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Introduction

A deep understanding of the microbial composition of 
the small intestine is crucial because the SIM contributes 
significantly to catabolism of carbohydrates, amino acids, 
lipids, and micronutrient metabolism [1]. Using a novel 
double-lumen catheter system sealed with bone wax to obtain 
small bowel aspirates (SBA), followed by mucolytic processing 
with dithiothreitol (DTT) under rigorous sterile technique [2], 
is yielding a growing body of evidence which supports the 
establishment of a new technical standard for SIM research. 
As a result, we propose that studying the SIM through direct 
collection of SBA during endoscopy with careful attention 
paid to rigorous sterile technique, should become the gold 
standard on which conclusions in this field are interpreted. 

Our method has yielded significant insights into the SIMs 
of artificial sweetener consumers [3], current and former 

smokers [4], women taking hormone therapy [5], subjects 
taking proton pump inhibitors [6], as well as the effects 
COVID lockdowns [7] on the SIM. Most recently, our group 
characterized the SIM in subjects with normal weights versus 
subjects who were overweight or had obesity [8]. Using these 
validated techniques, we found specific genera exclusively 
associated with overweight or obesity, as well as associated 
escalation and de-escalation features representing potential 
therapeutic targets.

Sim Profiles in Normal Weight Individuals Versus 
Individuals with Elevated Body Weights Significantly 
Differ between Groups and from Stool-Only Analyses

Previous work used stool samples as a surrogate to 
characterize the gut microbiome in subjects with elevated 
body weights undertaking treatment with a high-protein, low 
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carbohydrate diet [9]. Similarly, other work examined stool 
specimens from adult, female mono- and dizygotic twin pairs 
in parallel with their mothers [10], to quantify the differences 
in gut microbiota and short-chain fatty acid concentrations 
in people with normal or elevated body weight [11], to 
quantify the varying bacterial relative abundances in people 
with normal weight versus obesity on a weight-maintenance 
plan compared to those on a reduced-carbohydrate diet [12]. 
Previously, we compared the SIM to the stool microbiome in 
a large cohort of subjects enrolled in the REIMAGINE Study at 
Cedars-Sinai Medical Center using 16S rRNA sequencing. We 
found the stool microbiome is dominated by Bacteroidetes 
and Firmicutes phyla which is consistent with previous 
findings in the human gut [13] and across the human lifespan 
[14]. Conversely, the SIM differs from stool with respect to 
its microbial composition, being dominated by the phyla 
Proteobacteria and Firmicutes; we also detected substantial 
differences in the classes, families, and even genera in the SIM 
across the length of the small intestine when compared to the 
stool microbiome [15].

With respect to obesity, at the genus level, Lactobacillus 
[16] and Bifidobacterium [17,18] were identified as important 
contributors to both the stool microbiome and, in our most 
recent work, also in the SIM [3]. However, utilizing shotgun 
sequencing of duodenal SBA of subjects with normal 
weight and those who were overweight or had obesity, we 
also successfully elucidated species and strain level data. 
We identified significant differences in the SIM of normal 
weight subjects compared to subjects with elevated body 
weights, specifically identifying bacterial species with varying 
abundances across the normal weight, overweight, and 
obesity groups under study. In our work, we categorize the 
SIM differences into four different “features”, depending upon 
the changes observed between groups: obesity-specific, 
overweight-specific, escalatory, and de-escalatory.

Obesity-specific features

Alterations of the SIM unique to individuals with obesity when 
compared to those who were overweight or of normal weight. 
These include decreased relative abundances of Leptotricia sp., 
Alloprevoltella rava, and Lactobacillus reuteri, and an increased 
relative abundance of Lactobacillus gasseri. With respect to 
biochemical pathways, predicted reductions were identified 
for biogenic amine metabolism and sulfoacetaldehyde 
degradation pathways.

Overweight-specific features

Alterations of the SIM unique to individuals who were 
overweight when compared to those of normal weight or 
with obesity. These include decreased relative abundances 
of Paraprevotella, Escherichia coli K12, Pseudomonas spp., and 
Bifidobacterium spp., and an increased relative abundance 
of Lactobacillus intestinalis, Lactobacillus johnsoni, and 

Prevotella loescheli. With respect to biochemical pathways, 
predicted reductions were identified for polymyxin resistance, 
sulfoquinovose degradation I, ursodeoxycholate biosynthesis 
(bacteria), bile acid epimerization, and biogenic amine 
metabolism pathways.

Escalation features

Alterations of the SIM going in the same direction from 
normal weight to obesity. These include decreased relative 
abundances of Faecalibacterium sp., Bacteroides pyogenes, and 
Staphylococcus hominis, and an increased relative abundance 
of Mycobacterium sp. and Lactobacillus sp.

De-escalation features

Alterations of the SIM for which the direction of change 
going from normal weight to overweight reverses going from 
overweight to obesity. These included increased relative 
abundance of Lactobacillus acidophilus, Lactobacillus hominis, 
and Prevotella spp. in subjects who were overweight compared 
to normal weight subjects and subjects with obesity. 
Additionally, decreased relative abundances of Lactobacillus 
iners and Bifidobacterium dentium were identified in subjects 
who were overweight compared to those with normal weight 
and those with obesity.

In our work, we present the largest and most significant study 
that characterizes the significant SIM differences in normal 
weight subjects compared to subjects with elevated body 
weights. Using advanced shotgun sequencing techniques, 
we can more precisely identify escalatory or de-escalatory 
perturbations in specific bacteria. It is widely understood 
that obesity is a complex, progressive disease process 
which is impacted by genetics, diet, sedentary behavior, 
biopsychosocial factors. As gut microbes impact host 
metabolism [1,19], our work here highlights this understudied 
aspect of the complex obesity question by systematically 
probing the microbial population of the SIM to aid in the 
future development of therapeutics to treat obesity.

Directly Profiling Small Bowel Aspirates (SBA) Plays 
a Critical Role in Other Significant Findings

Beyond our recent work examining the impacts of obesity on 
the SIM, we have developed other significant findings using 
the technique of direct SBA collection and analysis of the SIM. 
Here, we briefly highlight some of our other previous findings 
to demonstrate the significance of this technique.

Hormone therapy (HT)

Postmenopausal women on HT have SIMs and metabolic 
profiles more like that of reproductive-age women than 
postmenopausal women who are not on HT [5]. Conversely, 
post-menopausal women who are not on HT have 
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decreased microbial diversity, notably increased levels of 
Proteobacteria that correspond to higher reported dysbiosis 
and increased levels of taxa associated with cardiovascular 
disease. Metabolically, post-menopausal women not on HT 
demonstrate increased fasting glucose levels and decreased 
testosterone levels. Women on HT have similar levels of 
microbial diversity, fasting glucose, decreased testosterone, 
relative abundance of phylum Bacteroidetes and genus 
Prevotella compared to reproductive-age women, which 
suggests a potential protective mechanism of the SIM with 
respect to the development of cardiovascular disease.

Smoking negatively impacts the SIM

We determined that smoking is associated with significant 
deleterious impacts on the SIM, particularly with increased 
relative abundances of the genera Escherichia-Shigella, 
Lactobacillus, and Klebsiella, and decreased relative 
abundances of genera associated with SIM diversity (Prevotella 
and Neisseria) in current smokers [4]. Interestingly, we found 
that the deleterious alterations in the SIM caused by smoking 
appear to be attenuated—but not fully reversed—in former 
smokers after 10 years or more of smoking cessation. This work 
is significant because there is increasing evidence to support 
the existence of the “gut-lung axis”, which posits an influence 
of the SIM on lung function and lung immune response [20]. In 
the reverse direction, some of the microbes that we detected 
as altered in the SIM were also altered in the lung microbiome 
surveyed by other studies (i.e. decreased relative abundances 
of the genera Neisseria and Porphyromonas were lower in both 
the SIM and respiratory microbiome of smokers [21], and 
Prevotella relative abundance was lower in the SIM of smokers 
and the lung microbiome of lung cancer patients [22].

Artificial sweetener consumption impacts the SIM and 
the stool microbiome

Non-sugar artificial sweeteners differentially impact the SIM 
and stool [3], highlighting the importance of direct sampling 
of the SIM and not limiting the analysis to stool alone. In cases 
where a stool specimen was available for co-analysis in parallel 
with SIM, there were no significant differences in alpha and 
beta diversities across the three groups (control [CON] subjects; 
aspartame [ASP] users; and non-aspartame, non-sugar 
sweetener [NANS] users). When the stool microbiome was 
analyzed at the genus level, there were significant differences 
in the relative abundances of various microbes between both 
NANS/CON and ASP/CON groups. However, when the SIM 
alpha and beta diversities are analyzed, a more complex story 
emerges of the role non-sugar sweeteners have on the SIM. Of 
note, the microbial alpha diversity of the SIM is significantly 
lower in the NANS group compared to the CON group, but 
no other significant differences were detected, which differs 
from the stool analysis. Furthermore, when the SIM is analyzed 
at the genus level, we detected lower relative abundances of 
Escherichia and Klebsiella than was found in the stool analyses. 

These findings suggest that routine consumption of artificial 
sweeteners has an impact on the SIM, differences which are 
not captured in stool-only analysis.

Proposed Technical Standard to Accurately Study 
the SIM

We have and continue to amass a growing body of evidence 
that demonstrates significant differences between the 
stool microbiome and SIM as characterized in aspirates and 
biopsies collected during endoscopy. As we have discussed 
and wish to emphasize, most of the previous work done in the 
field of gut microbial analysis has used stool as a surrogate, 
since it is non-invasive, and can be collected in a longitudinal 
fashion in great numbers. While there are valuable insights to 
be gained from analysis of the stool microbiome, stool alone 
is not a suitable means of making accurate conclusions about 
the entire gut microbiome. We have shown that using a sterile 
double lumen catheter significantly attenuates the level of 
contamination of the small intestinal aspirate by microflora 
present in the mouth and on the non-sterile duodenoscope 
by protecting the inner lumen until introduction into the small 
intestinal segment which is being sampled. Proper sterile 
technique is essential during sampling due to the high risk 
for contamination when this is not accounted for [23]. The 
aspirated fluid is then subjected to mucolysis with the reducing 
agent DTT, permitting significant increase in the final library 
concentration/DNA yield for 16S and shotgun sequencing 
without negatively impacting the bacteria themselves.

Finally, to ensure that we are obtaining the most 
comprehensive picture of the SIM, collection of biopsies 
during endoscopy under appropriate sterile technique 
is also part of our protocol, as well as the protocol of our 
Australian colleagues [24,25]. Collection of small intestinal 
biopsies is extremely valuable to better understand the 
mucosal microbiome because many bacteria are incapable 
of penetrating the dense mucous layer that lines the small 
intestinal—as well as colonic—mucosa [26]. The important 
contributions of mucosal biopsy sampling by other researchers 
[24,25] as well as our sterile aspiration and processing 
techniques for analyzing the luminal microbiome highlight 
the importance of obtaining a complete set of specimens to 
maximize understanding of the entire SIM.

Conclusion

Properly studying the human SIM requires establishing 
a new technical standard in the scientific community that 
relies on direct sampling of aspirate and mucosal biopsies 
during endoscopy with appropriate attention paid to sterile 
technique. Other methods, such as analyses of stool or small 
intestinal biopsies, provide different and valuable data, but 
they are not reflective of the full luminal and mucosal microbial 
compositions within the small intestine and their effects on 
the host organism. The layered approach we incorporate 
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into our growing sample collection provides critical insights 
to improve understanding of the associations between 
microbial elements within the SIM and host physiology. With 
clearer insights into these physiological associations, we hope 
to conduct the necessary metabolomic and transcriptomic 
studies to elucidate potential causation, which would aid in 
the development of targeted therapeutics.
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