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The composition of marijuana remains largely unregulated, even
though consumption is rising in parallel with rising evidence of harm
[1]. The marijuana plant produces over 100 different cannabinoids,
including the structurally distinct principals, Δ9-tetrahydrocannabinol
(THC) and cannabidiol (CBD). Over two decades, THC concentrations
in retail marijuana rose dramatically, while CBD levels declined, with
THC:CBD ratios now 8 times greater than before [2]. U.S. federal
guidelines have not been established for THC content or THC:CBD
ratios in retail marijuana. The Food and Drug Administration has
approved low-dose THC (initial oral dose 0.04mg/kg b.i.d.) for treating
nausea/vomiting associated with cancer chemotherapy for non-
responders, for treating AIDS-associated anorexia/weight loss, and
CBD (initial oral dose 2.5mg/kg, b.i.d.) to treat rare, severe forms of
epilepsy. Smokable marijuana (~20% THC; ~0.9mg/kg) delivers THC
at ~20 times the FDA-approved initial dose of oral THC and is now
obtainable at THC:CBD ratios varying from 1:1 to 80:1. THC doses and
ratios are germane to establishing safety standards, as THC and CBD
engender markedly different or even antagonistic molecular,
pharmacological and neuropsychiatric effects [3, 4]. Limiting its
therapeutic potential, THC in marijuana acutely elicits psychosis,
anxiolysis, intoxication, and cognitive impairment. With early initiation
and prolonged use, marijuana is addictive and is “likely to increase the
risk of developing schizophrenia and other psychoses; the higher the
use the greater the risk” [5]. No comparable evidence implicates CBD
in engendering euphoria, psychosis, cognitive impairment, anxiety, or
addiction. High concentrations of THC and high ratios of THC:CBD in
marijuana are associated with more robust euphoria, anxiety, and
psychotic symptoms in otherwise normal people. Conversely, CBD
mitigates the effects of THC by attenuating anxiety, cognitive deficits
or psychosis: (a) in heavy marijuana users consuming a product with
high CBD:THC ratios; (b) in marijuana users administered CBD or, (c) in
research subjects given CBD combined with THC [4, 6, 7]. CBD
diminishes the adverse effects of THC by poorly understood processes
[3]. One of many possible targets is DCC, which guides formation of
frontal cortical dopamine circuits during adolescence and is
associated genetically with major psychiatric disorders. In rhesus
monkeys treated repeatedly with THC, our pilot data showed
upregulation of dccmRNA in various brain regions, but if administered
CBD combined with THC (CBD:THC ratio 3:1), dcc was not elevated [8].
If confirmed with a larger “n”, does THC in marijuana dysregulate dcc

expression in human frontal cortex? Does dysregulation alter
adolescent brain dopamine circuit formation, thereby contributing
to psychosis in susceptible early onset, heavy marijuana users? Our
preliminary research is one of many tantalizing leads that warrant
comparisons of the pharmacological and pathological consequences
of high/low THC doses, high/low THC:CBD ratios and whether CBD
can attenuate the effects of a range of THC doses, especially after
long-term use. Except for cannabidiol-specific products, most retail
marijuana strains contain immoderately high concentrations of THC
and scant CBD levels. Accumulating research documents the pitfalls of
an unregulated industry producing psychoactive compounds, while
operating without a foundation of informed science.
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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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