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The Effects of Biological Sex on Sepsis
Treatments in Animal Models: A Systematic
Review and a Narrative Elaboration on Sex-
and Gender-Dependent Differences in Sepsis

OBIJECTIVES: Preclinical studies provide an opportunity to evaluate the rela-
tionship between sex and sepsis, and investigate underlying mechanisms in a
controlled experimental environment. The objective of our systematic review was
to assess the impact of biological sex on treatment response to fluid and antibiotic
therapy in animal models of sepsis. Furthermore, we provide a narrative elabora-
tion of sex-dependent differences in preclinical models of sepsis.

DATA SOURCES: MEDLINE and Embase were searched from inception to
March 16, 2020.

STUDY SELECTION: All studies reporting sex-stratified data comparing antibi-
otics and/or fluid resuscitation with a placebo or no treatment arm in an in vivo
model of sepsis were included.

DATA EXTRACTION: Outcomes of interest were mortality (primary) and organ
dysfunction (secondary). Risk of bias was assessed. Study selection and data ex-
traction were conducted independently and in duplicate.

DATA SYNTHESIS: The systematic search returned 2,649 unique studies, and
two met inclusion criteria. Both studies used cecal ligation and puncture models
with imipenem/cilastatin antibiotics. No eligible studies investigated fluids. In one
study, antibiotic therapy significantly reduced mortality in male, but not female,
animals. The other study reported no sex differences in organ dysfunction. Both
studies were deemed to be at a high overall risk of bias.

CONCLUSIONS: There is a remarkable and concerning paucity of data investi-
gating sex-dependent differences in fluid and antibiotic therapy for the treatment
of sepsis in animal models. This may reflect poor awareness of the importance
of investigating sex-dependent differences. Our discussion therefore expands on
general concepts of sex and gender in biomedical research and sex-dependent
differences in key areas of sepsis research such as the cardiovascular system,
immunometabolism, the microbiome, and epigenetics. Finally, we discuss current
clinical knowledge, the potential for reverse translation, and directions for future
studies.

REGISTRATION: PROSPERO CRD42020192738.

KEY WORDS: animal models; antibiotics; fluid therapy; sepsis; sex; systematic
review

istorically, much of our knowledge and evidence in biomedical re-
search is founded on data from male subjects only, leading to conclu-
sions and clinical guidelines potentially being inappropriately applied
to the entire population (1, 2). This issue is even more pervasive in preclinical
animal research, where single-sex studies of male animals outnumber those
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of females six to one in some fields (3). This historical
sex bias in animal research is particularly worrisome,
given that it has been proposed as a potential factor
limiting translational research success (2, 4) and that
sex-dependent differences are consistently reported in
disease pathogenesis and outcomes (5-7), drug phar-
macokinetics and pharmacodynamics (8), and re-
sponse to treatments (9-12).

Sepsis is the life-threatening organ dysfunction in re-
sponse to infection, estimated to account for one in five
annual deaths worldwideandisrecognized by the World
Health Organization as a global health priority (13).
Despite the incredible effort dedicated to treating
sepsis and searching for novel treatments, mortality
rates for septic shock have remained at 25-30% (14).
Numerous studies investigating the connection be-
tween biological sex and sepsis outcomes have been
conducted, but two clinical systematic reviews on this
topic were inconclusive and recommended further in-
vestigation (15, 16).

In order to inform future sepsis studies that account
for biological sex and to evaluate novel interventions
within representative patient populations, a strong
foundational understanding of sex differences is crit-
ical. This knowledge must start with the cornerstones
of sepsis treatment, namely fluids and antibiotics.
Consistent with evidence supporting the efficacy of an-
tibiotic and fluid resuscitation, current clinical guide-
lines recommend their immediate administration after
the development of sepsis (17). However, this treat-
ment does not stratify according to biological sex, and
therefore, sex-dependent differences in treatment re-
sponse are not routinely considered.

Given the limitations of clinical studies of biolog-
ical sex (i.e., restricted to observational data), animal
models offer a unique opportunity to directly evaluate
the relationship between biological sex and treatment
response in the absence of other confounding vari-
ables. There is evidence to suggest that female animals
are protected in sepsis, and numerous mechanisms for
these potential sex differences have been described
(18-20); however, the interaction between biological
sex and treatment response has been overlooked. Thus,
in this systematic review, we synthesized available evi-
dence to assess the influence of biological sex in animal
models of sepsis treated with fluids or antibiotics. The
paucity of data found suggested that there may be a lack
of awareness or understanding of this issue. Therefore,
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we were asked by the editors to provide a brief nar-
rative elaboration on the effects of sex and gender in
both clinical and preclinical sepsis, highlighting how
sex-dependent differences may impact various physio-
logic and pathologic processes.

MATERIALS AND METHODS

Our protocol was registered on the International
Prospective Register of Systematic Reviews (https://
www.crd.york.ac.uk/PROSPERO, CRD42020192738).
The article was prepared in accordance with the
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses checklist (21) (Appendix 1,
Supplemental Digital Content, http://links.Iww.com/
CCX/A624).

Eligibility Criteria

We included all interventional, in vivo studies (random-
ized, nonrandomized, or pseudorandomized) that com-
pared antibiotics and/or fluid resuscitation with a placebo
or no treatment arm. All included studies must have used
a true infectious model of sepsis (e.g., cecal ligation and
puncture [CLP] models were included, but models using
lipopolysaccharide injection were excluded), reported
using animals of both sexes, and reported sex-stratified
outcomes. Full-text articles published in English were in-
cluded. Gray literature, abstracts, commentaries, letters,
reviews, and editorials were excluded. Invertebrate an-
imal models were excluded.

Outcomes

Our primary outcome was mortality compared be-
tween biological sexes. Organ dysfunction compared
between biological sexes was a secondary outcome.

Literature Search Strategy

Our search strategy of MEDLINE and Embase (incep-
tion to March 16, 2020) was developed in collaboration
with an information specialist with expertise in the
design of preclinical systematic searches (Risa Shorr,
MLS, Ottawa Hospital Library Services) (Appendix
2, Supplemental Digital Content, http://links.lww.
com/CCX/A624). Using the Peer Review of Electronic
Search Strategies framework (22), an additional in-
formation specialist (not associated with the review)
evaluated the strategy.
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Study Selection

All studies identified by our search were imported into
DistillerSR (Evidence Partners, Ottawa, ON, Canada).
Two independent reviewers screened titles, abstracts,
and full text for inclusion. All conflicts were resolved
through discussion with a senior team member.

Data Extraction

Two independent reviewers extracted relevant infor-
mation from each study in duplicate, using a pilot-
tested and standardized data extraction form created in
DistillerSR. Extracted data included study characteris-
tics, intervention characteristics, risk of bias details, and
outcomes. Engauge Digitizer Software (http://markum-
mitchell.github.io/engauge-digitizer) was used to ex-
tract and quantify data found only in graphical format.
Any disagreements were resolved through consensus
discussion, and if necessary, a third party was consulted.

Data Analysis

Mortality was analyzed using a Kruskal-Wallis test. For
histological measures of organ dysfunction, the mean
difference (MD) and pooled sp in histology score be-
tween antibiotic treated and placebo-treated animals
were calculated for both male and female animal
experiments. A random effects inverse variance meta-
analyses (with accompanying 95% Cls) was used to an-
alyze the difference between the MDs.

Risk of Bias Assessment

Included studies were assessed for risk of bias using a
modified version of the Systematic Review Centre for
Laboratory Animal Experimentation risk of bias tool.
This is a specifically designed and validated adaptation
of the Cochrane Risk of Bias tool for use in preclin-
ical animal studies. Assessments were performed inde-
pendently and in duplicate by two reviewers.

Deviations From Protocol

A number of outcomes reported in our protocol were
notincluded in the review due to an insufficient number
of included articles reporting these outcomes (markers
of pulmonary, renal, hepatic, cardiac, and pancreatic
dysfunction; bacterial load). In addition, we were not
able to perform pooled meta-analysis, conduct our
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planned subgroup analyses, or assess publication bias
due to limited available data. Post hoc, we rescreened
articles for neonatal studies but were unable to identify
any that met eligibility criteria.

RESULTS

Our literature search returned 2,649 unique citations
(Fig. 1). Of the full-text articles screened (n = 176),
numerous studies were excluded because either only
animals of a single sex were used (n = 31) or even when
animals of both sexes were used, no sex-stratified data
were provided (n = 40). Two studies met eligibility cri-
teria and were included in this review (23, 24). Both
reported sex-dependent effects of antibiotic adminis-
tration. No studies reported sex-dependent effects of
fluid resuscitation. One older study investigating anti-
biotics briefly stated that no differences were observed
between males and females (i.e., line item result); how-
ever, no further details were provided (25).

Characteristics of Included Studies

Summarized characteristics of included studies are in
Table 1. One study was published in 2018 (24), the other
in 2019 (23), and both were conducted in the United
States. Both used CLP to model sepsis in C57BL/6
mice. The total sample sizes of these two studies were
190 (23) and 200 (24), but data from experiments re-
porting sex-specific sepsis data used 10-15 (23) or 10
mice (24) per treatment arm.

The antibiotic used in both studies was imipenem
(administered with cilastin, which potentiates the
effects of imipenem). One study administered the anti-
biotic intraperitoneally in a single dose (25 mg/kg) (24),
and the other administered it subcutaneously (5mg/
kg) every 12 hours for 7 days (23). One study investi-
gated antibiotic therapy after meeting predetermined
criteria defining physiologic deterioration after CLP
versus a 4-hour delay (early vs late treatment) (24).
The other study administered treatment 30 minutes
post CLP (23).

Primary Outcome—Mortality

One study reported sex-specific data (10 mice used
per treatment arm (24)); the other reported that sex-
dependent differences were not observed (23). Early
antibiotic treatment significantly prolonged time to
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Records identified through
database searching

(n =3374) (n=0)

Additional records identified
through other sources

Risk of Bias Assessment

Both studies were deemed
to be at high risk of bias

Records after duplicates removed
(n = 2649)

A 4

due to incomplete out-
come reporting (Appendix
4, Supplemental Digital
Content, http://links.lww.
com/CCX/A624). One
study reported randomi-

Records screened
(n = 2649) -

Records excluded

zation of animals, but the

(n = 2473) method of randomization

was not described (24).
Neither study reported
blinding of either experi-

Full-text articles assessed
for eligibility
(n=176)

A4

Studies included in final
review

(n=2)

Full-text articles excluded, with

Incorrect intervention (n=48)
Animals of one sex only (n=31)
No sex-specific data, antibiotics only (n=29)

No outcomes of interest reported (n=8)
No sex-specific data, both antibiotics/fluids

No sex-specific data, fluids only (n=5)

menters or during outcome
assessment nor whether
animal allocation to treat-
ment was concealed.

reasons
(n=174)

Non-English {(n=15)
Irretrievable (n=12)
Not true sepsis (n=10)

DISCUSSION

Our preclinical systematic
review investigating the
effects of sex-dependent
differences in treatment re-
sponse for sepsis identified

(n=6)

Sex of animals unclear (n=5)
Incorrect study design (n=3)
Duplicate (n=1)
Retracted (n=1)

Figure 1. Study selection flow diagram.

50% mortality compared with late antibiotic treat-
ment in male mice (3,361 vs 1,546 min), but not in
female mice (1,579 vs 1,295min). Additionally, fe-
male mice of both early and late antibiotic treatment
groups died significantly sooner than male mice.
Even female mice with early antibiotic treatment died
significantly sooner than male mice with late antibi-
otic treatment.

Secondary Outcome—Organ Dysfunction

One study reported histological measures of tissue
damage in the heart, lung, liver spleen, kidney, gut,
brain, testis, and ovary, stratified by sex (23). No sig-
nificant differences were observed between response
to antibiotic therapy between male and female mice
(Appendix 3, Supplemental Digital Content, http://
links.Iww.com/CCX/A624).
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only two relevant articles.
Furthermore, no studies
using fluids as treatment
were found, and the focus of the two included studies
was not on investigating the effects of biological sex.
Our results highlight a concerning scarcity of preclin-
ical sepsis studies investigating the effects of biological
sex on clinically relevant, foundational therapies for
sepsis. Exploring these questions in preclinical animal
studies would minimize confounders and could reveal
both subtle differences and mechanistic underpin-
nings that would not be possible in the most rigorous
observational clinical studies.

Preclinical sex-dependent differences to sepsis
therapy should be understood prior to investigating
novel interventions that are typically evaluated in the
laboratory setting. Without this knowledge, beneficial
effects of novel therapies may be lost when translated
to a clinical setting where female and male patients
with sepsis will all presumably be treated with fluids
and antibiotics. It is also interesting that the two stud-
ies that investigated antibiotic therapy demonstrated

June 2021 * Volume 3 * Number 6


http://links.lww.com/CCX/A624
http://links.lww.com/CCX/A624
http://links.lww.com/CCX/A624
http://links.lww.com/CCX/A624

Review Article

TABLE 1.

Study Characteristics and Findings of Included Studies

Animal
Strain,
Species,
Age

References;
Sample Size

Sepsis Control

Model Group

Dose, No. of
Doses, Route of

Antibiotic Administration, Time
Used

of Administration Outcomes Findings

Das et al (23); C57BL/6, CLP No Imipenem/  5mg/kg, every Standardized No significant
n=190 mice, treatment cilastatin 12hr for 7 d, Histological differences
(~40-75 with 10-12 wk subcutaneous Injury Scores between
sex-stratified injection, 30 min (heart, lung, liver, males and
data reported) after sepsis spleen, kidney, females

induction gut, brain, ovary,
testis)

Lewis et al (24); C57BL/6, CLP No Imipenem/  25mg/kg, 1, Mortality Males had
n=200 (50 mice, 8—12 treatment/  cilastatin intraperitoneal greater
total with wk low-dose injection, 0 and 4 hr treatment
sex-stratified antibiotics after meeting criteria response
data reported) for physiologic than

deterioration females

CLP = cecal ligation and puncture.

disparate results, with one finding no difference in
mortality, whereas the other observed less mortality
in male mice. We cannot rule out that protocol differ-
ences may account for these disparate results; more
standardized approaches to preclinical experimental
design of sepsis studies may address this issue in the
future.

Our study has limitations. We were unable to per-
form meta-analyses due to the lack of included studies.
Given that our review focused on treatment response
to standard therapies in sepsis, we did not include
studies of novel therapies. Similarly, studies explor-
ing mechanisms underlying potential sex-dependent
differences using only animals of one sex were also
excluded (e.g., using techniques such as testosterone
receptor blockade in male animals or ovariectomy in
female animals). We would argue, however, that we
must first understand sex-dependent responses to
standard treatments in order to better predict and eval-
uate responses to novel therapies. Ultimately, the pau-
city of studies investigating sex-dependent differences
in sepsis with fluid and antibiotic treatment highlights
the need for more clinically relevant, methodologically
rigorous preclinical studies exploring this issue.

As a result of the paucity of data found, and our
subsequent discussion with the editors of Critical
Care Explorations, it was felt that a further elabora-
tion was needed on the differential effects of sex in
sepsis. Therefore, the following expanded discussion

Critical Care Explorations

briefly highlights clinical and preclinical research on
the effects of biological sex in various physiologic and
pathologic processes in sepsis. We begin with a primer
on sex and gender considerations in biomedical re-
search. Next, we provide a brief narrative review of
potential sex-dependent differences and highlight im-
portant knowledge gaps in specific areas of interest in
sepsis research: immunometabolism, the epigenome,
microbiome, and cardiovascular function during
sepsis. Furthermore, we discuss current clinical know-
ledge and the potential for reverse translation with
regard to sex-dependent differences in sepsis and pro-
vide suggestions for future studies. The reader should
be aware that the following information was not syn-
thesized according to a prespecified protocol and thus
should be regarded as a narrative elaboration. Of note,
we have also recently published a narrative review dis-
cussing sex- and gender-dependent issues in both clin-
ical and preclinical sepsis (20).

Introduction to Sex and Gender in Sepsis
Research

Although frequently used interchangeably, “sex” and
“gender” encompass two distinct entities. According to
the Canadian Institutes of Health Research, sex refers to
“a set of biological attributes in humans and animals, in-
cluding chromosomes, gene expression, hormone levels
and function, and reproductive/sexual anatomy” (26).

www.ccejournal.org 5
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On the other hand, gender refers to the “socially con-
structed roles, behaviors, expressions, and identities of
girls, women, boys, men and gender diverse people” (26).
Consistency in the use of this language in biomedical re-
search is imperative to disentangle the effects of sex and
gender on human health and disease and to promote the
clear dissemination of knowledge. This is of particular
importance since sex and gender can have divergent
effects on various diseases. For example, female gender
is associated with recurrent acute coronary syndrome
independent of female sex (27), and feminine gender
characteristics have been associated with increased so-
matic symptoms and chronic diseases, especially in men
(28). Guidance on the correct use of the terms sex and
gender is available for clinical research (29, 30). Despite
this, it has been demonstrated that most clinical practice
guidelines use the terms “sex” and “gender” incorrectly,
leading to the unique effects of these variables to be rel-
atively underexplored and underappreciated (31, 32).
Within the domain of laboratory animal-based sepsis
studies, “sex” is almost universally the appropriate term
to be used, as the social constructs of gender are not typ-
ically studied in this setting.

Sex bias has increasingly been suggested as a poten-
tial factor contributing to poor translation, given that
animals of predominantly male sex are used in pre-
clinical sepsis studies, whereas females account for ap-
proximately half of all sepsis cases in humans (4, 13).
Indeed, funding agencies such as the National Institutes
of Health in the United States and the Canadian
Institutes of Health Research have statements encour-
aging preclinical scientists to account for sex as a basic
biological variable to improve our understanding of
health and disease in both males and females (26, 33).
Even with the recent advocacy for the incorporation
of sex- and gender-based analyses into study design,
multiple studies demonstrate that sex bias still per-
sists in both clinical and preclinical research (34, 35).
Interestingly, although the use of female animals has
significantly increased over the past decade, “sex-based
analysis” is conducted and reported in only a minority

TABLE 2.

of studies (35). Results from male and female animals
are usually presented in a pooled manner, making it
impossible to identify sex-dependent differences. It
is critical that laboratory-based studies report sex-
stratified data, so that differences (which may not be
apparent in a single laboratory study) can be identified
by pooling results across multiple studies (e.g., by fu-
ture preclinical systematic reviews and meta-analysis).
Table 2 highlights basic considerations for future pre-
clinical sepsis research.

In the clinical setting, numerous studies have been
conducted investigating the effects of biological sex
in sepsis, but few have evaluated the effects of gender.
Hence, for this review, we will reference “sex” in clinical
studies where participants are classified as either male
or female. A recent analysis of global sepsis incidence
found that age-adjusted sepsis incidence from 1990 to
2017 was higher among females than males (13). Despite
this, females are systematically underrepresented in
sepsis clinical trials (36). In this regard, guideline man-
agement of sepsis draws from evidence that may not
apply equally to males and females. Complicating this
discussion is the recognition that disparities in delivery
of care between males and females may also impact
guideline adherence for sepsis therapy (37), similar to
gaps noted in cardiovascular disease (38). Considering
mortality in septic patients, numerous individual stud-
ies have been conducted, with conflicting evidence.
While some studies have shown that males experience
higher mortality from sepsis and septic shock (39-41),
others demonstrated either higher mortality in females
(42-45) or no sex-dependent differences (46, 47).
Two systematic reviews have summarized this evidence
and demonstrated overall equivocal findings, empha-
sizing the need for additional, methodologically rig-
orous studies on this issue (15, 16). Thus, although the
following sections largely focus on potential sex-depen-
dent pathophysiology of sepsis as studied in preclinical
animal models, it is important to note that large know-
ledge gaps remain in clinical sepsis research in regards
to sex- and gender-dependent differences.

Basic Considerations for Future Preclinical Studies

1) Use the terms “sex” and “gender” correctly. Within laboratory animal research, the correct term is almost universally “sex”

2) Incorporate both male and female animals in preclinical studies.

3) Report data stratified by sex, even if there are no apparent differences.

6 www.ccejournal.org
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Sex-Dependent Differences in
Immunometabolism

Immunometabolism is focused on the dynamic inter-
play between metabolism and the immune response.
Metabolic processes regulate the immune system
during normal physiology, but these effects may be
amplified during severely pathologic processes such as
those which occur during sepsis. Failure to consider
the role of metabolic dysfunction during sepsis may
contribute to the lack of success in translational sepsis
research (48). This section briefly discusses potential
sex-dependent differences in the immune response
and metabolic processes that may contribute to sex-
dependent differences in sepsis.

Sex-dependent differences in the immune response
during clinical sepsis have generally been observed on
a macroscopic level; however, the data are conflicting.
Significantly higher levels of proinflammatory cyto-
kines such as interleukin (IL)-6 and procalcitonin have
been observed in male septic patients (49); similarly,
endotoxin challenge to healthy volunteers was shown
to elicit a greater inflammatory response (tumor ne-
crosis factor [TNF]-a, IL-1f, IL-6, and IL-8) in whole
blood from males compared with females (50). In con-
trast, other studies have found that females exhibited a
more proinflammatory response following endotoxin
challenge, with higher increases in C-reactive protein,
TNF-q, and leukocyte sequestration (51, 52).

Preclinical studies have provided insight into sex-
dependent differences in the immune response. Tissue-
resident leukocyte populations in the peritoneal and
pleural cavities have been shown to be more abundant
and yield a greater density of Toll-like receptors (TLRs)
in female mice via elevated tissue chemokine expres-
sion. This may contribute to higher survival in female
animals through enhanced detection and elimination
of pathogens (53). In another study, female mice sub-
jected to CLP demonstrated more robust cell-mediated
immune responses and a subsequently higher survival
rate than male mice (54). Interestingly, male mice sub-
jected to hemorrhage prior to CLP had both increased
mortality as well as increased levels of IL-6, TNF-a, and
prostaglandin E2 compared with male mice subjected
to CLP only (55). In contrast, mortality following CLP
did not increase in female mice first subjected to hem-
orrhage compared with sham, and plasma levels of IL-6
and TNF-a did not increase (55). These differences were

Critical Care Explorations

credited to the effects of estrogen. This study highlights
how sex-dependent differences in immune function
may lead to differential outcomes in sepsis depending
on various precipitating factors or other superimposed
comorbidities. Interestingly, biological sex, but not fe-
male reproductive cyclicity, has been shown to influ-
ence the peripheral blood immune cell prevalence in
mice (56). Specifically, it has been observed that female
mice have fewer monocytes, neutrophils, and natural
killer cells and that males exhibit greater variability
in the peripheral blood immunophenotype (56). The
authors also demonstrated that the common practice
of using equal numbers of male and female mice is
often not appropriate and subsequently provided guid-
ance to facilitate sample size calculations for peripheral
immune cells (i.e., that consider the effects of sex) (56).
Additionally, a biologically modified beta-glucan (poly-
[1, 6]-p-D-glucopyranosyl-[1, 3]-B-D-glucopyranose
glucan) was shown to enhance 10-day survival after
CLP in female mice but not in male mice and ovariec-
tomized female mice. These results were attributed to
the effect of the treatment in decreasing levels of IL-6
and IL-10 and reducing bacterial burden in livers of
proestrus female mice (57). Furthermore, 10-day sur-
vival in ovariectomized female mice was not improved
with a single dose of estrogen administered at the time
of fluid resuscitation, highlighting how mechanisms in-
dependent of sex hormones likely contribute to funda-
mental sex-dependent differences.

Hyperinflammation observed in the acute phase of
sepsis has been linked to metabolic changes such as
energy deprivation, increased metabolic demand, and
end-organ failure. The impairment of oxidative phos-
phorylation and the subsequent metabolic shift toward
glycolysis are thought to be due to decreased expres-
sion of peroxisomal proliferator-activated receptor
(PPAR)-y (which mediates lipid and glucose metab-
olism) and impaired mitochondrial function (critical
for oxidative phosphorylation and cell metabolism)
(48, 58, 59). Interestingly, preclinical studies dem-
onstrated that mitochondria in females have lower
levels of oxidative stress (which was suppressed by
ovariectomy) and higher levels of antioxidants and
antioxidant enzymes (60, 61). This may confer pro-
tection during sepsis. Furthermore, sex-dependent
differences in expression of various PPAR isoforms
(which regulate lipid and glucose metabolism, and
immunity) have been observed (62).

www.ccejournal.org 7
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Although many of these sex-dependent differ-
ences have been attributed, at least in part, to sex hor-
mones, other potential factors such as the dimorphic
expression of genes encoded on the X chromosome
likely contribute. The X chromosome contains a large
number of immune-related genes (63, 64) and also
encodes a significant number of mitochondrial genes,
which govern the critical role of the mitochondria in
immune cell fate and function (65). These contribu-
tions from genes encoded on the X chromosome to-
ward immunometabolism are of particular interest
given the hemizygosity (referring to individuals with
only one member of a chromosome pair) of males for
the X chromosome and that 15-25% of genes escape
X chromosome inactivation in females (66, 67). For
example, escape of the TLR7 gene results in increased
expression in males (68).

Currently, immune cell biomarkers such as cyto-
kines are used to represent the pro- or anti-inflam-
matory state during sepsis, and evidence suggests that
sex-dependent differences in the immune response
may influence the morbidity and mortality associated
with sepsis. Future studies investigating the changes in
specific immune cell populations (which may be re-
sponsible for differential expression of cytokines) may
inform development of therapies targeting specific
immune cell populations. Furthermore, a thorough
time-course evaluation of immunometabolic shifts
which occur during the various stages of sepsis path-
ogenesis will provide insight into the potential use of
time-matched therapeutics. Using integrative omics to
decipher the regulation of X chromosome inheritance
and its role in immunometabolic regulatory mecha-
nisms could further advance our understanding of
observed sex-dependent differences in sepsis. Overall,
due to abundant and highly specific potential thera-
peutic targets, immunometabolism is a promising field
of study to explore novel therapeutics for sepsis.

Sex-Dependent Differences in the Microbiome

In addition to the intrinsic biological differences be-
tween males and females that are conferred by genetics,
the sexes are also distinguished by the microbiome, an
important extrinsic biological influence. It is well es-
tablished that microbiota-host mutualism is critical
for immune development and homeostasis, such that
alterations of the microbiome can confer susceptibility
to infections and sepsis (69-71). Therefore, difference

8 www.ccejournal.org

in microbial communities between males and females
is a potentially unique driver of sexual dimorphism in
sepsis pathogenesis, as the microbiome is both extrinsic
to the host and may be modified therapeutically (i.e.,
via pre-, pro-, and antibiotics). In this section, we dis-
cuss key sepsis-related findings regarding the micro-
biome, and how sex-dependent differences may play a
role in divergent sepsis pathogenesis and outcomes.

Clinical observational studies of hospitalized
patients have identified an association between intes-
tinal dysbiosis and the risk of acquiring sepsis, in that
patients with microbiota dysbiosis (including those
with Clostridium difficile infection or those who have
received systemic antibiotics) were found to be at sig-
nificantly higher risk of being readmitted to hospital
with sepsis (72, 73). In preclinical studies, pathologic
alterations of the microbiome have also been shown
to modulate the risk of sepsis, organ dysfunction,
and mortality in multiple models of bacterial infec-
tion. Notably, prevention of gut dysbiosis in neonatal
mice has been shown to prevent late-onset sepsis (74),
and mice with higher gut a-diversity have improved
survival following CLP compared with genetically
identical mice (from different vendors) with lower
a-diversity (75). Furthermore, fecal microbiota trans-
plant from mice who survived sepsis into susceptible
mice improves survival following CLP (76).

Microbiota differences between males and females
exist both anatomically (e.g., the unique urogenital
microbiome niche in females), as well as composition-
ally (77). In a sex-matched study of gut microbiome
profiles in 89 different mouse strains, important dif-
ferences were observed in both microbial composition
and biodiversity, with female mice harboring greater
bacterial a-diversity as well as greater abundance of key
immune-modulating microbial taxa (e.g., Clostridiaceae
and Lachnospiraceae families) (78). Given the links be-
tween greater gut microbiome biodiversity, coloniza-
tion with short-chain fatty acid producing taxa (such as
Lachnospiraceae), and improved outcomes in sepsis and
critical illness, it is possible that sex-dependent compo-
sition may contribute to differences in sepsis outcomes
as well (71, 79-81).

A key mechanism by which microbiome differences
drive sexual dimorphism of disease pathogenesis is
through the mutualistic relationship between com-
mensal microbes and the immune system. Landmark
studies using combinations of germ-free mice and
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fecal transplantation between females and males have
demonstrated that sex-dependent differences in the
microbiome directly confer sexual dimorphism of
immune-mediated diseases. For example, in the non-
obese diabetic mouse model of type-1 diabetes, there is
a significantly higher incidence of diabetes in females
compared with males, which islost when these mice are
raised under germ-free conditions (82). Furthermore,
transplantation of the intestinal microbiome from
male mice into female mice led to a reduced risk of di-
abetes in females through the induction of hormonal
and metabolomic changes that suppressed pancreatic
islet inflammation and autoantibody production (83).
These and other studies have clearly established that
sex-dependent differences in the microbiome can im-
part significant dimorphism of immune development,
function, and pathogenesis in immune-mediated
disease.

Further research is also required to clarify how sex-
dependent differences in the microbiome contribute
to host defense, immunopathogenesis, and outcomes
in sepsis. An important first step will be to analyze
the microbiome composition and diversity between
septic males and females, both in human cohorts
and animal models. Causal and mechanistic implica-
tions of sex-dependent microbiome differences can
then be comprehensively evaluated using germ-free
and gnotobiotic approaches to dissect the role of the
microbiome, together with genetic tools to delineate
the impact of host biological sex (e.g., the Four Core
Genotypes model) (84). Understanding the impact of
the microbiome in sepsis pathogenesis will not only
further our basic understanding of this disease but
may yield novel targets for treatments that harness the
therapeutic malleability of the microbiome.

Sex-Dependent Differences in Epigenetics

Beginning in embryonic development and contin-
uing throughout the course of life, epigenetic modi-
fications contribute to unique phenotypic expression
of every individual. During sepsis, epigenetic changes
can profoundly modify the host response during both
early and late stages of the disease (reviewed in [85]).
Furthermore, pathogens modify host immune
responses through epigenetic mechanisms (i.e., pro-
duction of microRNAs [miRs], enzymes targeting
host chromatin, and manipulation of host epigenetic
enzymes) (85), highlighting the importance of the
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epigenome in the host defense. As such, in this sec-
tion we discuss sex-dependent differences in epi-
genetics such as X chromosome inactivation and
differences in histone modifications and miR expres-
sion, which may contribute to sexually dimorphic out-
comes in sepsis.

Beginning in utero, X chromosome inactivation
occurs in XX females to equalize gene dosage as com-
pared to XY males (86). This process results in a unique
mosaic expression of X chromosomes in every female,
due to the random inactivation of either the maternal
or paternal X chromosome. This X-linked mosaicism
may have significant implications in the progression
of major disease, including sex-dependent differences
in sepsis. For example, skewing of X-inactivation in
white blood cells has been shown to correlate with in-
jury severity after trauma (87). In studies using mice
subjected to CLP, X-linked polymorphisms and mo-
saicism in nicotinamide adenine dinucleotide phos-
phate oxidase 2 and interleukin-1 receptor associated
kinase 1 resulted in a unique immune phenotype and
were shown to improve survival (88, 89). Although
potentially beneficial in sepsis, this process of random
X-inactivation canalso be detrimental, which is thought
to contribute to the higher prevalence of autoimmune
diseases in females (90). Interestingly, the number of
X chromosomes has been shown to influence produc-
tion of inflammatory cytokines. Following stimulation
of whole blood with various TLR ligands, patients with
Klinefelter’s syndrome (who carry two X chromo-
somes but are phenotypically male) exhibited a sim-
ilar inflammatory response to females but not males,
even after adjustment for levels of sex hormones (91).
Likewise, prepubescent patients with Turner’s syn-
drome (who only have a single X chromosome but are
phenotypically female) have been shown to exhibit a
similar pattern of cytokine production as prepubes-
cent males (92).

A landmark investigation demonstrated that signif-
icant changes in DNA methylation (at hundreds of ge-
nomic regions) and histone modifications (specifically
H3K27 acetylation and H3K4 methylation) profoundly
impact gene expression in response to endotoxin (93).
Notably, hypomethylation of the TNF promoter con-
comitant with displacement of nucleosomes from
the binding site for nuclear factor kappa-light-chain-
enhancer of activated B cells is known to up-regulate
TNF transcription in response to endotoxin stimulation
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in human monocytes (94, 95). Further, recurrent meth-
ylation of this promoter may contribute to “endotoxin
tolerance” in the sepsis-associated immune suppres-
sion observed in later stages of the disease (96). Male
(but not female) offspring of fathers subjected to CLP
were shown to have a depressed response 24 hours
after a subsequent endotoxin challenge, with lower
plasma concentrations of IL-6, TNF-a, and IL-10 (97).
Interestingly, these findings were attributed to altera-
tions in sperm DNA methylation, providing evidence
for intergenerational sex-dependent differences medi-
ated via epigenetics. In a separate study, median au-
tosomal DNA methylation in males was decreased,
whereas no differences were found between males and
females in mean autosomal DNA methylation (98).
Interestingly, epigenetic modifiers such as procainamide
and hydralazine (DNA methyltransferase inhibitors)
have been shown to improve hypotension, hypoglycemia,
and multiple organ dysfunction in endotoxemic mice
(99). Significant differences in histone modifications be-
tween males and females have also been observed, such
as the dimorphic methylation of H3 in the brains of ne-
onatal mice, which was shown to be testosterone inde-
pendent (100). Although additional studies are needed,
it is clear that differences in DNA methylation (101) and
histone modifications between males and females likely
affect sepsis pathogenesis and outcomes.

Noncoding RNAs (e.g., miRs) are RNA molecules
that regulate gene expression and play an important
role in the host response to sepsis. For example, certain
miRs (miR-221, miR-579, and miR125b) expressed by
LPS-tolerant monocytes have been shown to reduce
levels of TNF-a in response to endotoxin, which may
contribute to sepsis-related immune suppression (102).
Significant differences in miR expression between
males and females are known to be regulated by both
testosterone and estrogen (reviewed in [103]). Given
the relatively high number of miRs expressed on the X
chromosome (~800 vs 2 on the Y chromosome) (104),
both mosaic expression of X chromosome-encoded
genes and escape of genes from X-inactivation in
females may result in differential expression of miRs
that may be relevant in sepsis pathogenesis (105). For
instance, miR-548am-5p overexpression decreases
susceptibility to mitochondrial apoptosis (106). Future
research will need to investigate whether sex-depen-
dent differences in miR expression have clinically rele-
vant effects in sepsis pathogenesis.
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Epigenetic modifications have a profound impact on
the host response; however, the basic epigenetic changes
which occur during sepsis are poorly understood.
Specifically, a paucity of clinical studies investigating
epigenetic changes in sepsis patients has been con-
ducted, representing an important knowledge gap (85).
Likewise, establishing a foundational understanding of
sex-dependent epigenetic differences and the under-
lying mechanisms in healthy subjects will be critical to
subsequently identify the role of these differences in
sepsis pathogenesis and outcomes.

Cardiovascular Sex-Dependent Differences

Cardiovascular dysfunction is common in sepsis and
is characterized by compromised ventricular func-
tion, systemic vasodilation and vascular dysfunction,
as well as the development of cardiac arrhythmias.
Sex-dependent differences in cardiovascular function
during sepsis have been observed in both clinical and
preclinical studies and may contribute to differential
outcomes in sepsis. This section will briefly discuss the
evidence surrounding sex-dependent differences in
myocardial performance, vascular endothelial func-
tion, and response to certain sepsis treatments.

A significant body of evidence suggests that many
potential sex-dependent differences in cardiovascular
function during sepsis may be attributed to the sex
hormones estrogen and testosterone (107). However,
given the systemic nature of sepsis, it is difficult to as-
certain whether sex-dependent differences stem pre-
dominantly from direct or indirect effects of these sex
hormones. For example, some sex-dependent differ-
ences in sepsis outcomes have been attributed to the
modulatory effects of sex hormones on immune func-
tion; whereas testosterone has demonstrated immu-
nosuppressive effects (108), estrogen promotes both
pro- and anti-inflammatory responses that may im-
prove survival in sepsis (107). However, there may also
be nonhormonal explanations for cardiovascular out-
comes in sepsis as sex-dependent outcome differences
exist in neonatal sepsis where hormonal differences
are minimal (75). Nonetheless, delineating the indirect
and direct effects of sex hormones on cardiac func-
tion, vascular function, and vascular barrier function
may improve our understanding of sex-dependent risk
profiles (109). As an example, 17-B-estradiol admin-
istration to endotoxemic mice was shown to improve
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myocardial function in isolated hearts (110). In this
same experiment, endotoxin also induced increased
expression of TNF-a in males (via increases in Racl
and nicotinamide adenine dinucleotide phosphate
oxidase activity, and phosphorylation of extracel-
lular signal-regulated kinase 1/2 and p38 mitogen-
activated protein kinase). However, treatment with 17
B-estradiol improved splanchnic circulation but did
not improve cardiac output or systemic oxygen con-
sumption in male rats after trauma-hemorrhage and
CLP (111).

Although there is a paucity of clinical evidence
surrounding sex-dependent differences in septic my-
ocardial performance in humans, there is increasing
preclinical evidence of the unique molecular mecha-
nisms underlying sex-dependent differences in septic
myocardial impairment in animals. For instance,
in a mouse model of endotoxemia, animals of both
sexes developed cardiac dysfunction as evidenced by
reduced left ventricular ejection fraction and depressed
sarcomere shortening in paced cardiomyocytes (112).
Interestingly, male mice demonstrated soluble guany-
lyl cyclase-independent depression of myocardial cel-
lular calcium transients and sarcoplasmic reticulum
Ca**-ATPase inhibition, whereas female mice did not
demonstrate these alterations in sarcomere function.
Instead, cardiac dysfunction in females may be de-
pendent on soluble guanylyl cyclase-dependent myo-
filament dysfunction (113). Similar findings have also
been demonstrated in mice subjected to CLP (and
resuscitated with antibiotics and fluids), where sarco-
plasmic reticulum dysfunction was the result of Ca**-
ATPase inhibition in males; however, females were
more resistant to these alterations (114).

Vascular endothelial dysfunction (vasomotion and
vessel permeability) is also impacted by sepsis in a
sex-dependent manner, although clinical evidence
is relatively sparse. Vasomotion may be affected by
production of nitric oxide with numerous preclinical
studies demonstrating estrogen-dependent enhance-
ment of nitric oxide production from endothelial nitric
oxide synthase via phosphoinositide 3-kinase/protein
kinase B stimulation (115), which is known to be lost
in the progression of sepsis (116). Beyond nitric oxide,
testosterone has also been shown to have vasodilatory
effects (117). However, in contrast to estrogen, testos-
terone acts directly on vascular smooth muscle cells
through calcium or potassium channels (118, 119)
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and therefore does not require an intact endothelium
(120). Whether this mechanism contributes to sex-
dependent differences in sepsis will need to be investi-
gated in future clinical studies.

With regard to interventions targeting the cardio-
vascular system in sepsis, interesting clinical (121, 122)
and preclinical (123-125) evidence exists for selective
B1-adrenergic blockade. One study demonstrated that
B1-adrenergic blockade improved cardiac function in
male rats with intraperitoneal sepsis, whereas females
responded poorly to Pl-adrenergic blockade (125).
Interestingly, B1-adrenergic blockade also increased
vascular endothelial nitric oxide synthase expression in
male CLP mice, but not in female mice (125), suggest-
ing a mechanism for these sex-dependent differences.

Taken together, sex-dependent cardiovascular dif-
ferences in the molecular and treatment responses are
well documented in experimental models of endotox-
emia and sepsis, as well as in clinical studies. However,
the mechanisms underlying these differences are im-
portant knowledge gaps that could inform the use of
tailored treatments to improve management, treat-
ment, and long-term recovery in sepsis. Further,
whether strategic use of sex hormones as treatment
adjuncts to improve clinical management of septic
patients may warrant further investigation.

Reverse Translational Sepsis Research

The laboratory is an ideal setting for assessing mecha-
nisms of disease in a controlled environment and allows
for “reverse” translation, that is, sophisticated testing
of knowledge gaps identified during clinical research
and practice. This model for bidirectional knowledge
exchange has been championed by various national
and international research organizations and ensures
that results at the bench and bedside are harmonized
to maximize translational impact and improve patient
care. In this section, we discuss key sex-dependent dif-
ferences in sepsis observed in the clinical setting and
the potential for reverse translation of this knowledge.

Returning to the focus of our systematic review,
we would hypothesize that biological sex would sig-
nificantly modulate responses to antibiotics and flu-
ids in human sepsis. Sex-dependent differences in
pharmacokinetics and drug metabolism are well recog-
nized (8, 126) and contribute to clinically relevant dif-
ferences in drug responses to digoxin, antidepressants,
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and chemotherapy (9, 11, 12). When applied to antibi-
otics, these effects may impact drug levels required for
bactericidal activity or the bioavailability of oral anti-
biotics following first-pass metabolism. Personalized
and precision dosing of antibiotics in critical illness is
gaining more widespread recognition (127-129), and
preclinical investigation that considers biological sex
will add to the efficacy of this area of clinical research.

In sepsis, the hemodynamic goal of fluid therapy is
to restore effective circulating volume, augment pre-
load and cardiac output, and improve end-organ per-
fusion. Therefore, before examining sex differences in
fluid therapy, consideration must be given to the car-
diovascular systems of men and women. For example,
females tend to have lower resting blood pressures,
normalized blood volumes, and higher total periph-
eral resistance (130)—notwithstanding the dramatic
cardiovascular changes associated with pregnancy.
Moreover, response to cardiovascular stress for healthy
men and women is also different following intense ex-
ercise (131) postural hypotension (132, 133) and hy-
povolemia (134). The neural-hemodynamic balance
between cardiac output and peripheral resistance,
mediated by the sympathetic nervous system, appears
to have important sex-dependent differences with con-
sequential effects for blood pressure regulation under
healthy and diseased conditions (135, 136). From
a cardiac performance standpoint, healthy females
appear to have higher myocardial perfusion (137),
cardiac strain (138), cardiac flow dynamics (139), and
more favorable LV twist mechanics following acute
reductions in preload (140). These considerations may
explain the differing hemodynamic responses encoun-
tered by healthy men and women following exposure
to endotoxin. One study found reduced blood pressure
drop in women despite similar cytokine profiles (141),
whereas another study found more dramatic blood
pressure drop in females, along with higher proin-
flammatory mediators and preserved sensitivity to
norepinephrine (51). These examples underscore the
complex interactions between sex hormones, inflam-
mation, and cardiovascular hemodynamics that re-
quire further study in clinical and preclinical research.

Based on available evidence, we would again hy-
pothesize that responses to fluid therapy would differ
between females and males. From a practical stand-
point, fluids are rarely administered in adults accord-
ing to weight (despite guideline recommendations),

12 www.ccejournal.org

which implies that smaller females are systematically
exposed to potentially harmful effects of overresusci-
tation (142). This sex-dependent disparity may be es-
pecially meaningful when considering the use of early
vasopressors as a fluid-sparing modality for the man-
agement of septic shock (143-145). Furthermore, it is
unclear whether the “one-size-fits-all” management
for septic shock resuscitation provides equal benefit
for men and women; given different baseline hemody-
namics and responses to stress, it is possible that re-
suscitation targets need to be adapted with sex-specific
considerations to optimize treatment at the bedside. In
addition, it is important to note that other treatments
administered to sepsis patients in the clinical setting
may affect outcomes in a sex-dependent manner. For
example, opioid analgesia is administered to many
critically ill patients. Interestingly, buprenorphine has
been shown to negatively affect survival in male mice
subjected to CLP, but not in female mice (146). In
this regard, preclinical studies may offer mechanistic
insights that can help development of these novel re-
suscitation strategies.

Although many arguments are given both in sup-
port and in opposition of murine models of sepsis, few
would argue against refining and improving the mod-
els we currently use. Importantly, key findings from
human sepsis studies should be used in the refinement
of preclinical models of sepsis (147). A novel model
of polytrauma and shock was developed by attempt-
ing to reflect the equivalent of an Injury Severity Score
greater than 15 (typically used in the clinical setting to
identify severely injured patients) (148). Furthermore,
the applicability of this model was supported by find-
ings demonstrating a greater magnitude and duration
of changes in blood leukocyte gene expression (more
closely resembling the human condition) compared
with other murine models of trauma (148). Similarly,
increasing the severity of a mouse trauma model
improved the correlation in transcriptome response
compared with humans (149). Another established
modification to the CLP model of sepsis involves sub-
jecting mice to hemorrhage prior to CLP, reflecting the
high incidence of trauma patients who subsequently
develop sepsis (150).

Current clinical knowledge surrounding the use of
fluid and antibiotic therapy has informed the devel-
opment of initiatives such as the Minimum Quality
Threshold in Preclinical Sepsis Studies (MQTiPSS)

June 2021 * Volume 3 * Number 6



Review Article

(151). Concerningly, the authors reveal that over 70%
of the most highly cited papers using sepsis models
published between 2003 and 2012 failed to use or re-
port fluid and/or antibiotic therapy. Considering these

the applicability and comparability of these studies if
implemented by sepsis researchers (151).

Future Directions

findings and the relatively recent emphasis on investi-
gating sex-dependent differences in major disease, our
concerning systematic review findings reflect these
noted trends. Specific recommendations were subse-
quently provided by the MQTiPSS to guide the use
and reporting of fluid and antibiotic therapy in animal
models of sepsis, which will surely serve to improve

Although the investigation of sex- and gender-depen-
dent differences is receiving increasing attention, our
systematic review and narrative discussion identify
significant knowledge gaps that remain unaddressed
in sepsis. Important knowledge gaps and future
directions discussed in this article are highlighted in

TABLE 3.
Important Knowledge Gaps and Future Directions

Area of Sepsis Research

Knowledge Gaps and Future Directions

Immunometabolism Characterize sex-dependent immune cell population differences for the development of

cell-specific therapeutic targets.

Study the sequence of immunometabolic changes in immune cell populations to identify
shifts associated with overactive or suppressed immune responses during sepsis, to
aid in the development of precise, individualized immunometabolic therapies.

Decipher the regulation of X chromosome inheritance with respect to immunometabolic
regulatory mechanisms using an integrative omics approach.

Microbiome Determine the impact of sex-dependent differences in the microbiome and the influence

on sepsis outcomes, in both human cohorts as well as preclinical models.

Apply germ-free and gnotobiotic approaches together with genetic tools, to dissect
the role of the microbiome in the pathogenesis of sepsis, including the impact of
sex-dependent differences.

Determine the impact of biological sex on the therapeutic response to microbiota-
targeted therapies in sepsis and critical iliness (e.g., antibiotics and digestive
decontamination, probiotics, synbiotics).

Epigenetics Establish a baseline understanding of epigenetic modifications which occur during

sepsis (in animal models as well as human cohorts).

Investigate the effects of X-linked mosaicism and the role of the X-chromosome in
potentially divergent sepsis outcomes in the clinical setting.

Clarify the influence of sex-dependent differences in noncoding RNA expression and histone/

gene modifications which may affect the development and progression of sepsis.
Cardiovascular Stratification of hemodynamic phenotypes in human sepsis according to biological sex.

Investigate the direct and indirect effects of sex hormones and/or menopausal status on
hemodynamics and cardiovascular function in human sepsis.

Identify sex-dependent resuscitation targets in sepsis.

Investigate the salutary effects of sex hormones as adjunct therapies in sepsis, shock
and trauma.

Reverse translation Apply clinical knowledge to develop novel models and modify existing models of

preclinical sepsis to better represent the human condition.

Use clinical knowledge of sex-dependent differences in the design of preclinical studies,
which may provide mechanistic insight and guide future research.

Apply principles espoused by the minimum quality threshold in preclinical sepsis studies
expert consensus statements.
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Table 3. As evidenced by this systematic review, clin-
ically relevant, methodologically rigorous preclin-
ical studies investigating sex-dependent differences
in sepsis are urgently needed. However, accurately
modeling clinical sepsis in animal models remains
challenging. In the clinical setting, the develop-
ment and progression of sepsis is precipitated by a
myriad of different pathologic processes and further
complicated by the superposition of seemingly end-
less combinations of comorbidities. Although many
preclinical studies attempt to replicate polymicro-
bial sepsis with models such as CLP, important fac-
tors such as technical ability, available resources, and
route/dose of administration of different treatments
affect the reliability and reproducibility of important
findings. Specifically, standardized models of sepsis
may improve the applicability and reproducibility of
preclinical sepsis studies. Fewer experimental animals
may be needed, given that results from one study may
more readily be compared with another and that het-
erogeneity in results may be attributed to the disease
process rather than technical factors (152). Two sets
of criteria have recently been suggested to further
this pursuit, focused on standardizing the technical
aspects for various models of sepsis, and describing
important parameters and outcomes which should
be recorded when studying animal models of sepsis
(152). It is also important to recognize that the use of
standardized models does not prohibit more complex
models of the same disease, as standardized models
provide a baseline for comparison (152). These bene-
fits are of particular interest in the investigation of sex-
dependent differences, which may only manifest in
analyses that include pooled data from many studies.
The MQTiPSS has also provided recommendations to
improve translational research success in preclinical
sepsis studies (153), surrounding study design and
humane modeling endpoints (154), preferred types
of infections and organ dysfunction endpoints (155),
and the aforementioned recommendations surround-
ing fluid and antibiotic therapy (151). Importantly, the
MQTiPSS also highlights sex as an important variable
that should be explored (154). Ultimately, increasing
recognition of the importance of sex- and gender-
dependent differences must be reflected in the fre-
quency by which scientists stratify and analyze data
according to sex or gender (i.e., conduct and report
sex- and gender-based analyses).
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