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Why should you care about 
Sex as a Biological Variable?

+ Infectious Diseases: COVID-19 and 
other infectious diseases vary by 
biological sex.

+ Biological sex affects gene 
expression and its genetic 
regulation throughout the body.

+ Neural mechanisms for pain and 
mental health disorders vary by 
biological sex.
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COVID-19
+ Sex-specific Risk Factors.

+ Sex Differences in Disease Presentation and Disease Progression

COVID-19, and among them, more men develop serious
symptoms and show higher mortality compared with
women [6, 7]. Patients with underlying comorbidities in-
cluding diabetes, hypertension, and cardiovascular dis-
ease in both young and older individuals show more
severe symptoms and higher mortality [2, 6].
To date, there is no specific therapy to treat SARS-CoV-

2 infection. Different drugs that were designed for other
diseases including HIV, Ebola, and malaria have been
tested to treat COVID-19 [3]. The lack of vaccines and
other specific drugs against COVID-19 has contributed to
the high mortality. As of July 28, 2020, according to John
Hopkins University database, 188 countries have shown
infections; 16,481,230 confirmed cases and 654,052 mor-
tality have been recorded. Interestingly, COVID-19 has
shown clear sex-specific mortality with higher death rate
in males compared with females (Fig. 1). An analysis of
COVID-19 data from the other 29 countries that were not
included in this study also showed male-biased mortality
[8]. The confirmed cases of SARS-CoV-2 infections dif-
fered across the age groups between males and females.
While females in the age group 10 to 50 years showed
higher incidence, males before 10 and after 50 years were
more susceptible [9]. Analysis of viral RNA in COVID-19
patients indicated that the males show delayed viral clear-
ance as the SARS-CoV-2 RNA was detected for a longer
time in males compared with females [10, 11]. However,
there is no clear understanding of why males are showing
higher mortality compared with females. Hence, this re-
view will highlight different theories/sex differences to
understand the COVID-19 male-biased death rate. Under-
standing of sex differences could further help in under-
standing the disease outcome and therapeutics for
COVID-19 and other new emerging diseases.

Coronavirus infection and therapeutic targets
Coronaviruses are pleomorphic, enveloped, single posi-
tive stranded RNA virus [12]. The viral membrane

contains transmembrane (M) glycoprotein, spike (S)
glycoprotein, and envelope (E) protein [13]. The spike
protein forms the coronal fringe around the virus, and it
facilitates viral entry into human cells [13, 14] (Fig. 2).
The S protein contains the S1 and S2 subunits where
the S1 domain is linked to receptor binding and the S2
domain is required for cell membrane fusion. The S1
subunit of the S protein contains the N-terminal domain
(NTD) and a receptor binding domain (RBD) [3] (Fig. 3).
The RBD binds to angiotensin-converting enzyme 2
(ACE2) and uses it as the entry receptor [14–16]. Apart
from ACE2, the human serine protease, transmembrane
protease/serine subfamily member 2 (TMPRSS2), is also
critical for virus entry into the host cell as it is involved
in S protein priming [14, 17, 18]. Serine proteases on the
surface of target cell cleave the S protein at the S1/S2,
S2 cleavage site, and given its important role in viral
entry, TMPRSS2 is considered a potential therapeutic
target to control coronavirus infection [14]. TMPRSS2
inhibitors including nafamostat and camostat are under-
going clinical trials to determine their efficacy against
COVID-19 [5].
The S2 domain contains fusion peptide (FP) and hep-

tad repeat (HR) 1 and 2 [3] (Fig. 3). Following binding of
RBD to ACE2, the S2 domain undergoes conformational
changes to facilitate membrane fusion and these events
facilitate virus entry into target cells [3]. The importance
of S protein, especially the RBD region, makes it a po-
tential target for SARS-CoV-2 vaccine and antibody-
based drug development [19].
Analysis of RBD region of SARS-CoV and SARS-CoV-

2 sequence using CLUSTLW showed that there is only
46.5% homology (Fig. 3). Despite the low sequence hom-
ology, the binding affinity of SARS-CoV-2 with ACE2
was found to be higher than SARS-CoV [20, 21]. Differ-
ent research groups, using protein-protein interaction
studies, have identified the binding mechanisms of the
SARS-CoV-2 RBD to human ACE2 [20–24]. Nine

Fig. 1 Sex-biased mortality from COVID-19. The data from different countries show that male mortality is higher than females. The data for Peru,
Italy, Spain, England, France, USA, and Mexico was obtained from Global Health 50/50 which was updated July 12. The mortality data as of July
24 for Sweden was taken from the Swedish Public Health Agency
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Sex differences in severity and mortality
from COVID-19: are males more vulnerable?
Ajay Pradhan* and Per-Erik Olsson

Abstract

Coronavirus disease 2019 (COVID-19) has shown high infection and mortality rates all over the world, and despite
the global efforts, there is so far no specific therapy available for COVID-19. Interestingly, while the severity and
mortality of COVID-19 are higher in males than in females, the underlying molecular mechanisms are unclear. In
this review, we explore sex-related differences that may be contributing factors to the observed male-biased
mortality from COVID-19. Males are considered the weaker sex in aspects related to endurance and infection
control. Studies show that viral RNA clearance is delayed in males with COVID-19. A recent study has indicated that
the testis can harbor coronavirus, and consequently, males show delayed viral clearance. However, the role of testis
involvement in COVID-19 severity and mortality needs further research. Males and females show a distinct
difference in immune system responses with females eliciting stronger immune responses to pathogens. This
difference in immune system responses may be a major contributing factor to viral load, disease severity, and
mortality. In addition, differences in sex hormone milieus could also be a determinant of viral infections as estrogen
has immunoenhancing effects while testosterone has immunosuppressive effects. The sex-specific severity of
COVID-19 infections indicates that further research on understanding the sex differences is needed. Inclusion of
both males and females in basic research and clinical trials is required to provide critical information on sex-related
differences that may help to better understand disease outcome and therapy.

Keywords: Coronavirus, Immune system, Gender, Sex hormones, Pathogenesis

Introduction
In December 2019, a new pneumonia outbreak emerged
in Wuhan, Hubei province, China, which showed high
infection rate and mortality. Similar to severe acute re-
spiratory syndrome coronavirus (SARS-CoV), patients
displayed symptoms of pneumonia [1, 2]. Later, the
Chinese Center for Disease Control and Prevention
(CDC) identified that this disease was caused by corona-
virus and it was classified as 2019 novel coronavirus
(2019-nCoV), and the disease was named coronavirus
disease 2019 (COVID-2019). The virus was renamed by
the International Committee on Taxonomy of Viruses as
severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2) [3]. The World Health Organization (WHO) de-
clared SARS-CoV-2 a pandemic on 11 March 2020 [3].
The origin of this coronavirus is not yet known; how-
ever, it is speculated to originate from a live animal mar-
ket in the Hubei province, China [1].
This is the third coronavirus outbreak in the past few

years. In 2002–2003, a coronavirus (SARS-CoV)
emerged in China and it resulted in 774 deaths. In 2012,
Middle East respiratory syndrome (MERS) which first
emerged in Saudi Arabia resulted in 858 deaths [4].
The SARS-CoV-2 is mainly transmitted from person-

to-person via respiratory droplets, and the clinical fea-
tures of COVID-19 range from asymptomatic respiratory
infections to severe pneumonia [5]. The most common
symptoms are fever, fatigue, dry cough, and myalgia [4].
Older patients (≥ 65 years) show severe symptoms of

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
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changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
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women by 74, 87, and 108 per 100,000 Swiss inhabitants,
respectively. In Germany, relative differences between
men and women were similar to Switzerland, but at a
lower level, with the incidence in Germany being one-
third of that in Switzerland. It is notable, however, that
the number of confirmed cases and therefore also the in-
cidence depends largely on testing strategy in countries
and regions.
Novel data on disease course and severity show 50%

more hospitalized men than women (Fig. 2). Notably, al-
though the overall number of confirmed COVID-19
cases across all age groups is currently sex balanced in
Switzerland, the hospitalizations in men exceed the one
observed in women by 1.5-fold. A similar gender distri-
bution in hospitalization rates is observed in France.
This imbalance supports a higher susceptibility of men
to develop severe respiratory disease following SARS-
CoV2 infection, leading to more hospital admissions.
While the number of ICU admissions of men and
women are currently unknown in Switzerland, in France,
and in the Lombardy region (Italy), the number of men
receiving ICU care is 3-fold and 4-fold higher than the
number of women [23]. The latter might be indicative of
gender differences in COVID-19 disease severity; how-
ever, gender inequity in ICU admission policies may also
play a role.
Significant differences in the male to female COVID-

19 case fatality ratio can be observed between European
countries. The latter may also reflect the age-sex mix of

cases by country as well as national testing strategies, be-
sides case fatality. Nevertheless, case fatality rates re-
ported in China, Italy, Spain, France, Germany, and
Switzerland are relatively homogenous and range be-
tween 1.7–1.8. This supports the view that a consistent
biological phenomenon is operating, accounting for the
higher case fatality in men, independent of country-
specific demographics and testing strategies (Fig. 2) [17–
19, 21, 22]. In addition, pooled data comprising 227,219
confirmed cases and 14,364 deaths suggest that the male
to female case fatality ratio is consistently elevated
through all age groups and may even be most pro-
nounced at middle age (Fig. 3). The latter is a novel ob-
servation which further supports the notion that age as
well as gender-specific behavior and/or biological vari-
ables interact in COVID-19 disease vulnerability. How-
ever, more data are needed to confirm an interaction
between age and sex in COVID-19 case fatality.

Sex differences in ACE2 and TMPRSS2 regulation
To enter cells, SARS-Cov-2 binds to the angiotensin
converting enzyme (ACE) 2 receptor and the cellular
serine protease TMPRSS2 for priming [24] (Fig. 5).
ACE2 is a membrane-bound protein and is expressed in
multiple tissues including the cardiovascular system, adi-
pose tissue, gut and kidneys, the central nervous system,
and in the lungs [25]. The cell-associated form of ACE2
is required for SARS-CoV virus entry into target cells
[26]. ACE2 is cleared from the cells by the

Fig. 2 Male to female ratios of COVID-19 cases, hospitalizations, intensive care unit (ICU) admissions, deaths, and case-fatality rates in European
countries and China as of April 2, 2020. *absolute numbers are provided. Sex-disaggregated data were not available for all indicators
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HUMAN GENOMICS

The impact of sex on gene expression across
human tissues
Meritxell Oliva*†, Manuel Muñoz-Aguirre†, Sarah Kim-Hellmuth†, Valentin Wucher, Ariel D. H. Gewirtz,
Daniel J. Cotter, Princy Parsana, Silva Kasela, Brunilda Balliu, Ana Viñuela, Stephane E. Castel,
Pejman Mohammadi, François Aguet, Yuxin Zou, Ekaterina A. Khramtsova, Andrew D. Skol,
Diego Garrido-Martín, Ferran Reverter, Andrew Brown, Patrick Evans, Eric R. Gamazon, Anthony Payne,
Rodrigo Bonazzola, Alvaro N. Barbeira, Andrew R. Hamel, Angel Martinez-Perez, José Manuel Soria,
GTEx Consortium, Brandon L. Pierce, Matthew Stephens, Eleazar Eskin, Emmanouil T. Dermitzakis,
Ayellet V. Segrè, Hae Kyung Im, Barbara E. Engelhardt, Kristin G. Ardlie, Stephen B. Montgomery,
Alexis J. Battle, Tuuli Lappalainen, Roderic Guigó, Barbara E. Stranger*

INTRODUCTION: Many complex human pheno-
types, including diseases, exhibit sex-differentiated
characteristics. These sex differences have been
variously attributed to hormones, sex chromo-
somes, genotype × sex effects, differences in
behavior, and differences in environmental
exposures; however, their mechanisms and
underlying biology remain largely unknown.
The Genotype-Tissue Expression (GTEx) proj-
ect provides an opportunity to investigate the
prevalence and genetic mechanisms of sex
differences in the human transcriptome by
surveying many tissues that have not previ-
ously been characterized in this manner.

RATIONALE: To characterize sex differences in
the human transcriptome and its regulation, and
to discover how sex and genetics interact to in-
fluence complex traits and disease, we generated
a catalog of sex differences in gene expression
and its genetic regulation across 44 human tis-
sue sources surveyed by the GTEx project (v8
data release), analyzing 16,245 RNA-sequencing
samples and genotypes of 838 adult individuals.
We report sex differences in gene expression lev-
els, tissue cell type composition, and cis expres-
sion quantitative trait loci (cis-eQTLs). To assess
their impact, we integrated these results with
gene function, transcription factor binding an-

notation, and genome-wide association study
(GWAS) summary statistics of 87 GWASs.

RESULTS: Sex effects on gene expression are
ubiquitous (13,294 sex-biased genes across all tis-
sues). However, these effects are small and large-
ly tissue-specific. Geneswith sex-differentiated
expression are not primarily driven by tissue-
specific gene expression and are involved in a di-
verse set of biological functions, such as drug and
hormone response, embryonic development and
tissue morphogenesis, fertilization, sexual repro-
duction and spermatogenesis, fat metabolism,
cancer, and immune response.WhereasX-linked
genes with higher expression in females suggest
candidates for escape from X-chromosome in-
activation, sex-biased expression of autosomal
genes suggests hormone-related transcription
factor regulation and a role for additional tran-
scription factors, as well as sex-differentiated
distribution of epigenetic marks, particularly
histone H3 Lys27 trimethylation (H3K27me3).
Sex differences in the genetic regulation of

gene expression aremuch less common (369 sex-
biased eQTLs across all tissues) and are highly
tissue-specific. We identified 58 gene-trait associ-
ations driven by genetic regulation of gene ex-
pression in a single sex. These include loci where
sex-differentiated cell type abundances mediate
genotype-phenotype associations, as well as loci
where sex may play a more direct role in the
underlying molecular mechanism of the asso-
ciation. For example, we identified a female-
specific eQTL in liver for the hexokinaseHKDC1
that influences glucosemetabolism in pregnant
females, which is subsequently reflected in the
birth weight of the offspring.

CONCLUSION: By integrating sex-aware analyses
ofGTExdatawithgene functionandtranscription
factor binding annotations, we describe tissue-
specific and tissue-shareddrivers andmechanisms
contributing to sex differences in the human
transcriptome and eQTLs. We discoveredmulti-
ple sex-differentiated genetic effects on gene
expression that colocalize with complex trait
genetic associations, thereby facilitating the
mechanistic interpretation of GWAS signals.
Because the causative tissue is unknown for
many phenotypes, analysis of the diverse GTEx
tissue collection can serve as a powerful resource
for investigations into the basis of sex-biased
traits. This work provides an extensive char-
acterization of sex differences in the human
transcriptome and its genetic regulation.▪

GENETIC VARIATION

Oliva et al., Science 369, 1331 (2020) 11 September 2020 1 of 1
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S2 D.F. Swaab et al. / Neurobiology of Aging 24 (2003) S1–S16

Table 1
Ratios for women over men suffering from a selection of neurological
and psychiatric diseases

Disease Percent women:
percent men

Rett syndrome 100:0
Postoperative hyponatremic encephalopathy
with permanent damage or death

96:4

Anorexia nervosa 93:7
Lymphocytic hypophysitis 90:10
True (central) precocious puberty 90:10
Hypnic headache syndrome 84:16
Bulimia 75:25
Senile dementia of the Alzheimer type 74:26
Multiple sclerosis 67:33
Anxiety disorder 67:33
Posttraumatic stress disorders 66:34
Dementia 64:36
Unipolar depression, dysthymia 63:37
Whiplash 60:40
Severe learning disability 38:62
Substance abuse 34:66
Stuttering 29:71
Schizophrenia 27:73
REM sleep behavioral disorder 24:76
Male-to-female versus female-to-male
transsexuals

28:72

Dyslexia 23:77
ADHD 20:80
Autism 20:80
Sleep apnoea 18:82
Kallmann syndrome 17:83
Rabies 13:87
Gilles de la Tourette 10:90
Kleine–Levin syndrome 0:100

For references see [98].

human on the basis of the presence of thyrotropin-releasing
hormone, cholecystokinin, galanin and glutamic acid de-
carboxylase (for review see [97]). Allen et al. [3] gave this
nucleus another name: “Interstitial Nucleus of the Ante-
rior Hypothalamus 1 (INAH-1)”. Morphometric analysis
of the human SDN-POA revealed that the volume is more
than twice as large in young adult men as it is in women,
and contains about twice as many cells in men [99]. The
magnitude of the SDN-POA sex difference does not remain
constant throughout adulthood, but varies with age (Fig. 4).
We extended the original observations to a group of 38 fe-
males and 42 males [49,100] replicating the sex difference
in the young adult group. However, neither Allen et al. [3],
LeVay [67] or Byne et al. [14] found a sex difference in the
SDN-POA/INAH-1.
Allen et al. [3] described two other cell groups (INAH-2

and -3; Fig. 1) in the preoptic-anterior hypothalamic area of
humans that were larger in the male brain than in the female
brain. It is unclear which nuclei in the rat are homologous
to the INAH-2 and -3 which is further hampered by the lack
of knowledge about their neurotransmitter content. Neither
the data from the study by LeVay [67] nor those of Byne

et al. [14] confirmed the sex difference in INAH-2, but they
both did confirm a sex difference in INAH-3.
Another sex difference was described by Allen and

Gorski [4] in what they called the “darkly staining postero-
medial component of the bed nucleus of the stria terminalis”
(BNST-dspm). The volume of the BNST-dspm was 2.5
times larger in males than in females. We found a similar
sex difference in the central nucleus of the bed nucleus of
the stria terminalis (BSTc; Fig. 5). The BSTc is defined by
its dense vasoactive intestinal polypeptide (VIP) innervation
and is characterized by its somatostatin fiber plexus and
neurons. The BSTc in men is 40% larger than in women
and men have almost twice as many somatostatin neurons
as women [19,59,117].
The anterior commissure was found to be 12% larger in

females, and the interthalamic adhesion (or massa interme-
dia), a grey structure that crosses the third ventricle between
the two thalami, was present in more females (78%) than
males (68%). Among subjects with a massa intermedia, the
structure was on average 53% larger in females than in males
[5]. The latter observations suggest a greater connectivity
between the cerebral hemispheres of women as compared
to men.

2. Development and sexual differentiation

Sexual dimorphism does not seem to be present in the
human SDN-POA at the time of birth. At that moment, to-
tal cell numbers are still similar in boys and girls and the
SDN-POA contains no more than some 20% of the total cell
number found between 2 and 4 years of age. From birth up to
this age, cell numbers increase equally rapidly in both sexes
(Fig. 6). A sex difference in the SDN-POA does not occur
until about the fourth year postnatally, when cell numbers
start to decrease in girls, whereas in boys the cell numbers
in the SDN-POA remain stable until their rapid decrease at
approximately 50 years of age. In women, a second phase of
marked cell loss sets in after the age of 70 ([49,100]; Fig. 4).
The sex difference in size of the BSTc becomes overt

only in adulthood [19]. The unexpectedly late sexual dif-
ferentiation of the BSTc shows that the process of sexual
differentiation of the brain may extend into adulthood.
The sex difference in the pattern of aging, and the fact that

sexual differentiation in the human SDN-POA only occurs
after the fourth year of age ([100]; Fig. 6) might explain why
Allen et al. [3], who had a sample of human adults biased
for aged individuals, did not find a significant sex difference
in the size of the SDN-POA, which they called INAH-1. In
the study of Allen et al., 40% of the adult subjects came
from the age group in which the SDN-POA sex difference is
minimal compared to 29% in our study [49]. Moreover, the
group of elderly subjects (over 70 years of age) was under-
represented in Allen’s study: 20% compared to the 37.5%
that would be a proportional distribution of all ages. In our
study, 32% of the subjects belonged to this old age group. So
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neurons. The BSTc in men is 40% larger than in women
and men have almost twice as many somatostatin neurons
as women [19,59,117].
The anterior commissure was found to be 12% larger in

females, and the interthalamic adhesion (or massa interme-
dia), a grey structure that crosses the third ventricle between
the two thalami, was present in more females (78%) than
males (68%). Among subjects with a massa intermedia, the
structure was on average 53% larger in females than in males
[5]. The latter observations suggest a greater connectivity
between the cerebral hemispheres of women as compared
to men.

2. Development and sexual differentiation

Sexual dimorphism does not seem to be present in the
human SDN-POA at the time of birth. At that moment, to-
tal cell numbers are still similar in boys and girls and the
SDN-POA contains no more than some 20% of the total cell
number found between 2 and 4 years of age. From birth up to
this age, cell numbers increase equally rapidly in both sexes
(Fig. 6). A sex difference in the SDN-POA does not occur
until about the fourth year postnatally, when cell numbers
start to decrease in girls, whereas in boys the cell numbers
in the SDN-POA remain stable until their rapid decrease at
approximately 50 years of age. In women, a second phase of
marked cell loss sets in after the age of 70 ([49,100]; Fig. 4).
The sex difference in size of the BSTc becomes overt

only in adulthood [19]. The unexpectedly late sexual dif-
ferentiation of the BSTc shows that the process of sexual
differentiation of the brain may extend into adulthood.
The sex difference in the pattern of aging, and the fact that

sexual differentiation in the human SDN-POA only occurs
after the fourth year of age ([100]; Fig. 6) might explain why
Allen et al. [3], who had a sample of human adults biased
for aged individuals, did not find a significant sex difference
in the size of the SDN-POA, which they called INAH-1. In
the study of Allen et al., 40% of the adult subjects came
from the age group in which the SDN-POA sex difference is
minimal compared to 29% in our study [49]. Moreover, the
group of elderly subjects (over 70 years of age) was under-
represented in Allen’s study: 20% compared to the 37.5%
that would be a proportional distribution of all ages. In our
study, 32% of the subjects belonged to this old age group. So

Disease % women:% men

A total of 37% of all genes exhibit sex-biased expression in 
at least one tissue. 58 gene-trait associations  are driven by 
genetic regulation of gene expression in a single sex.

Sex affects gene expression and its genetic regulation throughout the body
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Depression affects women at 
twice the rate of men

are not fully known (Issler and Nestler, 2018). Only recently have
the molecular and cellular mechanisms underlying these differ-
ences begun to be systematically addressed (Hodes et al., 2015;
Labonté et al., 2017; Seney et al., 2018), focusing on the role of
transcription, particularly of protein-coding genes (PCGs).
Long non-coding RNAs (lncRNAs) are a recently discovered

class of regulatory RNAs that play pivotal roles in epigenetic
regulation (Ulitsky and Bartel, 2013). They are defined as con-
taining more than 200 nt and generally have similar structural
properties as transcripts of PCGs (Rinn and Chang, 2012).
LncRNAs play regulatory roles as decoys, scaffolds, or guides
by interacting with DNA, RNAs (including microRNAs [miRNAs]),
or proteins (Quinn andChang, 2016). LncRNAs are classified into
several biotypes according to their genomic proximity to PCGs;
for example, ones with no overlap with a PCG are named long
intergenic non-coding RNAs (lincRNAs), and others that are
coded from the opposite strand of a PCG are antisense RNAs
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Figure 1. Brain Region- and Sex-Specific
Regulation of lncRNAs in Depression
(A) Schematic illustration of the postmortem

human brain regions used in the study from

depressed and control subjects from both sexes.

vmPFC, ventromedial prefrontal cortex; dlPFC,

dorsolateral PFC; OFC, orbitofrontal cortex; NAc,

nucleus accumbens; aINS, anterior insula; vSUB,

ventral subiculum.

(B) Pie chart demonstrating the proportion of RNA

biotypes that are differentially expressed in

depression across brain regions and sexes.

LncRNAs, long non-coding RNAs; snRNAs, short

non-coding RNAs; lincRNAs, long intergenic non-

coding RNAs. Differential expression criteria: fold

change > 30% and p < 0.05. Mean number of

differently expressed lncRNAs is noted.

(C and D) Heatmaps illustrating low similarly in the

pattern of differentially expressed lncRNAs be-

tween brain regions in depressed subjects

compared with controls in females (C) and males

(D). Yellow, upregulation; blue, downregulation;

black, no regulation; gray, no expression.

(E and F) Low overlap in lncRNAs regulated by

depression between females and males in vmPFC

(E) and other brain regions (F). Percentage overlap

and number of differentially expressed lncRNAs

are noted.

n = 9–13 per group. RNA-seq data from Labonté

et al. (2017).

See also Figure S1.

(St. Laurent et al., 2015). Notably, in the
human genome there are more lncRNAs
than PCGs (Zhao et al., 2016). Compara-
tive genomic studies indicate that a third
of lncRNAs have arisen within the
primate lineage and that !40% of
lncRNAs are brain specific (Ransohoff
et al., 2018; Derrien et al., 2012). These
observations suggest a key role for
lncRNAs in the evolution of higher brain
functions (Barry, 2014), although

research focusing on the role of lncRNAs in mood and depres-
sion is in its infancy.
To evaluate the contribution of lncRNAs to depression, we bio-

informatically analyzed lncRNAs within our recently published
dataset of sex-specific transcriptional signatures in human
depression (Labonté et al., 2017). We noted robust regulation
of lncRNAs in depression in a brain region- and sex-specific
manner. Our analysis identified LINC00473 as a key sex-specific
target that is downregulated in prefrontal cortex (PFC) of
depressed women only. Using parallel approaches in mouse
models and human-derived neural-like cells in culture, we found
that LINC00473, a primate-specific lncRNA, promotes behav-
ioral resilience and alters neuroendocrine, neurophysiological,
and transcriptional responses to stress specifically in females.
This study opens a new avenue of research on the involvement
of lncRNAs generally, and LINC00473 specifically, in sex-spe-
cific regulation of mood disorders.

ll
Article

Neuron 106, 912–926, June 17, 2020 913

Pie chart illustrates the proportion of RNA biotypes that are differentially expressed in depression 
across brain regions and sexes.  Issler et al., 2020, Neuron 106, 912–926 

SWHR-ENDO congressional briefing 3-2-21 5



are not fully known (Issler and Nestler, 2018). Only recently have
the molecular and cellular mechanisms underlying these differ-
ences begun to be systematically addressed (Hodes et al., 2015;
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transcription, particularly of protein-coding genes (PCGs).
Long non-coding RNAs (lncRNAs) are a recently discovered

class of regulatory RNAs that play pivotal roles in epigenetic
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taining more than 200 nt and generally have similar structural
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differently expressed lncRNAs is noted.
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tween brain regions in depressed subjects
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are noted.
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(St. Laurent et al., 2015). Notably, in the
human genome there are more lncRNAs
than PCGs (Zhao et al., 2016). Compara-
tive genomic studies indicate that a third
of lncRNAs have arisen within the
primate lineage and that !40% of
lncRNAs are brain specific (Ransohoff
et al., 2018; Derrien et al., 2012). These
observations suggest a key role for
lncRNAs in the evolution of higher brain
functions (Barry, 2014), although

research focusing on the role of lncRNAs in mood and depres-
sion is in its infancy.
To evaluate the contribution of lncRNAs to depression, we bio-

informatically analyzed lncRNAs within our recently published
dataset of sex-specific transcriptional signatures in human
depression (Labonté et al., 2017). We noted robust regulation
of lncRNAs in depression in a brain region- and sex-specific
manner. Our analysis identified LINC00473 as a key sex-specific
target that is downregulated in prefrontal cortex (PFC) of
depressed women only. Using parallel approaches in mouse
models and human-derived neural-like cells in culture, we found
that LINC00473, a primate-specific lncRNA, promotes behav-
ioral resilience and alters neuroendocrine, neurophysiological,
and transcriptional responses to stress specifically in females.
This study opens a new avenue of research on the involvement
of lncRNAs generally, and LINC00473 specifically, in sex-spe-
cific regulation of mood disorders.
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Issler et al., 2020, Neuron 106, 912–926 

Depression looks the same in men and women
Male and female depressed brains use different genes 

are not fully known (Issler and Nestler, 2018). Only recently have
the molecular and cellular mechanisms underlying these differ-
ences begun to be systematically addressed (Hodes et al., 2015;
Labonté et al., 2017; Seney et al., 2018), focusing on the role of
transcription, particularly of protein-coding genes (PCGs).
Long non-coding RNAs (lncRNAs) are a recently discovered

class of regulatory RNAs that play pivotal roles in epigenetic
regulation (Ulitsky and Bartel, 2013). They are defined as con-
taining more than 200 nt and generally have similar structural
properties as transcripts of PCGs (Rinn and Chang, 2012).
LncRNAs play regulatory roles as decoys, scaffolds, or guides
by interacting with DNA, RNAs (including microRNAs [miRNAs]),
or proteins (Quinn andChang, 2016). LncRNAs are classified into
several biotypes according to their genomic proximity to PCGs;
for example, ones with no overlap with a PCG are named long
intergenic non-coding RNAs (lincRNAs), and others that are
coded from the opposite strand of a PCG are antisense RNAs
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biotypes that are differentially expressed in
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non-coding RNAs; lincRNAs, long intergenic non-

coding RNAs. Differential expression criteria: fold

change > 30% and p < 0.05. Mean number of
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pattern of differentially expressed lncRNAs be-
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and number of differentially expressed lncRNAs

are noted.

n = 9–13 per group. RNA-seq data from Labonté
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(St. Laurent et al., 2015). Notably, in the
human genome there are more lncRNAs
than PCGs (Zhao et al., 2016). Compara-
tive genomic studies indicate that a third
of lncRNAs have arisen within the
primate lineage and that !40% of
lncRNAs are brain specific (Ransohoff
et al., 2018; Derrien et al., 2012). These
observations suggest a key role for
lncRNAs in the evolution of higher brain
functions (Barry, 2014), although

research focusing on the role of lncRNAs in mood and depres-
sion is in its infancy.
To evaluate the contribution of lncRNAs to depression, we bio-

informatically analyzed lncRNAs within our recently published
dataset of sex-specific transcriptional signatures in human
depression (Labonté et al., 2017). We noted robust regulation
of lncRNAs in depression in a brain region- and sex-specific
manner. Our analysis identified LINC00473 as a key sex-specific
target that is downregulated in prefrontal cortex (PFC) of
depressed women only. Using parallel approaches in mouse
models and human-derived neural-like cells in culture, we found
that LINC00473, a primate-specific lncRNA, promotes behav-
ioral resilience and alters neuroendocrine, neurophysiological,
and transcriptional responses to stress specifically in females.
This study opens a new avenue of research on the involvement
of lncRNAs generally, and LINC00473 specifically, in sex-spe-
cific regulation of mood disorders.
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Studies identify a female-specific driver of stress resilience that 
is aberrant in female depression. 
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Osteoarthritis Widespread

Study Study

review of 11,000 electronic medical records 
of men and women with the same diagno-
sis11. However, the real test of the hypoth-
esis that pain sensitivity itself is higher 
in women requires controlled laboratory 
experimentation.

Laboratory studies of sex differences. Many 
studies of sex differences in pain sensitivity 
have been conducted (for recent examples, 
see REFS 12–14), and many reviews and 
meta-analyses of these studies exist5,9,15–19. 
As might be expected with a biological 
domain as heterogeneous as pain, the 
picture emerging from these studies is 
complex. Some studies show notable sex 
differences in pain sensitivity, whereas 
others do not. A persistent concern is 
that laboratory studies of pain sensitivity 

between the sexes are confounded by 
human subject–experimenter interac-
tions involving gender role expectations, 
although contradictory data have been gen-
erated relating to this issue5,20. Overall, sex 
differences seem to be easier to evince in 
certain pain modalities than in others (such 
as in heat or pressure-induced pain com-
pared with ischaemic pain), using certain 
dependent measures (such as tolerance as 
opposed to pain intensity or unpleasantness 
ratings) and at certain time points (such 
as early rather than late after introduc-
tion of the noxious stimulus), and exhibit 
small-to-moderate effect sizes (see REFS 5,15 
for comprehensive recent reviews).

What has struck many researchers, 
however, is the fact that when differences 
are observed, they almost unanimously 

show that women have a higher sensi-
tivity and lower tolerance to pain than 
men, report higher pain ratings and have 
a greater ability to discriminate among 
varying levels of pain. Nonetheless, a true 
consensus has been hard to reach; a con-
sensus working group published a report 
in 2007 in which a direct statement that 
women were more sensitive to pain than 
men in the laboratory was conspicuously 
absent19. A recent review suggests that the 
informal consensus that women are more 
sensitive to pain is actually due to a bias 
related to participant selection criteria and 
an overemphasis on pain measures show-
ing sex differences rather than ones that 
do not15. From a re-analysis of the relevant 
data (BOX 2), I conclude that this critique is 
too conservative in its definition of what 

Figure 1 | Sex differences in prevalence of chronic pain syndromes. The 
epidemiological data presented here are taken from REF. 5 but were derived 
from large, general population-based (self-report) studies conducted via 
surveys or telephone interviews (see 5WRRNGOGPVCT[�KPHQTOCVKQP|5� for full 
citations). Data from clinical studies are not included because of bias associ-
ated with the fact that health care services are used more by women than by 
men. Each blue bar represents the excess prevalence of the pain condition 
in women reported in a single epidemiological study; the red bar to the right 
represents the median excess prevalence within the category. The 

definitions of pain prevalence (including current pain, 1–12-month pain 
duration or chronic pain) differed widely across the studies, but the definition 
in each was the same for males and females, and thus sex differences in 
prevalence can be compared directly. In some cases, the male–female differ-
ence scores plotted are averages of multiple prevalence estimates. The aver-
age of the category medians is 5.5% excess female prevalence. *Indicates the 
average of different age ranges. ‡Indicates the average of different durations. 
§Indicates the average of different numbers of pain-related symptoms. 
||Indicates the average of different pain locations).

P E R S P E C T I V E S

860 | DECEMBER 2012 | VOLUME 13  www.nature.com/reviews/neuro

© 2012 Macmillan Publishers Limited. All rights reserved

Mogil (2012) Nature Reviews Neuroscience
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ated with the fact that health care services are used more by women than by 
men. Each blue bar represents the excess prevalence of the pain condition 
in women reported in a single epidemiological study; the red bar to the right 
represents the median excess prevalence within the category. The 

definitions of pain prevalence (including current pain, 1–12-month pain 
duration or chronic pain) differed widely across the studies, but the definition 
in each was the same for males and females, and thus sex differences in 
prevalence can be compared directly. In some cases, the male–female differ-
ence scores plotted are averages of multiple prevalence estimates. The aver-
age of the category medians is 5.5% excess female prevalence. *Indicates the 
average of different age ranges. ‡Indicates the average of different durations. 
§Indicates the average of different numbers of pain-related symptoms. 
||Indicates the average of different pain locations).
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constitutes a sex difference; the evidence is 
actually overwhelmingly in support of the 
contention that women are more sensitive 
to pain, although the size and importance 
of this sex difference could be debated.

In addition to sex differences in pain, 
sex differences in response to opioid anal-
gesics have also been intensely studied. 
A recent meta-analysis concluded that 
morphine is moderately more efficacious 
in women than in men in both clinical 
(largely patient-controlled analgesia) and 
experimental studies; however, the picture 
becomes far less clear for other μ-opioids 
and especially for mixed μ- and κ-opioid-
acting compounds (such as butorphanol, 
pentazocine and nalbuphine)9. In contrast 
to the animal literature on sex differences 
in pain21, which generally supports the 
informal consensus of higher pain sensi-
tivity in females, the animal literature on 
sex differences in opioid analgesia reaches 
a conclusion that dramatically opposes the 
human situation, with most studies show-
ing increased μ-opioid analgesia in male 
rodents compared with female animals22,23. 
No explanation of this apparent species 
difference has been proposed. Of note, 
the single study examining this issue in 
non-human primates (Macaca mulatta) 
reported that male monkeys exhibited 
more analgesia from low-efficacy μ-opioid 
and κ-opioid agonists than did female 
animals24.

Influence of hormones. Determining 
whether women have different sensitivity 
to pain or analgesia compared with men is 
complicated by the hormonal cyclicity of 
women; the differential sensitivity might 
only be evinced in certain phases of this 
cycle. Much attention has been paid to this 
issue, although the relevant studies have 
been criticized for various methodological 
problems19,25. Some clinical pain conditions 
in women vary with the menstrual cycle25. 
A meta-analysis of experimental studies 
revealed that women have a higher pain 
threshold and tolerance during the follicu-
lar phase (with small-to-moderate effect 
sizes) in every stimulus modality except 
electrical pain, in which the highest pain 
thresholds were associated with the luteal 
phase26 (note that studies following the 
publication of this meta-analysis have pro-
duced conflicting results5,20). A more recent 
narrative review that used a different defi-
nition of menstrual phases compared with 
that used in the meta-analysis concluded 
that increased reactivity to pain occurs 
peri-menstrually and mid-cycle27.

Even one of the simpler relevant ques-
tions remains a matter of ongoing debate: 
are oestrogen and progesterone pronocic-
eptive or antinociceptive? There are many 
extant reports of pain modulation in both 
directions by gonadectomy, oestradiol or 
hormone replacement therapy (with or 
without a progestin). Generally, if effects 
are seen, gonadectomy increases pain 
sensitivity, especially for acute pain28. 
By contrast, oestradiol and progesterone 
given to ovariectomized animals gener-
ally cause hypoalgesia28,29, if effects are 
observed. Human studies of clinical pain 
are even more complex, with a multitude 
of findings in both directions as well as 
null results. Craft29 speculates that this 
complexity may arise from the widespread 
distribution of oestrogen receptors in 
pain-relevant loci, possibly biphasic dose–
response relationships, methodological 
inconsistencies and the ignored modula-
tory influence of other steroids such as 
testosterone, oestriol and oestrone.

Complicating interactions. The situation is 
complicated further by findings from ani-
mal studies that show robust interactions 
between sex and other factors in relation to 
pain sensitivity. The primary factor among 
these is genotype. Studies in mice21,30–32 and 
rats32–36 have demonstrated that sex differ-
ences in pain and analgesia can be demon-
strated in certain strains but not others. The 
effects of gonadal hormones on pain-related 
traits are similarly strain-dependent21,37. 
Sex–strain interactions undermine the entire 
concept of sex differences in that they (at 
least partially) moot the question: which sex 
is more sensitive to pain? A more sophis-
ticated perspective is that sex and genetic 
background (and their interaction) are both 
simply components of inter-individual vari-
ability that need to be explained. As might 
be expected given this interaction, genes 
(quantitative trait loci) with sex-dependent 
effects on pain trait variability have been 
uncovered38–42. A recent study uncovered 
a three-way interaction in both mice and 
humans between sex, genetics (AVPR1A 
genotype (AVPR1A encodes the vasopressin 
1A receptor)) and acute stress43.

Recent mouse studies have revealed 
another surprising factor that interacts with 
sex to modulate pain: social interaction. In 
these studies, mice were placed in obser-
vational apparatuses in which some of the 
animals were in pain (which was induced by 
intraperitoneal injection of acetic acid) and 
some were not, and both mouse location and 
pain behaviour were measured. Unaffected 

female but not male mice approached cage 
mates (but not strangers) that were in pain 
and spent excess time in physical proximity to 
their hurting familiar44. This social approach 
appears to be an effective analgesic, as a nega-
tive correlation was obtained between contact 
time and pain behaviour44. Social interaction 
can also affect pain behaviour in male mice. 
When mice were tested in a dyad in which 
only one was injected with acetic acid, either 
stress-induced analgesia or stress-induced 
hyperalgesia was observed, depending on the 
threat level dictated by facets of the testing 
situation45; these effects are only seen in unfa-
miliar male mice.

Last, in rodents, sex has been shown to 
interact with prenatal or neonatal inflamma-
tion46,47 and/or prenatal or neonatal stress48–51 
to affect pain sensitivity in adulthood.

Potential underlying mechanisms
Although, as outlined above, the debate over 
the existence of sex differences in pain is 
not yet over, some researchers have turned 
their full attention to the task of uncovering 
mechanisms underlying such differences. 
There are three operationally defined types 

Figure 2 | Subject choice and reporting prac-
tices in preclinical studies of pain. Data are 
from a survey of papers published between 
1996 and 2005 reporting awake, behaving non-
human animal pain experiments7. Seventy-nine 
percent of those experiments used male 
rodents only. Of studies using both sexes, most 
featured no discussion of whether sex differ-
ences were observed or not. In 3% of studies, 
the animals’ sex was not even reported. No 
convincing trends in subject characteristics 
were observed within this 10-year period in 
any category (not shown).
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Mogil (2020) Nature Reviews Neurosciencedisconfirmed in females). This indicates that females 
have a distinct (although obviously not completely dis-
tinct) pain biology compared with males. Of course, not 
all mechanisms contributing to pain processing appear 
to differ by sex; the involvement of astrocytes38 (but see 
REF.39), NMDA receptors40 and the potassium–chloride 
symporter KCC2 (REF.41) has recently been explicitly 
demonstrated to be sex independent.

Investigators who have been studying both sexes have 
provided clues to this sex-specific biology, and their 
ranks have recently been bolstered by the introduction 
of SABV policies (BOX 1). The qualitative sex differences 

that have been identified can provide us with informa-
tion on sex-specific pain biology rather than just hor-
monal modulation of a common biology, which would 
likely lead to only quantitative differences between males 
and females. Any manipulation designed to affect one 
particular neural (or any other type of) circuit in one sex  
will fail to produce effects in the other sex if they do not  
share that circuit. Thus, the demonstration of quali-
tative sex differences is evidence of divergent biological 
processes. This type of sex difference has been referred 
to as a “type III” sex difference (‘sex convergence and 
divergence’), defined as a difference that occurs when an 

Box 1 | Analysing the influence of SABV policies on subject choice in pain research

‘Sex as a biological variable’ (SABV) policies are being increasingly 
adopted by funding agencies24. Given the complexities surrounding 
the implementation of these policies, it is natural to question their 
effectiveness. To address this question, an analysis of every primary 
research article published in the journal Pain between January 2015 and 
December 2019 was performed (see Supplementary methods). This 
journal was selected because it is the largest specialist journal in the field 
and the one featuring by far the most preclinical research. In this period, 
1,103 primary research articles were published, of which a few featured 
more than one subject ‘type’ (for example, rats and mice): in these cases, 
the studies of different subject types were considered separately, giving  
a total of 1,123 studies. It is important to note that studies performed in 
the United States are likely to represent a large fraction of these articles 
(40.7% in 2019) and that the National Institutes of Health SABV policy 
was announced in 2014 (REF.211), released in 2015 and required as a part 
of grant applications as of 2016. Non-human animals were the research 
subjects of approximately 35% of the studies, with 60% studies involving 
human participants and the remainder testing cell lines or performing 
meta-analyses of previously collected data. The number of published 
studies that were explicitly ‘about’ sex differences (as indicated by the 
words ‘sex’ or ‘gender’ in the article title or by the joint appearance of 
‘males’ and ‘females’, ‘boys’ and ‘girls’, or ‘men’ and ‘women’ in the title,  
or more than once in the abstract) increased from approximately three  
per year between 2015 and 2018 to 12 in 2019 (see the figure, part a).  
In addition, when all preclinical (non-human) primary research studies 
published in Pain in this time frame were considered (72–85 studies per 
year), there were significant linear trends (analysed by standard linear 
regression techniques) towards a decrease in the number of studies using 
only male animals (slope −6.2 ± 1.6; P = 0.03) and an increase in those  
using only female animals (slope 1.6 ± 0.4; P = 0.04) (see the figure, part b).  
A strong but non-significant trend (slope 3.0 ± 1.0; P = 0.06) towards 
CP|KPETGCUG�KP�VJG�PWODGT�QH�UVWFKGU�WUKPI�CPKOCNU�QH�DQVJ�UGZGU�CPF�
analysing and reporting sex differences can also be seen. Previously 

reported data16 collected by the same method covering the period from 
1996 to 2005 (including a total of 540 articles) is shown for comparison. 
The situation is improving over time, especially in 2019, likely due to the 
lag time between experiments designed after the introduction of SABV 
mandates and their publication. In studies of human participants over the 
same period, the percentage of studies reporting an analysis of the data 
by sex did not change over time (Supplementary Fig. 1). Particularly 
worrisome are clinical trials, for which even in 2019 only a single trial 
among 25 reported trials disaggregated data by sex.

Non-human animal articles published in 2019 were further analysed 
on the basis of the country where the experiments were presumably 
performed (on the basis of the postal address of the corresponding  
author). Articles from authors working in countries with an established 
SABV policy as of 2016 (that is, Canada, Sweden and the United States) 
were more likely to feature both male and female subjects than countries 
without such a policy (Supplementary Fig. 2), suggesting that the policies 
may have achieved their intended effect. It is important to note that 
this analysis was not designed to assess the compliance of the studies 
published within this period (many of which may have been initiated 
before 2016) with SABV policies and similarly did not attempt to identify  
or exclude studies for which there was a clear scientific reason for the 
inclusion of a single sex of the subjects.
#NVJQWIJ�VJGUG�RTGNKOKPCT[�FCVC�UWIIGUV�VJCV�5#$8�RQNKEKGU�OC[|JCXG� 

led to some changes in preclinical practices in the pain field, the generaliz-
ability of this finding to the wider pain literature or to other fields of 
research is unclear, as it is based on a restricted sample size from a single 
journal. Indeed, it was recently reported212 that the rates of male-only 
rodent use reported in five behavioural science journals between 2016  
and 2017 were unchanged from the rates in a previous survey of articles 
published between 2005 and 2006. It may be hypothesized that the pain 
field has been encouraged to pay more attention to female animals not 
only by mandated policy but also by the publication of high-profile articles 
in the field describing robust sex differences40,93,94,152,173.
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The federal plan for health science and
technology’s response to the opioid crisis:
understanding sex and gender differences
as part of the solution is overlooked
Jill B. Becker1* and Carolyn M. Mazure2

Abstract

The Fast-Track Action Committee on (the) Health Science and Technology Response to the Opioid Crisis recently
released their draft report for public comment. This report provides the “roadmap” for a coordinated federal
research and development response to the opioid crisis. Other than noting the important concerns regarding
maternal and neonatal exposure to opioids, the report overlooks the laboratory, clinical, and epidemiological
data that inform the need for further research on sex and gender differences in opioid addiction that have
critical gender-based treatment and prevention implications. As we embark on research and development,
investigations into the neurobiology of pain, opioid use, and addiction must include both females and males
in model systems and, similarly, psychological and sociocultural investigations must study women and men.
All data should be reported by sex and gender so that gender-specific treatment and prevention strategies
derived from this research are provided to practitioners and the public. We encourage biomedical researchers
and clinical care providers, as well as the public, to insist that a successful response to the opioid crisis should
highlight the importance of understanding sex and gender differences in the current opioid epidemic.

Keywords: Opioid crisis, Sex differences, Gender-based strategies

Background
In October 2018, the Fast-Track Action Committee (FTAC)
on (the) Health Science and Technology Response to the
Opioid Crisis released their draft report for public com-
ment. The FTAC committee consisted of staff from United
States governmental units including the National Institutes
of Health, National Science Foundation, Center for Disease
Control, Food and Drug Administration, Office of Science
and Technology Policy, Department of Defense, United
States Department of Agriculture, and other federal agen-
cies impacted by the opioid crisis. According to the report
(https://www.nih.gov/draft-ftac), “The White House Na-
tional Science and Technology Council chartered the Opi-
oid FTAC to support the President’s response to the opioid

crisis by identifying (1) Research & Development (R&D)
critical to addressing key gaps in knowledge and tools, and
(2) opportunities to improve coordination of Federal R&D
essential to combating the opioid crisis.”
This is a critically important report because it provides

the guidance for the federal response to the opioid crisis.
However, essential laboratory, clinical, and epidemiological
data on sex and gender differences in opioid addiction are
overlooked [1]. We assert that the national response
should endorse and encourage sex and gender difference
research and generate coordinated gender-based interven-
tions that can more fully address the opioid epidemic.
As the report documents, the number of prescription

overdose deaths dramatically increased between 1999 and
2016. What the report fails to mention is that women are
more likely than men to be prescribed and use opioid an-
algesics [2]. And, as importantly, there are gender-specific
risk factors for addiction and death from opioid overdoses
[3, 4]. Moreover, over the past 50 years, the number of
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SABV is having an effect but policy needs to follow the science
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Future Research Needs for SABV
+ Computational approaches for Sex X gene X 

trait analyses
+ Systems level analysis and analyses across 

systems
+ Interdisciplinary and transdisciplinary teams
+ Prioritize translational studies that test 

mechanistic hypotheses
+ Gender-centered treatments
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