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ARTICLE HIGHLIGHTS

Type of Research: Single center, prospective observational cohort study

Key Findings: Eight patients with chronic mesenteric ischemia demonstrated intestinal dysbiosis
characterized by decreased alpha-diversity (p=0.03) and increased abundance of potentially
pathogenic bacteria compared to healthy controls. Open or endovascular revascularization

altered intestinal microbial composition and increased diversity, with resolution of dysbiosis
post-operatively.

Take home Message: Chronic mesenteric ischemia induces a ‘pathobiome’ state that returns to

homeostasis after endovascular or open mesenteric revascularization.



TABLE OF CONTENTS SUMMARY

This prospective observational cohort study of eight patients with chronic mesenteric ischemia
demonstrated a baseline intestinal pathobiome. Open or endovascular mesenteric
revascularization results in an increase in microbial diversity and commensal bacterial

abundance with resolution of intestinal dysbiosis.
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ABSTRACT

Objectives: Chronic mesenteric ischemia (CMI) is a debilitating condition arising from intestinal
malperfusion from mesenteric artery stenosis/occlusion. Mesenteric revascularization is the
standard of care but carries substantial morbidity/mortality. The majority of perioperative
morbidity is secondary to postoperative multiple organ dysfunction, potentially from
ischemia/reperfusion injury. The intestinal microbiome is a dense community of microorganisms
in the gastrointestinal tract that help regulate pathways ranging from nutritional metabolism to
the immune response. We hypothesized that patients with CMI have microbiome perturbations
that contribute to this inflammatory response and potentially normalize in the postoperative

period.

Methods: A prospective study of CMI patients who underwent mesenteric bypass/stenting was
conducted between 2019-2020. Stools were collected at 3 timepoints: pre-operative clinic,
perioperatively within 14 days, and post-operative clinic >30 days post-revascularization. Stool
samples from healthy controls were used for comparison. Microbiome was measured by 16S
rRNA sequencing on an lllumina-MiSeq® sequence platform and analyzed using giime2-dada2
bioinformatics pipeline with SILVA database. B-diversity was analyzed using principal
coordinates analysis and permutational analysis of variance. a-diversity (microbial richness and
evenness) was compared using non-parametric Mann-Whitney-U test. Microbial taxa unique for
CMI patients versus controls were identified using the linear discriminatory analysis effect size

(LEfSe) analysis. P<0.05 was considered statistically significant.
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Results: Eight patients underwent mesenteric revascularization (25% male; average age: 71).
Nine healthy controls were analyzed (78% male; average age: 55). Bacterial a-diversity (number
of OTUs) was dramatically reduced in preoperative group versus controls (p=0.03); however,
revascularization partially restored the species richness and evenness in perioperative and
postoperative phases. Beta-diversity was only different between perioperative and post-operative
groups (p=0.03). Further analyses revealed increased abundance of Bacteroidetes and Clostridia
taxa pre-operatively and perioperatively compared to controls, which was reduced during post-

operative period.

Conclusion: Patients with CMI have intestinal dysbiosis that resolves after revascularization.
This is characterized by loss of alpha-diversity, which is restored perioperatively and is
maintained postoperatively. This microbiome restoration demonstrates the importance of
intestinal perfusion to sustain gut homeostasis and suggests that the microbiome modulation
could be a possible intervention to ameliorate acute and sub-acute post-operative outcomes in

these patients.

KEYWORDS: chronic mesenteric ischemia, microbiota, revascularization
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INTRODUCTION

Chronic mesenteric ischemia (CMI) is a debilitating disease characterized by abdominal
pain and weight loss secondary to mesenteric artery stenoses or occlusions.! Due to the non-
specific abdominal complaints, patients often have a significant delay in diagnosis leading to
significant weight loss and malnutrition. In addition to known complications associated with
frailty and malnutrition, treatment with open or endovascular mesenteric revascularization can
result in a systemic inflammatory state with a protracted postoperative course and high
perioperative morbidity.? * One factor potentially contributing to this inflammatory state is
alterations in the intestinal microbiome in this patient population.

The intestinal microbiome consists of trillions of microbial organisms and plays a critical
role in immune system regulation.* The term “pathobiome” has been established in critical
iliness as a decrease in intestinal microbial diversity and an overabundance of pathogenic
organisms.® The role of the microbiome in acute mesenteric ischemia has been studied in
preclinical models. These studies demonstrate intestinal dysbiosis, or disruption of the normal
gut microbiota, and injury characterized by decreased alpha-diversity (microbial species
richness) as well as changes in beta-diversity (inter-individual variability) and microbial
community composition, suggestive of a pathobiome state.®* Animal studies of acute
mesenteric ischemia have even shown that depletion of commensal bacteria prior to mesenteric
ischemia attenuates the initial post-revascularization inflammatory response, despite the presence
of these bacteria generally being beneficial to homeostasis.!?* In other models, administration
of Lactobacillus plantarum or Bifidobacterium bifidum PRL2010 each reduced the inflammatory
response after acute mesenteric ischemia and reperfusion.'> ¢ In addition, both human and

preclinical studies of acute mesenteric ischemia and reperfusion have shown breakdown of the
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integrity of the intestinal barrier which resolves after reperfusion.t’-?* Administration of
Pravastatin or Lactibacillus murinus have each been implicated in the attenuation of this
intestinal injury in animal models.® 22 Furthermore, pre-operative fasting in a preclinical model
of acute mesenteric ischemia was associated with decreased intestinal injury and intestinal
dyshiosis.?® Together, these studies suggest a critical role of the microbiome on the inflammatory
milieu seen after revascularization for acute mesenteric ischemia.

While studies of acute mesenteric ischemia support the role of the microbiome in the
systemic inflammatory response associated with revascularization, it’s role in CMI patients
remains poorly understood. It is likely that there is a more significant impact of the microbiome
in the CMI population given the more prolonged preoperative course and weight loss, significant
alterations in diet and malnutrition as well as prolonged alterations in intestinal blood flow. In
this study, we sought to characterize the microbiome composition and diversity in patients with
chronic mesenteric ischemia in the preoperative, perioperative, and postoperative periods. We
hypothesized that patients with CMI would have baseline microbiome perturbations which could
contribute to the initial inflammatory response after revascularization and potentially normalize

in the postoperative period.

METHODS

Study Population

A single center, prospective observational cohort study was conducted between 2019-
2020 at the University of Florida comparing two patient populations: healthy controls (n = 9) and
patients with chronic mesenteric ischemia (n = 8). This sample size was chosen to serve as a pilot

study which would lead to a refined effect size analysis to determine the number of patients
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necessary to adequately power a larger scale study. Stool samples were obtained from patients
with chronic mesenteric ischemia at three time points: pre-operatively (CMI-A); perioperatively
within 14 days when not being treated with antibiotics and tolerating a regular diet (CMI-B); and
at least 30 days post-operatively (CMI-C). One stool sample was obtained from each healthy
control. Inclusion criteria for patients with CMI included: diagnosis of chronic mesenteric
ischemia as defined by the American College of Radiology Appropriateness Criteria and
undergoing open mesenteric bypass or endovascular intervention, ability to obtain patient
informed consent, and age greater than 18.2* Exclusion criteria for patients with CMI were as
follows: acute mesenteric ischemia, inability to obtain informed consent, pregnancy, evidence of
multi-organ failure on presentation, and inability to follow-up at our institution. This study was
approved by the University of Florida Institutional Review Board (IRB 201802545, IRB
201400611). All subjects gave informed consent to participate in the study.
Clinical Data

Clinical data including baseline characteristics such as age, sex, race, weight, body mass
index (BMI), medical co-morbidities, and surgical history associated with CMI were collected.
Management and outcome parameters included: post-operative complications, antibiotic
administration, diet, intensive care unit (ICU) length of stay, hospital length of stay, and
mortality. Patients were seen in follow-up at four weeks and at least twelve weeks post-
operatively.

Stool Collection and Processing

After collection, stool was immediately frozen and stored in a -80°C freezer until
processing. Microbial DNA extraction from stool samples and 16S library construction were

performed blinded at the University of Florida Interdisciplinary Center for Biotechnology
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Research Gene Expression Core (Research Resource Identifier SCR_019145) and sequencing
was performed at NextGen Sequencing (Research Resource Identifier SCR_019152). High-
quality genomic DNA was extracted from fecal samples using the QIAmp PowerFecal Pro DNA
Kit (Qiagen, Hilden, Germany) per manufacturers protocol and quantified using a Nanodrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The V3-4 hypervariable
region of the bacterial 16S rRNA gene DNA (1ng) was amplified using the QIAseq 16S/ITS
Region Panel (Qiagen, Hilden, Germany) for 220 cycles of polymerase chain reaction (PCR)
amplification (95°C for 2 minutes, (95°C for 30 seconds, 50°C for 30 seconds, and 72°C for 2
minutes for 12 cycles), with 4°C hold). The PCR products were then purified with QlAseq Beads
(Qiagen, Hilden, Germany) according to manufacturer’s protocol. Barcode addition was
performed with 19 cycles of PCR amplification and the library clean-up performed with QlAseq
Beads (Qiagen, Hilden, Germany). Finally, the individual library was quantified using the KAPA
library quantification kit (Kapa Biosystems, Boston, MA, USA) and run on the Bio-Rad CFX96
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The purified library was
pooled in equimolar concentrations and sequenced on an IHlumina MiSeq platform (Illumina Inc.,
San Diego, CA, USA) using a 2x300 base pairs reagent kit (MiSeq reagent kit v3; Illumina Inc.)
for paired-end sequencing.

Microbiome profiles were analyzed per our previously described methods.? Briefly,
resulting sequences (.fastq files) were processed using the Quantitative Insights Into Microbial
Ecology (QIIME?2) bioinformatics software suite (version 2.2021.2; https://giime2.org/) in a
miniconda environment.?® Sequences were subjected to de-multiplexing based on unique
barcodes assigned to each sample. Subsequent quality-filtering, adapter-trimming, denoising, and

removal of non-chimeric amplicons was performed with the DADAZ2 pipeline using the g2-
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dada2-plugin using default parameters, as described in our previous reports.?” 2 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
Naive-Bayes classifier natively implemented in giime2-dada2 and pre-trained on SILVA
reference database (version 138.1, updated March 2021).2° The dataset was filtered to omit
taxonomic features annotated as ‘mitochondria’ and ‘chloroplast’. Alpha-diversity is defined as
microbial community richness, also described as distribution of microbial species in each
sample. Community richness (alpha-diversity) metrics included operational taxonomic units
(OTU) and Chaol and Shannon indices. The Chaol index estimates the richness of microbial
species present, while the Shannon index accounts for both richness and evenness of microbial
species. Beta-diversity, which represents community dissimilarities between two ecosystems
(i.e., inter-individual variability), was quantitatively evaluated by Bray-Curtis distance algorithm
within QIIME2 and were represented by a principle coordinate analysis (PCoA) plot. The raw
read counts were transformed to relative abundances by dividing each value by the total reads
per sample and collapsed to taxonomic levels by summing their respective relative abundances.
All samples were batch-processed to avoid any bias of DNA extraction or PCR
primers/conditions on community composition obtained by amplicon sequencing.

Statistical Analysis

Comparisons between cohorts of alpha-diversity, beta-diversity (PCoA), bacterial
abundance, and linear discriminatory analysis (LDA) effect size (LEfSe) were analyzed using the
‘R’ statistical package version 4.1.2.3% 3! Beta-diversity was assessed using the Bray-Curtis
dissimilarity index and was visualized by PCoA plots to visually depict global microbiome

differences between the samples and groups. Statistical analysis for differential clustering of
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samples on the PCoA plot was done by permutational analysis of variance (PERMANOVA) test,
a permutation-based multivariate analysis of variance to a matrix of pairwise distance to partition
the inter-group and intra-group distance. Alpha-diversity data are presented as mean * standard
deviation. 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 <0.05. The LEfSe analysis performs a non-parametric factorial Kruskal-Wallis sum-rank
test to identify taxa with significant differential abundance with respect to the groups, then
validates the biological significance using pairwise unpaired Wilcoxon rank-sum test, and finally
performs LDA analysis to estimate the effect size of each differentially abundant taxon.*® 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). Patient
characteristics were analyzed with GraphPad Prism version 9.4.1 (GraphPad Software, La Jolla,
CA) using Welch’s t-test, Welch’s ANOVA with multiple comparisons with Dunnett T3

correction, or Fisher’s exact test. For all tests, p<0.05 was considered statistically significant.

RESULTS
Patient Characteristics

Patient characteristics for CMI patients and healthy controls are listed in Table I. The
CMI patients were older than healthy controls. There was no difference in patient race or self-
reported sex between healthy controls and CMI patients. Patients with CMI were found to have
coronary artery disease (CAD) compared to healthy controls. Otherwise, there were no

differences in the following comorbidities between groups: active smoking, hypertension,
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hyperlipidemia, renal disease (defined by creatinine greater than 1.5mg/dL), diabetes, chronic
obstructive pulmonary disease, and congestive heart failure. For the CMI patients, half had a
history of prior mesenteric stent placed complicated by failure. The average duration of
abdominal symptoms such as pain, diarrhea, and weight loss was 8.2 months.

The majority of patients in the CMI group underwent open mesenteric bypass (75%) and
of these, half involved bypass of only the superior mesenteric artery (SMA) and the remainder
underwent bypass of both the celiac and superior mesenteric arteries. Endovascular stenting for
the other patients was only performed in the superior mesenteric artery via brachial artery access.
Post-operatively, two patients (25%) received antibiotics prior to the first post-operative stool
sample collection: one received a one-time administration for a planned additional surgery
during the same admission and the other was treated for a post-operative hospital-acquired
pneumonia for a seven-day course. One patient received enteral tube feedings as supplemental
nutrition post-operatively and another received both total parenteral nutrition (TPN) and enteral
tube feedings post-operatively as before resuming a regular diet. One patient was restarted on her
home medication of lactobacillus while inpatient, but the remaining patients were not
administered probiotics or any oral dietary supplements during admission. The mean ICU length
of stay was 3.8 days (+2.2) and mean hospital length of stay was 11.5 days (x7.6). The mean
preoperative BMI was 20.6 kg/m? (+4.3); this remained unchanged postoperatively at 4 weeks
(19.6 kg/m?+3.6) and 12 weeks (19.1 kg/m?+3.8) (p=0.76). The postoperative mortality was
zero. Three patients were lost to follow-up at 12 weeks despite attempts at re-engagement by the
research team. Post-operative stool samples were collected on average 11 days post-operatively

(CMI-B) and 23 weeks post-operatively (CMI-C).
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Baseline microbiome for CMI patients versus healthy controls

Pre-operatively, patients with CMI had lower alpha-diversity (OTUs) compared to
healthy controls (CMI-A: 381.6+59.7, Control: 486.4+158.4, p=0.03) (Fig. IA). Patients with
CMI also demonstrated lower Shannon index pre-operatively compared to healthy controls
(CMI-A: 2.9£0.2, Control: 3.0£0.6, p=0.03) (Fig. IB). Chaol index was decreased in the CMI
group pre-operatively compared to controls, but this did not reach statistical significance (CMI-
A: 314.7+42.7, Control: 338.9+61.8, p=0.30) (Fig. IC). Beta-diversity was not different between

chronic mesenteric ischemia patients and healthy controls (p=0.33) (Fig. I1).

Changes in the microbiome in CMI patients post mesenteric revascularization

Once tolerating a diet post-operatively, patients showed an increase in alpha-diversity
(OTUs) when compared to their pre-operative sample, although this did not reach statistical
significance (CMI-A: 381.6+£59.7, CMI-B: 426.1+44.5, p=0.39) (Fig. IA). This increase in OTUs
was similar to healthy control patients (CMI-B: 426.1+44.5, Control: 486.4+158.4, p=0.24) (Fig.
IA). Surprisingly, the Shannon index decreased slightly post-operatively compared to pre-
operative (CMI-A: 2.9+0.2, CMI-B: 2.7+0.7, p=0.77), but were not different compared to
healthy controls (CMI-B: 2.7+£0.7, Control: 3.0£0.6, p=0.08) (Fig. IB). Chaol index increased
slightly, although this was not significant (CMI-A: 314.7+42.7, CMI-B, 331.8+£39.6, p=0.46)
(Fig. IC). Beta-diversity was not different between pre-operative samples and initial post-
operative samples (p=0.25) or between initial post-operative samples and healthy controls
(p=0.41) (Fig. I1).

At greater than 30 days after revascularization, patients demonstrated similar alpha-

diversity to initial post-operative samples and healthy controls. The number of OTUs was similar
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compared to initial post-operative samples (CMI-B: 426.1+44.5, CMI-C: 411.6+27.9, p=0.80)
and healthy controls (CMI-C: 411.6+27.9, Control: 486.4+158.4, p=0.18) (Fig. I1A). Shannon
index increased further out from mesenteric revascularization (CMI-B: 2.7+0.7, CMI-C:
2.85+0.2, p=0.77) and was similar to that seen in healthy controls (CMI-C: 2.85+0.2, Control:
3.0£0.6, p=0.06) (Fig. IB). Chaol index also continued to increase post-operatively (CMI-B:
331.8£39.6, CMI-C: 346.3£32.0, p=0.51) and was similar to healthy controls (CMI-C:
346.3£32.0, Control: 338.91£61.8, p=0.64) (Fig. IC). Beta-diversity was significantly different
between initial post-operative and long term post-operative samples (p=0.03), but not between

long-term post-operative patients and healthy controls (p=0.31) (Fig. II).

Chronic mesenteric ischemia microbiome composition pre and postoperatively

Microbial composition of patients with CMI was unique compared to healthy controls.
Major phyla and genera present in CMI patients at three time points and healthy controls are
shown in Figure I11A-B. Healthy control microbiota was dominated by Murimonas (p<0.05)
(Fig. I11C). Pre-operatively, CMI patients had an abundance of Clostridium, Hungatella,
Citrobacter, and Subdoligranulum (p<0.05) as identified through LEfSe (Fig. I11C). Within two
weeks of revascularization, Erysipelotrichaeceae, Akkermansia, and Flavonifractor were the
most prominent genera (p<0.05) (Fig. I11C). Anaerostipes was identified in uniquely elevated

numbers long-term after mesenteric revascularization (p<0.05) (Fig. I1I1C).

DISCUSSION
Chronic mesenteric ischemia is a devastating disease for which standard of care with

open or endovascular mesenteric revascularization can result in systemic inflammation and a
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morbid postoperative course.?* In our study, we showed that CMI induces intestinal dysbiosis
characterized by decreased alpha-diversity and a unique microbial composition. This pathobiome
signature begins to resolve within two weeks of open mesenteric bypass or endovascular
revascularization with subsequent increases in alpha-diversity and changes in microbial organism
composition. Overall, these findings show that revascularization appears to have sudden changes
in microbiome diversity and composition which become more similar to healthy controls. These
changes occur within two weeks of surgery and are re-demonstrated at a later time point,
highlighting the importance of normal mesenteric flow as well as normalization of diet for a
homeostatic microbiome.

Our findings suggest that at baseline, patients with chronic mesenteric ischemia have
drastically fewer bacterial species and reduced evenness, as demonstrated by decreased alpha-
diversity, in their intestinal microbiome compared to healthy controls. After revascularization,
we found that patients had increased alpha-diversity represented by OTUs and Shannon index.
These baseline differences in alpha-diversity suggest that malnutrition and hypoperfusion could
contribute to intestinal microbiome diversity. These alpha-diversity results are similar to that of
animal studies of acute mesenteric ischemia which investigated the microbiome.® % Some of
these models revealed an initial decrease in alpha-diversity indices hours post-operatively, but
this may differ from our post-operative results given that our initial post-reperfusion samples
were collected on average seven days after surgery.® 2332 Wang et al found that acute mesenteric
ischemia induced a decrease in alpha-diversity, which increased six hours after revascularization,
similar to our results of increasing alpha-diversity over time.® Additional animal studies
investigating the effects of acute mesenteric ischemia on the small intestine microbiota also

demonstrated increases in the number of bacteria after revascularization.? 33 3% A murine study
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of ischemia/reperfusion showed that subjects which died within one hour had lower baseline
alpha-diversity compared to those who survived.® Together this elucidates the importance of
normal mesenteric flow to maintain the number and evenness of bacterial species in the intestine
and contribute to homeostasis.

We were surprised to find that beta-diversity was only different between perioperative
and post-operative samples after revascularization in our chronic mesenteric ischemia patients. It
is possible that these slight differences in beta-diversity reflect the recovery of the microbiome
post-operatively as patients begin to resume improved nutrition; however, this requires additional
study in larger cohorts. Wang et al found an initial disturbance in beta-diversity in rats after
ischemia and reperfusion which normalized over the course of 72 hours.® Similarly, Deng et al
showed different beta-diversity between mice who underwent ischemia/reperfusion compared to
sham mice in the small intestine.3* Similar findings were also revealed in rat ileum contents after
acute mesenteric ischemia and reperfusion.*® However, these other studies were all of acute
mesenteric ischemia and not chronic mesenteric ischemia.

We found that the microbial composition of patients with CMI was unique compared to
healthy controls. Prominent bacteria in the pre-operative control group consisted of pathogenic
bacteria such as Citrobacter but also the commensal bacteria Clostridium X1Va and
Subdoligranulum, along with Hungatella whose function requires further study.35-3 While it was
surprising to find an abundance of commensal bacteria, preclinical studies of acute mesenteric
ischemia and reperfusion have shown that even commensal bacteria contribute to the
inflammatory response seen after reperfusion.’?* In our study, one week after reperfusion,
Akkermansia, Erysipelotrichaeceae, and Flavonifractor were present in high abundance, all

noted to be commensal bacteria.>*#* Months after revascularization in our patients, Anaerostipes
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dominated the fecal microbiome, also a commensal bacteria.*? A preclinical study of acute
mesenteric ischemia showed an initial bloom in Escherichia coli within three hours of
reperfusion and Lactobacillus further out from reperfusion in rats.® Other animal models of acute
mesenteric ischemia and reperfusion resulted in abundances of commensal bacteria such as
Ruminococcaceae-UCG-010, Enterobacteriaceae, Lactobacillus, Oscillobacter, and
Lachnoclostridium.® 232 Qverall, our study provides insight into the unique microbial
composition of patients with chronic mesenteric ischemia and its temporal changes after
reperfusion. It is important in future studies to understand the role of commensal and pathogenic
bacteria in systemic inflammation after revascularization as well as the interplay between these
bacteria.

This study has several limitations. One major limitation of this study is the small sample
size which precludes subgroup analyses. However, this pilot study demonstrates critical changes
in the microbiome in chronic mesenteric ischemia warranting a larger investigation. Despite
efforts to enroll a diverse population of patients, the majority of the CMI patients were female
and Caucasian; patients with CMI were also older than healthy controls. It has been shown that
age, sex and race all influence the microbiome.*-* Potential confounders in this study include
differences in pre-operative diet part of which may be related to the duration of symptoms and
the administration of post-operative antibiotics in two patients; both diet and antibiotics have
been shown to affect intestinal microbiota.*® 4’ However, only one patient received post-
operative antibiotics for a seven-day course to treat pneumonia while the other received only one
dose for a planned second surgery. In addition, this study included patients who underwent either
mesenteric stenting or open mesenteric bypass. While not yet investigated, these different

revascularization techniques could have different influences on the microbiome and should be
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further studied. Finally, three patients were lost to follow-up at 12-weeks despite attempts at re-
engagement by the research team which may have influenced our long-term post-operative
results.

Given the limitations of this pilot study, further investigation of changes in the
microbiome as well as its role in the inflammatory response in CMI patients are warranted using
a larger sample size. Subgroup analyses to evaluate effects of sex, age, smoking status, post-
operative antibiotics and revascularization techniques could provide further insight into how
each of these affects the microbiome in this disease. In addition, multiple studies in acute
mesenteric ischemia and reperfusion have demonstrated the benefits of commensal microbiome
depletion, probiotic administration, and even pre-operative fasting on the attenuation of the post-
operative systemic inflammation.® 121623 Fecal metabolomics to quantify short-chain fatty acid
(SCFA) levels would also be of interest to investigate; in acute mesenteric ischemia and
reperfusion, administration of SCFA decreases inflammation and intestinal injury in acute
mesenteric ischemia and reperfusion.*®->° These interventions could potentially play a role in

tempering morbidity after revascularization in chronic mesenteric ischemia.

CONCLUSION

In summary, we found that chronic mesenteric ischemia induces intestinal dysbiosis
characterized by decreased overall species abundance and domination of pathogenic bacteria.
This pathobiome signature begins to resolve within two weeks of open or endovascular
revascularization with subsequent increases in alpha-diversity and changes in microbial
community composition. Further from surgery, our subjects had microbiome diversity and

composition most similar to that of healthy controls. The evidence provided in this study
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suggests that patients with chronic mesenteric ischemia have baseline microbiome perturbations
which normalize after revascularization. Future studies are needed to evaluate the influence of
race, age, sex, smoking status, and type of revascularization on the microbiome in this unique
disease. Additionally, evaluation of links between the microbiome and systemic inflammation in
these patients, fecal metabolomics, and the effects of chronic mesenteric ischemia on intestinal

barrier integrity are important next steps.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the University of Florida Interdisciplinary Center for
Biotechnology Research Gene Expression Core and NextGen Sequencing (Research Resource
Identifier SCR_019145, SCR_019152) for their assistance with DNA isolation, library

preparation, and sequencing of fecal microbiome samples.

AUTHOR CONTRIBUTIONS

JAM, RN, AMM, PAE, DJA, and MAC contributed to the conception and design of the study.
DJA and MAC were involved in obtaining funding for the project. JAM, LL and RN contributed
to analysis and interpretation of the data; RN performed the statistical analysis. JAM, NCH, and
AM were involved in data collection. JAM drafted the manuscript and all other authors
contributed critical revisions to produce the final manuscript. All authors approve of the final

manuscript and agree to be accountable for its contents.



ONOOULLE, WN -

20

REFERENCES

1. Huber TS, Bjorck M, Chandra A, Clouse WD, Dalsing MC, Oderich GS, et al. Chronic
mesenteric ischemia: Clinical practice guidelines from the Society for VVascular Surgery. J Vasc
Surg. 2021;73(1S):87S-115S.

2. Crawford JD, Scali ST, Khan T, Back MR, Cooper M, Arnaoutakis DK, et al. Effect of
ischemia-reperfusion on outcomes after open mesenteric bypass for chronic mesenteric ischemia.
J Vasc Surg. 2021;74(4):1301-8 el.

3. Alahdab F, Arwani R, Pasha AK, Razouki ZA, Prokop LJ, Huber TS, et al. A systematic
review and meta-analysis of endovascular versus open surgical revascularization for chronic
mesenteric ischemia. J Vasc Surg. 2018;67(5):1598-605.

4, Miniet AA, Grunwell JR, Coopersmith CM. The microbiome and the immune system in
critical illness. Curr Opin Crit Care. 2021;27(2):157-63.

5. Otani S, Coopersmith CM. Gut integrity in critical illness. J Intensive Care. 2019;7:17.
6. Wang F, Li Q, Wang C, Tang C, Li J. Dynamic alteration of the colonic microbiota in
intestinal ischemia-reperfusion injury. PLoS One. 2012;7(7):e42027.

7. Chen J, Wang Y, Shi Y, Liu Y, Wu C, Luo Y. Association of Gut Microbiota With
Intestinal Ischemia/Reperfusion Injury. Front Cell Infect Microbiol. 2022;12:962782.

8. Gutierrez-Sanchez G, Garcia-Alonso I, Gutierrez Saenz de Santa Maria J, Alonso-Varona
A, Herrero de la Parte B. Antioxidant-Based Therapy Reduces Early-Stage Intestinal Ischemia-
Reperfusion Injury in Rats. Antioxidants (Basel). 2021;10(6).

9. Hu J, Deng F, Zhao B, Lin Z, Sun Q, Yang X, et al. Lactobacillus murinus alleviate
intestinal ischemia/reperfusion injury through promoting the release of interleukin-10 from M2
macrophages via Toll-like receptor 2 signaling. Microbiome. 2022;10(1):38.

10. Wang F, Li Q, He Q, Geng Y, Tang C, Wang C, et al. Temporal variations of the ileal
microbiota in intestinal ischemia and reperfusion. Shock. 2013;39(1):96-103.

11. Belizario JE, Faintuch J. Microbiome and Gut Dysbiosis. Exp Suppl. 2018;109:459-76.
12.  Yoshiya K, Lapchak PH, Thai TH, Kannan L, Rani P, Dalle Lucca JJ, et al. Depletion of
gut commensal bacteria attenuates intestinal ischemia/reperfusion injury. Am J Physiol
Gastrointest Liver Physiol. 2011;301(6):G1020-30.

13. Souza DG, Vieira AT, Soares AC, Pinho V, Nicoli JR, Vieira LQ, et al. The essential role
of the intestinal microbiota in facilitating acute inflammatory responses. J Immunol.
2004;173(6):4137-46.

14. Zhang HY, Wang F, Chen X, Meng X, Feng C, Feng JX. Dual roles of commensal
bacteria after intestinal ischemia and reperfusion. Pediatr Surg Int. 2020;36(1):81-91.

15. Duranti S, Vivo V, Zini I, Milani C, Mangifesta M, Anzalone R, et al. Bifidobacterium
bifidum PRL2010 alleviates intestinal ischemia/reperfusion injury. PLoS One.
2018;13(8):e0202670.

16.  Wang B, Huang Q, Zhang W, Li N, Li J. Lactobacillus plantarum prevents bacterial
translocation in rats following ischemia and reperfusion injury. Dig Dis Sci. 2011;56(11):3187-
94.

17.  Grootjans J, Lenaerts K, Derikx JP, Matthijsen RA, de Bruine AP, van Bijnen AA, et al.
Human intestinal ischemia-reperfusion-induced inflammation characterized: experiences from a
new translational model. Am J Pathol. 2010;176(5):2283-91.



ONOOULLE, WN -

Al

18. Derikx JP, Matthijsen RA, de Bruine AP, van Bijnen AA, Heineman E, van Dam RM, et
al. Rapid reversal of human intestinal ischemia-reperfusion induced damage by shedding of
injured enterocytes and reepithelialisation. PLoS One. 2008;3(10):e3428.

19.  Bragg LE, Thompson JS, West WW. Intestinal diamine oxidase levels reflect ischemic
injury. J Surg Res. 1991;50(3):228-33.

20.  Gunel E, Caglayan O, Caglayan F. Serum D-lactate levels as a predictor of intestinal
ischemia-reperfusion injury. Pediatr Surg Int. 1998;14(1-2):59-61.

21.  Collange O, Tamion F, Chanel S, Hue G, Richard V, Thuilliez C, et al. D-lactate is not a
reliable marker of gut ischemia-reperfusion in a rat model of supraceliac aortic clamping. Crit
Care Med. 2006;34(5):1415-9.

22. Deng F, Hu JJ, Yang X, Sun QS, Lin ZB, Zhao BC, et al. Gut Microbial Metabolite
Pravastatin Attenuates Intestinal Ischemia/Reperfusion Injury Through Promoting IL-13 Release
From Type Il Innate Lymphoid Cells via IL-33/ST2 Signaling. Front Immunol. 2021;12:704836.
23. Huang W, Yan Y, Wu M, Hu J, Zhao J, Chen X, et al. Preoperative fasting confers
protection against intestinal ischaemia/reperfusion injury by modulating gut microbiota and their
metabolites in a mouse model. Br J Anaesth. 2022;128(3):501-12.

24. Expert Panels on Vascular I, Gastrointestinal I, Ginsburg M, Obara P, Lambert DL,
Hanley M, et al. ACR Appropriateness Criteria((R)) Imaging of Mesenteric Ischemia. J Am Coll
Radiol. 2018;15(11S):S332-S40.

25. Rejeski JJ, Wilson FM, Nagpal R, Yadav H, Weinberg RB. The Impact of a
Mediterranean Diet on the Gut Microbiome in Healthy Human Subjects: A Pilot Study.
Digestion. 2022;103(2):133-40.

26. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al.
Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat
Biotechnol. 2019;37(8):852-7.

27. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADAZ2:
High-resolution sample inference from Illumina amplicon data. Nat Methods. 2016;13(7):581-3.
28.  Saccon TD, Nagpal R, Yadav H, Cavalcante MB, Nunes ADC, Schneider A, et al.
Senolytic Combination of Dasatinib and Quercetin Alleviates Intestinal Senescence and
Inflammation and Modulates the Gut Microbiome in Aged Mice. J Gerontol A Biol Sci Med Sci.
2021;76(11):1895-905.

29. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al. Optimizing
taxonomic classification of marker-gene amplicon sequences with QIIME 2's q2-feature-
classifier plugin. Microbiome. 2018;6(1):90.

30.  Segata N, lzard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic
biomarker discovery and explanation. Genome Biol. 2011;12(6):R60.

31. Team RC. R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing; 2017.

32.  Zhang XY, Liu ZM, Zhang HF, Li YS, Wen SH, Shen JT, et al. TGF-betal improves
mucosal IgA dysfunction and dysbiosis following intestinal ischaemia-reperfusion in mice. J Cell
Mol Med. 2016;20(6):1014-23.

33. Hoehn RS, Seitz AP, Jernigan PL, Gulbins E, Edwards MJ. Ischemia/Reperfusion Injury
Alters Sphingolipid Metabolism in the Gut. Cell Physiol Biochem. 2016;39(4):1262-70.

34. Deng F, Zhao BC, Yang X, Lin ZB, Sun QS, Wang YF, et al. The gut microbiota
metabolite capsiate promotes Gpx4 expression by activating TRPV1 to inhibit intestinal
ischemia reperfusion-induced ferroptosis. Gut Microbes. 2021;13(1):1-21.



ONOOULLE, WN -

22

35. Kus JV. Infections due to Citrobacter and Enterobacter. Elsevier; 2014.

36.  Van Hul M, Le Roy T, Prifti E, Dao MC, Paquot A, Zucker JD, et al. From correlation to
causality: the case of Subdoligranulum. Gut Microbes. 2020;12(1):1-13.

7. Lopetuso LR, Scaldaferri F, Petito V, Gasbarrini A. Commensal Clostridia: leading
players in the maintenance of gut homeostasis. Gut Pathog. 2013;5(1):23.

38. Kaur S, Yawar M, Kumar PA, Suresh K. Hungatella effluvii gen. nov., sp. nov., an
obligately anaerobic bacterium isolated from an effluent treatment plant, and reclassification of
Clostridium hathewayi as Hungatella hathewayi gen. nov., comb. nov. Int J Syst Evol Microbiol.
2014;64(Pt 3):710-8.

39. Bland J. Intestinal Microbiome, Akkermansia muciniphila, and Medical Nutrition
Therapy. Integr Med (Encinitas). 2016;15(5):14-6.

40. Kaakoush NO. Insights into the Role of Erysipelotrichaceae in the Human Host. Front
Cell Infect Microbiol. 2015;5:84.

41.  Mikami A, Ogita T, Namai F, Shigemori S, Sato T, Shimosato T. Oral Administration of
Flavonifractor plautii, a Bacteria Increased With Green Tea Consumption, Promotes Recovery
From Acute Colitis in Mice via Suppression of IL-17. Front Nutr. 2020;7:610946.

42. Bui TPN, Manneras-Holm L, Puschmann R, Wu H, Troise AD, Nijsse B, et al.
Conversion of dietary inositol into propionate and acetate by commensal Anaerostipes associates
with host health. Nat Commun. 2021;12(1):4798.

43. Martino C, Dilmore AH, Burcham ZM, Metcalf JL, Jeste D, Knight R. Microbiota
succession throughout life from the cradle to the grave. Nat Rev Microbiol. 2022.

44, He S, Li H, Yu Z, Zhang F, Liang S, Liu H, et al. The Gut Microbiome and Sex
Hormone-Related Diseases. Front Microbiol. 2021;12:711137.

45.  Gupta VK, Paul S, Dutta C. Geography, Ethnicity or Subsistence-Specific Variations in
Human Microbiome Composition and Diversity. Front Microbiol. 2017;8:1162.

46. Bibbo S, laniro G, Giorgio V, Scaldaferri F, Masucci L, Gasbarrini A, et al. The role of
diet on gut microbiota composition. Eur Rev Med Pharmacol Sci. 2016;20(22):4742-9.

47.  Ferrer M, Mendez-Garcia C, Rojo D, Barbas C, Moya A. Antibiotic use and microbiome
function. Biochem Pharmacol. 2017;134:114-26.

48.  Schofield ZV, Wu MCL, Hansbro PM, Cooper MA, Woodruff TM. Acetate protects
against intestinal ischemia-reperfusion injury independent of its cognate free fatty acid 2
receptor. FASEB J. 2020;34(8):10418-30.

49, Qiao Y, Qian J, Lu Q, Tian Y, Chen Q, Zhang Y. Protective effects of butyrate on
intestinal ischemia-reperfusion injury in rats. J Surg Res. 2015;197(2):324-30.

50.  Aguilar-Nascimento JE, Salomao AB, Nochi RJ, Jr., Nascimento M, Neves Jde S.
Intraluminal injection of short chain fatty acids diminishes intestinal mucosa injury in
experimental ischemia-reperfusion. Acta Cir Bras. 2006;21(1):21-5.



FIGURE LEGENDS

Figure 1A-C. Alpha-diversity represented by a) OTUs, b) Chaol, and ¢) Shannon indices in pre-
operative (CMI-A), initial post-operative (CMI-B), and long-term post-operative (CMI-C)
patients compared to healthy controls (CTL). CMI — chronic mesenteric ischemia. Significant

differences denoted with an * (defined as p < 0.05).

Figure I1. Principal coordinate analysis (PCoA) plots based on the Bray-Curtis dissimilarity
index showing changes in microbiome beta-diversity, the measure of differences in biodiversity
across cohorts (CMI-A: pre-operative; CMI-B: initial post-operative; CMI-C: long term post-
operative; CTL.: healthy control; CMI: chronic mesenteric ischemia, M: Male; F: Female;
PERMANOVA: permutational analysis of variance). Percent on each orthogonal axis represents

the proportion of overall variance in the data.

Figure 111A-C. Microbial composition at the level of a) major bacterial phyla b) major bacterial
genera and c) LefSE (Linear discriminatory analysis Effect Size) in pre-operative (CMI-A),
initial post-operative (CMI-B), and long-term post-operative (CMI-C) patients and healthy

controls (CTL). LDA: Linear Discriminatory Analysis; CMI: chronic mesenteric ischemia.



Table I. Patient characteristics.

Patient Group Healthy Control (n=9) Chronic Mesenteric Ischemia (n=8) p-value
Age, mean (SD) 55.6 (12.6) 70.9 (£7.6) 0.008
Male sex, n (%) 7 (78) 2 (25) 0.06
Race 0.47
White, n (%) 9 (100) 7 (87.5)
African-American, n (%) 0 1(12.5)
Comorbidities, n (%)
Active Smoker 0 3(37.5) 0.08
Hypertension 3(33.3) 6 (75) 0.15
Hyperlipidemia 3(33.3) 4 (50) 0.63
Renal disease 0 2 (25) 0.21
(Cr>1.5mg/dL)
Coronary Artery Disease 0 4 (50) 0.03
Diabetes 1(11.1) 1(12.5) 0.99
COPD 0 1(12.5) 0.47
CHF 0 1(12.5) 0.47

COPD - Chronic Obstructive Pulmonary Disease; CHF - Congestive Heart Failure; Cr — creatinine.
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