-related fatalities [4]. Additionally, anti-opioid
vaccines do not interfere with naloxone reversal of opioid
toxicity [4] and improve survival following a lethal heroin
dose [5].
Clinical evaluation of first-generation nicotine and cocaine

vaccines has shown that only a subset of immunized subjects
produced levels of drug-specific antibodies sufficient for

efficacy. Therefore, it is critical to optimize vaccine formulations
to maximize efficacy, to understand the immunological mechan-
isms underlying effective immune responses, and to identify
biomarkers predictive of individual variability. Multiple studies
have focused on vaccine design, including optimization of
hapten and linker chemistry, choice of carrier protein and
adjuvant, and development of novel carriers and delivery
platforms. Effective formulations of vaccines against heroin
have included the TLR9 agonist CpG [5] and liposomes
containing the TLR4 agonist monophosphoryl lipid A [3]. The
efficacy of an oxycodone vaccine was enhanced by shifting IgG
subclass distribution through inhibition of interleukin-4 signal-
ing, both indicating a pharmacological target for vaccine
development, and granting insight into mechanisms underlying
vaccine efficacy [6]. Additionally, the pre-immunization fre-
quency of hapten-specific B cell population subsets correlated
with vaccine efficacy, suggesting that subjects likely to generate
clinically effective opioid-specific antibody responses could be
identified prior to vaccination [7]. Accelerating the translation of
vaccines for OUD will benefit from rational design of more
effective vaccine components, development of clinically viable
formulations, and biomarkers supporting patient stratification.
Mounting preclinical data provide proof of selectivity and

efficacy for anti-opioid vaccines, demonstrating their potential to
treat OUD and reduce incidence of opioid overdoses. Testing
these vaccines in clinical trials is warranted.
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