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Abstract

BACKGROUND: Previous preclinical studies have demonstrated an altered gut microbiome after 

traumatic injury; however, the impact of sex on dysbiosis remains unknown. We hypothesized that 

the “pathobiome” phenotype induced by multicompartmental injuries and chronic stress is host sex 

specific with unique microbiome signatures.

METHODS: Male and proestrus female Sprague-Dawley rats (n=8/group) aged 9–11 weeks 

were subjected to either multicompartmental injury (PT) (lung contusion, hemorrhagic shock, 

cecectomy, bifemoral pseudofractures), PT plus 2-hours daily chronic restraint stress (PT/CS) 

or naive controls. Fecal microbiome was measured on days 0 and 2 using high-throughput 16S 

rRNA sequencing and QIIME2 bioinformatics analyses. Microbial alpha diversity was assessed 

using Chao1 (number of different unique species) and Shannon (species richness and evenness) 

indices. Beta-diversity was assessed using principle coordinate analysis. Intestinal permeability 

was evaluated by plasma occludin and lipopolysaccharide binding protein (LBP). Histologic 

evaluation of ileum and colon tissues were scored for injury by a blinded pathologist. Analyses 

were performed in GraphPad and R, with significance defined as p<0.05 between males versus 

females.

RESULTS: At baseline, females had significantly elevated alpha-diversity (Chao1, Shannon 

indices) compared to males (p<0.05) which was no longer present 2-days post injury in PT 
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and PT/CS. Beta diversity also differed significantly between males and females after PT (p = 

0.01). At day 2, the microbial composition in PT/CS females was dominated by Bifidobacterium; 

whereas PT males demonstrated elevated levels of Roseburia (p<0.01). PT/CS males had 

significantly elevated ileum injury scores compared to females (p=0.0002). Plasma occludin was 

higher in PT males compared to females (p=0.004); plasma LBP was elevated in PT/CS males 

(p=0.03).

CONCLUSIONS: Multicompartmental trauma induces significant alterations in microbiome 

diversity and taxa, but these signatures differ by host sex. These findings suggest that sex is an 

important biological variable that may influence outcomes after severe trauma and critical illness.

LEVEL OF EVIDENCE: Not applicable – basic science

Media Summary:

Severe traumatic injury in a rodent model alters the intestinal microbiome in a sex-specific 

manner. Females have increased diversity and unique microbial signatures compared to males. 

These sex-specific gut dysbiosis arrays may influence outcomes after multicompartmental trauma.
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BACKGROUND

The intestinal microbiome is a complex system of microbial organisms which influences 

the immune system (1). Sepsis and critical illness induce changes in the microbiome 

such as a sharp decline in diversity and the dominance of pathogenic organisms which 

is collectively referred to as the pathobiome (2). Intestinal injury and subsequent breakdown 

of tight-junction barriers can result in increased intestinal permeability, which can perpetuate 

this state of dysbiosis (3). Plasma biomarkers such as occludin, a transmembrane component 

of tight junctions, and lipopolysaccharide binding protein (LBP), an acute-phase protein, 

have been linked to increased intestinal permeability (4, 5). Severe traumatic injury in both 

animal and human studies have been shown to acutely induce dysbiosis and intestinal injury; 

these changes have been correlated with hospital length of stay and even mortality in trauma 

patients (6–12). However, the influence of traumatic insults on the microbiome in females 

specifically remains unstudied.

Although not studied following severe injury, in animal models of sepsis, females 

demonstrated improved recovery of microbial diversity and commensal bacteria composition 

compared to males (13). There is a paucity of data investigating sexual dimorphism 

of intestinal injury after trauma and hemorrhagic shock; however, studies of ischemia-

reperfusion have shown female resilience to intestinal injury and permeability compared 

to males (14, 15). Estrogen has been implicated as a potential contributing factor protecting 

against intestinal injury and permeability in females (16–18).

In order to control for factors such as age, diet, antibiotic administration, and blood 

transfusion, all of which can all alter the microbiome, we utilized a preclinical model of 
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multicompartmental injury to evaluate for sex differences in the microbiome after trauma 

(19–22). This rodent model consisted of multiple injuries with or without replicated stress 

of a prolonged intensive care unit (ICU) stay. Our aim was to characterize acute changes 

in alpha-diversity, beta-diversity, microbial composition of the intestinal microbiome along 

with intestinal injury and permeability between males and females subjected to severe 

trauma with or without chronic stress. We hypothesized that females would retain more 

commensal bacteria and microbial diversity and demonstrate more resilience to intestinal 

injury and permeability after injury compared to their male counterparts.

METHODS

Animals

Male and female Sprague-Dawley rats (Charles River, Wilmington, MA) aged 9–11 weeks 

weighing 189 to 475 grams were housed in pairs on arrival in conventional rodent housing 

with ad lib access to standard irradiated pelleted diet and water. Prior to initiation of the 

experiment, rats were acclimated to a 12-hour light-dark cycle for at least 72 hours in their 

same cage for at least 10 days. Rats were housed individually after enrollment for the 

duration of the study to account for potential effects of coprophagy on the microbiome. The 

animal protocol was approved by the Institutional Animal Care and Use Committee (IACUC 

Protocol 202011247). The ARRIVE guidelines were utilized to ensure proper reporting of 

methods, results, and discussion (see Supplemental Digital Content 1) (23).

Experimental Design

Rodents were randomly assigned to the following cohorts (n=8/group): naïve; 

multicompartmental injury (PT); and multicompartmental injury plus daily restraint stress 

(PT/CS) similar to previously described (24). A total of 60 rats were enrolled in the 

study: 48 assigned to groups (8 males and 8 females per cohort) and 12 as donors 

for pseudofracture. Based on a power analysis, assuming greater than 80% incidence in 

control rats at baseline, a 30% change would require a minimum of 8 rats per group. 

These injury models were chosen to represent common clinical scenarios: blunt chest 

trauma, hemorrhage, intestinal injury, and lower extremity fractures (PT) and the same 

multicompartmental injuries with chronic stress (PT/CS) (25, 26). Due to the presence of 

incisions on experimental groups and PT/CS rats requiring daily chronic stress, groups could 

not be blinded during care of the animals. All cohorts were euthanized on postoperative day 

two unless a humane endpoint was met prior; rats were evaluated and scored twice daily 

based on set criteria developed with animal care veterinarians (see Table in Supplemental 

Digital Content 2).

Only female rats in the proestrus phase were enrolled for the study to control for estrous 

cycle variability, given the protective effects of estrogen during hemorrhagic shock and 

injury (27). On the day of potential enrollment, female rats were subjected to vaginal lavage 

with sterile normal saline and cells evaluated on a under a Nikon Eclipse E200 microscope 

at 40X objective for predominance of nucleated epithelial cells consistent with the proestrus 

phase (28).
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To create a pseudofracture solution to simulate bilateral femur fractures, age-, sex- and 

weight-matched donor rats were euthanized and bilateral femurs and tibias harvested under 

aseptic conditions. Female donors were only enrolled in the proestrus phase. All bones were 

crushed with mortar and pestle and 3mL of normal saline added to produce a pseudofracture 

solution as previously described (29).

After induction of anesthesia with isoflurane (Patterson Veterinary, Loveland, CA) via nose-

cone, 1mg/kg sustained-release buprenorphine (ZooPharm, Laramie, WY) was administered 

subcutaneously. A unilateral right lung contusion was then performed using a manual nail 

gun (Arrow, Saddle River, NJ) applied directly to a 12mm plate placed over the rodent’s 

right axilla. Proposed incisions in the right neck, lower abdominal midline, and medial left 

thigh were injected with 4mg/kg ropivacaine (Akron, Lake Forest, IL). Next, the left femoral 

artery and right internal jugular vein were cannulated via cutdown using polyethylene-10 

and polyethylene-50 tubing, respectively. The arterial line was connected to a BP-2 Digital 

Blood Pressure Monitor device (Columbus Instruments, Columbus, OH) for continuous 

measurement of mean arterial pressure (MAP). Blood was then withdrawn from the venous 

cannula at a rate of 1mL/minute to results in a MAP of 30–35mmHg for 45 minutes. 

A midline laparotomy and cecectomy was performed by exteriorizing the cecum, doubly 

clamping and cutting the cecum, and ligation with a 2–0 silk tie. The cecal stump was then 

returned to the abdomen and the abdominal wall closed in layers. After 45 minutes, 50% of 

the shed blood was reinfused and 150μL of pseudofracture bone marrow solution from age-, 

sex- and weight-matched rats was injected intramuscularly into each medial thigh. Rats were 

subsequently administered 3mL of subcutaneous normal saline subcutaneously.

Chronic restraint stress was performed in the designated group (PT/CS) starting the day after 

surgery. Rats were restrained in clear plastic rodent nose cone cylinders (Kent Scientific 

Corporation, Torrington, CT) for two hours daily; rats were subjected to two minutes of loud 

constant alarms and repositioning every thirty minutes.

All animals were handled daily after enrollment; clean catch stool was obtained on day zero 

(prior to intervention) and harvested from the distal descending colon at time of euthanasia 

on day two. Stool samples were immediately snap frozen in liquid nitrogen and then stored 

at −80°C until further processing.

Blood Studies

Blood was obtained via cardiac puncture on day of euthanasia in a 10mL syringe containing 

0.1mL of heparinized saline (1000units/mL). Blood was aliquoted and centrifuged for 

plasma at 800g for ten minutes; plasma was then stored in a −80°C freezer. Plasma occludin 

and LBP levels were measured using an immunosorbent assay according to manufacturer’s 

protocols (MyBiosource, San Diego, CA).

Histology

Sections of terminal ileum and descending colon were obtained on day of euthanasia. 

Tissues were flushed and stored in formalin for 24 hours and then transferred to 70% 

ethanol. Tissues were sectioned, stained in hematoxylin and eosin (H&E), and embedded 

in paraffin. Histological slides of terminal ileum and descending colon were analyzed by 
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a blinded veterinary pathologist and scored for injury similar to previously described; each 

category was graded from 0 (no injury) to 4 (severe changes) (see Tables in Supplemental 

Digital Content 3 and 4) (24).

Microbiome Analysis

Microbiome profiles were analyzed per our previously described methods (24, 30). 

Briefly, genomic DNA was extracted from fecal samples and quantified using a Nanodrop 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The V4 hypervariable 

region of the bacterial 16S rRNA gene was amplified using the barcoded universal 

primers (515F/806R) (31, 32). The resulting amplicons were purified and quantified and 

the amplicon library was generated (33). The purified library was pooled in equimolar 

concentrations and sequenced on an Illumina MiSeq platform (Illumina Inc., San Diego, CA, 

USA). Resulting sequences were processed using the Quantitative Insights Into Microbial 

Ecology (QIIME2) bioinformatics software suite (version 2.2021.2; https://qiime2.org/) in a 

miniconda environment and subjected to de-multiplexing (34). Subsequent quality-filtering, 

adapter-trimming, denoising, and removal of non-chimeric amplicons was performed with 

the DADA2 pipeline using the q2-dada2-plugin using default parameters (35). Alpha-

rarefaction was performed at the lowest sequencing depth to avoid the bias of sequencing 

depth. Bacterial taxonomy was assigned to the amplicon sequence variants (ASV) by 

implementing the Naïve-Bayes classifier natively implemented in qiime2-dada2 and pre-

trained on SILVA reference database (version 138.1, updated March 2021) (36). Community 

richness (alpha-diversity) metrices included Chao1 and Shannon indices. Community 

dissimilarities (beta-diversity) were quantitatively evaluated by the Bray-Curtis distance 

algorithm within QIIME2 and were represented by a principal coordinate analysis (PCoA) 

plot. The raw read counts were transformed to relative abundances by dividing each value 

by the total reads per sample and then collapsed to taxonomic levels by summing their 

respective relative abundances. All samples were batch-processed to avoid bias of DNA 

extraction or PCR primers/conditions on community composition obtained by amplicon 

sequencing.

Statistical Analysis

Analyses of alpha-diversity, terminal ileum injury scores, descending colon injury scores, 

and plasma occludin and LPB levels were performed in GraphPad Prism version 9.1.4 

(GraphPad Software, La Jolla, CA) using Brown-Forsythe test and either ordinary one-way 

analysis of variance (ANOVA) with Tukey’s post hoc test for variables with equal variance 

or Welch’s ANOVA with Dunnett T3 test for those with unequal variance, with multiple 

comparisons. Comparisons between males and females were performed with student’s 

t-test with Welch’s correction for unequal standard deviations. Data are presented as 

mean±standard deviation with *p<0.05 considered statistically significant. Comparisons 

between cohorts of beta-diversity (PCoA), bacterial abundance and linear discriminatory 

analysis (LDA) effect size (LEfSe) were analyzed using the ‘R’ statistical package 

version 4.1.2 (37, 38). Alpha-diversity is defined as microbial community richness, or 

the distribution of microbial species in each sample. Community richness (alpha-diversity) 

metrics included the Chao1 index, which estimates the richness of microbial species present, 

and the Shannon index which accounts for both richness and evenness of microbial species. 
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Beta-diversity, which represents community dissimilarities between two ecosystems (i.e., 

inter-individual variability), was assessed using the Bray-Curtis dissimilarity index and 

was visualized by PCoA plots; analysis was done by permutational analysis of variance 

(PERMANOVA) test. Unique bacterial taxa driving specific group-specific differences were 

determined using the biomarker discovery algorithm LEfSe with parameters set at LDA 

score of >3.0 and p-value <0.01 (37). The normalization method of taxon abundance data 

consisted of data transformation and scaling. Data transformation was done by generalized 

log-transformation (base 2) and data scaling by auto-scaling (mean-centered and divided by 

standard deviation of each variable).

RESULTS

Multicompartmental injury induces changes in microbial diversity and community 
composition

When assessing both males and females in each cohort at baseline, alpha-diversity 

demonstrated by Chao1 index and Shannon index were each not significantly different 

between cohorts (p>0.05). Beta-diversity, as assessed with principle coordinate analysis and 

PERMANOVA, was also not significantly different between groups at baseline (p=0.5). 

These data suggest that at baseline, there were no significant differences between rats 

assigned to experimental groups prior to intervention.

By day two, cohorts of both males and females demonstrated a significant decline in 

Chao1 index in both PT (45.3±8.3) and PT/CS (51.5±15.8) compared to the naïve group 

(66.7±17.5, p=0.0007 and p=0.045 respectively) (Fig. 1A). Similarly, the Shannon index 

was significantly decreased in PT (2.5±0.3) and PT/CS (2.7±0.4) cohorts compared to 

naïve rats (3.2±0.5, p=0.0005 and p=0.01 respectively) (Fig. 1B). There was no significant 

difference in the Chao1 or Shannon indices between PT and PT/CS (p=0.42 and p=0.40 

respectively) (Fig. 1A–B). Beta-diversity was found to be significantly different between 

all cohorts (p=0.0001) (Fig. 1C). Together, this demonstrates a significant decline in alpha-

diversity and alterations in beta-diversity and microbial composition between cohorts after 

injury with or without stress. At day zero, microbial composition was extremely similar 

between groups, with only naïve subjects showing dominance of a commensal bacteria, 

Ruminococcaceae. By day two, the naïve cohort had high abundances of commensal 

bacteria such as Lachnospiraceae, Ruminococcus, and Clostridia (p<0.01) (Supplemental 

Digital Content 5, showing microbiome taxa that are unique for each group.). PT was 

dominated by Blautia and Bacteroides while PT/CS had Parasutterella and Frisingicoccus 
(p<0.01) (Supplemental Digital Content 5).

Females demonstrate a sharp decline in microbial species diversity after injury

At day zero, females had a significantly elevated Chao1 indices and Shannon indices 

compared to males (Fig. 2A–B). At baseline, beta-diversity was not significantly different 

when comparing males and females (p=0.1) (Fig. 3A). This demonstrates that at baseline, 

there are differences in both the number and evenness of species between males and females.
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After two days, there were no significant differences in Chao1 index between males and 

females in the naïve group (Fig. 2C). Similarly, male and female Chao1 index also became 

similar in PT and PT/CS cohorts (Fig. 2C). Naïve females continued to have a significantly 

higher Shannon index than males, similar to baseline (Males: 2.9±0.4, Females: 3.4±0.4, p = 

0.03) (Fig. 2D). In both PT and PT/CS, there was no longer significant differences between 

males and females within cohorts (Fig. 2D). Beta-diversity was not significantly different 

between males and females in the naïve cohort (Fig. 3B). However, there were differences 

in beta-diversity between sexes in the PT group (p=0.01); PT/CS also showed differences 

but this did not reach statistical significance (Fig. 3C–D). This indicates that acutely after 

injury, both males and females have a decline in the overall number and evenness of species, 

with females having a drastic decline compared to males, since at baseline females had 

significantly elevated Chao1 and Shannon indices. Differences in beta-diversity between the 

sexes persist after injury.

Intestinal microbiome composition after injury is unique between host sexes

At baseline, there were unique species among males and females in the intestinal 

microbiome composition. Evaluation at day zero showed that males had significantly 

more Lactobacillus, Bifidobacterium, Turicibacteri, and Romboutsia compared to females 

(p<0.01) (Fig. 4A). Whereas, females had significantly elevated levels of Lachnospiraceae, 

Murcibaculaceae, Bacteroides, Akkermansia, and Incertae Sedis compared to males 

(p<0.01) (Fig. 4A). This demonstrates that at baseline, males and females have unique 

microbiome composition with different commensal bacteria.

By day two, naïve rats continued to have unique microbial composition, with males having 

elevated levels of Oscillospiraceae, Blautia, Ruminococcus, and Bacteroides (p<0.01) (Fig. 

4B). PT males were dominated by Ruminococcus and Roseburia compared to their female 

counterparts (p<0.01) (Fig. 4B). Finally, in the PT/CS cohort, males had elevated levels 

of Lacnospiraceae and Muribaculaceae compared to females (p<0.01) (Fig. 4B). Females 

subjected to PT/CS had higher levels of Bifidobacterium than male counterparts (p<0.01) 

(Fig. 4B).

Intestinal injury is sex-specific after multicompartmental injury and stress

Representative terminal ileum tissue can be found in Supplemental Digital Content 6 (see 

figures in Supplemental Digital Content 6, showing images of naïve, PT and PT/CS ileum 

for males and females). There were no significant differences in terminal ileum injury 

scores between pooled groups (containing both males and females) (p≥0.05). With subgroup 

analysis comparing total ileum injury scores between sexes within each experimental cohort 

at day two, there was no significant difference between males and females in the PT group 

(Fig. 5A). However, there were significantly higher terminal ileum injury scores in males 

compared to females in the PT/CS group (PT/CS Males: 8.8±1.8, PT/CS Females: 4.1±1.7, 

p=0.0002) (Fig. 5A). Male PT/CS terminal ileum tissue demonstrated congestion, villi 

blunting and sloughing, edema of the lamina propria, and leukocytes in the lamina propria.

Representative descending colon tissue can be found in Supplemental Digital Content 7 (see 

figures in Supplemental Digital Content 7, showing images of naïve, PT and PT/CS ileum 
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for males and females). There were no significant differences in colon injury scores between 

pooled groups (containing both males and females) (p≥0.05).

Subgroup analysis of experimental groups to identify differences between descending colon 

injury scores between males and females did not reveal statistically significant differences 

in the PT group (Fig. 5B). In the PT/CS group, however, females had significantly elevated 

descending colon injury scores compared to their male counterparts (PT/CS Males: 3.4±1.2, 

PT/CS Females: 5.6±2.4, p=0.04) (Fig. 5B). In the PT/CS group, female descending colon 

tissues were characterized by crypt alterations and inflammatory cell infiltrate.

Intestinal permeability is more prominent in males compared to females

Plasma occludin levels at day two between cohorts of both males and females demonstrated 

significantly elevated levels in both PT and PT/CS compared to naïve (Naïve: 7.6±1.3, PT: 

34.4±16.2*, PT/CS: 25.42±12.8*) (Fig. 6A). There was no significant difference in plasma 

occludin levels in PT and PT/CS (Fig. 6A). Performance of subgroup analysis to evaluate 

sex differences within each cohort demonstrated no sex differences in plasma occludin 

levels between naïve males and females (Fig. 6C). In the PT group, males had significantly 

elevated plasma occludin compared to their female counterparts (PT Males: 45.0±13.9*, PT 

Females: 23.7±10.4) (Fig. 6C).

Plasma LBP levels at day two between cohorts of both males and females were significantly 

higher in both PT and PT/CS compared to naïve (Fig. 6B). Subgroup analysis between sexes 

in the naïve cohort did not show significant differences between males and females (Fig. 

6D). Plasma LBP levels were similar in PT males and females (Fig. 6D). However, PT/CS 

males had significantly elevated plasma LBP compared to females (Fig. 6D).

DISCUSSION

Multicompartmental injury with or without stress acutely results in a drastic decline in 

alpha-diversity and alterations in beta-diversity and microbial composition in both males and 

females. Sex-specific differences in alpha-diversity at baseline were no longer apparent by 

postinjury day two. Beta-diversity, although not different at baseline, was different between 

males and females after multiple injuries with or without stress. Microbial composition also 

remained unique between males and females within cohorts. Injured males subjected to 

stress had higher ileum injury scores compared to their female counterparts; surprisingly, 

PT/CS females had more descending colonic injury compared to males. Finally, plasma 

biomarkers suggestive of intestinal permeability were elevated in males compared to females 

after injury with or without chronic stress. As a whole, the evidence provided in this 

study demonstrates that overall there are differences in the way the microbiome, intestinal 

permeability, and intestinal histology changes after injury between sexes.

We were surprised to find that after severe injury with or without chronic stress, differences 

in alpha-diversity were no longer evident between sexes, suggestive that females had a 

sharper decline in alpha-diversity compared to males in both PT and PT/CS groups. PT 

induced significant changes in beta diversity. Finally, females had a unique microbial 

composition compared to males at day zero, consisting of different commensal bacteria such 
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as Lachnospiraceae and Murcibaculaceae. After severe injury (PT), the microbiome in males 

consisted of dominance of the commensal bacteria Roseburia but also the pro-inflammatory 

Ruminococcus which has been associated with inflammatory bowel disease (39, 40). In the 

PT/CS group, females were dominated by the commensal bacteria such as Bifidobacterium 
compared to male counterparts even after one stress period (40). We did not observe 

significant differences in alpha or beta diversity between PT and PT/CS groups, suggesting 

that a short duration of stress may not significantly impact the intestinal microbiome. 

Together, this suggests that despite a decline in diversity, females retain commensal bacteria 

compared to males after severe injury.

Unfortunately, there is a paucity of data investigating the influence of sex on the microbiome 

in trauma and critical illness. Efron et al. found that both murine males and females 

subjected to cecal ligation and puncture had a decline in alpha-diversity and differences 

in beta diversity compared to controls after seven days which recovered by day 14 only 

in females (13). This group also demonstrated that after seven days, male microbiota were 

dominated by Bacteroidales while females had high abundance of Clostridiales (13). While 

this study was of a model of surgical sepsis, this suggests that critical illness induces a 

decline in alpha-diversity and changes in beta-diversity similar to our study within one week 

(13). Given the findings by this group, additional studies on the longer-term effects of severe 

trauma on the microbiome in both sexes are warranted to elucidate microbiome resilience 

and recovery after insult.

When evaluating the effects of injury with or without stress on both sexes, there were no 

statistically significant differences in colonic injury between naïve, PT and PT/CS cohorts 

after two days despite evident trends of increasing injury scores. We were surprised to 

find on further analysis that PT/CS females had elevated colonic injury scores compared to 

male counterparts, with crypt alterations and inflammatory cell infiltrate. Other studies have 

not yet investigated colonic histological changes after severe injury in females; studies in 

male rodents have shown colonic injury such as breakdown of the mucosal barrier acutely 

(8, 41). Estrogen has been shown to have a protective effect on the intestine in studies 

of other diseases such as inflammatory bowel disease; however, some other studies have 

suggested a more complex role of estrogen in ulcerative colitis, potentiating inflammation 

(42). Therefore, further study on the effects of severe injury and hemorrhagic shock on 

the colon in females is warranted, including estrogen levels and colonic estrogen receptor 

expression.

Despite increasing trends of terminal ileum injury in PT and PT/CS groups consisting 

of both males and females, this did not reach statistical significance. However, subgroup 

analysis revealed that males who underwent PT/CS had significantly more injured terminal 

ileum compared to female counterparts consisting of congestion, edema, villi blunting and 

sloughing, and the presence of leukocytes. Our findings align with others demonstrating that 

females are more resistant to small intestinal injury in trauma and ischemia-reperfusion. A 

human study of ischemia-reperfusion demonstrated that females had a blunted inflammatory 

response and less extensive epithelial damage in the jejunum compared to males (14). 

A murine model of intestinal ischemia-reperfusion demonstrated sex-specific differences 

in complement activation as well (15). It can be postulated that estradiol may have 
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protective effects on the small intestine in injury. Multiple animal studies of either ischemia-

reperfusion or trauma with hemorrhagic shock on proestrus female rats, ovariectomized 

female rats, and male rats administered estradiol all demonstrated blunted small intestinal 

injury and a reduction in the post-injury inflammatory cytokine response compared to 

ovariectomized females and male rats (16–18). This may suggest a role of estradiol as 

a protective factor in small intestinal injury, however further study in the mechanisms of 

estrogen in multicompartmental injury should be performed.

Both males and females showed significantly elevated plasma occludin and LBP levels in 

both PT and PT/CS compared to naïve. On subgroup analysis, both PT and PT/CS males 

showed elevated plasma occludin and PT/CS males had significantly elevated plasma LBP. 

Other animal studies support increased intestinal permeability after trauma and hemorrhagic 

shock acutely, but these were all only in male rodents (8, 41, 43). Estrogen deficiency has 

been linked to acutely increased permeability in ovariectomized female rats (44). Therefore, 

additional experiments are required to better understand the role of estrogen in maintenance 

of the intestinal barrier in trauma.

This study has limitations. Despite individual housing for animals after enrollment, subjects 

were co-housed in pairs of the same sex before the initial stool sample was obtained. 

However, our day zero results of no significant differences in alpha- or beta-diversity 

suggest that there were not significant differences between rats assigned to experimental 

groups prior to intervention. For anesthesia in the multicompartmental traumatic injury 

model, isoflurane was utilized which has been shown in other rodent studies to affect the 

microbiome alone, which may be a confounding variable in our results when comparing 

injured groups to the naïve cohort (45, 46). Part of our multicompartmental injury 

model involves intestinal surgery with cecectomy; while this may contribute to changes 

in microbial diversity, other studies of traumatic injury without intestinal manipulation 

demonstrate changes in the microbiome diversity and composition (47). In addition, plasma 

biomarkers such as occludin and LBP are not direct measures of intestinal permeability; 

more direct methods could include the administration of oral agents for measurement in 

the peripheral blood. We also only utilized females in the proestrus phase; additional 

investigation into the effects of injury on the microbiome in females at all stages of the 

estrous cycle should be pursued. Finally, age is known to influence the microbiome and this 

study only utilized rats aged 9–11 weeks; further evaluation of this model in a variety of 

age groups is warranted to understand the impact of severe trauma on the microbiome in 

different populations (22).

In summary, despite a decline in alpha-diversity after injury, females retain dominance of 

commensal bacteria similar to pre-injury and have less evidence of intestinal permeability 

and terminal ileum injury. This study suggests that sex is an important biological variable 

which may impact outcomes after severe trauma and critical illness. While complex 

and yet to be fully understood, it has been suggested that differences in the intestinal 

microbiome composition and diversity between sexes could be a result of sex hormone 

levels which may contribute to the sexual dimorphism observed in the intestinal microbiome 

after severe injury (48). Future studies should evaluate the role of sex hormones on 
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the microbiome, intestinal permeability, and intestinal injury after trauma to understand 

underlying mechanisms behind female resilience after multicompartmental injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1A-C. 
Changes in alpha-diversity represented by the A) Chao1 index at day 2 and B) Shannon 

index at day 2; and C) principal coordinate analysis (PCoA) plot showing changes in 

beta-diversity, the measure of differences in biodiversity across cohorts at day 2. PT - 

polytrauma; PT/CS - polytrauma/chronic stress. Only statistically significant comparisons 

displayed (*p<0.05).
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Figure 2A-D. 
Changes in alpha-diversity between males and females represented by the A) Chao1 index 

at day 0, B) Shannon index at day 0, C) Chao1 index at day 2, and D) Shannon index at 

day 2. PT - polytrauma; PT/CS - polytrauma/chronic stress. Only statistically significant 

comparisons displayed (*p<0.05).
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Figure 3A-D. 
Principal coordinate analysis (PCoA) plots showing changes in beta-diversity, the measure 

of differences in biodiversity between males and females A) at day 0, and at day 2 for 

each cohort B) naïve, C) PT and D) PT/CS. Percent on each orthogonal axis represents the 

proportion of overall variance in the data. PT - polytrauma; PT/CS - polytrauma/chronic 

stress.
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Figure 4A-B. 
Genus-level microbiome composition between males and females A) at day 0 and B) 

between cohorts at day 2 [naïve, polytrauma (PT), and polytrauma with chronic stress (PT/

CS)]. Unique microbial species identified with *p<0.01.
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Figure 5A-B. 
Histologic injury scores in the A) terminal ileum between sexes and D) descending colon 

between sexes. PT - polytrauma; PT/CS - polytrauma/chronic stress. Only statistically 

significant comparisons displayed (*p<0.05).
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Figure 6A-D. 
Intestinal permeability represented by plasma levels at day 2 of A) occludin across cohorts, 

B) lipopolysaccharide binding protein (LBP) across cohorts, C) occludin between sexes, D) 

LBP between sexes. PT - polytrauma; PT/CS - polytrauma/chronic stress. Only statistically 

significant comparisons displayed (*p<0.05).
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