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Sex differences associate with late microbiome alterations after
murine surgical sepsis
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epsis-induced gut microbiome alterations contribute to sepsis-related morbidity and mortality. Given evidence for improved postsepsis outcomes
in females compared with males, we hypothesized that female mice maintain microbiota resilience versus males.
METHODS: M
ixed-sex C57BL/6 mice underwent cecal ligation and puncture (CLP) with antibiotics, saline resuscitation, and daily chronic stress and were
compared with naive (nonsepsis/no antibiotics) controls. For this work, the results of young (3–5 months) and old (18–22 months) adult mice
were analyzed by sex, independent and dependent of age.Micewere sacrificed at days 7 and 14, and 16S rRNA gene sequencing was performed
on fecal bacterial DNA. α and β diversity were determined by Shannon index and Bray-Curtis with principal coordinate analysis, respectively.
False discovery rate (FDR) correction was implemented to account for potential housing effect.
RESULTS: I
n control mice, there was no difference in α or β diversity between male and female mice (FDR, 0.76 and 0.99, respectively). However,
malemice that underwent CLPwith daily chronic stress had a decrease inmicrobiotaα diversity at 7 days post-CLP (Shannon FDR, 0.005),
which was sustained at 14 days post-CLP (Shannon FDR, 0.001), comparedwith baseline. In addition, malemice maintained differences in
β diversity even at day 14 compared with controls (FDR, <0.0001). In contrast, female mice had a decreased microbiota α diversity (Shan-
non FDR, 0.03) and β diversity (FDR, 0.02) 7 days post-CLP but recovered theirα andβ diversity by post-CLP day 14 (Shannon FDR, 0.5,
and FDR, 0.02, respectively). Further analysis of females revealed that only young female mice were not different (β diversity) post-CLP
day 14 to controls.
CONCLUSION: A
lthough sepsis-induced perturbations of the intestinal microbiota occur initially in both male and female C57BL/6 mice, females demon-
strate different microbiota by day 14. This may be seen primarily in younger females. This difference in recovery may play a role in outcome
differences between sexes after sepsis. (J Trauma Acute Care Surg. 2022;93: 137–146. Copyright © 2022 The Author(s). Published by Wolters
Kluwer Health, Inc. on behalf of the American Association for the Surgery of Trauma.)
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G lobally, sepsis is a leading cause of death,1 and the World
Health Organization has made sepsis a health priority.2 In

addition, sepsis accounts for >$20 billion of total hospital costs
in the United States.3 Although early sepsis survival has improved
over the past decade, this decrease inmortality has yielded a rapidly
expanding population of sepsis survivors who develop chronic
critical illness (CCI).4 Chronic critical illness is characterized
by persistent organ dysfunction requiring prolonged intensive
care unit (ICU) treatment. Subsequently, CCI frequently mani-
fests thereafter in the host as low-grade systemic inflammation,
global immunosuppression, and cachexia/muscle wasting,5 known
as the persistent inflammation, immunosuppression, and catabo-
lism syndrome (PICS) endotype.4,5 Sepsis survivors with CCI/
PICS are often discharged to long-term acute care facilities,
where they experience repeat infections and ~40% 1-year post-
discharge mortality.6,7 Specific treatments for these sepsis survi-
vors are lacking, because, in part, of (1) inadequate knowledge
of its pathobiology and (2) a paucity of studies that are able to
address sepsis in a manner that befits precision medicine, includ-
ing but not limited to sex.8,9 In fact, it is now recognized that “[a]
better understanding of sex-and gender-dependent differences
may serve to increase translational research success.”8
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Although there is still significant debate as to whether fe-
males have improved outcomes after sepsis,8,9 studies indicate that
females are less likely to have postsepsis morbidity and mortality,
even after menopause.10,11 In fact, one study demonstrated that, in
patients younger than 90 years, women had significantly decreased
1-year mortality compared with males.10 Regardless, it is clear that
females and males respond differently to infection.8–10 Future suc-
cessful interventions for sepsis will need to use personalized/
precision medical therapies, which will require a better understand-
ing of the differences in host response due to severe infection.

One key aspect to septic outcomes is the host microbiome.12,13

The microbiota is the collection of trillions of microorganisms
that form a symbiont and pathobiont relationship with its host.
Its role in various human diseases, including posttrauma recovery,
has gained much traction recently given its interaction with the im-
mune system and host metabolic processes.14–16 The ability to
study this ecosystem is predicated on taking advantage of the
unique 16S ribosomal subunit gene in prokaryotic organisms. Be-
cause of the slow evolutionary change imparted on this gene, se-
quencing allows reconstruction of bacterial phylogeny present in
a host microbiota. Subsequently, the abundance (total number),
richness (the assortment of bacterial species in an ecosystem, e.g.,
your gut microbiome), and diversity (the amount of individual bac-
teria from each of the bacterial species present) can be determined.
Microbial community diversity can bemeasured within a cohort (α
diversity) or between cohorts from different environments (β diver-
sity).17 Through bioinformatic analysis, any noted changes based
on host, treatment, and so on, can be determined to give greater in-
sight into how the microbiome may play a role in human disease.

Critical illness has been shown todisturb thehostmicrobiome,12

and evidence exists demonstrating that a host dysbiomeworsens
outcomes after sepsis.13 Importantly, it is not simply the changes
in host microbiome that contributes to its pathology but the ability
(or inability) of the microbiome to recover from perturbations,
known asmicrobiota resilience, that can determine host morbidity
and mortality.18 Furthermore, sex is considered one the most im-
portant factors affecting the gut microbiota.11 For example, investi-
gators have conducted sex-specific fecal microbiota transplantation
animal studies from C57BL/6 J conventional mice in germ-free
mice of the opposite sex. Their results illustrated that female recip-
ients lost significantly moreweight after receiving male microbiota
compared with receiving female microbiota, suggesting a sexually
dimorphic impact of the microbiome on metabolic regulation.19

Using a murine model of surgical/abdominal sepsis that
combines cecal ligation and puncture with daily chronic stress
(CLP-DCS) and is associated with PICS and CCI, our goal was
to determine differences in the diversity of the murine microbiome
at post–cecal ligation and puncture (CLP) days 7 and 14 between
female and male mice. Furthermore, we specifically sought to de-
termine if differences existed in the gut microbiota in female versus
male adult mice in postsepsis recovery, as differences in microbiota
resilience are potentially targets of therapy,16 and may help to ex-
plain sex-based differences in postsepsis recovery.

MATERIALS AND METHODS

Animals
All animal experiments were approved by the University

of Florida Institutional Animal Care and Use Committee and
138 © 2022 The Author(s). Published by Wolters Kluwer Health,
followed Animal Research Reporting of In Vivo Experiments
guidelines (https://www.nc3rs.org.uk/arrive-guidelines) (Sup-
plemental Digital Content, Supplementary Data 1, http://links.
lww.com/TA/C417). The animals were cared for and used ac-
cording to the Guide for the Care and Use of Laboratory Ani-
mals.20 C57BL/6 J (B6) mice of both sexeswere purchased from
Jackson Laboratory (Bar Harbor, ME) and the National Institute
on Aging (Baltimore, MD). Mice were cared for by the Univer-
sity of Florida Animal Care Services and housed in transparent
cages (three to four animals of same sex/age per cage) under
specific pathogen-free conditions in a single room. Animals were
provided standard irradiated pelleted diet and water ad libitum
for the duration of the study. Before initiation of the experiment,
mice were acclimated to a 12-hour light-dark cycle for a mini-
mum of 14 days, and National Institute on Aging and Jackson
Laboratory old adult mice were housed together. Because of the
coprophagic nature of mice, this assured that mice in the same cage
would have similar microbiota composition and structure.21 Only
animals of the same sex, age, and treatment group were housed to-
gether. For this work, young (3–5months) and old (18–22months)
adult murine microbiome results were combined and analyzed by
the variable of sex.

Intra-abdominal Sepsis and Daily Chronic
Stress Model

To recapitulate the human condition of CCI and PICS, a
murine model of sepsis and persistent inflammation, previously
described by our laboratory, was used.22 General anesthesia was
induced with inhaled isoflurane, and CLP was performed via a
midline laparotomy with exteriorization of the cecum to induce
a model of sepsis. The cecum was ligated with 2-0 silk suture
1 cm from its tip, a 25-gauge needle was used to puncture the ce-
cum, and the laparotomy was closed in one layer with surgical
clips. Buprenorphine analgesia was provided for 48 hours post-
surgery. Imipenemmonohydrate (25mg/kg in 1mL 0.9% normal
saline) was administered subcutaneously 2 hours post-CLP and
then continued twice daily for 72 hours. Subsequently, we added
a component of daily chronic stress (DCS) to mimic the ICU stay
of human patients who develop CCI.19 Daily chronic stress was
conducted by placingmice in weighted plexiglass animal restraint
holders (Kent Scientific, Torrington, CT) for 2 hours daily com-
mencing the day after CLP. The CLP-DCS mice, along with
mixed-sex naive mice (no CLP, no DCS, no antibiotics, and no
fluid resuscitation) (old, n = 13; young, n = 13), were euthanized
on day 7 or 14 post–CLP-DCS. Mice were euthanized via cervi-
cal dislocation following isoflurane inhalation, after which stool
from the descending colon (during exploratory laparotomy, after
euthanasia, the distal portion of the colon was incised and feces
were pushed directly into a cryogenic vial) was collected under
sterile conditions in a laminar flow hood into sterile Eppendorf
tubes (Fisher Scientific, Waltham, WA) and snap frozen in liquid
nitrogen immediately. Subsequently, these sampleswere stored in
a −80°C freezer.

Bacterial DNA Isolation and 16S rRNA
Gene Sequencing

Whole genome bacterial DNA was isolated from indi-
vidual animal stool using the QIAamp Fast DNA Stool Mini
Kit (Qiagen, Germantown, MD) per manufacturer guidelines.
Inc. on behalf of the American Association for the Surgery of Trauma.
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Figure 1. 16S rRNA gene sequencing of the intestinal microbiota at baseline (“naive”) before CLP-DCS demonstrates no significant
difference in α diversity by Chao1 (A) or β diversity by Bray-Curtis dissimilarity index (B). However, 7 and 14 days post–CLP-DCS
demonstrated a significant difference in intestinal microbiota α diversity in male mice compared with baseline (C). While female mice
also demonstrated a CLP-DCS–inducedmicrobiota shift in diversity at 7 days, this change in diversity appears restored after 14 days (D).

J Trauma Acute Care Surg
Volume 93, Number 2 Efron et al.
Library preparation was performed using the Quick-16S NGS
(Next Generation Sequencing) Library Prep Kit (Zymo Re-
search, Irvine, CA) according to manufacturer protocol. The
V3-V4 hypervariable region of the 16S rRNA gene was am-
plified, and paired-end adapter sequences with unique eight
nucleotide barcodes were used during library preparation to
allow multiplexing. The final polymerase chain reaction prod-
ucts were quantified with quantitative polymerase chain reaction
and pooled based on equal molarity. The final pooled library was
purified using theMag-Bind TotalPure NGS kit (Omega Bio-tek,
Inc., Norcross, GA); quality control and quantification were
performed with TapeStation (Agilent Technologies, Santa Clara,
CA) and Qubit (Thermo Fisher Scientific, Waltham, WA). Se-
quencing was subsequently completed using the Illumina MiSeq
sequencer (Illumina, Inc., San Diego, CA), producing paired
end reads, 300 bases long, which produced 11,834,108 total
reads (each end) for the 48 samples.

Plasma Testosterone and Estrogen Assay
Blood was collected in dipotassium ethylenediaminetetra-

acetic acid tubes. Plasma samples were collected after centrifu-
gation of blood samples at 1,800g for 10 minutes and stored
at −80°C until used for quantitative determination of testos-
terone and estradiol using the testosterone and estradiol assay
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf
kits (Bio-Techne, Minneapolis, MN). Standard curves were cre-
ated using a four-parameter logistic curve fit (Softmax Pro 3.1
software; Molecular Devices Corporation, Sunnyvale, CA).

Statistical Analyses
Paired end reads were joined using fastq-join from ea-utils

(https://expressionanalysis.github.io/ea-utils/) with a minimum
overlap of 6 bp and up to 8% maximum difference. The joined
reads were quality filtered using Quantitative Insights into Mi-
crobial Ecology (QIIME) version 1.9.123 with a score of Q20
or higher in at least 75% of the input read length. The first and
last 10 bases of each read were then trimmed, and any read
<100 bases long were removed via Trimmomatic (http://www.
usadellab.org/cms/?page=trimmomatic). An additional filtering
step was applied to remove PhiX and mouse/host sequences
using KneadData (http://huttenhower.sph.harvard.edu/kneaddata).
Preindexed bowtie2 files for PhiX and Mus musculus Ensembl
GRCm38 from Illumina's iGenomes collection were used as
references. The surviving reads were fed to QIIME to pick oper-
ational taxonomic units at 97% similarity level using an open-
reference picking strategy with the Greengenes reference data
set (release 13.8). Chimeric sequences were detected and removed
using ChimeraSlayer (http://microbiomeutil.sourceforge.net/#A_
CS). Operational taxonomic units that had ≤0.005% of the total
of the American Association for the Surgery of Trauma. 139
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Figure 2. Principal coordinate analysis of Bray-Curtis dissimilarity index is presented, which demonstrates no difference in β diversity in
male B6 mice post–CLP-DCS at 7 days (A) but at 14 days is significantly different (B). In contrast, female B6 mice had a shift in the β
diversity at 7 days (C), which appeared restored by 14 days (D). NS, not significant.
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number of sequences were excluded according to Bokulich and
colleagues,23 and the final set contained 13,455,787 reads.
Taxonomic assignment was carried out using the Ribosomal
Database Project classifier version 2.224 through QIIME with
confidence set to 50%. Counts were then normalized and log10
transformed according to the following formula25:

log10
RC
n

� ∑x

N
þ 1

� �

where RC is the read count for a particular operational taxo-
nomic unit in a particular sample, n is the total number of reads
in that sample, the sum of x is the total number of reads in all
samples, and N is the total number of samples.

Principal coordinate analysis (PCoA) was performed on
Bray-Curtis distance of the normalized and log10-transformed
counts using the phyloseq R package.26αDiversity was assessed
using Chao1, and Shannon indexes were assessed using rarefied
counts (set to 89,087 reads representing the minimum number of
reads among all samples). All statistical analyses were performed
in R version 4.0.3.27 A linear mixed-effects model (lme function)
in the R lme4 package (version 1.1–25), with the residual maxi-
mum likelihood method, was used to fit a generalized mixed lin-
ear model of the following form: var ~ state +1|cage, where var is
140 © 2022 The Author(s). Published by Wolters Kluwer Health,
PCoA axis, Chao1 index, Shannon index, taxa normalized, and
log10-transformed count (considering only taxa present in at least
25% of the samples) or log10 read count in each sample. The lat-
ter was performed to ensure that the sparsity of 16S rRNA count
data did not contribute to sample clustering. State is defined as
male/female and post–CLP-DCS (7 days or 14 days)/naive
and one |cage indicates that we used the cage as a random ef-
fect to account for cohousing effects.25p Values were obtained
from the analysis of variance on the previous model and were
false discovery rate (FDR) corrected to control for potential cage
effect using the Benjamini and Hochberg approach.28 A one-
way analysis of variance with Tukey's multiple comparisons test
was performed to compare plasma testosterone and estradiol
levels between indicated cohorts using Prism 8.0 (GraphPad
Software, San Diego, CA.) A p value of ≤0.05 was considered
statistically significant.

RESULTS

Female B6 Mice Recover From Sepsis and Stress-
Induced Microbiota Diversity Changes Over Time
Compared With Nonrecovering Male Mice

We have previously demonstrated the impact of age on the
stability of the murine microbiota after CLP-DCS.29 However, it
Inc. on behalf of the American Association for the Surgery of Trauma.



Figure 3. α Diversity by Chao1 of young and old mice that underwent CLP-DCS was analyzed for each sex and demonstrates that (A)
youngmalemice do not have alterations in the α diversity of their intestinal microbiota after CLP-DCS but their oldmale counterparts do
(B; FDR, 0.002). Similarly, young femalemice that undergo CLP-DCS have stable α diversity after CLP-DCS (C), but old femalemice were
noted to have decreased α diversity over time after CLP-DCS (D; FDR, <0.001).

J Trauma Acute Care Surg
Volume 93, Number 2 Efron et al.
is unknownwhat impact sex has in relation tomicrobiome changes
after sepsis over the adult age range. Given the clinical data demon-
strating survival differences after sepsis between male and female
patients, we sought to determine whether the changes in the host
microbiota in a murine model of sepsis/PICS are based on the
sex of the host. For this work, we analyzed the results of our young
and old adult mice, combined looking at the results by sex only
and, subsequently, looking at the differences in sex in old and
young mice separately. Because of the small sample sizes, this
latter analysis must be considered preliminary.

Mice of both sexes underwent the CLP-DCS model as in-
dicated. To determine similarities of baseline murine microbiota
based on sex, 16S rRNA gene sequencing was performed followed
by a measure of α and β diversity between the cohorts. This
demonstrated no difference in α diversity in naive (healthy,
control)male versus femalemice by the Chao1 index (FDR, 0.76;
Fig. 1A), nor β diversity as measured by the Bray-Curtis dissim-
ilarity index (FDR, 0.99; Fig. 1B). Given this, we next sought to
determine temporal changes within each sex over time (0, 7, and
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf
14 days post–CLP-DCS). This demonstrated that, compared
with their naive (time 0) counterparts, male B6 mice had de-
creased α diversity at 7 days (Chao1 FDR, 0.003; Shannon
FDR, 0.005; Fig. 1C) that persisted at 14 days post–CLP-DCS
(Chao1 FDR, <0.001; Shannon FDR, 0.001; Fig. 1C). Interest-
ingly, although the α diversity in female mice 7 days post–CLP-
DCS was decreased (Chao1 FDR, 0.01; Shannon FDR, 0.03),
this difference disappeared by day 14 (Chao1 FDR, 0.5; Shannon
FDR, 0.5; Fig. 1D). Finally, PCoA on Bray-Curtis dissimilarity
did not identify a significant difference in β diversity in male
B6 mice at 7 days (FDR, 0.08; Fig. 2A) but was present at
14 days post–CLP-DCS (FDR, <0.001; Fig. 2B), demonstrat-
ing a delayed shift in the microbiota. However, as was the case
with α diversity in the female cohort, B6 female mice demon-
strated a significant difference in β diversity by PCoA at 7 days
(FDR, 0.02; Fig. 2C), which generally recovered by 14 days
(FDR, 0.07; Fig. 2D). These data demonstrate the association
of sex with changes in the murine microbiota after sepsis and
daily chronic stress.
of the American Association for the Surgery of Trauma. 141



Figure 4. Principal coordinate analysis of Bray-Curtis dissimilarity index is presented for young and oldmalemice 14 days after CLP-DCS
(A and B, respectively) as well as young and old female mice at 7 days post–CLP-DCS (C and D, respectively). This demonstrated a
difference in the β diversity of the old male mice at 14 days post–CLP-DCS (FDR, <0.0001) and young female mice at 7 days post–CLP-
DCS (FDR, 0.04).

Efron et al.
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Volume 93, Number 2
Alterations in α Diversity Associate With Age- and
Sex-Based Differences in Mice Recovering
From sepsis

To extend observations from our prior work that demon-
strated stability of themurinemicrobiota in youngmice compared
with old after sepsis,29 but in the context of sex and temporal dif-
ferences, changes in α diversity of the cohort were determined in
subsets of the mice based on both age and sex (young male, old
male, young female, and old female) pre–CLP-DCS as well as
7 and 14 days post–CLP-DCS. This demonstrated that, after sep-
sis, theα diversity of both youngmale (Fig. 3A) and young female
mice remains stable compared with old, which maintains a persis-
tent level of α diversity even at 14 days after CLP-DCS (Fig. 3).
Specifically, old male mice had a significant decrease in Chao1
α diversity 14 days after CLP-DCS (FDR, <0.01; Fig. 3B), and
old female mice had a significant decrease in α diversity 7 and
14 days post–CLP-DCS (FDR, <0.001; Fig. 3D).

To determine if age drives the difference in β diversity
seen in male and female mice (Fig. 2), Bray-Curtis dissimilarity
index was next performed as previously described for male and
female mice based on age with the PCoA plots illustrated in
Figure 4. Given the difference in β diversity in male mice at
14 days post–CLP-DCS, subset analysis of this group based
142 © 2022 The Author(s). Published by Wolters Kluwer Health,
on age was performed to determine if this was a driver of the ob-
servation. Indeed, young male mice at 14 days post–CLP-DCS
did not have a difference in their intestinal microbiotaβ diversity
(FDR, 0.9; Fig. 4A); however, only old male mice had a signifi-
cant difference in β diversity (FDR, <0.0001; Fig. 4B). Finally,
given the differences in β diversity in female mice 7 days
post–CLP-DCS, PCoA analysis was likewise performed on the
cohort comparing young to old mice. This demonstrated that
there was a difference in β diversity in young female mice at
7 days post–CLP-DCS (FDR, 0.04; Fig. 4C), but not old female
mice (FDR, 0.99; Fig. 4D). However, at 14 days post–CLP-
DCS, the β diversity of young female mice remained different
comparedwith their baseline (FDR, 0.02; data not shown), while
old female mice now had a significant difference in β diversity
at 14 days post–CLP-DCS comparedwith pre–CLP-DCS (FDR,
<0.0001; data not shown).

Late Taxonomic Changes in Male Mice After
Sepsis, As Well as Stress-Induced Microbiota
Changes, Are Dominated by a Decrease in
Clostridiales and Increased Lactobacillus

Subsequent analysis of the 16S sequencing from each sex
cohort was performed to determine taxa associated with the
Inc. on behalf of the American Association for the Surgery of Trauma.



Figure 5. Plasma measurement of estradiol (A) and testosterone
(B) in male and female B6 mice at baseline, 7 days, and 14 days
post–CLP-DCS demonstrated no significant difference in plasma
levels within sexes at the indicated time points. NS, not
significant.

J Trauma Acute Care Surg
Volume 93, Number 2 Efron et al.
diversity changes. The 7-day post–CLP-DCS changes in diver-
sity in females compared with naive was dominated by a 65-
log fold decrease in the orderClostridiales (FDR, <0.001), which
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf
comprised the top 10 altered taxa. Conversely, the 7-day post–
CLP-DCS changes in diversity in males were dominated by a
278-log fold decrease in the order Bacteroidales (FDR, <0.001;
Supplemental Digital Content, Supplementary Table 1, http://
links.lww.com/TA/C418). Given the recovery of the female intes-
tinal microbiota as evidenced by no difference in diversity com-
pared with naive, we sought to determine the taxa responsible
for the persistent shift in diversity among male mice at 14 days
post–CLP-DCS. The change was notably driven by a 449-log fold
decrease in the order Clostridiales (FDR, <0.001) and 474-log fold
increase in genus Lactobacillus (Supplemental Digital Content, Sup-
plementary Table 2, http://links.lww.com/TA/C418).

Plasma Estradiol and Testosterone Levels Are
Unaffected by Sepsis and Stress-Induced Changes
in the Intestinal Microbiota of B6 Mice

Given prior reports of the impact of sepsis on sex hormones
and the possibility that the identified intestinal microbiota changes
may be secondary to changes in these hormones induced by
stress,8–11,30 plasma was isolated from male and female mice
after CLP-DCS. This demonstrated no significant difference
in estradiol levels between naive versus 7 days post–CLP-DCS
and 14 days post–CLP-DCS (p = 0.2 and 0.99, respectively;
Fig. 5A). Similarly, estradiol levels were similar in male B6 mice
at 7 and 14 days post–CLP-DCS compared with their naive con-
trol (p = 0.99 and 0.91, respectively; Fig. 5A). Plasma testoster-
one levels were measured in female and male B6 mice after
CLP-DCS. This demonstrated stable testosterone levels in fe-
male mice at 7 and 14 days post–CLP-DCS (p = 0.99 and
0.99, respectively; Fig. 5B) compared with their naive control
as well as stability of testosterone levels in male mice 7 and
14 days post–CLP-DCS (p = 0.23 and 0.1, respectively; Fig. 5B).
It should be noted that we were not able to determine the stage
of the estrous cycle in the naive and CLP-DCS female mice,31

although this may not be necessary for all sex-based murine re-
search.32 In addition, it has been demonstrated that, while there
are clear increases in plasma estradiol in female mice during es-
trous (approximately 4 days), differences in plasma E2 levels be-
tween males and females during the nonestrous female days are
not as clear cut.31,32 These data indicate that sepsis and daily
chronic stress-induced changes in the murine intestinal microbi-
ota may not be directly related to changes plasma sex hormone
concentrations, at least in this wide age range of animals.

DISCUSSION

Using our mouse surgical-sepsis model (CLP-DCS) emu-
lating the human condition of CCI and the PICS endotype,19 we
determined that, although perturbations of the intestinal micro-
biota occur initially in both male and female C57BL/6 mice,
the microbiota of males and females by day 14 postsepsis are
not equivalent. This could potentially be due to improved micro-
bial resilience by 2 weeks after severe infection in females. This
resilience may be also driven by age, given the stability of the
young female and male microbiota in these age groups. Regard-
less, our results may help to better explain sex differences in
postsepsis ICU survival given that females may have better sur-
vival compared with males.8–11 These unique sex-related changes
may be imparted on the host microbiota by the impact of sepsis
of the American Association for the Surgery of Trauma. 143
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and chronic stress. Such changes may lead to a chronic inflamma-
tory state seen in PICS.4,5 The impact of CLP-DCS onmicrobiota
diversity may not be directly reliant on plasma testosterone or
estradiol concentration given the lack of differences of these
hormones during our murine model of surgical sepsis.

Despite the lack of differences in circulating estradiol in
our cohort of animals, the protective link between estrogen and
the microbiome is well established.33,34 On one end, estrogen
is positively correlated with gut microbiota species richness
and α diversity in both males and females.35 This relationship
is supported by a reduction of diversity under estrogen depriva-
tion states such as menopause.36 Importantly, this relationship
has been reported to be responsible for the sexually dimorphic
protection against metabolic stress in cycling females and to me-
diate the preventive effect against chronic low-grade inflamma-
tion.37 Of note, the gut microbiome has also been reported to
regulate production of estradiol, particularly in postmenopausal
women, an aspect that is termed the “estrabolome” and defined
as the aggregate of enteric bacterial genes whose products are ca-
pable of metabolizing estrogens, which has been linked to breast
cancer.38 Thus, this all suggests a complex relationship and poten-
tial source of variability when trying to link estradiol levels to
microbiome changes across different disease states and ages.

Our study is limited in that wewere not able tomonitor the
estrogen cycle of the mice, ensuring that all cycling female were
at the same stage of their estrus cycle when measurements were
taken.39 Of note, mice in general are considered acyclic or have
lower estrogen starting at 18 months of age.39 However, our
primary goal was to determine if there were differences in
the concentrations of testosterone or estradiol at days 7 and
14 after surgical sepsis that may explain changes in the microbi-
ota. In addition, it has been stated that having mice all at the
same stage of estrus may not be necessary for all sex-based mu-
rine research.32 Despite the inability to “normalize” females in
their estrus cycle, the determination of plasma estradiol and tes-
tosterone levels supports that microbiota changes were primarily
due to CLP-DCS. In addition, future studies addressing only
DCS may be useful to differentiate changes secondary to sepsis
from those induced by chronic stress. However, our model has
been validated to replicate the clinical patient scenario and is
thus advantageous in the current study.22,29,40 Finally, we were
limited in the total number of elderly mice available for these
studies, which may have an impact on the observed changes in
α and β diversity. Future studies should focus on these older
age groups with microbial reconstitution studies in an effort to
“rescue” older mice from a state of PICS.

In conclusion, given the prior clinical studies whereby fe-
males, for unknown reasons, recover more expeditiously after
sepsis and ICU stress than males, it is imperative that the factors
explaining these differences between the sexes are determined.
Herein we identify that changes in the intestinal microbiota oc-
cur after sepsis with chronic daily stress and, while changes in
diversity are initially present in both male and female mice, fe-
male mice demonstrate a unique microbiota at 2 weeks after sep-
sis (vs. male mice), and this may be due to microbial resilience
that is not present in the male mice. While further studies are re-
quired, our work may explain the persistent inflammatory state
in males versus females that may make them more susceptible
to CCI/PICS.
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DISCUSSION
SUSANNAH E. NICHOLSON, M.D. (San Antonio,

Texas): I congratulate Dr. Efron on his presentation of this
impactful work. To date there is a knowledge gap regarding
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf
sex differences in post-sepsis morbidity and mortality and
the relationship to the microbiota.

This study has the potential to contribute to the field of
critical care medicine and to expand our collective knowledge
on the human microbiome and disease.

This group utilized a murine abdominal sepsis model, ce-
cal ligation and puncture, combined with a daily chronic stress
to study sex differences in the microbiota over time to mimic
an ICU stay.

They performed sequencing, targeting the V3-V4 region
of the 16S rNA gene to evaluate the gut microbiota. The authors’
novel study found differences in diversity of the gut microbiota
at Day 7, both males and females, compared to baseline.

However, the microbiota diversity in the female animals
recovered at 14 days; whereas, the diversity in the males did
not. This study has the potential to generate additional research
in the field. I have several questions, though.

Number 1. What is the sample size of mice receiving cecal
ligation and puncture, plus daily chronic stress? And how many
were male versus female? How did you determine the group size?
Was a power analysis done?

Number 2. When and how were the baseline samples ob-
tained? Were the samples taken from stool from the animals
prior to anesthetic expressed per rectum, or were they cecal sam-
ples obtained during the puncture procedure?

Number 3. Regarding the statistical analysis used, you
assessed the beta diversity of the microbiota using the Bray Cur-
tis Dissimilarity Index. However, a number of other indices are
also routinely used in addition to Bray Curtis, and frequently a
perma nova on a Bray Curtis Dissimilarity Index is employed
to test for differences in strength in the statistical analysis. Was
this considered during the analysis?

Number 4. Cohousing effects were addressed but the sta-
tistical modeling take into account variability and diversity re-
sulting from factors such as batch effect and interspecies vari-
ability depending on shipment of animals, especially given that
the animals were from two different facilities?

Number 5. Youmake the case that female animals demon-
strate the resilience of their microbiota at 14 days, despite both
males and females having altered microbiota at 7 days.

However, you also assert that the improved resiliency of
the female microbiota may be secondary to changes imparted
on the host microbiota by impact of sepsis and chronic stress.
This does not really explain why there is still these sex differ-
ences.

Was there any consideration to doing a gonadectomy or
employing hormone antagonists to see if the sex difference dis-
appears? Are other hormones responsible or contributing such
as progesterone?

Are there variations in hormonal levels occurring outside
of the time points when levels were collected that could account
for the microbiota differences observed?

I’d like to thank the AAST for the privilege of discussing
this impactful work. It’s insightful, informative, and will con-
tribute to the current literature on gut microbiota in the setting
of sepsis and critical care medicine.

TIMOTHYA. PRITTS, M.D. (Cincinnati, Ohio): Dr.
Efron, you showed the differences at 14 days between males
and females. At what point do the males recover, if ever?
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PHILIP A. EFRON, M.D., F.A.C.S., F.C.C.M.
(Gainesville, Florida): Dr. Pritts, to answer your question,
that’s a very important question.

One thing I have to point out, first, about these aged mice,
we get very limited numbers from the National Institute of Ag-
ing. They’re actually rationed. And we don’t get many of them
for free so in order to do these experiments you have to buy them
from a vendor like Jack’s Mice.

Each one of these mice is well over $300. So there are
limitations, overall, as to how much we can do, the power anal-
ysis and how much analysis we can do, which is one of the rea-
sons that this was sort of a we used male and females combined
for both ages to try and reach appropriate statistical analysis.

So from that standpoint it is unclear yet when they resolve.
Like we have grants that are moving forward to try and identify
exactly how long and far out we can take these mice to sort of
determine how long it does take for these individuals or, not in-
dividuals but these mice to recover. So it’s an important ques-
tion. We’re just somewhat limited by the expense of the animals.

As for the first question about the sample size, it’s a very
important point. We have sort of discussed in sort of our re-
sponse to the reviewers that there are ways to actually, without
doing a proper sample analysis, power analysis using FDR, to
actually determine if, prevent the need to determine Type 1 or
Type 2 errors have occurred.

So using our biostatistician, Dr. Li, who did this work with
us, we were actually able to sort of avoid that which may have
increased the number of mice we had to use.

I would say that for each group there were probably at
least 30 mice which had to be sacrificed at different times.
And overall, again, the statistical analysis was appropriate and
sort of validated by several articles that say you can use these
methods.

As for the stool samples, these actually, there may be some
confusion. I have to explain in the paper a little better. We did
not actually take stool samples from the animals at the time be-
fore they underwent CLP and DCS.

What we actually did was do the procedure, give them the
antibiotics and volume resuscitation and then specifically the
DCS and euthanize them. And at that point, under a laminar
hood, we expressed the stool out from the left colon and used
that into a sterile vial.

This being said, the naïve mice that I described get neither
antibiotics, chronic stress, or infection, are actually used as our
baseline. So we’re not actually comparing it to the mouse prior
to but clonal mice that are specifically used for the time before.

Again, this is somewhat based on the fact that there is dif-
ficulties in being able to appropriately get the stool samples out
of these animals from the same place sterile at each time, as well
as trying to restrict overall total number of mice we have to use
for these things.

The perma nova is actually a very good point. Many peo-
ple actually do use this in their beta diversity and other sort of
146 © 2022 The Author(s). Published by Wolters Kluwer Health,
analysis points. And, again, talking to our statistician, Dr. Li,
he says this is an outstanding point but that this isn’t particularly
necessary to do the beta diversity that we were looking at.

We were trying to keep it similar to the initial analysis that
we did with our older versus young mice at seven days, which
we published and demonstrated was (Indistinguishable).

The batch effect, at this time we actually did save up the
stool amounts and the – excuse me, the stool and the plasma
so that there were not multiple batch effects when we did this
and that they were analyzed at the same time.

I would also say that very few of the mice we used, less
than 5 probably overall, were from the NIA as opposed to Jack’s.
Again, we are somewhat not required but due to costs to use
these mice when they are available.

I can say that although maybe not a perfect analogy be-
cause they’ve grown up in a different environment, we do have
them spend at least four weeks together in the same cages so that
through corpa fascia they obtain the same microbiome overall.

As for the gonadectomy and homoagonist, this is an out-
standing point. We are actually specifically writing a grant at
this point to do just that. And to take some of these animals
out to these longer time points to do exactly what the reviewer
asked which is determine what the effect is overall.

To be honest, with the hormones themselves, being female
or being male isn’t necessarily7 the amount of hormone circulat-
ing at the time.

It is relevant to a mouse, at least a year’s worth of exposure
to one or two of the other hormones that can have multiple ef-
fects in your body and different end organs, the epigenome,
the transciptome and the microbiome.

And this is also true in males and females where you have
a minimum of potentially 40 years of exposure to estrogen and
testosteronewhich can have different effects on the body leading
to these results that would be different when someone is poten-
tially a little bit older and having sepsis. But these are, there is
a key issue that needs to be addressed and experiments that need
to be done.

Other types of hormone therapies, again, this is important
to look at. There are multiple hormones that need to be looked at.

And, again, overall, I think there are even better analyses
of estrogen and testosterone that could potentially be done, al-
though the kits that we used are accepted throughout the country.
But as many people who do hormone research realize, that test-
ing these in mice can be extremely difficult and may require val-
idation.

Other time points, again, are very important. It’s not fea-
sible to necessarily euthanize all of these animals each day but a
better understanding of the dynamics of what is occurring, it
does absolutely need to be done so we can have a better idea
of if or when an intervention and precision (Indistinguishable)
needs to occur and how it tends to sort of go about.

So these are outstanding questions that we do need to ad-
dress.
Inc. on behalf of the American Association for the Surgery of Trauma.


