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ABSTRACT 

 
 

EXPLORING MICROBIOME-TARGETED INTERVENTIONS IN THE MITIGATION OF 

ENDOTHELIAL DYSFUNCTION 

 
 

Cardiovascular disease (CVD) has been the leading cause of mortality in the United 

States for more than seventy years eclipsing cancer and respiratory disease by more than 13%. 

Despite sincere efforts to decrease the incidence of CVD, various environmental and intrinsic 

factors contribute to CVD progression, making it challenging to mitigate this complex condition. 

However, the past decade has shown tremendous growth in understanding the connection 

between the gut microbiome in its protective, or pathogenic progression of CVD. The gut 

microbiome, or the consortia of microbial species, genes, and metabolites, that shapes the 

gastrointestinal environment has a profound impact on the vascular endothelium through 

mechanisms not yet entirely understood. Therefore, the purpose of the research in this 

dissertation was to: 1) Utilize next-generation sequencing and metabolomics to characterize 

microbial contribution to varied endothelial response after a dietary blueberry intervention in 

post-menopausal females; 2) Determine if a hypertensive microbiome after blueberry treatment 

confers gastrointestinal and endothelial phenotype in a humanized mouse model; 3) Evaluate 

the efficacy of a probiotic in reversing endothelial dysfunction in dietarily obese mice, while 

exploring the contribution to gut barrier integrity and vasoactive metabolite proliferation in a 

novel cell co-culture.
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CHAPTER 1: MICROBIAL METABOLITE PRODUCTION AND ENDOTHELIAL 
DYSFUNCTION, REVIEW OF THE EVIDENCE 

 
 

I. SUMMARY 

Metabolites are small signaling molecules that facilitate chemical reactions in the human body. 

They are derived from a variety of sources including the food we eat and transformations via the 

gut microbiome. Accumulating evidence suggests that certain microbial metabolites either 

support cardiovascular homeostasis or contribute to the dysfunction of the inner lining of blood 

vessels, known as the endothelium, in the progression of cardiovascular disease (CVD). This 

narrative review highlights the scientific evidence of the contribution of the gut microbiome in 

producing diet-derived metabolites and the complex interactions of these compounds with 

endothelial dysfunction in the progression of CVD. Polyphenol-derived, phenyl-containing 

amino acids, and short-chain fatty acid metabolite production are dependent on members of the 

microbiome and have been studied in various human, rodent, and cell culture trials for their role 

in influencing endothelial inflammation and other processes related to endothelial dysfunction. 

Given the connection between diet, microbiome, and metabolites, dietary interventions aimed at 

modifying the production of microbial metabolites hold promise in mitigating endothelial 

dysfunction and serving as potential biomarkers for lifestyle and CVD progression. Future 

research on the translation from clinical results to community-based interventions may be the 

next step in implementing microbial metabolites in healthcare to reduce cardiovascular disease 

burden.  
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II. INTRODUCTION 

From the Greek translation of “micro” meaning small, and “biome” meaning life, the 

microbiome is a collection of bacteria, archaea, fungi, and viruses, along with their genomes and 

the immediate environment surviving with a host.1 The human gut microbiome, which will be 

referred to simply as the microbiome, is a complex and dynamic system that provides many 

functions to the host and has a crucial role in mediating metabolic processes that the host is 

unable to perform on its own. It is established that the microbiome is critical for host 

homeostasis and imbalances have associations with chronic health conditions such as 

cardiovascular disease (CVD).2 Endothelial dysfunction is an independent risk factor for CVD, 

apart from established risk factors. It occurs due to altered signaling from the vascular 

endothelium, thereby limiting blood vessel dilation even under appropriate stimulus.3 While the 

community of organisms that shapes the microbiome is critical, the question arises as to what 

features of a microbiome impact health or disease states. Specifically, the microbiome’s diverse 

array of metabolite signaling molecules plays a pivotal role in regulating various physiological 

processes and is the subject of extensive research to better understand the connection between 

the microbiome and human health and disease.  

This review will focus on the microbial production of diet-derived metabolites and the 

known and proposed interactions to endothelial dysfunction related to CVD risk. Emphasis will 

be placed upon polyphenol-derived metabolites with ties to phenyl-containing amino acid 

metabolites, and short-chain fatty acids as these metabolites were examined in corresponding 

chapters included in this dissertation. Each metabolite will be classified by its dietary source, 

digestion process, and microbiome interaction, along with its unique impacts on endothelial 

dysfunction and CVD. 

  

https://paperpile.com/c/8Cw0dd/l9FM1
https://paperpile.com/c/8Cw0dd/NcbY9
https://paperpile.com/c/8Cw0dd/fbxx
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III. METABOLITES, MICROBIOME, AND ENDOTHELIAL FUNCTION 

Metabolites are small chemical compounds that serve as signaling molecules, energy 

sources, and mediators of cellular redox reactions.4 There are thousands of metabolites in the 

body that are produced and altered by both the host and microbes in various ways. For instance, 

they can be derived from microbial metabolism,  produced by the host and modified by 

microbiota, or formed by microbes and transformed by the host. Metabolites directly reflect the 

biochemical activity of the system as a whole, and have profound effects on host metabolism, gut 

homeostasis, and vascular function.5 Collectively, metabolites play an important role in host-

microbiome-diet interactions that impact health and susceptibility to disease.6 Thus, the 

advancement of metabolite research has the potential to provide mechanistic insight into links 

between the microbiome and host physiology. 

One link that microbial metabolites have to host health, is their interplay with the 

vascular endothelium. The endothelium is made from a single layer of cells that lines blood 

vessels and comes in contact with the bloodstream and its components.7 This semi-permeable 

organ is responsible for an infinite number of processes, but a primary function is its action as 

an endocrine organ by signaling the underlying smooth muscle in controlling vascular tone.7 

While a healthy endothelium properly signals the blood vessel to contract or relax to regulate 

blood pressure, endothelial dysfunction alters signaling pathways that limit proper vasodilation 

which has links to hypertension.3 Furthermore, systemic inflammation can aggravate the 

endothelium increasing monocyte adhesion in foam cell formation and atherosclerosis 

prognosis.8 A number of variables impact endothelial function, and recent research indicates 

that microbial metabolites, directly and indirectly, influence endothelial health. 

Endothelial dysfunction and CVD incidence are strongly correlated to lifestyle factors 

such as nutrition.9 As diet directly shapes the microbiome,10 defining functional food and 

supplements that act upon the microbiome and its metabolites may be an alternative means for 

mitigating CVD risk. Despite a limited understanding of the bioavailability and bioactivity of 

https://paperpile.com/c/8Cw0dd/m1AbG
https://paperpile.com/c/8Cw0dd/m14SA
https://paperpile.com/c/8Cw0dd/k8gEC
https://paperpile.com/c/8Cw0dd/Xgdy
https://paperpile.com/c/8Cw0dd/Xgdy
https://paperpile.com/c/8Cw0dd/fbxx
https://paperpile.com/c/8Cw0dd/hWfUB
https://paperpile.com/c/8Cw0dd/asEr
https://paperpile.com/c/8Cw0dd/unRx
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microbial metabolites, marked differences in microbiome profiles in healthy versus diseased 

states.6 For example, a Western diet high in processed sugar and fat shifts microbial diversity 

and taxa that precede CVD development.11 In contrast, epidemiological evidence suggests that 

diets high in plant-derived polyphenols may reduce the risk of CVD.12,13 More specifically, 

microbial cleavage of polyphenolic compounds found in plants, increases the bioactivity of 

polyphenols that support endothelial health by limiting systemic inflammation and mediating 

endothelial signaling .14 Therefore, exploring dietary interventions that aim to modify the 

microbiome can provide valuable insights into the role of microbial metabolites in influencing 

CVD, and serve as potential biomarkers for lifestyle and disease progression. 

IV. PLANT POLYPHENOLS 

A. INTRODUCTION 

Polyphenols are a large family of plant metabolites containing hydroxylated phenyl 

groups present in various plant foods such as berries, green tea, spices, legumes, and nuts.15 

Plants produce polyphenols to protect against sun exposure, plants, animals, and other potential 

threats. To date, over 8000 polyphenols have been identified, with more to be discovered.15 

Their complex structure and high molecular weight, limit absorption of parent polyphenols to 

~5%,16 and is commonly called the ‘low bioavailability/high bioactivity paradox’.17 Very little of 

the parent polyphenols are absorbed in the small intestine,18 rather microbial species liberate 

these polyphenols in the colon.18 Despite the extensive transformation and low percentage that 

reaches the bloodstream, polyphenols still potently affect host metabolism. One area of great 

interest is the potential advantage of incorporating polyphenol-rich foods into the diet in 

mitigating CVD by targeting the endothelium.19 

B. RESVERATROL 

Resveratrol is a polyphenolic phytoalexin that is an antimicrobial extracted from the 

roots, stems, leaves, fruit, and seeds of plants.20 It is highly concentrated in the skin of grapes 

https://paperpile.com/c/8Cw0dd/k8gEC
https://paperpile.com/c/8Cw0dd/CZSn
https://paperpile.com/c/8Cw0dd/14R2+zblc
https://paperpile.com/c/8Cw0dd/cX2h
https://paperpile.com/c/8Cw0dd/f3b86
https://paperpile.com/c/8Cw0dd/f3b86
https://paperpile.com/c/8Cw0dd/vChts
https://paperpile.com/c/8Cw0dd/mdlNC
https://paperpile.com/c/8Cw0dd/UP94y
https://paperpile.com/c/8Cw0dd/UP94y
https://paperpile.com/c/8Cw0dd/9RCe3
https://paperpile.com/c/8Cw0dd/j7mVr
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and found in a variety of other foods such as blueberries, peanuts, rhubarb, banana, guava, 

pineapple peach, apple, passion fruit, pear, potato, pistachio, and cucumber.16 Resveratrol in its 

storage form is linked to glucose in the plant matrix as piceid (ie. polydatin).21 Piceid is a 

glycoside and absorbed by the intestine to some extent,22,23 although the microbiome is key to 

liberating the more bioactive resveratrol. Certain species of the Lactobacillus and 

Bifidobacterium genera contain β-glucosidases that deglycosylate piceid into resveratrol.24 

Additionally, secondary gut microbiota such as Slackia equolifaciens and Adlercreutzia 

equolifaciens contribute to resveratrol biotransformation through hydroxylation to 

dihydroresveratrol and other dihydroxyresveratrol derivatives that lend to conjugation for 

absorption.25 It should be noted that cis and trans-isomers of piceid and resveratrol both exist. 

Yet, the trans-isomer is far more predominant and stable both in the plant and after 

extraction.26 Although trans-resveratrol is lipophilic, which contributes to its low oral 

bioavailability, it is rapidly absorbed in the intestines after liberation from the microbiota 

through passive diffusion, or by complexing with transporters such as integrins, allowing it to 

enter circulation.27,25 Circulating free trans-resveratrol binds to albumin or lipoproteins allowing 

for systemic transport for cellular offloading.27 Resveratrol that passes through the liver can be 

glucuronidated and sulfated, carried out by uridine-5ʹ-diphosphate-glucuronosyltransferases 

(UGT) and sulfotransferase (SULT) enzymes.28 These secondary metabolites can then re-enter 

circulation or be transferred to the gut for recycling or elimination.25  

The research behind trans-resveratrol has been focused on its antioxidant properties in 

limiting vascular oxidative stress. Systemic inflammation affects the endothelium, increasing 

monocyte adhesion and increasing the likelihood of foam cell formation and atherosclerotic 

plaque accrual.8 At a transcriptional level, resveratrol inhibits proinflammatory cytokine 

production such as interleukin-1 and -6 (IL-1, IL-6), tumor necrosis factor-α (TNF-α) and 

suppresses the cytokine mediators nuclear factor kappa-light-chain-enhancer (NF-kB) and toll-

like receptors, ultimately lowering chronic low-grade inflammation due to reactive oxygen 

https://paperpile.com/c/8Cw0dd/vChts
https://paperpile.com/c/8Cw0dd/M7Ga3
https://paperpile.com/c/8Cw0dd/kkW5R+bHvIH
https://paperpile.com/c/8Cw0dd/OrwTS
https://paperpile.com/c/8Cw0dd/i4UHv
https://paperpile.com/c/8Cw0dd/XhCXg
https://paperpile.com/c/8Cw0dd/zLwmK
https://paperpile.com/c/8Cw0dd/i4UHv
https://paperpile.com/c/8Cw0dd/zLwmK
https://paperpile.com/c/8Cw0dd/ZIWd0
https://paperpile.com/c/8Cw0dd/i4UHv
https://paperpile.com/c/8Cw0dd/hWfUB
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species (ROS) production.29 Additionally, resveratrol quenches inflammatory preformed ROS, 

thereby protecting cellular membranes from lipid peroxidation while retaining the membrane 

potential of mitochondria and reducing cytochrome-C-induced apoptosis.29 These additive 

effects of trans-resveratrol decrease the reactivity of the endothelium, thereby reducing the 

binding and extravasation of monocytes into the interstitial layer for foam cell development.  

Interestingly, trans-resveratrol may counteract the endothelial damaging effects of another 

microbiome-derived metabolite, trimethylamine oxidase (TMAO). Chen et. al showed that 

resveratrol shifted the composition of the microbiome in ApoE-/- mice reduced the presence of 

microbiota that produce the TMAO precursor TMA, and increased bile salt hydrolase-producing 

Lactobacillus and Bifidobacterium, ultimately decreasing circulating concentrations that 

contact the endothelium, and expediting bile acid synthesis in cholesterol turnover.30 In 

humans, resveratrol’s anti-inflammatory effects on the endothelium may have overall positive 

effects on the endothelium in CVD. A recent meta-analysis found that resveratrol reduced 

atherogenic TNF-α and c-reactive protein in patients with CVD.31 In a clinical trial, 100mg of 

resveratrol for twelve weeks patients decreased arterial stiffness in patients with type II diabetes 

mellitus in which those with a more pronounced effect had poor endothelial function at 

baseline.32 In another study, resveratrol treatment improved flow-mediated dilation in 

hypertensive females, but not males, with endothelial dysfunction suggesting sex-related 

differences in response to resveratrol.33  

C. UROLITHINS 

Ellagitannins and ellagic acid are the precursors for urolithin metabolites and are found 

in berries and other foods such as blackberry, raspberry, strawberry, pomegranate,  and 

walnut.16 Ellagitannins are hydrolyzed to ellagic acid in the small intestine via bacterial tannase 

enzymes, then converted to urolithin-A, B, C, or D by  Gordonibacter, Enterocloster, 

Bifidobacteria, and Ellagibacter genera,34–36 in the colon.37,38 Phase II biotransformation of 

adding hydrophilic groups to urolithins in intestinal enterocyte cells results in glucuronidated, 

https://paperpile.com/c/8Cw0dd/sCyfd
https://paperpile.com/c/8Cw0dd/sCyfd
https://paperpile.com/c/8Cw0dd/DoPw
https://paperpile.com/c/8Cw0dd/CWSi
https://paperpile.com/c/8Cw0dd/KwVD
https://paperpile.com/c/8Cw0dd/RoD8
https://paperpile.com/c/8Cw0dd/vChts
https://paperpile.com/c/8Cw0dd/PGx6Q+Ykt8+M1Rzv
https://paperpile.com/c/8Cw0dd/KrWlF
https://paperpile.com/c/8Cw0dd/ch4Mo


7 

methylated, or sulfonated urolithins.39 The type of hydrophilic group that is added dictates the 

fate of tissue distribution.39 For example, urolithin-A establishes a presence in the intestine, 

whereas glucuronidated urolithin-A predominantly resides in the liver.38 There are many 

secondary metabolites of urolithins, making research difficult to pinpoint which types of 

urolithins affect specific organs. For this review, the focus will be on urolithin-A as it is the most 

conserved and aptly studied urolithin across species.40 

Urolithin-A has been detected in a dose-response fashion in plasma after repeated 

ellagitannin exposure.41 However, not all individuals have this dose-response production of 

urolithins from ellagitannins/ellagic acid intake.42,43 There are three identified urolithin 

metabotypes (UM) that relate to urolithin production. Metabotype A (UM-A) individuals 

dominantly produce urolithin-A, metabotype B (UM-B) produce varying concentrations of 

urolithin-A and urolithin B, and metabotype O (UM-O) do not produce urolithins, despite 

consumption of ellagitannin and ellagic acid-rich foods.44 After years of investigation into the 

intricacies of these metabotypes, evidence suggests that UM-A has antiinflammatory properties 

via modulation of the microbiome in response to ellagitannin degradation.45,46 Furthermore, 

metabotype may be associated with age. In a human clinical trial, Cortez-Martin et. al 

demonstrated that the UM-A metabotype decreases from ages 20-40 years old with an increase 

in the UM-B metabotype after the age of 40.47 The UM-B metabotype is associated with a higher 

risk for CVD in obese individuals, but preliminary evidence suggests this metabotype can shift 

based on dietary intervention.46 For example, daily supplementation at the equivalent dose of 

117ml or 467ml of pomegranate juice for 3 weeks between washout periods in the ‘POMEcardio’ 

study shifted UM-B individuals to the urolithin-producing UM-A metabotype.46 This shift was 

correlated with an improvement in serum lipid profiles in those who initially started with a UM-

B metabotype at the beginning of treatment, and the urolithin-A producer Gordonibacter was 

significantly elevated in all participants after supplementation, implicating modulation of the 

microbiome.46 

https://paperpile.com/c/8Cw0dd/Ra68V
https://paperpile.com/c/8Cw0dd/Ra68V
https://paperpile.com/c/8Cw0dd/ch4Mo
https://paperpile.com/c/8Cw0dd/Iod69
https://paperpile.com/c/8Cw0dd/BNip5
https://paperpile.com/c/8Cw0dd/HwrR2+AU3VS
https://paperpile.com/c/8Cw0dd/KzA0M
https://paperpile.com/c/8Cw0dd/tKlZT+hUlG
https://paperpile.com/c/8Cw0dd/hXv68
https://paperpile.com/c/8Cw0dd/hUlG
https://paperpile.com/c/8Cw0dd/hUlG
https://paperpile.com/c/8Cw0dd/hUlG
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The production of urolithin-A is dependent on a two-step process from ellagitannin 

conversion to ellagic acid, with subsequent transformation of ellagic acid to urolithin-A. The 

microbiota that initiates the first conversion of ellagitannins to ellagic acid in the human body 

has yet to be ascertained. However,  in vitro studies have observed Akkermansia muciniphila 

produces ellagic acid in response to ellagatannin exposure48 and certain Lactobacillus genera (L. 

plantarum, L. plantarum, L. pentosus) release tannase enzymes involved in ellagic acid 

production.40 In 2014 Gordonibacter urolithinfaciens and Gordonibacter palemaeae were the 

first bacterial species found to produce urolithin-A both in vivo and in cell culture.34,49 Further 

studies have since identified  Bifidobacterium pseudocatenulatum36 and Enterococcus 

faecium50 bacterial species to generate urolithin-A. Interestingly, the Gordonibacter genus is 

part of the Corioibacteriaceae family that also liberates resveratrol and produces equol from 

isoflavone polyphenols, indicating a close relationship with this family of bacteria to generalized 

polyphenol biotransformation.40  

Urolithin-A is known for its anti-inflammatory51 and anti-atherogenic46 properties. The 

link to transcriptional inflammation regulation was first noted in 2010 when rats with induced 

inflammatory bowel disease were treated with urolithin-A and exhibited downregulated mRNA 

concentrations of cyclooxygenase 2 (COX2), and decreased prostaglandin E2 (PGE2).52 Further 

examination showed that urolithin-A blocked NF-κΒ of activated B-cells involved in cell 

proliferation and inflammation53,54 and that urolithin-A induced selective autophagy and 

mitophagy in cellular turnover55. These processes recycle damaged organelles to maintain 

homeostasis and decrease inflammatory ROS, thereby limiting cellular senescence. Thus, the 

antioxidant mechanism of urolithin-A activation within the human body influences 

inflammatory signaling and cellular turnover, making it a potent agent for endothelial health 

and CVD. Urolithin-A treatment in human aortic endothelial cells (HAECs) after TNF-α 

inflammatory insult significantly decreases monocyte adhesion and endothelial cell migration 

implicated in atherosclerotic lesion progression.565756In a small randomized crossover trial of ten 

https://paperpile.com/c/8Cw0dd/qfgFG
https://paperpile.com/c/8Cw0dd/Iod69
https://paperpile.com/c/8Cw0dd/PGx6Q+0R4t1
https://paperpile.com/c/8Cw0dd/M1Rzv
https://paperpile.com/c/8Cw0dd/eWpWU
https://paperpile.com/c/8Cw0dd/Iod69
https://paperpile.com/c/8Cw0dd/W36Ni
https://paperpile.com/c/8Cw0dd/hUlG
https://paperpile.com/c/8Cw0dd/2ZMHt
https://paperpile.com/c/8Cw0dd/iDo7f+JBOn6
https://paperpile.com/c/8Cw0dd/iDo7f+JBOn6
https://paperpile.com/c/8Cw0dd/MNLt8
https://paperpile.com/c/8Cw0dd/2QEm
https://paperpile.com/c/8Cw0dd/086q
https://paperpile.com/c/8Cw0dd/2QEm
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healthy male volunteers, flow-mediated dilation (as a proxy for endothelial function), 

significantly increased at two and twenty-four hours after raspberry consumption.58 Plasma 

ellagic acid, urolithin A-3-glucuronide, and urolithin A-sulfate also correlated with flow-

mediated dilation improvements, and eight of the participants were classified as UM-A.58 

Another trial in those with UM-B metabotype and poor flow-mediated dilation at baseline, 

showed trending improvement after 50mg/d of urolithin-A supplementation along with 

increased alpha diversity of the microbiome.59 

D. ISOFLAVONES 

Much like resveratrol, isoflavones are antimicrobial phytoalexins produced by plants as a 

defense mechanism against environmental attack.60  The three main active isoflavones in 

human-consumed food are daidzein, genistein, and glycitein. These compounds are mainly 

stored in plants bound to sugars as glycoside conjugates (ie. daidzin, genistin, glycitin) in 

legumes such as peanuts,61 and in fruits and nuts including currents, raisins, coconut, prunes, 

mango, dates, strawberries, cranberries, hazelnuts62 and even the livestock feed clover and 

alfalfa6062 However, the dominant food source of isoflavones stored in soybeans in 

concentrations of up to 2g/kg wet weight.62 Soybean has been well-studied in its 

cardioprotective effects with the ability to lower LDL-C as observed by several meta-analyses.63–

66 The United States Food and Drug Administration issued the health claim that “ the daily 

dietary intake level of soy protein that has been associated with reduced risk of coronary heart 

disease is 25 grams (g) or more per day of soy protein” per CFR title 21 section 101.82.67 Recent 

meta-analyses have also shown the intake of 3mg per day of isoflavones significantly decreases 

the incidence of coronary heart disease among all populations.68 Teasing apart the mechanisms 

of soybean intake, isoflavones may be the culprit due to their ability to mitigate chronic 

inflammation,69 and limit oxidation of LDL-C that induces a reactive endothelium to produce 

atherosclerotic lesions via monocyte extravasation8. However, these positive benefits are 
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partially dependent on the individual microbiota and the dynamics that release isoflavones from 

their storage structure. 

Plants store daidzin, genistin, and glycitin isoflavone functional units bound to a 

saccharide by a glycosidic linkage. These glycosides make it difficult for the body to absorb 

isoflavones, as the linkage must be broken before they can be absorbed by the GI tract.70 Once 

ingested, 𝛽𝛽-glucosidase enzymes produced by the intestinal brush border and members of the 

Lactococcus, Enterococcus, Lactobacillus16 microbiota genera break glycosidic bonds in the 

isoflavones, thereby releasing daidzein, genistein, and glycitein from their attached 

saccharide.70,71 The resulting isoflavones are passively absorbed by the intestinal epithelial cells, 

mainly in the jejunum, or undergo further conjugation into secondary metabolites to enter the 

bloodstream or hepatic portal circulation.16,70 In the liver, isoflavones conjugate with glucuronic 

or sulfonic hydrophilic groups that move into circulation before urinary excretion or reentry into 

the colon for further microbial transformation or elimination.16 Despite these modifications to 

improved bioavailability, plasma isoflavone concentrations only reach 0.5-1.3% of absorbed 

isoflavone by weight, supporting the ‘low bioavailability/high bioactivity paradox’.72  

There are numerous isoflavone metabolites that are not discussed in this review. Yet, 

there is one crucial isoflavone-derived metabolite that solely relies on the microbiota residing in 

the colon. In 1932, equol was the first isoflavone to be discovered.73 It is the only microbially 

produced metabolite produced from isoflavone daidzein and is considered a secondary 

metabolite, and not a polyphenol or phytoestrogen, as it is not pre-formed in plants and requires 

microbial enzymes for production.60  

Equol exists in two forms, known as enantiomers, with a chiral carbon located at 

position C-3 in the furan ring.74 These enantiomers are known as S-equol or R-equol, and only 

the former is produced by human GI microbiota.74 Humans, unlike animals, cannot innately 

produce S-equol, and its presence solely depends on the composition of the microbiome, and 

diet.60 The involvement of the microbiota has been confirmed as germ-free mice do not 
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manufacture S-equol70, which will be referred to simply as equol for the remainder of this 

review. Furthermore, human infants only start producing equol at 4-6 months of age after the 

microbiome begins to develop.75 Identifying bacteria that produce equol has proven challenging. 

However, researchers have identified a few select species in daidzein transformation to equol 

including Eggerthella sp. strain YY7918, Adlercreutzia equolifaciens, Lactococcus garvieae, 

and certain members of the Slackia genus.76  

Equol production is not universal among humans due to intrinsic variations in the 

microbiome. Equol-producers are defined as individuals with plasma concentrations over 

83nmol/L and non-equol producers lower than 40nmol/L.60 The production of equol is 

influenced by diet, as evidenced by studies on bacterial fermentation of isoflavone-containing 

carbohydrates.77 Equol-producers on a high carbohydrate diet manufacture large amounts of 

equol compared to those on a low carbohydrate diet. Extensive research conducted by Setchell 

et. al revealed that 60% of Vegetarians produce equol compared to 25% of non-vegetarians, and 

50-60% of Asian populations compared to 20-30% of Western countries generate equol.78 It has 

been hypothesized that those who do not produce equol may instead convert daidzein into O-

desmethylanogolensin. This conversion is carried out by a distinctly different population of 

microbiota, such as Eubacterium ramulus and certain members from the Clostridium cluster 

XIVa that may be explained by interindividual variability.79  

The mechanisms of how equol affects the cardiovascular system in certain demographics 

are not entirely clear, but it is hypothesized that equol triggers antioxidant pathways in the 

delicate endothelial cells that line the vasculature. Equol limits the negative effect of oxidized  

LDL-C by decreasing monocyte chemoattractant protein-1 (MCP-1), thereby reducing the 

adhesion of monocytes80 and limiting ROS production in endothelial cells81. Additionally, equol 

directly impacts the endothelium by stimulating nitric oxide production to signal blood vessel 

dilation,82 as demonstrated in rodent aortic ring and umbilical vein cell models.82,83 The 
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endothelium contains multiple receptors that stimulate the endothelial nitric oxide release, and 

one such receptor of particular interest is estrogen receptor𝛽𝛽 (ER𝛽𝛽).  

Equol, and the other flavonoids such as quercetin and myricetin, are comprised of non-

steroidal phenol rings that closely mimic the scaffolding of 17𝛽𝛽 estradiol (E2) estrogen.84 This 

molecular mimicry gives isoflavones the ability to bind to ɑ and 𝛽𝛽 host estrogen receptors.84 and 

binding affinity to estrogen receptor ɑ (ERɑ) and/or ER𝛽𝛽 receptor subtypes are distributed 

throughout tissues in different concentrations with different functions.85 ERɑ is dominantly 

found in mammary glands, uterus, epididymis, kidneys, liver, and white adipose tissue86 in 

which receptor binding promotes cell proliferation87. ER𝛽𝛽 is distributed throughout the colon, 

salivary glands, vascular endothelium, lung, and bladder and inhibits the proliferative effect ERɑ 

signaling.86 Isoflavones preferentially bind to ER𝛽𝛽 with a 20- to 300-fold higher binding 

capacity over ERɑ.87 This is in contrast to endogenously produced estradiol (E2) estrogen with 

approximately equal affinity for either ɑ and 𝛽𝛽 ER subtype.88 Equol has the highest 

bioavailability of the isoflavones 75 and binds with greater affinity to ER𝛽𝛽 than its precursor 

daidzein.75,87 In endothelial cell culture models, equol that binds to ER𝛽𝛽 rapidly activates the 

PI3K/AKT pathway that phosphorylates serine 1177 on endothelial nitric oxide synthase (eNOS) 

to produce the vasodilation molecule, nitric oxide.83 In ovariectomized rats, long-term equol 

intake partially restored endothelial-mediated dilation and increased phosphorylation of 

eNOS.89 Additionally, another study showed that equol induced acute relaxation of naive rat 

aortic rings,82 suggesting that equol has profound endothelial stimulation in various models.  

Observational studies and randomized control trials have demonstrated that equol 

production may be anti-atherogenic by limiting arterial stiffness and ultimately reducing the 

incidence of coronary artery disease (CHD) in select demographics.90 Equol producers have less 

coronary artery calcification,91 less carotid intima-media thickness progression,92 reduced 

diastolic blood pressure,93 decreased low-density lipoprotein cholesterol (LDL-C),94 and reduced 

mean arterial pressure and pulse wave velocity93. Zhang et. al were the first to show that equol, 
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but not other isoflavones had a significant inverse relationship with CHD in females after soy 

intake.95 In another prospective observational study, 10 mg/d of equol taken for a year 

significantly decreased arterial stiffness in middle-aged females with moderate to high risk for 

atherosclerosis.96 Additionally, Usui et al. trialing 10 mg/d in overweight or obese individuals for 

twelve weeks found equol supplementation significantly reduced cardio-ankle vascular index as 

a measure of arterial stiffness and serum LDL-C, and this effect was more prominent in female 

non-equol producers.94 In contrast, acute dosing of equol in men with moderate CVD risk 

significantly improved pulse wave velocity twenty-four hours after intake in equol-producers, 

but not in non-producers.97 The discrepancies in these results are unclear but indicate that sex 

and equol-producer status may be variables that contribute to interindividual response and 

variation seen in equol research.  

E. QUERCETIN 

Quercetin is a commonly consumed flavonol recognized as a pigment in foods such as 

blueberries, lettuce, onion, tomato, broccoli, buckwheat, and apple.16,98,99 The US population 

consumes approximately 15mg of quercetin isoforms daily from food,100 with a 25-60 fold 

increase by individuals who supplement with quercetin.101 Quercetin was first discovered by 

Nobel laureate Alber Szent Gyorgyi in 1938. He originally co-discovered vitamin C and vitamin 

P,  in which the latter was coined rutin (ie. quercetin glycoside).102 Quercetin in plants is bound 

to saccharide moieties such as rutin, or quercetin-3-O or 4-O glucosides and the processing of 

quercetin is complex and requires the involvement of intestinal enzymes and the microbiome. 

For example, rutin is a glycoside of quercetin complexed by a linkage to the disaccharide 

rutinose (comprised of rhamnose and glucose).103 The rutinose functional group is first removed 

by microbial genera104 such as Bacillus, Veillnella, and Bacteroides105 or intestinal lactase 

phlorizin hydrolase enzymes16 to become aglycone quercetin. Alternatively, sodium-dependent 

glucose transporter-1 (SGLT-1) transports rutin into the intestinal enterocyte, where cytosolic 𝛽𝛽-

glucosidase hydrolyzes rutinose into its constituents.106 When rutinose is removed, quercetin 

https://paperpile.com/c/8Cw0dd/aU8B
https://paperpile.com/c/8Cw0dd/jl0D
https://paperpile.com/c/8Cw0dd/CHYfi
https://paperpile.com/c/8Cw0dd/JJAb
https://paperpile.com/c/8Cw0dd/vChts+Rxfje+BMtF
https://paperpile.com/c/8Cw0dd/y5m3u
https://paperpile.com/c/8Cw0dd/Shlll
https://paperpile.com/c/8Cw0dd/QOejW
https://paperpile.com/c/8Cw0dd/zBhjy
https://paperpile.com/c/8Cw0dd/yOQdr
https://paperpile.com/c/8Cw0dd/TZRQW
https://paperpile.com/c/8Cw0dd/vChts
https://paperpile.com/c/8Cw0dd/fOvb4


14 

easily crosses into small intestine enterocytes through passive diffusion. The phase II enzymes 

UGT, SULT, and catechol-O-methyltransferases (COMT) add functional groups to quercetin so 

that glucoronated, sulfated, and methylated forms of quercetin enter the bloodstream.16 Or, 

quercetin that remains in the intestines may travel via the portal vein to the liver to be acted 

upon by UGT, SULT, or COMT as well before entering systemic circulation or into the biliary 

tract for excretion.16,98 Quercetin secondary metabolite distribution and function in tissues is 

poorly understood. Still, it is thought that quercetin may accumulate in organs, and its half-life 

in the body is extended by continuous dietary consumption of quercetin107 and enterohepatic 

recycling.98 Quercetin metabolites further degraded by the microbiota are found in the urine 

mainly as 3-hydroxylacetic, benzoic, and hippuric acid16 and fecal matter as short-chain fatty 

acids (SCFAs).108  

There is a growing body of evidence that quercetin has profound effects on 

cardiovascular health. Several high-fat diet animal models with quercetin supplementation 

exhibited improved endothelial-mediated dilation, increased eNOS expression,109 and reduced 

atherosclerotic plaque formation110–113. Quercetin supplemented in rats inhibits platelet 

aggregation in a dose-dependent response114 which has also been observed in human blood.115 In 

two human randomized control trials, quercetin significantly decreased atherogenic oxidized 

LDL.116,117 Moreover, acute administration of 200 mg of quercetin in twelve healthy males 

resulted in reduction of the vasoconstrictive endothelin-1 as compared to the control.118 Recent 

meta-analyses suggest that supplementation of 100mg/d of quercetin reduces overall systolic 

and diastolic blood pressure, decreases circulating triglycerides, and increases high-density 

lipoprotein (HDL) cholesterol when regularly administered for >8 weeks.119 The effects of 

quercetin are evident in a dose-dependent mechanism where quercetin >500mg/d has been 

shown to decrease blood pressure in normotensive and hypertensive individuals.120 

Furthermore, in a double-blind, placebo-controlled, crossover trial, 160 mg/d of quercetin-3-
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glucoside taken for one month reduced soluble endothelial selectin as a marker of endothelial 

inflammation in males and females with elevated blood pressure.121  

The exact mechanisms of quercetin’s effects on vascular health are not known, as there 

are various influences of quercetin at the endothelium. Quercetin’s antioxidant properties of 

scavenging ROS (such as superoxide, hydroxyl radicals, and peroxynitrite) protect the 

endothelium that facilitates nitric oxide production to signal vasodilation.122 Additionally, 

quercetin downregulates endothelial cell adhesion molecules ICAM-1 and VCAM-1123–125 as 

shown in endothelial cell and rodent models, and interacts with the renin-angiotensin system by 

inhibiting angiotensin-converting enzyme (ACE) and facilitating bradykinin production to 

induce vasodilation.122 As the microbiome degrades quercetin, specific taxa are responsible for 

the amount and types of quercetin that enter circulation. A novel study by We. et al observed 

that quercetin fed to ApoE-/- mice not only improved circulating lipoprotein profiles, but the 

quercetin-degrading Phascolarctobacterium and Anerovibrio genera that metabolize quercetin 

to endothelial-protective SCFA were elevated.126 Lastly, along with isoflavones, quercetin acts as 

a phytoestrogen binding to ERɑ and ER𝛽𝛽,127 located in multiple tissues including the vascular 

endothelium. Coupling to ERs stimulates eNOS to generate nitric oxide to relax the smooth 

muscle in the dilation of blood vessels.128 However, to our knowledge, there is no research 

looking specifically at quercetin in ERɑ and ER𝛽𝛽 stimulation of eNOS in endothelial 

dysfunction, especially in post-menopausal women, representing an opportunity to research 

quercetin ERɑ and ER𝛽𝛽 stimulation in this demographic. 

V. AMINO ACIDS 

A. INTRODUCTION 

Dietary protein comes from a wide range of plant and animal sources and consists of 

various amino acids linked by peptide bonds. Mechanical digestion of dietary protein begins in 

the mouth with gastric hydrochloric acid and pepsin enzymatically begin to denature and cleave 

the protein.129 Pancreatic proteases released in the small intestine continue to break protein into 
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amino acids, consisting at a minimum of a carboxylic acid and amino group, that can be 

absorbed by the intestinal enterocytes into the bloodstream.129 These amino acids are used by 

the human body for various physiological processes including muscle maintenance, immune 

function, synthesis of new proteins, energy production, and hormone generation. However, it is 

estimated that as much as 5-10% of total dietary protein escapes absorption via the small 

intestine and enters the colon5 as a result of low protein digestibility or low host proteolytic 

capacity. Protein and amino acids that reach the colon are poorly absorbed130 rendering them 

substrate for microbial digestion and subsequent production of amino acid-derived metabolites. 

This review will focus on two metabolites produced from phenylalanine and tyrosine and their 

impact on endothelial health, as they converge into phenylacetic acid (PAA) or its derivatives 

during metabolism. PAA is a central gut metabolite that is produced from these aromatic amino 

acids and polyphenols and can have either inflammatory or cardioprotective effects depending 

on hepatic transformation by the host,131–133 implicating these amino acids for future research in 

CVD risk. 

B. PHENYLACETYLGLUTAMINE (PAGln) 

Phenylalanine is an essential amino acid that the body cannot synthesize on its own and 

hence must be obtained through the diet from foods such as meat, chicken, fish, eggs, dairy, 

nuts, and soybean.134 Most phenylalanine is absorbed in the small intestine, yet a small portion 

reaches the large intestine where it is metabolized to phenylacetylglutamine (PAGln) in a multi-

step, multi-organ fashion. Microbial species from various genera first deaminate phenylalanine 

into phenylpyruvic acid using the enzyme phenylalanine dehydrogenase135, or other 

aminotransferases136. Phenylpyruvic acid is then converted into the convergent metabolite PAA, 

by oxidative or non-oxidative decarboxylation from Bacteriodetes,137,138 Pseudomonadota,139 and 

Bacillota138 phyla. Notably, PAA is also a metabolite of polyphenol (ie. quercetin) degradation 

that can feed into anti-inflammatory pathways.140 If PAA is transported to the liver via the portal 

vein, phenylacetylglutamine (PAGln) is dominantly formed by conjugation to the amino 
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glutamine141 in humans, or conjugated to glycine to form phenylacetylglycine in rodents.142 

Relatively little is known about the bacterial species that produce phenylacetic acid, albeit 

Clostridium sporogenes being a target organism for its porA gene responsible for phenylalanine 

to PAA conversion.143  

PAGln is associated with vascular disease and adverse events such as ischemic stroke 

and heart failure .141,144,145 Increased levels of circulating PAGln heighten platelet hyperreactivity 

due to PAGln's structural similarity to catecholamines, which can bind to α2A,α2B, and β2-

adrenergic receptors, potentially raising the threat of thrombosis.141 Previously it was found that 

increased PAGln in 4,000 individuals with or without diabetes, was associated with CVD beyond 

glycemic dysregulation and conventional risk factors.141 A retrospective study found that PAGln 

is independently associated with atherosclerotic burden in patients with suspected coronary 

heart disease after adjusting for confounding variables.146 In a prospective cohort study, PAGln 

was also correlated with a higher risk of adverse cardiovascular events in those with pre-existing 

heart failure determinants.147 In another study evaluating PAGln in American and European 

heart failure patients, circulating PAGln was dose-dependently associated with reduced ejection 

fraction and B-type natriuretic peptide independent of traditional CVD risk factors.148 Since 

phenylalanine is the precursor of PAGln and is acquired through diet, a low phenylalanine diet 

may be applicable for individuals at risk of vascular disease who exhibit high PAGln. This diet 

has been well-documented in the treatment for those who suffer from the inborn error of 

metabolism disease, known as phenylketonuria to prevent neurological damage, and may be 

suited for those with elevated PAGln in CVD.134 

C. PARA-CRESOL SULFATE (PCS) 

Para-cresol sulfate (PCS) is derived from microbial degradation of the amino acid 

tyrosine from foods such as cheese, meat, nuts, eggs, dairy soybeans, and whole grains149. 

Members of the microbiome work sequentially to produce the paracresol precursor from 

tyrosine as Wikoff et. al demonstrated PCS was not detected in the plasma of germ-free mice.150 
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First, certain Bacteroidaceae, Eubactericeae families convert tyrosine into 4-

hydroxyphenylacetic acid (4-HPAA).138,151,152  Then, Clostridia, Eubacteriaceae, 

Lachnospiraceae, Ruminococcaceae, Bifidobacteriaceae, and Veillonellaceae remove a carboxyl 

group from 4-HPAA to form paracresol.138,151,153 The primary gene involved in this multi-step 

process is hpdBCA, which is involved both in 4-HPAA and paracresol formation.154,155 Once 

formed, paracresol moves across the intestinal enterocytes and travels in the bloodstream bound 

to albumin.156 It is then mostly sulfated to PCS in the liver before entering back into 

circulation.157,158 

PCS is a uremic toxin most commonly associated with endothelial dysfunction in renal 

disease as it accumulates in tissue due to its high protein-binding ratios.159,160 Yet, recent 

research implicates this tyrosine-derived microbial metabolite beyond renal disease to those 

who exhibit CVD with preserved renal function   and is independently associated with all-cause 

mortality.152 PCS  damages endothelial cells by elevating oxidative stress in vascular smooth 

muscle cells, inducing endothelial microparticle release,161 activating apoptosis, and inhibiting a 

subset of P450 biotransformation enzymes to reduce xenobiotic clearance thus exacerbating 

cardiovascular disease.6,162  The first in vitro study on PCS in 2007 showed that this metabolite 

increased oxidative burst from unstimulated leukocytes from the blood of healthy donors.163 

This was further validated in a rodent model that observed rapid leukocyte rolling in the rat 

peritoneal vascular bed.164 Moreover, it was observed that vascular  reactivity in mouse thoracic 

aortas was affected by PCS, as it increases the contractility of blood vessels when exposed to 

phenylephrine and resulted in eutrophic remodeling.165 A groundbreaking study conducted by 

Nemet et al. utilized fecal metagenomics in a human discovery cohort to find the paracresol 

hpdBCA gene located in specific gut bacteria is independently linked to CVD.152 Further 

confirmation was provided by genetically engineering bacteria to produce paracresol in germ-

free mice, which induced a pro-thrombotic phenotype.152 Prognostics in heart failure patients 

have observed that PCS was significantly raised and that 25.7% experienced and adverse 
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cardiovascular event or mortality within three years with concentrations ≥50µM.166 

Furthermore, PCS was the only independent predictor of adverse events as compared to 

asymmetric dimethylarginine, glomerular filtration rate, or B-type natriuretic peptide as 

assessed in a multivariate COX linear regression analysis.166 Individuals with renal disease are at 

higher risk of cardiovascular mortality than the general population. As such, a handful of studies 

have correlated, higher baseline concentration of PCS was with n cardiovascular events in those 

with progressive renal disease .167 High baseline concentrations of PCS were associated with 

adverse cardiovascular events in sixty-two out of four-hundred ninety-nine patients with mild-

to-moderate renal disease within three years.167 Another three-year observational study in 

dialysis patients correlated baseline PCS concentration to cardiovascular associated deaths in 

50% of the subjects.168 Across the various stages of renal disease (ie. stage 2-5), Liabeuf et al. 

studied PCS in vascular calcification, arterial stiffness, and mortality.169 They found that PCS 

was inversely associated with vascular calcification and a predictor for cardiovascular 

complications were responsible for 58% of the thirty-eight patients that died.169 As PCS can 

accumulate in tissues from poor renal excretion, and is poorly removed by hemodialysis, 

therapeutics to reduce its precursor paracresol in the intestines may reduce overall circulating 

concentrations. Saccharolytic bacteria primarily ferment carbohydrates where proteolytic 

bacteria metabolize protein, thus a diet lower in tyrosine-containing protein and higher in fiber 

could reduce this PCS. This notion has been supported by studies observing that vegetarians 

consuming 25% less protein and 69% more fiber than non-vegetarians have significantly less 

urinary PCS,170 and that a vegan diet decreases serum and urinary paracresol171. While dietary 

interventions are not yet commonly used to treat PCS in endothelial dysfunction, they are a 

powerful example of how microbiome modulation can influence the endothelium. 

VI. SCFAs 

Short-chain fatty acids (SCFAs) are a group of organic compounds that are produced by 

the microbial fermentation of dietary carbohydrates, particularly fiber or polyphenols, which 

https://paperpile.com/c/8Cw0dd/QIs6
https://paperpile.com/c/8Cw0dd/QIs6
https://paperpile.com/c/8Cw0dd/BIuD
https://paperpile.com/c/8Cw0dd/BIuD
https://paperpile.com/c/8Cw0dd/Z9PH
https://paperpile.com/c/8Cw0dd/H9sQ
https://paperpile.com/c/8Cw0dd/H9sQ
https://paperpile.com/c/8Cw0dd/kRgr
https://paperpile.com/c/8Cw0dd/8uBR


20 

cannot be fully digested by the human body. The two main types of fiber as a substrate for SCFA 

production are soluble-that can dissolve and hold water once extracted, and insoluble-does not 

dissolve, but attracts water to create bulk.172,173 Types and concentrations vary in food, but fiber 

sources are generally from plants such as legumes, grains, vegetables, and fruit. The majority of 

soluble dietary fiber (ie. gums, mucilage, inulin, and pectins) escapes host digestion in the 

stomach and small intestine, but can be fermented by the microbiome in the colon.172 The 

microbial processing of the diverse assortment of fibers can lead to numerous SCFAs primarily 

consisting of butyrate, propionate, and acetate, along with heat and gas as the main end 

products.172,173   

Many microbial species are responsible for fermenting various fiber types,174 although 

synthesis and overall ratios of SCFAs are highly dependent on bacteria present along with 

substrate from the diet.175,176 In the human body, the most abundant and shortest SCFA is two-

carbon acetate.177 Acetate is produced via fiber fermentation by most enteric bacteria178 via 

various pathways. It acts directly as an energy substrate, as it converts into acetyl-CoA that feeds 

into the tricarboxylic acid cycle to produce adenosine triphosphate (ATP).179 While the human 

body can produce acetate on its own, the levels of acetate present in the body can be affected by 

the actions of microbes in altering the acetate pool.180 In contrast, the three-carbon SCFA 

propionate is synthesized from the microbiome via three distinct pathways. Propionate can be 

produced by members of the Bacteriodota phylum through the succinate pathway, as well as 

through the propanediol pathway, which involves the use of fucose and rhamnose deoxy sugars 

found in fiber and polyphenols.178,181 Additionally, bacteria such as Clostridium propionicum 

produce propionate via the acrylate pathway.182 Interestingly, Akkermansia muciniphilia from 

the Verrucomicrobia phylum consumes mucin produced by the intestine instead of fiber as its 

primary fuel source and has been shown to produce propionate as a direct fermentation 

product.183,184 Lastly, the four-carbon SCFA butyrate is formed by condensation of two acetyl-

CoA molecules by microbes that synthesize butyrate from previous production of acetate and 

https://paperpile.com/c/8Cw0dd/OM0ip+RkrXE
https://paperpile.com/c/8Cw0dd/OM0ip
https://paperpile.com/c/8Cw0dd/RkrXE+OM0ip
https://paperpile.com/c/8Cw0dd/hInxm
https://paperpile.com/c/8Cw0dd/Rte7N+06RgU
https://paperpile.com/c/8Cw0dd/9dq0B
https://paperpile.com/c/8Cw0dd/IVH8s
https://paperpile.com/c/8Cw0dd/a1S4k
https://paperpile.com/c/8Cw0dd/GN1uP
https://paperpile.com/c/8Cw0dd/IVH8s+xLnoR
https://paperpile.com/c/8Cw0dd/yOr3Y
https://paperpile.com/c/8Cw0dd/Dd1a5+2tAcl


21 

lactate.181 Butyrate is dominantly produced by members of the Ruminococcaceae and 

Lachnospiraceae families the Bacillota phylum, although other bacteria may possess the ability 

to produce butyrate in varying quantities.185  

 SCFAs indirectly impact cardiovascular health by altering the intestinal environment. 

Among all microbial metabolites in the intestines, butyrate and propionate are the most 

abundant, with concentrations of up to 50-130mM found in the proximal colon.6,186 The 

metabolism of butyrate and propionate tends to consume oxygen, which creates a hypoxic 

environment in the colon. This happens through mitochondrial β-oxidation, leading to a sharp 

decline in oxygen levels from the lamina propria to the intestinal lumen. This oxygen gradient 

favors the presence of anaerobic microorganisms over aerobic ones within the gut, thereby 

promoting the growth of commensal microbes.187 In addition, the low partial pressure of oxygen 

(pO2) of the intestinal tissue as augmented by butyrate and propionate is far below other bodily 

tissues. This creates an environment to stabilize the hypoxia-inducible factor (HIF)188 that 

promotes intestinal barrier function and the production of mucins to aid in microbial defense 

and clearance.188 Apart from its role as a primary fuel source for enterocytes2,188 through β-

oxidation in the mitochondria,189 butyrate is crucial in maintaining gut barrier function and 

aiding cellular turnover, thereby promoting overall gut health. Moreover, butyrate has the 

ability to alter the gene expression of local inflammatory cytokines by suppressing histone 

deacetylases (HDACs).190 Inhibition of HDAC gene expression modulation induces the 

proliferation and differentiation of Foxp3+ CD4+ regulatory T cells that downregulate the 

inflammatory response in the gut.191 This limits the permeability of the apical junction complex 

(AJC) that can occur when proinflammatory cytokines are present. In addition, butyrate 

influences the expression of transcription factors that promote modulation of the AJC that 

partially dictates the transit of molecules, such as the endothelial damaging metabolite 

lipopolysaccharide (LPS) from the intestinal lumen into the bloodstream.192–194 
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It has long been recognized that fiber in the diet has cardioprotective effects that, in part, 

may be due to SCFA production.195 Besides the localized effects of SCFAs in the gut, these 

metabolites enter the bloodstream and protect against vascular inflammation and endothelial 

stress.196,197 Most of the anti-inflammatory properties of SCFAs have been studies in animal and 

cell culture models.  An in vitro study by Li. et al, showed that SCFAs modulate GPR 41/43 and 

HDAC3 in a HUVEC cell culture to reduce inflammatory cytokine release after stimulation of the 

gut-derived LPS or TNF-α insult.196 In another study, when endothelial EA. hy926 cells were 

pretreated with butyrate, there was a lower uptake of oxidized LDL, reduced expression of cell 

adhesion molecules VCAM-1, CD36, CCL2, and decreased proinflammatory cytokines IL-6 and 

IL-1𝛽𝛽. The same authors also found that ApoE-/- mice given 1% butyrate in their diets for ten 

weeks had decreased atherosclerotic lesions with reduced aortic atherosclerosis by 50% as 

compared to the controls. Moreover the aortic valves of the mice displayed lower  cell adhesion 

molecules CCL2 and  VCAM-1.198  

SCFAs also have an impact on lipoprotein metabolism implicated in inhibition of arterial 

foam cell formation. Kashahara et al. demonstrated that gnotobiotic ApoE-/- mice inoculated 

with butyrate-producing Roseburia intestinalis had decreased athlerosclerotic lesions. The 

authors observed that the treated mice had lower metabolic endotoxemia via improved gut 

barrier function, and that an analog of butyrate (ie. tributyrin) supplemented to the diet also 

reduced lesions.199 Several clinical trials have observed that fiber supplementation leads to a 

reduction in serum cholesterol with a subsequent increase in SCFA.200–202 In healthy 

participants, 20 g of inulin fiber daily for six weeks resulted in a correlation between decreased 

in VLDL cholesterol and total cholesterol with increased butyrate production.200 Importantly, 

improved d18:1/16:0, d18:0/24:0, d18:1/24:1 plasma ceramide ratios, shown to predict CVD 

adverse events and mortality, were associated with increased SCFA concentration.200 Mildly 

hypercholesteremic participants consuming 80 grams of oats containing 3 g of 𝛽𝛽-glucan fiber for 

forty-five days exhibited lower total cholesterol and lower LDL cholesterol.202 Roseburia, 
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Enterobacteriaceae, and Faecalibacterium prausnitizii in this group were also positively 

correlated with plasma butyric and valeric SCFAs.202 A different group tested 6 g of oat 𝛽𝛽-glucan 

fiber in hypercholesteremic participant for six weeks and found that LDL cholesterol decreased 

and a subsequent model of intestinal fermentation validated that  oat 𝛽𝛽-glucan fiber increased 

acetate, propionate, butyrate, and total SCFA production. 201  

Given that endothelial dysfunction is a key risk factor for hypertension and CVD, 

therapeutics such as SCFAs have been implicated in blood pressure regulation. Mechanistically, 

SCFAs modulate blood pressure via binding to endothelial GPR41 or Olfr78 receptors. The 

agonism of GPR41 lowers blood pressure203 while Olfr78 agonism increases blood pressure.204 

These opposing effects of SCFA binding on these receptors indicate a balancing effect on blood 

pressure. Pluznick et al. demonstrated this effect in OLFR−/− mice that became hypotensive after 

propionate administration, whereas propionate increased blood pressure in wild-type mice.204 

Numerous studies have associated microbiome composition in relation to hypertension.205–207 

For example, a significant decrease in microbial diversity, richness, and evenness with 

depressed SCFA-producing bacteria is associated with spontaneously hypertensive rats and a 

similar pattern was found in hypertensive human subjects.205 Furthermore, transplanting the 

microbiome from hypertensive humans to C57BL/6L germ-free mice transfers a hypertensive 

phenotype thereby implicating the microbiome in blood pressure control.207 However, human 

studies evaluating just SCFAs on blood pressure regulation are limited and inconclusive.208–210 

Supplementation of sodium butyrate or sodium butyrate with the prebiotic fiber inulin for forty-

five days significantly reduced diastolic blood pressure in sixty adults with type II diabetes 

mellitus.209 Sodium restriction to 2000mg/d in untreated hypertensive individuals increased 

circulating SCFAs and decreased blood pressure after adjusting for age, sex, race, and BMI.211 

The researchers observed that the types and quantities of SCFAs varied between male and 

females, and that females responded to SCFA production more than males.211 Tilves et. al 

leveraged SCFA data from the Survivorship Promotion in Reducing IGF-1 Trial to study SCFA 
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abundance in overweight cancer survivors with hypertension that were given weight loss 

programming or metformin treatment for one year.210 Butyrate was inversely associated with 

hypertension as fecal and plasma butyrate correlated with decreased systolic blood pressure.210 

Yet, this association between SCFAs and blood pressure differed by sex as this effect was most 

present in males.210 Other researchers have found that higher fecal butyrate excretion was found 

in males that generally consumed more fiber, total calories, had higher central obesity, and 

incidence of hypertension compared females in a Columbian observational study.208 Although 

this study did not evaluate SCFA production or absorption, the results are conflicting as to SCFA 

concentration and blood pressure.208 It is important to note that a multitude of variables exist in 

the type and quantities of SCFAs that reach the bloodstream and there is not a linear 

relationship between diet and the concentration of SCFA produced by colonic bacteria.6 

Furthermore, metabolic health, and pre-existing CVD risk factors can greatly impact the 

outcomes of SCFA intervention, presenting an important challenge in research design. 

VII. CONCLUSIONS 

The human microbiome has been shown to play a crucial role in mediating the 

progression of CVD in its interaction with the endothelium. In part, this is achieved through the 

production and modification of metabolites that act locally, within the gut itself, or systemically, 

influencing the physiology of the entire body. However, while the scientific community has 

made progress in understanding the role of these metabolites, our knowledge of their 

bioavailability and bioactivity is still limited. Nevertheless, studies have shown that there are 

marked differences in the metabolite profiles of healthy individuals versus those with CVD. This 

suggests that microbial metabolites have the potential to intercede in processes related to 

endothelial function and that further study of the microbiome could lead to new insights into the 

prevention and treatment of CVD. 
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http://paperpile.com/b/8Cw0dd/sbiMT
http://paperpile.com/b/8Cw0dd/sbiMT
http://paperpile.com/b/8Cw0dd/sbiMT
http://paperpile.com/b/8Cw0dd/sbiMT
http://paperpile.com/b/8Cw0dd/7KHQZ
http://paperpile.com/b/8Cw0dd/7KHQZ
http://paperpile.com/b/8Cw0dd/7KHQZ
http://paperpile.com/b/8Cw0dd/7KHQZ
http://paperpile.com/b/8Cw0dd/RHMt
http://paperpile.com/b/8Cw0dd/RHMt
http://paperpile.com/b/8Cw0dd/RHMt
http://paperpile.com/b/8Cw0dd/RHMt
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.05315
http://paperpile.com/b/8Cw0dd/0I5x
http://paperpile.com/b/8Cw0dd/0I5x
http://paperpile.com/b/8Cw0dd/0I5x
http://paperpile.com/b/8Cw0dd/0I5x
http://paperpile.com/b/8Cw0dd/TZbj
http://paperpile.com/b/8Cw0dd/TZbj
http://paperpile.com/b/8Cw0dd/TZbj
http://paperpile.com/b/8Cw0dd/TZbj
http://paperpile.com/b/8Cw0dd/i1L0
http://paperpile.com/b/8Cw0dd/i1L0
http://paperpile.com/b/8Cw0dd/i1L0
http://paperpile.com/b/8Cw0dd/i1L0
http://paperpile.com/b/8Cw0dd/i1L0
http://paperpile.com/b/8Cw0dd/i1L0
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http://paperpile.com/b/8Cw0dd/XoZsW
http://paperpile.com/b/8Cw0dd/XoZsW
http://paperpile.com/b/8Cw0dd/XoZsW
http://paperpile.com/b/8Cw0dd/XoZsW
http://paperpile.com/b/8Cw0dd/XoZsW
http://paperpile.com/b/8Cw0dd/XoZsW
http://paperpile.com/b/8Cw0dd/AgDM
http://paperpile.com/b/8Cw0dd/AgDM
http://paperpile.com/b/8Cw0dd/AgDM
http://paperpile.com/b/8Cw0dd/AgDM
http://paperpile.com/b/8Cw0dd/AgDM
http://paperpile.com/b/8Cw0dd/1OYR
http://paperpile.com/b/8Cw0dd/1OYR
http://paperpile.com/b/8Cw0dd/1OYR
http://paperpile.com/b/8Cw0dd/1OYR
http://paperpile.com/b/8Cw0dd/1OYR
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CHAPTER 2: CLINICAL IMPROVEMENT OF ENDOTHELIAL FUNCTION FROM 
BLUEBERRY SUPPLEMENTATION IN POST-MENOPAUSAL FEMALES DOES NOT 

TRANSFER VASCULAR PHENOTYPE TO MICE VIA THE GUT MICROBIOTA 

 
 

I. SUMMARY 

Cardiovascular disease (CVD)  is a significant cause of morbidity and the leading cause of death 

across the globe.1 As biological females age, they may face an increased likelihood of 

experiencing cardiovascular comorbidities, particularly after menopause.2 However, it has 

recently been suggested that plant compounds (ie. phytochemicals) in darkly pigmented fruit 

may offer protection against CVD progression.3 Thus, our previous clinical trial found that daily 

consumption of highbush blueberry powder improved brachial artery endothelial-mediated 

dilation in a responder cohort of post-menopausal participants with elevated or stage I 

hypertension.4 To explore gut microbiome-derived metabolites in mediating responses to this 

blueberry intervention, we conducted a fecal microbiota transplant from our human participants 

into germ-free mice. We hypothesized that vascular phenotypes from the donors would be 

transferred to the recipient mice. Transplants were comprised of pooled fecal material from the 

responder cohort before blueberry intervention (Pre-Blueberry) and after twelve weeks of 

blueberry powder consumption (Post-Blueberry). All animals were provided an irradiated, 

purified maintenance diet void of blueberries to target the microbiome’s impact on vascular 

phenotype. Results showed no differences in endothelial-mediated dilation (Pre-Blueberry: 

372.2±20.6, Post-Blueberry: 417.9±15.6 AUC; p=0.6778), pulse wave velocity (Pre-Blueberry: 

437.8±15.3, Post-Blueberry: 438.3±17.1 cm/s; p=0.0890), or intrinsic stiffness (Pre-Blueberry: 

2350±256.6, Post-Blueberry: 2126±269.6 kPa; p=0.6000). These results suggest that 

microbiome composition alone may not be sufficient to recreate vascular phenotypes in this 

model; rather, the observed outcomes may be more reliant on blueberry-microbiome 

interactions. Although there were varied responses to blueberry intervention within the human 

population, which may have masked the outcomes in mice receiving pooled microbiome 

https://paperpile.com/c/F7PHRx/lQob
https://paperpile.com/c/F7PHRx/KpjO
https://paperpile.com/c/F7PHRx/nmqt
https://paperpile.com/c/F7PHRx/lXvQ
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samples, this research indicates that future studies should focus on exploring the impact of 

individual microbiomes on vascular phenotypes. 
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II. INTRODUCTION 

 Cardiovascular disease (CVD) is a global health concern and the leading cause of 

fatalities worldwide, with the risk of CVD increasing with age.5 However, the pathophysiology of 

CVD differs between biological males and females, with endogenous estrogen production 

playing a crucial role. Estrogen has been shown to lower the risk for CVD in pre-menopausal 

females compared to age-matched males.6 However, these cardioprotective effects of estrogen 

disappear after menopause, when the concentrations of this hormone class plummets.6 An 

independent risk factor for CVD is endothelial dysfunction, characterized by the limited ability 

of the blood vessels to dilate under appropriate stimulus,7 in which postmenopausal females are 

at increased risk.8 However, studies suggest that dietary interventions rich in plant polyphenols 

may aid in lowering the risk for endothelial dysfunction in this demographic.9 Therefore, clinical 

interventions that leverage polyphenols for their effect on endothelial health are a potential 

therapeutic approach to reduce overall CVD progression in postmenopausal females. 

 Polyphenols are a diverse group of plant-derived compounds produced by plants as a 

natural defensive mechanism against biological threats like ultraviolet radiation, 

microorganisms, or animals,3 and contribute to the perceived color, taste, smell, astringency, 

and bitterness of many fruits and vegetables. Several epidemiological studies have observed that 

diets prolific in fruit and vegetable intake reduce CVD-associated conditions.10–13 More 

specifically, distinct polyphenol-rich food sources, such as blueberries, may improve 

cardiovascular outcomes. The Nurses Health study, a large-scale epidemiological trial, followed 

93,600 adult females and scrutinized the connection between diet and myocardial infarction 

incidence as an ancillary endpoint.14 Results indicated an inverse relationship between the 

combined intake of blueberry and strawberries >3 servings/week and myocardial infarction 

incidence over eighteen years of tracking.14 In a clinical trial, acute blueberry polyphenol intake 

increased flow-mediated dilation (FMD) of blood vessels in healthy adult males, indicating that 

https://paperpile.com/c/F7PHRx/HUnx
https://paperpile.com/c/F7PHRx/leCR
https://paperpile.com/c/F7PHRx/leCR
https://paperpile.com/c/F7PHRx/saXD
https://paperpile.com/c/F7PHRx/dKRb
https://paperpile.com/c/F7PHRx/t0RI
https://paperpile.com/c/F7PHRx/nmqt
https://paperpile.com/c/F7PHRx/FsvT+S4vh+aOpx+wcHB
https://paperpile.com/c/F7PHRx/KWfm
https://paperpile.com/c/F7PHRx/KWfm
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blueberries may positively impact endothelial function.15 Moreover,  a 45-gram daily intake of 

blueberry powder in obese males and females with metabolic syndrome improved endothelial 

function, independent of blood pressure, after a six-week intervention.16  

Despite these promising results, previous research on the effects of regular blueberry 

consumption in the post-menopausal female population has been limited.16,17 To bridge this gap, 

we conducted a clinical trial where estrogen-deficient post-menopausal females with elevated 

blood pressure or stage I hypertension were recruited to consume 22 grams of highbush 

blueberry powder (equivalent to 1 cup of fresh blueberries) daily for twelve weeks. Although the 

blueberry treatment did not significantly impact blood pressure, there was an improvement in 

FMD of the brachial artery, indicating improved endothelial function.4 An unexpected finding 

was that the blueberry treatment participants were stratified into responders (>+1% increase in 

FMD) and non-responders (<+1% increase in FMD) based on interindividual differences in the 

magnitude and direction of FMD. In the responder group, there was a significant positive 

correlation (p=0.047) between the sum of total circulating polyphenol metabolites from baseline 

to twelve weeks, while the non-responders exhibited a significantly negative correlation 

(p=0.042). Furthermore, the polyphenol metabolites screened in the plasma of the participants 

were not of parent compound polyphenol origin nor glycosylated storage forms of polyphenols, 

but from microbially transformed polyphenol metabolites after modification from the gut 

microbiome. These results led us to hypothesize that the improvements in endothelial function 

observed in the responders were not solely due to the consumption of blueberries, but via 

modulation from the gut microbiome. 

The gut microbiome plays a crucial role in human health. Our lab,18–20 and others21–23 

have reported that gut microbiota impacts endothelial function in both mouse and clinical 

settings. As such, dietary interventions that interact with the gut microbiome can impact 

endothelial function, as seen with our previous blueberry intervention.4 However, it is unclear if 

the gut microbiome's structure and function enhance the endothelial outcomes in post-

https://paperpile.com/c/F7PHRx/pIZ8
https://paperpile.com/c/F7PHRx/pwB2
https://paperpile.com/c/F7PHRx/Lvn0+pwB2
https://paperpile.com/c/F7PHRx/lXvQ
https://paperpile.com/c/F7PHRx/tHCn+yEKz+nybH
https://paperpile.com/c/F7PHRx/4VXK+V8rP+YWjY
https://paperpile.com/c/F7PHRx/4VXK+V8rP+YWjY
https://paperpile.com/c/F7PHRx/lXvQ
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menopausal females who responded to blueberry treatment, versus those who did not. This 

discrepancy highlights the impact of interindividual variability that complicates clinical 

outcomes. To study this interaction, the present research implemented a well-established fecal 

transplant model. We transferred the pooled gut microbiota from the post-menopausal 

responder cohort to germ-free mice both before and after a twelve-week blueberry intervention. 

We hypothesized that the humanized mice with the transplanted microbiome before the 

blueberry intervention would result in endothelial dysfunction, and that a blueberry-

conditioned microbiome would reduce this vascular impairment. 
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III. MATERIALS AND METHODS 

Human Fecal Microbiota Characterization. Fecal DNA  from human stool was extracted 

using the FastDNA Kit (No. 6540600, MP Biomedicals, Irvine, CA), following the 

manufacturer’s protocol. Construction of the 16s rRNA sequencing libraries followed the Earth 

Microbiome Protocol utilizing the 515F-806R primer set containing a unique 12-bp error-

correcting barcode on the forward primer.24 Amplicons were generated using the Bio-Rad 

CFX96 thermal cycler with the following cycling conditions: 94°C for three min and then thirty-

five cycles of 94°C for forty-five sec, 50°C for sixty sec, and 72°C for ninety sec, followed by 72°C 

for ten min. To ensure accuracy and eliminate false positive results, negative DNA extraction 

controls and no template PCR controls were included with each run. Amplicons were purified 

using AmPure beads and pooled in equimolar ratios. The pooled library was then quantified and 

sequenced on an Illumina MiSeq at the Next-Generation Sequencing Facility at the University of 

Colorado, Boulder. 

Experimental Design: Male C57BL/6J mice were bred and maintained in a germ-free 

facility at the University of Nebraska Gnotobiotic Mouse Facility, co-housed 3-5 per cage in a 

temperature and humidity-controlled environment on a 12:12 hr light-dark cycle. Germ-free 

isolators were routinely tested for sterility by 16s rRNA gene PCR analysis of feces. Mice were 

given ad libitum access to autoclaved water and an irradiated standard diet (No. D22110403 

with growing rodent AIN-93G vitamin and mineral mix, Research Diets, New Brunswick, NJ) 

consisting of 40% protein, 64% carbohydrate, 16% fat calories. All animal procedures were 

reviewed and approved by the University of Nebraska and Colorado State University 

Institutional Animal Care and Use Committees.  

At the age of seven weeks, germ-free mice (N=15/cohort) were colonized with an 

inoculum prepared from pooled fecal material post-menopausal human donors (N=4-5/cohort) 

both before and after the donors consumed twenty-two grams of highbush blueberry powder for 

twelve weeks. The inoculum was stored in reduced phosphate-buffered saline in a 1:1.5 w/v 

https://paperpile.com/c/F7PHRx/1PVH
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ratio. Each mouse was inoculated twice by oral gavage forty-eight hours apart with 100µl of 

pooled donor fecal matter at each gavage under sterile conditions and kept in positive pressure 

cage racks for two weeks to allow stabilization of microbial colonization before transfer to 

Colorado State University. For eight weeks, the animals continued on an irradiated diet in which 

body weight and food intake were monitored weekly until termination. 

Animal termination and tissue collection: The experimental rodents were weighed, and 

feces were collected and flash-frozen before termination. The mice were then anesthetized using 

isoflurane and euthanized by exsanguination via cardiac puncture. The liver, spleen, cecum, and 

adipose tissue (subcutaneous, epididymal, and mesenteric depots) were removed, weighed, and 

flash-frozen, and stored at -80°C. Colon length was then recorded before flash-freezing. The 

thoracic aorta was cleaned of per-ventricular adipose tissue and either trimmed into 2mm 

segments for force myography measurements or stored in neutral buffered formalin (No. 5701, 

Epredia, Kalamazoo, MI). Second-order mesenteric arteries from the intestines were excised 

then placed in 37°C physiological saline solution  (PSS: 0.288g NaH2PO4, No. S5011, Sigma-

Aldrich, St. Louis, MO; 1.802g glucose, No. G7021; Sigma-Aldrich; 0.44g sodium pyruvate, No. 

P2256,  Sigma-Aldrich; 20.0g bovine serum albumin, No. BP1600; Fisher Bioreagents, 

Pittsburgh, PA; 16.94g NaCl, No. A123130, Alfa Aesar, Ward Hill, PA; 1.9g KCl, No. P4504; 

Sigma-Aldrich; 0.58g CaCl2H4O2,  No. C7902; Sigma-Aldrich; 0.58g MgSO4·7H2O, No. M2773, 

Sigma-Aldrich, 0.139g MOPS sodium salt, no. M9024; Sigma-Aldrich, and 0.015g EDTA, No. 

E478, Fisher Bioreagents; per 2 liters double deionized H2O at pH 7.4) and cannulated for 

endothelial function experiments.  

Quantitative Polymerase Chain Reaction (qPCR): Cecal contents of the mice were 

collected at termination, and DNA was extracted using the SsoAdvanced Universal SYBR Green 

Supermix DNA Purification Kit (No. 1725274, Bio-Rad, Hercules, CA) before quantitative PCR 

verified microbial load. Reactions were optimized for the 16s rRNA gene using universal 

bacterial primers (forward 5=-AAACTCAAAKGAATTGACGG-3=, reverse 5=-
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CTCACRRCACGAGCTGA-3=). The conditions used for cycling on the Bio-Rad CFX96 thermal 

cycler are as stated: 95°C for three min and then forty cycles of 95°C for fifteen sec, 61°C for 

fifteen sec, 72°C for ten sec, and 85°C for five sec followed by florescence detection. 

Cecal Short-Chain Fatty Acids (SCFAs): Short-chain fatty acids (SCFAs) from frozen 

cecal contents were weighed and extracted using acidified water (pH 2.5). Following 

homogenization and sonication, samples were centrifuged twice at 20,0000 rcf for fifteen min 

to remove particulate matter. The collected supernatant was analyzed on a Gas Chromatograph 

with Flame Ionization Detection (GC-FID; Agilent 6890 Plus GC Series, Agilent 7683 Injector 

Series, GC Column: TG-WAXMS A 30 m × 0.25 mm × 0.25 μm). SCFAs were quantified by 

comparing peak areas to standard curves of commercial standards of acetic acid, propionic acid, 

and butyric acid (No. AX0073, No. 944251, No. 19215; Millipore Sigma, Burlington, MA). 

Measurement of Endothelial Function: Endothelial function was evaluated using a 

pressure myography technique, as previously described.25 The procedure involved removing 

mesenteric adipose tissue from second-order mesenteric arteries and placing two candidate 

arteries in separate pressure myograph chambers (No. 130DC, Danish Myo Technology, Ann 

Arbor, MI) containing physiologic saline solution (PSS) at 37°C. The arteries were then 

cannulated onto glass micropipettes and secured with suture. Arteries were equilibrated, 

refreshing the PSS at twenty min, twenty min, and five min for a total of forty-five min, then 

measured for the passive diameter of the internal lumen using MyoView 3.0.7 software. 

Following this measurement, the arteries were constricted with increasing doses of 

phenylephrine (PE) in three min intervals (PE: 10-9 to 10-5M) and subsequently dilated with the 

endothelium-dependent dilator acetylcholine (ACh) at two min intervals (ACh: 10-9 to 10-4M). To 

restore equilibrium, the arteries were rinsed with fresh PSS twice between ten min intervals. 

After preconstriction of the arteries with PE (10-5M) for 5 min, a dose-response curve was 

established with the endothelium-independent dilator sodium nitroprusside (SNP) at two min 

intervals (SNP: 10-10 to 10-4M). The percent dilation was calculated for each dose of ACh or SNP 

https://paperpile.com/c/F7PHRx/VUWo
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relative to the PE-induced preconstriction at each time point using the following formula: 

percent dilation (%) = (increase in luminal diameter to ACh/SNP)/ [maximum decrease in 

luminal diameter to PE (10-5M) preconstriction]x100. Finally, the area under the dose-response 

curve (AUC; trapezoid method) was calculated for each response. 

Arterial Stiffness: Aortic pulse wave velocity (aPWV) was measured at twelve weeks 

post-colonization using a Doppler flow velocity system (Mouse Doppler acquisition system, 

Indus Instruments, Webster, TX) per methods described by our lab.20,26 Briefly, mice were 

placed supine on a board with electrocardiogram electrodes and anesthetized using 2% 

isoflurane and oxygen at a flow rate of 2L/min. A target heart rate of ~450 beats/min was 

maintained by adapting isoflurane concentration during measurements while Doppler probes 

were placed on the transverse aortic arch and abdominal aorta. Distance between the probes 

was calculated with precision calipers and five consecutive two sec readings were taken to 

ascertain the R-wave of the ECG and the base of the Doppler signer per each probe. aPWV (in 

cm/s) was calculated by the formula: aPWV=(distance between the two probes)/(Δtimeabdominal -

Δtimetransverse). Mechanical stiffness was determined via a wire myograph chamber (No. 

DMT620M, Danish Myo Technology, Ann Arbor, MI) from the methods previously described.27 

Briefly, 2-mm segments of the thoracic aorta were attached to pins in the chamber in duplicates 

and stretched incrementally by ~10% every three min until shearing of the vessel occurred. A 

20µm segment of the thoracic aorta was used for measuring diameter and wall thickness after 

preservation in neutral buffered formalin (No. 5701, Fisher Bioreagents, Pittsburgh, PA) on 

Visiopharm 2023.01 software (Broomfield, CO).  

Statistics: Data expressed as means ± SEM with the assumption of normality. Statistical 

analyses were carried out using a paired t-test for human Pre-Blueberry and Post-Blueberry 

groups or an unpaired t-test for mouse Pre-Blueberry and Post-Blueberry groups. Missing 

values and outliers were excluded from the comparisons. A mixed effects model with the 

https://paperpile.com/c/F7PHRx/nybH+Qsx6
https://paperpile.com/c/F7PHRx/cBDa


49 

Geisser-Greenhouse correction upon the assumption of non-sphericity was used for 

comparisons trending over time. A p-value of ≤0.05 was considered statistically significant. 

Microbiome statistical method is as follows. Paired-end sequence reads were 

demultiplexed using rev-comp-barcodes error correction to obtain adequate quality in the open-

source bioinformatics tool Qiime2 (version Qiime2-2023.9).28–30 Filtered 16s rRNA reads were 

assessed using a PHRED quality score of 25. Following this, forward reads were truncated at 

250, and negative reads truncated at 231 base pairs. A feature table with amplicon sequence 

variants (ASVs), denoised statistics, and a sequencing table was produced using the DADA2 

method.30,31 The ASVs were taxonomically classified on the ‘SILVA 138 99% OTUs from the 

515F/806R region of sequences’ Naïve Bayes classifier.32,33 To refine the dataset, reads that were 

assigned to chloroplasts and mitochondria were filtered out as they were not deemed to be part 

of the microbiome. The resulting feature tables, taxonomy, and metadata were imported into 

MicrobiomeAnalyst marker data profiling for secondary workflow.34 To process the data, a low 

count was applied at a cutoff of 10% using standard deviation as the variance filter. Additionally, 

data normalization was performed based on total sum scaling. Relative abundance between 

phyla was assessed via a two-way ANOVA between groups. Alpha diversity was calculated for 

each sample using Shannon's diversity index at the genus taxonomic level using the 

nonparametric Mann-Whitney U-test. Beta diversity was calculated using the PCoA ordination 

method with Bray-Curtis distance methods calculated at the genus taxonomic level and analyzed 

with pairwise PERMANOVA statistics. Linear discriminant analysis effect size (LEfSe) was 

calculated at a genus level with a p-value cutoff at 0.05 for original data and log LDA score of 

2.0. A p-value of ≤0.05 was considered statistically significant, while a p-value =0.05 before 

false-discovery rate correction was regarded as trending toward statistical significance. 

  

https://paperpile.com/c/F7PHRx/bT6G+uKR4+WBgA
https://paperpile.com/c/F7PHRx/nijTp+WBgA
https://paperpile.com/c/F7PHRx/JbhPt+O17qG
https://paperpile.com/c/F7PHRx/5azpL
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IV. RESULTS 

The premise of the current study was to evaluate the vascular phenotype of humanized 

mice after microbial inoculation from post-menopausal females with elevated or Stage I 

hypertension after a dietary blueberry intervention. General subject characteristics of the donors 

are shown in Table 1.1. The microbial donor cohort was selected based on an FMD response of 

>1% from pre to post-treatment after ingesting 22 grams of blueberry powder for twelve weeks 

(Pre-Blueberry: 4.7x10-6±2.2x10-5, Post-Blueberry: 1.7x10-4±4.3x10-5 FMD/SRauc; Table 1.1).  

Table 1.1 General Characteristics of Participants 

  PRE-BLUEBERRY (N=5) POST-BLUEBERRY (N=5) 

Age (y) 60.6±0.5 60.6±0.5 

Height (m) 1.6±0.01 1.6±0.01 

Weight (kg) 75.6±9.0 75.4±9.0 

BMI (kgᐧm-2) 28.1±3.1 28.1±3.2 

SBP (mmHg) 140.4±5.0 141.1±5.4 

DBP (mmHg) 81.5±2.5 83.2±3.5 

FMD/SRauc 4.7x10-6±2.2x10-5a 1.7x10-4±4.3x10-5b 

PWV (m/s) 7.7±0.8 7.6±0.6 

Values are mean±SEM. Abbreviations: BMI, body mass index, SBP, systolic blood pressure, 
DBP, diastolic blood pressure, FMD/SRauc, flow-mediated dilation normalized to shear rate 
area under the curve, PWV, pulse wave velocity. Statistical analysis was performed using a 
paired Student’s t-test. a,b P<0.05, data with different superscripted letters differ significantly. 

Prior to inoculating the mice, an analysis was conducted on the microbial communities 

obtained from human donors both before and after the implementation of the blueberry 

intervention. The primary aim was to ascertain the potential impact of the blueberry 

intervention on the human gut microbiome and to authenticate the microbial signatures present 
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in the donor inocula prior to their transfer to the mice. Relative abundance between the donors 

was not statistically significant, yet there was a shift in the phyla percentages from Pre to Post-

Blueberry treatment (Fig. 1.1a). The Bacteriodota (Pre-Blueberry: 17.2±0.05, Post-Blueberry: 

20.7±0.08 %; Fig. 1.1a) and Bacillota (Pre-Blueberry: 65.0±0.15, Post-Blueberry: 74.2±0.08 %; 

Fig. 1a) relative abundance in the Post-Blueberry cohort increased with a subsequent decrease in 

Verrucomicrobiota (Pre-Blueberry: 16.0±0.2, Post-Blueberry: 4.1±0.02 %; Fig. 1.1a) 

Actinomycetota (Pre-Blueberry: 0.68±0.01, Post-Blueberry: 0.35±0.01 %; Fig. 1.1a), and 

Pseudomonadota (Pre-Blueberry: 1.0±0.01, Post-Blueberry: 0.5±0.01 %; Fig. 1.1a). Shannon’s 

diversity index for alpha diversity richness and evenness at the genus level did not show 

significant changes within cohorts (Pre-Blueberry: 2.5±0.2, Post-Blueberry: 2.9±0.2; p=0.4206 

Fig. 1.1b). Bray-Curtis distances were used to assess dissimilarity across the donor cohorts. The 

results between cohorts showed clustering by treatment with trending statistical difference 

between the Pre-Blueberry and Post-Blueberry treatments before Benjamini-Hochberg false 

discovery rate statistic (PCoA; PERMANOVA F-Value=0.04; p=0.05, FDR Adjusted W-

statistic=0.9, Fig. 1.1c). In particular, the Post-Blueberry samples clustered more tightly together 

than the Pre-Blueberry samples indicating that taxa dispersion become less after blueberry 

intervention. After linear discriminant analysis effect size (LEfSe) statistics to determine 

amplicon sequence variant differences between the Pre to Post-Blueberry treatment, there was a 

significant increase in the Colidextribacter (Pre-Blueberry: 15799, Post-Blueberry: 71641; 

p<0.05, FDR Adjusted W-Statistic=0.9, LDA score=-4.45, Fig. 1.1d), and Monoglobus genera 

(Pre-Blueberry: 24051, Post-Blueberry: 142870; p<0.05, FDR Adjusted W-Statistic=0.9, LDA 

score=-4.77, Fig. 1.1d) in the Post-Blueberry group, which have both been implicated in 

polyphenol degradation.35,36 In contrast, the Pre-Blueberry group exhibited higher Escherichia 

Shigella (Pre-Blueberry: 46479, Post-Blueberry: 2367; p<0.05, FDR Adjusted W-Statistic=0.9, 

LDA score=4.34, Fig. 1.1d), a known pathobiont implicated in HTN.37 

  

https://paperpile.com/c/F7PHRx/EYXo+QaYQ
https://paperpile.com/c/F7PHRx/THBF
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Fig. 1.1 Blueberry treatment in post-menopausal females shows trending differences in beta 
diversity. a. Relative abundance of major bacterial phyla b. Shannon’s alpha diversity index c. 
Principle coordinate analysis (PCoA) of beta diversity at the phyla taxonomic level d. 
Intestimonas presence across cohorts e. Colidextribacter presence between Pre and Post 
Blueberry cohorts. Relative ASV abundance was analyzed using a two-way ANOVA.  The 
Shannon's alpha diversity was calculated using the Mann-Whitney test, and the results were 
displayed through violin plots that indicate the minimum and maximum values, as well as the 
25th-75th percentile range. PCoA  is represented using the Bray-Curtis dissimilarity index at 
phyla level with pairwise PERMANOVA and Benjamini-Hochberg false discovery rate. Ellipses 
show the 95% confidence interval for each cohort. Bacterial genera presence using LefSe 
analysis of Kruskal-Wallis Test followed by linear discriminant analysis to evaluate differentially 
abundant genera. 
 

Male C57/BL6 mice were chosen for this study over ovariectomized female mice to avoid 

unnecessary stress and increased risk of stress and infection, thereby affecting the physiology of 

the mice. After mice had been colonized with their respective donor inoculum (Pre-Blueberry or 

Post-Blueberry) at seven weeks of age, they were kept on a purified maintenance diet with an 
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appropriate nutritional composition to support the growth and development of young mouse 

pups. Mice were kept on their diet for eight weeks before termination to allow proper 

establishment of the donor microbiome and for maturity into adulthood. Weekly body weight 

and food intake were measured to assess the impact of colonization on feeding behavior, with 

tissue weights taken at termination. Mice displayed similar weights at baseline (p=0.7252). 

Average body weight (Pre-Blueberry: 29.8±0.5, Post-Blueberry: 29.4±0.5 g; p=0.0.5629, Fig. 

1.2a) nor food intake (Pre-Blueberry: 16.7±0.6, Post-Blueberry: 17.1±1.3 g; p=0.8177, Fig. 1.2b) 

were significantly different between cohorts. The general characteristics of tissue weights 

between cohorts post-termination are delineated in Table 1.2. Overall, no statistically significant 

differences were noted in liver, spleen, adipose tissue, cecum weights, or colon length. 

 

Fig. 1.2 Body weight and food intake do not vary based on donor inoculum. a. Body weight 
after inoculation b. Weekly food weight intake after inoculation. Statistical analysis was 
performed using a mixed-effects analysis with Geisser-Greenhouse correction upon the 
assumption of non-sphericity. Data expressed as mean±SEM; n=10-15/group. 
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Table 1.2. General Characteristics of Mouse Tissue Weights & Colon Length 

  PRE-BLUEBERRY (N=15) POST-BLUEBERRY (N=11) 

Liver wt (mg) 1256.1±56.7 1243.6±39.2 

Spleen wt (mg) 84.2±4.4 77.3±2.4 

Epi Adipose wt (mg) 654.3±77.0 671.6±63.3 

SQ Adipose wt (mg) 299.9±32.2 303.4±28.8 

MAT (mg) 330.3±38.2 369.9±30.6 

Cecum wt, whole (mg) 495.9±31.3a 517.9±34.7a 

Colon length (cm) 5.2±0.1a 5.1±0.3a 

Values are mean±SEM. Epi epididymal, SQ subcutaneous, MAT Mesenteric adipose tissue. 
Statistical analysis was performed using an unpaired Student’s t-test. Data expressed as 
mean±SEM; n=11-15/group. 

 

Next, we explored cecal microbial content related to the impact of blueberry conditioning 

on microbial metabolite production and its potential contribution to vascular response as 

endothelial function was improved in human donors after blueberry intervention. No significant 

differences existed in microbial load after quantitative polymerase chain reaction (PCR) of cecal 

contents (Pre-Blueberry: 20.02±0.2, Post-Blueberry:20.0±0.4 log(gene copy/µl); p=0.9355, Fig. 

1.3a). We controlled for diet by keeping all mice on a standardized purified food before and after 

donor inoculation, then measured acetate, propionate, and butyrate as representative markers 

of short-chain fatty acids (SCFAs) concentration in the cecum after termination. No significant 

variations existed for acetate (Pre-Blueberry: 555.5±40.0, Post-Blueberry: 546.0.2±33.4 

mM/gram; p=0.8679, Fig. 1.3b), propionate (Pre-Blueberry: 29.9±1.4, Post-Blueberry: 28.1±1.2; 

mM/gram; p=0.3752, Fig. 1.3c), or butyrate (Pre-Blueberry: 18.8±1.2, Post-Blueberry: 20.3±1.0; 

mM/gram; p=0.3834, Fig. 1.3d).  
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Fig. 1.3 Donor microbiome transplant does not impact cecal SCFA production. a. Total 
bacterial DNA per µl of cecal contents b. Acetate c. Propionate d. Butyrate. Statistical analysis 
was performed using an unpaired Student’s t-test Data expressed as mean±SEM; n=8-13/group. 
 

The vascular phenotype transfer in the mice was assessed through measurements of 

endothelial function and arterial stiffness. These measurements were selected due to their 

strong predictive value for future cardiovascular events.38 Additionally, we investigated whether 

colonization from blueberry-conditioned microbiome impacted vascular function post-

inoculation. Pressure myography of second-order mesenteric arteries was performed at 

termination to assess endothelial-dependent and independent response to pharmacological 

https://paperpile.com/c/F7PHRx/FbsX
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vasodilators. There were no significant differences in passive luminal diameter (Pre-Blueberry: 

173.7±5.3, Post-Blueberry: 179.1±5.6 µM; p=0.5117, Supp. 1a) or phenylephrine-induced 

preconstriction of isolated mesenteric arteries (Pre-Blueberry: 58.7±1.8 Post-Blueberry: 

61.9±2.2 %; p=0.2633, Fig. 1.4a) before the addition of acetylcholine (ACh). Response and 

sensitivity to ACh endothelial-dependent dilation (EDD) were similar between all cohorts 

regardless of donor inoculum, with maximal average dilation of approximately 90% (Fig. 1.4b). 

No significant changes were seen in area under the curve (AUC: Pre-Blueberry: 372.2±20.6, 

Post-Blueberry: 417.9±15.6 AUC; p=0.2029, Fig. 1.4c). Although there were trending differences 

in endothelial-independent dilation (EID) between Pre-Blueberry and Post-Blueberry mice for 

the first two additions of sodium nitroprusside (SNP) (-10SNP: p=0.0666, -9SNP: p=0.0926, 

Fig. 1.4d), there were no changes in overall maximal dilation between cohorts  (Pre-Blueberry: 

97.8±1.8, Post-Blueberry: 97.5±1.5 %; p<0.05, Fig. 1.4d) nor AUC (Pre-Blueberry: 408.8±70.4, 

Post-Blueberry: 494.4±85.6 AUC; p=0.2392, Supp. 1b).  
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Fig. 1.4 Donor microbiome transplant does not impact endothelial function a. Phenylephrine 
(PE) induced preconstriction of maximal lumen diameter b. Endothelial-dependent dilation 
(EDD) in response to acetylcholine (ACh) c. Area under the curve of EDD d. Endothelial-
independent dilation (EID) in response to sodium nitroprusside (SNP). Statistical analysis was 
performed using an unpaired Student’s t-test for EDD area under the curve or mixed-effects 
analysis with Geisser-Greenhouse correction upon the assumption of non-sphericity (remaining 
outcomes). Data expressed as mean±SEM; n=8-15/group;  #P=0.06-0.9. 
 

In a separate analysis, arterial stiffness as measured by pulse wave velocity did not differ 

between cohorts at twelve weeks after inoculation (Pre-Blueberry: 437.8±15.3, Post-Blueberry: 

438.3±17.1 cm/s; p=0.9817, Fig. 1.5a), nor did intrinsic stiffness of the thoracic aorta vary 

between groups at termination (Pre-Blueberry: 2350±256.6, Post-Blueberry: 2126±269.6 kPa; 

p=0.6000, Fig. 1.5b). 
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Fig. 1.5 Donor microbiome transplant does not impact arterial stiffness. a. arterial pulse wave 
velocity b. Intrinsic stiffness of thoracic aorta. Statistical analysis was performed using an 
unpaired Student’s t-test. Data expressed as mean±SEM; n=11-15/group (aPWV), n=4-8/group 
(collagen region elastic modulus).  
 

V. DISCUSSION 

Given that nutrition has a significant impact on the gut microbiome, interventions that 

modify the diet present a promising opportunity to change the course of disease development. 

Innumerable studies,21–23 including our own18–20,25,26,  have consistently demonstrated strong 

associations between the gut microbiome and vascular function. However, confounders such as 

genetics, lifestyle, dietary choices, and environment heavily influence clinical outcomes in 

humans, and a more controlled model is apt to tease out the impact of gut microbiome-targeted 

treatments. Transplantation of a human microbiome to germ-free mice is one of the most 

commonly used models to establish specific mechanistic relationships between the gut 

microbiome and disease, that cannot be efficiently evaluated in humans.39,40 Therefore, the aim 

of this study was to establish if a hypertensive microbiome from post-menopausal females, 

either with or without blueberry conditioning, would confer vascular phenotype in naive germ-

free mice. We hypothesized that if the gut microbiome aided in improved endothelial function 

after blueberry treatment in humans, similar effects would be observed in recipient mice.  

https://paperpile.com/c/F7PHRx/4VXK+V8rP+YWjY
https://paperpile.com/c/F7PHRx/tHCn+VUWo+nybH+Qsx6+yEKz
https://paperpile.com/c/F7PHRx/tHCn+VUWo+nybH+Qsx6+yEKz
https://paperpile.com/c/F7PHRx/7xot+ieFh
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The primary outcome of the present study runs contrary to our initial hypothesis. 

Specifically, our findings indicate that the gut microbiome of post-menopausal women with 

elevated or stage I hypertension does not impart a discernible vascular phenotype in mice. 

Neither mouse cohort demonstrated endothelial dysfunction, nor was there a significant 

alteration in arterial stiffness measured by pulse wave velocity and force myography. However, 

EID differed for the first two doses of SNP in mesenteric arteries, indicating that a blueberry-

conditioned microbiome may have a vascular impact outside endothelial signaling of 

vasodilation. Food intake and body weight were consistent across cohorts throughout the course 

of the study, and tissue weights were respectively similar. Analysis of beta diversity in the donor 

microbiome indicated that after the blueberry treatment, post-menopausal females showed a 

higher degree of similarity compared to before intervention. In addition, E. Shigella was more 

present before intervention and Monoglobus and Colidextribacter genera were found to be 

significantly more abundant in the donors after blueberry treatment. Collectively, our data 

suggests that a hypertensive microbiome, either with or without blueberry conditioning, is not 

sufficient to confer vascular phenotype in mice, but distinct microbial signatures exist in the 

human donors after blueberry treatment that may have impacted vasodilation in the mice. 

The fecal transplant failed to induce vascular dysfunction in mice, irrespective of donor 

status as endothelial dysfunction or arterial stiffness were not observed in either group. The lack 

of vascular phenotype transfer is in contradiction to previous studies. For example, Li. et al. 

transplanted elevated and hypertensive human microbiomes to mice and found that the blood 

pressure of the mice was reflective of their donor.23 In a mouse-to-mouse fecal transplant, obese 

mice receiving donor inoculum from healthy mice supplemented with the polyphenol 

resveratrol exhibited a reduction in systolic blood pressure both with living and sterile fecal 

filtrates,22 which was further corroborated by Greenburg et al., who confirmed that endothelial 

dysfunction could be induced or remediated by a fecal transplant between obese and lean mice.21 

Albeit there was no statistical difference in endothelial-dependent dilation, we noted that mice 

https://paperpile.com/c/F7PHRx/YWjY
https://paperpile.com/c/F7PHRx/V8rP
https://paperpile.com/c/F7PHRx/4VXK
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with the blueberry-conditioned microbiome were more sensitive to the first two doses of SNP in 

endothelial-independent dilation. Although many polyphenols may induce endothelial nitric 

oxide release in mediating vascular dilation,41 others have found that certain polyphenols impact 

the underlying smooth muscle. High polyphenol persimmon juice and leaf powder incubated 

with healthy rat mesenteric artery rings in a force-displacement transducer induced vasodilation 

after phenylephrine preconstriction.42 Yet, the addition of the endothelial nitric oxide synthase 

inhibitor NG-nitro-L-arginine methyl ester (L-NAME) with carboxy-PTIO did not impact 

dilation, whereas non-selective potassium channel inhibitors did.42 The researchers believed the 

mechanism of action from persimmon treatment may have been related to hyperpolarization of 

the vascular smooth muscle instead of directly impacting the endothelium. In another 

experiment involving pressure myography of rat mesenteric arteries bathed in the turmeric 

polyphenol curcumin, the researchers observed endothelial-dependent and independent 

vasodilation mechanisms.43 Curmin dilated intact and endothelium-denuded arteries and was 

not affected by L-NAME or the soluble guanylyl cyclase inhibitor ODQ.43 Additionally, curcumin 

induced dilation via inhibition of calcium from intracellular storage and induction of voltage-

dependent potassium channels.43 

Besides the potent antioxidant and anti-inflammatory actions of regular polyphenol 

intake, the processing of polyphenols by the gut microbiome into secondary metabolites has 

been implicated as a factor in the cardioprotective effect of polyphenols.44 Data from our 

previous human study strongly suggested that the gut microbiome not only increased total 

circulating plasma metabolites but that these metabolites were from polyphenol modification by 

the gut microbiome after blueberry treatment.4 While this study was unable to analyze bacterial 

taxa in the mice, there were differences in beta diversity in the human donors from before and 

after blueberry intervention. Bray-Curtis dissimilarity analysis indicated the microbiome 

samples evaluated after blueberry treatment clustered more tightly together in comparison to 

the baseline microbiome. This change in beta diversity has been corroborated by others who 

https://paperpile.com/c/F7PHRx/woJx
https://paperpile.com/c/F7PHRx/etbE
https://paperpile.com/c/F7PHRx/etbE
https://paperpile.com/c/F7PHRx/HrFJ
https://paperpile.com/c/F7PHRx/HrFJ
https://paperpile.com/c/F7PHRx/HrFJ
https://paperpile.com/c/F7PHRx/r7on
https://paperpile.com/c/F7PHRx/lXvQ
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have seen stratified differences in the microbiome of ovariectomized rats based on 0%, 2.5/5%, 

and 10/15% dietary blueberry inclusion.45 Our beta diversity change may have been correlated to 

blueberry polyphenols and fiber as these compounds are prebiotic fuel sources for gut 

microbiota. We found higher polyphenol-degrading Monoglobus35 and Colidextribacter 

bacteria36 in the post-menopausal female microbiomes after blueberry treatment with a 

decrease in the pathobiont E. Shigella. As polyphenols can act as prebiotic fuel sources in the 

formation of SCFAs.46 we specifically analyzed acetate, propionate, and butyrate production in 

the cecal contents of the recipient mice. However, we did not find a significant difference in the 

concentration of cecal SCFAs between groups, indicating a more subtle interplay of microbial 

blueberry polyphenol metabolism outside the scope of SCFA production.  

 The present study has several strengths.  To ensure a representative microbial 

community and eliminate cage effects over time, all mice started in a germ-free environment 

and were gavaged with inoculum twice.47 Throughout the study, the same diet was implemented 

to control for variations in dietary substrate available to the microbiome. We opted for a germ-

free mouse model with inoculation at seven weeks of age over specific pathogen-free or 

antibiotic-treated mice for the following strengths: A germ-free mouse model is the gold 

standard for fecal transplantation. Inoculation early in life allows proper development of the 

immune system and gastrointestinal tract47, which can be altered in adult germ-free mice. 

Additionally, there is no pre-established microbiome with which the inoculum engraftment can 

compete. However, there are also limitations to the current study that should be addressed. 

While the donors had validated elevations in blood pressure, a hypertensive microbial 

composition may not have been significant enough to drive vascular dysfunction in the donor 

mice. Also, while there was an improvement in the endothelial function in the human 

responders from the initial clinical trial, this dysfunction was not completely reversed. If 

normotensive individuals were included in the initial trial, a baseline for vascular alterations in 

the recipient mice could have been stratified by a normotensive post-menopausal donor cohort. 

https://paperpile.com/c/F7PHRx/gTrM
https://paperpile.com/c/F7PHRx/EYXo
https://paperpile.com/c/F7PHRx/QaYQ
https://paperpile.com/c/F7PHRx/4ltv
https://paperpile.com/c/F7PHRx/cWE4
https://paperpile.com/c/F7PHRx/cWE4
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Regarding the fecal transplant, there is no standardized method for handling fecal samples, and 

we opted to freeze stool samples to halt microbial metabolism. The viability of microbiota after 

freezing can significantly decrease and also favor specific taxa that survive temperature 

gradients.40 However, albeit using fresh stool or freezing in a maltodextrin-trehalose 

preservation medium48, we cannot discredit the fact that anaerobic microbiota dominates the 

gut, and even when processing stool in strictly anaerobic conditions, 50% viability can be lost49. 

Moreover, all mice received a unified, pooled donor microbiome transplant to limit the 

interindividual microbiome composition from select participants. However, this choice may 

have blunted the microbial-mediated vascular phenotype transfer due to competing microbiota 

in the mixed samples. Lastly, we hypothesized that a blueberry-conditioned microbiome could 

alter vascular pathology in recipient mice under a standardized diet. However, there was no 

continuation of a targeted dose of blueberries in the diets of the mice, which may have been 

needed to validate vascular alterations between cohorts. The addition of blueberries to the 

mouse diets was outside the scope of our hypothesis but may be an avenue for future research to 

assess microbiome and vascular response. 

VI. CONCLUSIONS 

In conclusion, this study investigated a gut microbiota transplant from post-menopausal 

females with elevated or Stage I hypertension after blueberry treatment on vascular pathology in 

germ-free mice. Although the study did not yield similar results to previous research that linked 

fecal transplants to cardiovascular phenotype in germ-free mice, it did reveal subtle 

endothelium-independent vasodilation changes and microbiome alterations. These findings 

suggest that the therapeutic potential of a highbush blueberry powder-conditioned microbiome 

on vascular may not be solely due to changes in microbial signatures but the interaction of the 

microbiome and blueberries in conjunction. To further explore alternative mechanisms of action 

for the observed improvements in vascular health, future studies may focus on examining the 

https://paperpile.com/c/F7PHRx/ieFh
https://paperpile.com/c/F7PHRx/B25h
https://paperpile.com/c/F7PHRx/HLWv
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functional capacity of microbial-mediated polyphenol degradation as a mechanistic means for 

endothelial health. 
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CHAPTER 3: THE GUT MICROBIOME REGULATES POLYPHENOL 
BIOAVAILABILITY IN POST-MENOPAUSAL FEMALES WITH IMPROVED ENDOTHELIAL 

FUNCTION AFTER BLUEBERRY TREATMENT 

 
 

I. SUMMARY 

 

Fig 2.05. Proposed mechanism of microbial liberation of quercetin and myricetin from 
blueberries and the effect on endothelial-mediated dilation via estrogen receptors. 
 
Cardiovascular disease (CVD) is a major contributor to illness and mortality worldwide, with 

biological females experiencing an increased risk of developing cardiovascular complications 

and hypertension following menopause.1,2 Yet, epidemiological data indicate that a diet rich in 

plant-based food offers protection against the advancement of CVD which is partially attributed 

to polyphenol-rich food sources.3 Blueberries, in particular, are a rich source of polyphenols and 

have been researched for their cardioprotective effects.4 In our previous clinical trial, we found 

that daily twelve-week consumption of highbush blueberry powder improved arterial 

endothelial function through flow-mediated dilation measurements in post-menopausal females 

with elevated blood pressure or stage I hypertension. However, there was a degree of 

interindividual variability in the size and magnitude of endothelial response, which enabled us 
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to divide the cohort into responders (n=7) and non-responders (n=8). Although there were 

subtle differences in baseline characteristics, we also observed differences in circulating 

polyphenol-specific metabolites throughout the duration of the study. Based on our 

observations, we formulated a hypothesis that at the individual level, the gut microbiome varies 

in its capacity to metabolize polyphenols mediating levels of exposure to the bioactive 

metabolites of blueberries. Thus, we found responders to have a lower observed ASV alpha 

diversity index (responder: 55.75±3.9, non-responder: 75.5±1.5; p<0.005) and a significantly 

higher presence of polyphenol-degrading Agathobacter, Monoglobus, and Dialister (p<0.005) 

in the responders. Metagenomic profiling of the presence/absence of features showed no 

significant differences in polyphenol degradation or glucosidase pathways. However, the 

responders had higher circulating secondary polyphenolic metabolites, myricetin (p<0.05) and 

quercetin (p=0.09), that act as antioxidants and signaling molecules for blood vessel dilation at 

the vascular endothelium. Both Phascolarctobacterium faecium and Alistipes shahii were 

present in both the responders and non-responders. However, only P. facium and A. shahii in 

the responders had significantly higher quercetin-2,3 dioxygenase (QueD) genes responsible for 

processing quercetin and myricetin (P. faecium: log2FC=1.3, p=0.0530, A. stipes: log2FC=1.5; 

p=0.0652). In summary, this study suggests that gut microbiome may play a vital role in the 

variable endothelial response to highbush blueberry consumption in post-menopausal females 

with elevated blood pressure due to variations in gut microbiome polyphenol processing (Fig. 

2.05). 
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II. INTRODUCTION 

Cardiovascular disease (CVD) is a grave global health concern, accounting for the highest 

number of deaths worldwide.5 The risk of developing CVD increases with age, and it varies 

between biological males and females.2 Females generally have a lower overall risk of CVD than 

age-matched males until they reach menopause.2 A preclinical risk factor for CVD is related to a 

condition called endothelial dysfunction, characterized by blood vessels that are unable to fully 

dilate.6 Endothelial dysfunction has been linked not only to vascular aging but to a lower 

concentration of estrogen in post-menopausal females.1 Among its many functions, estrogen 

binds to estrogen receptors alpha (ERɑ) and beta (ER𝛽𝛽) on the vascular endothelium, inducing 

the release of nitric oxide (NO), to dilate blood vessels.7 During menopause, estrogen levels in 

the body decrease, which can lead to a reduction in ER expression.8,9 This, in turn, can cause a 

decrease in NO release associated with ER signaling, suggesting a modulatory role of estrogens 

on the endothelium.8 However, studies in ovariectomized rodents suggest that estrogen 

supplementation can increase endothelial ER expression to restore NO signaling.9,10 

Furthermore, certain compounds consumed from plants in the diet have estrogenic properties 

that bind to ERɑ and ER𝛽𝛽, suggesting that diet may be a means to reduce endothelial 

dysfunction in postmenopausal females.11   

Epidemiological data indicates that a diet rich in plant-based food offers protection 

against the advancement of CVD.3,12,13 This is partially attributed to the presence of 

phytochemicals, particularly polyphenols, from fruits and vegetables in the diet. Polyphenols are 

classified into four main groups - flavonoids, phenolic acids, lignans, and stilbenes - based on 

the number of phenol rings and their functional groups. Plants contain various concentrations 

and types of polyphenols, but foods high in flavonoids and phenolic acids have been studied for 

their antioxidant properties in mitigating CVD.3,13,14 Blueberries, are an incredibly rich source of 

phenolic acids and flavonoids15 with approximately 300 milligrams per 100 grams of fresh 

fruit,16 and have been researched for their cardioprotective effects. For example, a six-week 
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intervention in obese males and females with metabolic syndrome who consumed 45 grams of 

blueberry powder daily experienced a notable improvement in endothelial function, regardless 

of blood pressure.17 Similar results were observed in another study involving the same 

demographic, where a decrease in blood pressure was observed after an eight-week intervention 

involving 50 grams of freeze-dried blueberry powder.18 Additionally, the consumption of 

blueberries on an acute basis has been found to enhance flow-mediated dilation (FMD) of blood 

vessels in healthy adult males, indicating a positive impact of blueberries on endothelial 

function.19 However, the implications of blueberry intervention on endothelial function in 

postmenopausal females have been relatively limited17,20 and thus the basis for our initial clinical 

trial. Post-menopausal females who had elevated blood pressure or stage I hypertension 

consumed 22 grams of highbush blueberry powder daily for a period of twelve weeks. While the 

blueberry treatment did not show significant results in terms of reducing blood pressure, an 

increase in FMD, as a proxy for improvement in endothelial function was observed.21  

Despite the overall benefits of blueberry consumption, there were individuals who were 

responders (with a >+1% FMD increase) or non-responders (with a <+1% FMD increase). The 

responders showed a greater improvement than the non-responders, with a notable difference 

of +4.26% versus -1.25% (p<0.001). Although the cause for this inter-individuality in response is 

unknown,17,22,23 we noted higher baseline estradiol concentrations (p=0.002), lower ending 

plasma nitrate (p=0.028), lower baseline FMD (p=0.031), higher intercellular adhesion 

molecule-1 (p=0.010), and higher phosphorylated endothelial nitric oxide synthase (eNOS) in 

responders (p=0.019).24 Interestingly, total polyphenol-specific metabolites increased at weeks 

four and twelve (p=0.047) along with alterations in specific secondary metabolites over time.24 

Our analysis of the metabolites present in the plasma of the participants revealed that they were 

not glycosylated storage forms of polyphenols, but rather polyphenol secondary metabolites that 

had been modified by the gut microbiome. As a result, we hypothesized that gut microbiome 

differences may account for a portion of the variability in response. 
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The gut microbiome is a consortium of bacteria, fungi, archaea, virus, and the 

metabolites they produce that reside in the gastrointestinal tract.25 Among its many functions, 

the gut microbiome plays an integral role in the degradation of plant polyphenols to allow their 

secondary metabolites to be accessed by the host to exert their pleiotropic effects.26,27 

Glycosylated polyphenol parent compounds are rarely found in circulation due to low 

bioavailability and require biotransformation by the gut microbiome and intestinal enzymes 

before entering the bloodstream.28 The diverse range of polyphenol-metabolizing enzymes 

present in microbial species can collectively result in the production of different secondary 

metabolites depending on the taxa present. Therefore, variation in the gut microbiome might 

explain different levels of exposure to the bioactive polyphenols that modulate endothelial-

mediated dilation. 

With the continuous improvement of microbial detection techniques, we have made 

significant strides in defining the structure and function of the gut microbiome through 

complementary methods such as 16srRNA and metagenomic sequencing. With these 

advancements, we have recognized that the gut microbiota fulfills critical needs in digestion that 

systematically affect host metabolism in health, and in CVD. However, the metabolic pathways 

and end metabolites interacting with endothelial-mediated dilation in post-menopausal females 

remain unclear. To explore the microbial contribution to the interindividual response to a 

dietary blueberry intervention in this demographic, we utilized a multifaceted approach that 

studied the connections between polyphenols, the gut microbiome, and circulating polyphenol 

metabolites. The objective was to identify the polyphenol degradation features of the gut 

microbiome and their relationship to circulating metabolites that may play a crucial role in 

inducing vasodilation, and promotion of a healthy endothelial response. We hypothesized 

differences in gut microbiome polyphenol decomposition pathways would lead to the liberation 

of vasoactive metabolites driving endothelial-mediated dilation in the responder group of our 

blueberry intervention. 
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III. METHODS 

16s rRNA Fecal Microbiota Characterization: Fecal DNA was collected from stool 

samples and extracted using the FastDNA Kit (No. 6540600; MP Biomedicals, Irvine, CA) as per 

the manufacturer's instructions for preparation and 16s sequencing libraries. The Earth 

Microbiome Protocol was used for Quantitative PCR, which utilized the 515F-806R primer set 

containing a unique 12-bp error-correcting barcode on the forward primer for amplification of 

the V4 16S rRNA region. Thermal cycling conditions using the Bio-Rad CFX96 thermal cycler 

involved thirty-five cycles at 94°C for forty-five seconds, 50°C for sixty seconds, and 72°C for 

ninety seconds, followed by 72°C for ten minutes. Negative DNA extraction controls and no 

template PCR controls were included in the 96-well plates to eliminate false positive results and 

ensure accuracy. The extracted amplicons were purified using AmPure beads and pooled in 

equimolar ratios before quantification and sequencing on an Illumina MiSeq at the Next-

Generation Sequencing Facility at Colorado State University. 

Metagenomic Sequence and Assembly: A total amount of 1ug DNA per sample was used 

as input material in sample preparations.  Sequencing libraries were generated using the 

NEBNextⓇ UltraTM DNA Library Prep kit (No. NEB E7645, New England Biolabs, Ipswich, MA) 

for Illumina following the manufacturer’s recommendations. Index codes were added to 

attribute sequences to each sample. DNA was fragmented via sonication to a size of 350bp and 

DNA fragments were end-polished, A-tailed, and ligated with the full-length adaptor for 

Illumina sequencing with further PCR amplification. Lastly, PCR products were purified using 

the AMPure XP system  (Beckman Coulter, Chaska, MN), and libraries were analyzed for size 

distribution by the Agilent 2100 Bioanalyzer (No. G2939BA, Agilent, Santa Clara, CA) and 

quantified using real-time PCR. The clustering of the index-coded samples was performed on a 

cBot Cluster Generation System (No. SY-301-2002, Illumina, San Diego, CA) according to the 

manufacturer’s instructions. After cluster generation, the library preparations were sequenced 

on an Illumina HiSeq platform (No. SY-401-1001, Illumina, San Diego, CA) and paired-end 
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reads were generated. The original data obtained from the high throughput sequencing 

platforms were transformed into sequenced reads by base calling. Raw data were recorded in 

Fastq files containing sequenced reads and corresponding sequencing quality information. Fastq 

files ran through quality control, removing reads containing adapters, reads containing N>10%, 

and reads containing a Qscore ≤5. Taxonomy assigned to metagenomic assemblies using 

MetaPhlAn4.29 A gene-centric approach using DRAM230,31 with CAMPER31 software was used to 

filter out contigs <2500bp and subsequently call genes using Prodigal (v2.6.3).32 CD-Hit-EST 

(v4.8.1)33 was used to cluster genes at 95% identity with an alignment coverage of 80% for the 

shorter sequence. A bowtie (v2.4.5) database was built using the clustered genes. Each set of 

quality controls was then mapped back to the clustered gene database. CoverM (v0.7.0)34 was 

then used to normalize gene counts which aligned at ≥97% identification, ≥3x depth, and ≥75% 

coverage. The coverM normalized gene counts were then input Maaslin2 (v1.7.3)35 in R software 

to determine multivariable associations between phenotypes, then subsampled at fifteen million 

reads. Enzymes were mined from DRAM and CAMPER raw outputs and cross-referenced with 

GenomeNet database for validation against bacterial taxa.36 

Circulating Polyphenol Metabolites: Targeted plasma polyphenol metabolomics was 

performed per micro-elution solid phase extraction (μ-SPE) combined with ultra-high-

performance liquid chromatography triple-quadrupole time-of-flight mass spectrometry 

(UHPLC-Qq TOF MS) in methods previously described.37  Polyphenolic metabolites were 

extracted from stored plasma samples of the study participants after thawing in an ice bath. 

Undiluted plasma samples were acidified with 4% phosphoric acid (v:v 1:1) and centrifuged at 

15,000rcf for fifteen minutes at 4°C and spiked with 50nM of a taxifolin internal standard. 600 

μL of the prepared plasma samples were first loaded into an μ-SPE Oasis HLB plate (No. 

186005837, Waters, Eschborn, Germany), washed with 200μL water and 0.2% acetic acid, 

before eluting with 60μL methanol and sealed with a polyolefin film to prevent evaporation. 5 

μL of the eluded samples were injected through a Raptor Biphenyl column 2.1 x 50 mm, 1.8µm 

https://paperpile.com/c/KSBNwA/9dgV
https://paperpile.com/c/KSBNwA/oZIk+TxkP
https://paperpile.com/c/KSBNwA/TxkP
https://paperpile.com/c/KSBNwA/yc3T
https://paperpile.com/c/KSBNwA/W1Yt
https://paperpile.com/c/KSBNwA/wZiY
https://paperpile.com/c/KSBNwA/IzRl
https://paperpile.com/c/KSBNwA/E7g2
https://paperpile.com/c/KSBNwA/Gb8S
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(No. 9309252, Restek, Bellefonte, USA) with a compatible Raptor Biphenyl Guard Cartridges 5 x 

2.1 mm (No. 9309U0252, Restek, Bellefonte, USA) on a triple quadrupole mass spectrometer 

(No. LCMS-8060, SHIMADZU, Kyoto, Japan) in negative mode. During the run, a maintained 

flow rate at 0.5 mL/min, with the mobile gradient phase consisting of 0.1% formic acid (solvent 

A) and acetonitrile with 0.1% formic acid (solvent B) lasting fourteen minutes, at a temperature 

of 30°C. The elution profile began at 1% solvent B, increasing to 10% after five minutes, then 

25% at eight minutes, and to 99% at nine minutes. The percentage of solvent B was held 

constant for one minute. The gradient was then reverted to 1% solvent B for two min to 

equilibrate the column. To identify the metabolites, retention times were compared with 

authentic polyphenol standards in corresponding multiple reaction monitoring transitions. The 

quantity of metabolites was measured by using calibration curves made from standard mixes 

through the SHIMADZU LabSolutions™ LCMS Software. 

Statistics: Data expressed as means ± SEM without the assumption of normality. 

Missing values and outliers were excluded from the comparisons and triplicate measures in each 

group were required for calculations. A p-value of ≤0.05 was considered statistically significant, 

while a p-value=0.051-0.09 before false-discovery rate correction was regarded as trending 

toward statistical significance. 

Microbiome statistical method for 16s rRNA data is as follows. Paired-end sequence 

reads were demultiplexed using rev-comp-barcodes error correction and assessed for quality in 

the open-source bioinformatics tool Qiime2 (version Qiime2-2023.9).38–40 Next, 16s rRNA reads 

were filtered and assessed using a PHRED quality score of 25. Forward reads were then 

truncated at 250, and negative reads truncated at 242 base pairs resulting in a feature table with 

amplicon sequence variants (ASVs), denoised statistics, and a sequencing table using the 

DADA2 method.40,41 The ASVs were taxonomically classified on the ‘SILVA 138 99% OTUs from 

the 515F/806R region of sequences’ Naïve Bayes classifier42,43 before filtering out reads assigned 

to chloroplasts and mitochondria as they were not considered part of the bacterial gut 

https://www.sciencedirect.com/topics/chemistry/mobile-phase-composition
https://www.sciencedirect.com/topics/chemistry/acetonitrile
https://paperpile.com/c/KSBNwA/XBSQ+Dg9h+DklM
https://paperpile.com/c/KSBNwA/3uZDq+DklM
https://paperpile.com/c/KSBNwA/BrbgR+uovyI
https://paperpile.com/c/KSBNwA/BrbgR+uovyI
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microbiome. Microbiome Analyst marker data profiled for secondary workflow was used from 

the resulting feature tables, taxonomy, and metadata.44 A 10% low count cutoff of 10% was 

applied using standard deviation as the variance filter and data normalization was performed 

based on total sum scaling. Relative abundance for dominant phyla calculated using a two-way 

ANOVA with Sidak’s multiple comparison’s test. Alpha diversity was calculated for each sample 

using observed and Shannon's diversity index at the genus taxonomic level using the non-

parametric unpaired t-test, with a Mann-Whitney post hoc test when a significant main effect 

was observed. Beta diversity was calculated using the PCoA ordination method with Bray-Curtis 

distance methods calculated at the genus taxonomic level and analyzed with PERMDISP 

multivariate statistics. Empirical analysis of digital gene expression in R (EDGER) univariate 

analysis was performed at a genus level for comparison between groups assuming read counts 

followed a negative binomial distribution, where the mean of the count is less than the 

variance.45,46 

Microbiome statistical method for metagenomic polyphenol metabolism pathways as 

follows. Resulting DRAM, relative abundance and presence/absence datasets, and CAMPER 

pathway analysis were independently analyzed in the MetaboAnalyst 6.0 workflow.47,48 Data was 

auto-scaled and normalized to the median value before univariate, chemometric, and cluster 

analyses. Meta-analysis was performed at the pathway level. The percentage of response 

variance was predicted using orthogonal partial least squares (OPLS) by R2X (and respectively 

R2Y) percentage of predictor variance explained by the full model, and Q2 as a cross-validation 

of predictive performance using two (DRAM), four (carbohydrate/glycoside),  and two 

(CAMPER) permutations respectively. Heatmaps were produced using Euclidean distance 

measure with the Ward clustering algorithm on normalized data for the direct parent 

compounds of detected serum plasma metabolites with hierarchical clustering based on 

abundance. Fold change (FC) was calculated to compare the ratios of group means using non-

responders as the control, only features with FC>2.0, or log2FC>0.5 were considered further. 

https://paperpile.com/c/KSBNwA/sIus4
https://paperpile.com/c/KSBNwA/jBEH+BrmU
https://paperpile.com/c/KSBNwA/1bS1+ksgR
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Statistical analysis for metabolomic volcano plot used a non-parametric unpaired two-tailed 

Student’s t-test against log2FC of the respective metabolites. Metabolite-metabolite interaction 

network associations were extracted from the search tool for interactions of chemicals (STITCH) 

tool so that only highly confident interactions are exhibited for chemical structure and 

molecular activities. Kyoto Encyclopedia of Genes and Genomes (KEGG) global metabolic 

network used to visually explore fold change integration from joint plasma metabolomics and 

bacterial metagenomic data.  

IV. RESULTS 

We first investigated the relative abundance of the gut microbiota along with alpha and 

beta diversity between blueberry intervention responders and non-responders. Analysis of 16s 

rRNA sequencing demonstrated that there were no discernible variations in the relative 

abundance of the six most prevalent gut bacterial phyla (p=0.9891, Fig. 2.1a). However, we did 

observe a lower number of observed amplicon sequence variants (ASVs) at the genus level in the 

responders (responder: 55.75±3.9, non-responder: 75.5±1.5; p<0.005, Fig. 2.1b), which was also 

reflected as a trending reducing in Shannon’s diversity index (responder: 2.70±0.14, non-

responder: 3.03±0.1; p=0.0667, Fig. 2.1c). Bray-Curtis beta diversity distances using pairwise 

PERMANOVA multivariate permutation test was used to assess dissimilarity between groups 

and ordination plots showed clustering by outcome attained genus level significance (PCoA: 

PERMANOVA F-Value=1.79; p=0.0570, Fig. 2.1d). Yet, PERMDISP analysis for evaluating 

dispersion and location between groups was insignificant (PCoA: PERMDISP F-Value=0.44; 

p=0.5236, Fig. 2.1d). Heat tree analysis indicated that responders had higher abundance of 

Negativicutes with lower abundance of Prevotella, Bifidobacterium, Lachnospiriaceae, 

Peptostreptococcales, and Oscillospiraceae than non-responders (Supp. Figure 1a). EDGER 

single-factor analysis showed higher Agathobacter, Monoglobus, and Dialister in 

responders(Agathobacter: log2FC=3.7; p<0.005, Monoglobus: log2FC=3.5; p<0.005, Dialister: 
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log2FC=6.1; p,0.0005; Supp. Figure 2 a,b,c), all with established links to deglycosylation or 

degradation of polyphenols to short-chain fatty acids (SCFAs).49  

 

Fig 2.1. Bacterial alpha diversity differs between responders and non-responders. a. Relative 
abundance of primary bacterial phyla b. Observed ASV alpha diversity at the genus level c. 
Shannon’s alpha diversity at the genus level d. Principle coordinate analysis (PCoA) of beta 
diversity at the genus taxonomic level. Microbiome graphs derived from 16s rRNA sequences. 
Taxa barplot was analyzed using two-way full effects ANOVA with Sidak’s multiple comparisons 
test. Alpha diversity graphs were calculated using the non-parametric Mann-Whitney test after 
FDR correction, and the results were displayed through violin plots indicating the minimum and 
maximum values, as well as the 25th-75th percentile range. PCoA is represented using the Bray-
Curtis dissimilarity index using  PERMDISP multivariate analysis with the Benjamini-Hochberg 
false discovery rate. Ellipses show the 95% confidence interval for each cohort. n=4-6/group; 
**p<0.005. 

https://paperpile.com/c/KSBNwA/Ui5w
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To evaluate circulating blueberry polyphenol metabolites in the participants' plasma, we 

employed a targeted metabolomics panel using ultra-high-performance liquid chromatography 

triple-quadrupole time-of-flight mass spectrometry (UHPLC-Qq TOF MS). There were no 

significant changes in total polyphenol metabolites between groups. (Responder: 

1.8x105±9.5x104, Non-Responder: 2.0x105±3.8x104 uM; p=0.5358, Fig. 2.2a), or in the absolute 

or relative abundance of circulating polyphenol metabolite classes (p=0.9999, Fig. 2.2b). 

Furthermore, there were no changes in CAMPER polyphenol metabolism (R2X=0.28, 

R2Y=0.15, Q2=-0.14 last orthogonal component; Fig. 2.2c) and CAZy glucosidase metabolism 

pathways (R2X=0.31, R2Y=0.20, Q2=-0.42 last orthogonal component; Fig. 2.2d) from gut 

microbial metagenomic sequencing. 
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Fig 2.2. Plasma polyphenol metabolites do not differ between responders and non-responders 
a. Total detected plasma polyphenol metabolites b. Relative abundance of plasma polyphenols 
c. Orthogonal partial least squares (OPLS) of polyphenol degradation pathways d. OPLS model 
of glucosidase pathways. Metabolite abundance analyzed using a non-parametric unpaired two-
tailed Student’s t-test, with a Mann-Whitney post hoc test. Taxa barplot analyzed using two-way 
full effects ANOVA with Sidak’s multiple comparisons test. OPLS  score plot of each model in 
the plane of the first predictive (t-score 1) and the last orthogonal (orthogonal t-score 1) 
components for two and four permutated orthogonal components respectively. Ellipses show 
the 95% confidence interval for each cohort. n=7-8/group. 

As global alterations in polyphenol degrading and glycoside processing profiles did not 

differ between groups, we next evaluated individual metabolites and their direct parent 

compounds. Metabolomic analysis of the direct parent class of plasma metabolites revealed that 

responders had a higher abundance of circulating flavonols (ie. class of flavonoids) than non-

responders (Responder: 165.5±915.7, Non-Responder: 110.8±35.4 uM; p<0.05, Fig. 2.3 a & b). 

Importantly, we discovered two specific flavonols, quercetin, and a similar flavonol myricetin, to 

be trending higher in responders (Quercetin: log2FC=1.3, p=0.09, Myricetin: log2FC=1.1; 

p<0.05, Fig. 2.3c). 
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Fig 2.3. Myricetin and quercetin flavonols are higher in responders a. Heatmap of polyphenol 
direct parent compounds in plasma samples b. Absolute flavonol abundance c. Volcano plot of 
significant plasma metabolites in responders. Heatmap produced using Euclidean distance 
measure with Ward clustering algorithm on normalized data for the direct parent compounds of 
detected serum plasma metabolites with hierarchical clustering based on abundance. Flavonol 
abundance analyzed using a non-parametric unpaired two-tailed Student’s t-test, with a Mann-
Whitney post hoc test. Statistical analysis for the volcano plot was performed using a non-
parametric unpaired two-tailed Student’s t-test against FC=log2(Y). n=7-8/group. 

Myricetin and quercetin share a similar structure, with myricetin possessing an 

additional hydroxyl group at the 5’ position of the aromatic B-ring (Pink dot=upregulated FC, 

Fig. 2.4a). Highbush blueberries contain copious amounts of both of these flavonoids stored in 

their glycosidic forms (Quercetin Glycoside: 1.5-9.0, Myricetin Glycoside: 1.0-12.2 mg/100g fruit 

weight) and must be extracted to be in their most active form.50 While the abundance of 

myricetin and quercetin were elevated in the responders, we also examined secondary 

https://paperpile.com/c/KSBNwA/Hafm
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metabolites that may have contributed to observed cardiovascular outcomes. Phenylacetic acid 

(PAA), is an intermediary hub metabolite from the degradation of compounds containing phenyl 

groups, such as myricetin and quercetin or aromatic amino acids and can be anti or 

proinflammatory depending on its modifications (Supp. Figure 3a). We analyzed circulating 

PAA and its hepatically modified metabolites to determine if there was a divergence between 

responders and non-responders in gut microbiome processing of phenyl-containing compounds. 

We did not find significant deviations in PAA, 3-hydroxyphenylacetic acid (3-HPAA), 3’,4’-

dihydroxyphenylacetic acid-4’sulfate (DHPA), or homovanillic acid (HVA) between groups 

(p=0.4129, Fig. 2.4b). Additionally, PAA was below the limit of detection in the plasma of two of 

the responders and one of the non-responders (Fig. 2.4b). We also found that microbial tyrosine 

and phenylalanine metabolic pathways were downregulated in the responders (Phenylalanine: 

p<0.0001, Tyrosine: p<0.05, Fig. 2.4c), suggesting that the contribution of these pathways to 

the circulating PAA pool is limited.  
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Fig 2.4. PAA is not a significant driver of myricetin and quercetin degradation a. Quercetin, 
myricetin, and phenylacetic acid interaction network (pink dots exhibit higher FC, whereas 
green dot is a lower FC in responders) b. Circulating phenylacetic acid metabolites c. 
Phenylacetic acid metabolic map. Metabolic maps FC=log(Y), >2.0 for fold change significance 
for comparing metabolites against metabolic pathways using STITCH tool for highly confident 
interactions with KEGG annotations. PAA metabolites assessed using a two-way full effects 
ANOVA with Sidak’s multiple comparisons test. n=7-8/group. 

The rise in myricetin and quercetin levels, coupled with the minimal contribution of PAA 

in the bloodstream of responders, led us to investigate whether there were differences in 

microbial polyphenol degradation pathways between the groups. In a presence/absence 

analysis, we found two relevant KEGG ortholog (KOs) identifiers. Quercetin-2,3-dioxygenase 

(QueD/PIR, [E.C. 1.13.11.24], K06911) and gallate decarboxylase (LpdC, [E.C. 4.1.1.59], 

K22958), were more present in responders (log2FC=>1.0; p<0.05, Fig. 2.5a). Additionally, 1,2-

epoxy phenylacetyl-CoA isomerase (PaaG, [E.C. 5.3.3.18], KO15866), as part of the gene 
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complex that initiates PAA biotransformation into SCFAs51 in the gut was present, but not 

significantly higher in responders (log2FC=1.1; p=0.2893, Fig. 2.5a).  

We then identified two bacteria in our metagenomic data that contained one to three of 

these polyphenol degradation genes in the responders. Out of fifty-eight bacteria detected with 

the QueD gene, Phascolactobacterium faecium (P. faecium) and Alistipes shahii (A. shahii) 

both contained trending higher abundance of this quercetin and myricetin degrading enzyme52 

in the responders (P. faecium: log2FC=1.3, p=0.0530, A. stipes: log2FC=1.5; p=0.0652, Fig. 

2.5b), but was not present in non-responders. Additionally, the P. faecium species also 

contained LpdC and PaaG genes, though not statistically significant (LpdC: log2FC=1.4, 

p=0.1028, PaaG: log2FC=0.4, p=0.2590). Interestingly, both A. shahii and P. faecium 

commensals presence were not significantly different between responders and non-responders 

(A. Shahii, p=0.3153, P. faecium, p=0.3026, Fig. 2.5 c & d).  

 

https://paperpile.com/c/KSBNwA/z5py
https://paperpile.com/c/KSBNwA/LvDu
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Fig 2.5. P. faecium and A. stipes metabolize quercetin and myricetin. a. Heatmap of microbial 
genes that process quercetin and myricetin b. Volcano plot of bacteria containing the QueD/PIR 
gene in the responders c. P. faecium d. A. shahii. Statistical analysis for genes in heatmap and 
bacteria in volcano plot was performed using a non-parametric unpaired two-tailed Student’s t-
test against FC=log2(Y). MetaPhlAn taxonomic profiles of computed absolute taxon abundances 
and compared using a non-parametric unpaired two-tailed Student’s t-test, with a Mann-
Whitney post hoc test. n=7-8/group. 

V. DISCUSSION 

This study demonstrates that post-menopausal females who responded to blueberry 

treatment had higher plasma concentrations of quercetin and myricetin. This observation was 

accompanied by decreased microbial alpha diversity and significantly higher Agathobacter, 

Monoglobus, and Dialister polyphenol-degrading bacteria in the responders. However, these 

changes in the gut microbiome were independent of detected microbial polyphenol degradation 

pathways, or glucosidase profiles. An in-depth analysis revealed that the presence of QueD, 

LpdC, and PaaG polyphenol-degrading genes in P. faecium or A. stipes in the responders may be 

a subtle factor in flavonol digestion. Additionally, the responders had a higher generalized 

concentration of flavonols, without significant changes in circulating anti or proinflammatory 

PAA metabolites. This result establishes that quercetin and myricetin were not completely 

metabolized into other derivatives, and instead remained intact, enabling them to enter 

circulation and contact the vascular endothelium.  

The results of our study revealed that post-menopausal females who exhibited improved 

FMD after a blueberry intervention had elevated circulating secondary polyphenol metabolites 

myricetin and quercetin. Both of these metabolites are highly prevalent in blueberries and are 

deemed to be cardioprotective via their indirect action as antioxidants.53–56 For example, 

supplementation of quercetin and myricetin containing grape powder in pre and post-

menopausal females reduced markers for endothelial inflammation, with favorable alterations 

in lipoprotein profiles.57 Others have also found that quercetin can decrease malondialdehyde as 

a proxy for LDL oxidation, specifically in post-menopausal females.58 Albeit these are 

generalized cardiovascular mechanisms, quercetin and myricetin also have direct effects on the 

https://paperpile.com/c/KSBNwA/96Sz+AVOt+KhXu+7pEv
https://paperpile.com/c/KSBNwA/6i72
https://paperpile.com/c/KSBNwA/TBd2
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vascular endothelium. Studies conducted on rodent models have demonstrated that myricetin 

and quercetin induce arterial endothelial-mediated relaxation.59,60 Furthermore, these 

polyphenol metabolites stimulate the expression of eNOS, which leads to the release of nitric 

oxide, as observed in endothelial cell culture models.55,61 Clinical research exploring the impact 

of quercetin and myricetin on endothelial function in post-menopausal females is limited. 

However, a study conducted by Dower et al. shed light on the potential benefits of quercetin 

supplementation on endothelial function in (pre)hypertensive males and females aged forty to 

eighty years old. In this randomized, placebo-controlled, crossover study, participants ingested 

quercetin capsules for four weeks. The results showed a significant decrease in soluble 

endothelial selectin, and pro-inflammatory interleukin-1β levels,62 however endothelial receptor 

interaction was not explored. Of the endothelial receptors quercetin and myricetin bind to, ERɑ 

and ER𝛽𝛽 are of primary interest. After menopause, ER expression on the endothelium 

significantly decreases which contributes to endothelial dysfunction.8 Quercetin and myricetin 

bind to ERɑ and ER𝛽𝛽,63 located in multiple tissues including the vascular endothelium, and 

coupling to ERs stimulates eNOS to produce nitric oxide to relax the smooth muscle in the 

dilation of blood vessels.64 As estrogen is the primary metabolite that binds to ERs, it can be 

inferred that both myricetin and quercetin act as phytoestrogens and are capable of stimulating 

ERs in an estrogen-depleted, post-menopausal state. Moreover, this idea supports our earlier 

observation of blueberry treatment stimulating eNOS as the expression of phosphorylated eNOS 

in the responders was increased (p=0.019),24 which has been correlated with endothelial ERɑ 

abundance.8 

The amount of quercetin and myricetin ingested was consistent between the groups, yet 

these secondary polyphenol metabolites were more present in the bloodstream of the 

responders. This suggests differential polyphenol processing and liberation that we 

hypothesized to be mediated by the gut microbiome. Although these conjugated polyphenols in 

blueberries can be absorbed intact,65 parent polyphenolic compounds have extremely low 

https://paperpile.com/c/KSBNwA/gY9n+6a6a
https://paperpile.com/c/KSBNwA/KhXu+tsEM
https://paperpile.com/c/KSBNwA/WRSA
https://paperpile.com/c/KSBNwA/cKX3
https://paperpile.com/c/KSBNwA/6aJj
https://paperpile.com/c/KSBNwA/6Xht
https://paperpile.com/c/KSBNwA/lok8
https://paperpile.com/c/KSBNwA/cKX3
https://paperpile.com/c/KSBNwA/pCfT
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bioavailability, and thus low bioactivity66. Most quercetin and myricetin in plants are bound to 

glycone residues (ie. saccharide moiety) as quercetin-3-O-galactoside and myricetin-3-O-

arabinoside.67 Cleavage of the glycosidic bond in the gut liberates quercetin and myricetin from 

its side group, which increases bioavailability.66 Absorption and time to reach maximal systemic 

concentration is generally between one and nine hours based on food source and composition of 

the gut microbiome.68 Interestingly, there seems to be a difference in polyphenolic modification 

based on gender and age. Researchers have observed that premenopausal females hydrolyze the 

flavonoid rutin (quercetin 3-rutinoside) into quercetin more efficiently than males, resulting in 

higher circulating quercetin.69 Furthermore, there are indications that microbiota composition 

may be more similar between postmenopausal females and males than premenopausal and 

postmenopausal females,70 where microbial-mediating polyphenol processing may differ after 

menopause. Certain genera of bacteria possess 𝛽𝛽-glucosidase enzymes that are capable of O-

deglycosylation, such as the  Agathobacter and Monoglobus,49  which we found to be more 

abundant in responders. Specifically, others have found that Monoglobus produces 

rhamnosidase in liberation of quercetin49 and Agathobacter species can cleave carbon 

glucosides that human glucosidases do not have access to71. However, not all members of these 

genera produce glucosidases, and a limitation of our experiment was insufficient sequencing 

depth to fully assemble the metagenome and accurately infer differences in enzymatic pathways 

associated with specific taxa. In addition to microbes with 𝛽𝛽-glucosidase activity, we identified 

bacteria with links to polyphenol processing after the removal of the glycone residue. Dialister 

genera, which was more present in the responders, has been documented to contain the 

phloretin hydrolase (PHY) gene involved in flavonoid reduction to SCFAs.49 Furthermore, we 

found two bacteria with direct myricetin and quercetin processing genes. 

Phascolarctobacterium and Alistipes are commensal bacteria in the human gastrointestinal 

tract that feed on dietary fiber72 through 𝛽𝛽-glucosidase action.73,74 Van den Abbeele et al. 

demonstrated further processing capabilities of P. faecium by showing this bacteria metabolizes 

https://paperpile.com/c/KSBNwA/gyLC
https://paperpile.com/c/KSBNwA/5JWM
https://paperpile.com/c/KSBNwA/gyLC
https://paperpile.com/c/KSBNwA/qvUf
https://paperpile.com/c/KSBNwA/NmDB
https://paperpile.com/c/KSBNwA/jDSc
https://paperpile.com/c/KSBNwA/Ui5w
https://paperpile.com/c/KSBNwA/Ui5w
https://paperpile.com/c/KSBNwA/tAqR
https://paperpile.com/c/KSBNwA/Ui5w
https://paperpile.com/c/KSBNwA/35Sk
https://paperpile.com/c/KSBNwA/Q2xD+1EYd
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carrot pectin down to SCFAs.75 Their observation indicates that P. faecium possesses additional 

genetic traits to facilitate the degradation of plant matter in a prebiotic fashion beyond 

glucosidase activity. After cross-referencing our metagenomic data with the KEGG database, we 

discovered the presence of QueD, LpdC, and PaaG polyphenol degradation enzymes. P. faecium, 

contained all three genes. Additionally, A. shahii also possessed the quercetin dioxygenase 

enzyme, QueD, which is capable of breaking down flavonol compounds like kaempferol, in 

addition to quercetin76 into other metabolites such as SCFAs. This indicates that QueD may also 

metabolize myricetin due to its structural similarity to quercetin. Although others have studied 

QueD activity in the metabolism of Bacillus subtilis and Aspergillus spp.,76 to our knowledge 

this is the first study to demonstrate that the established presence of P. faecium correlates with 

blueberry polyphenol metabolism. However, even though these post-glucosidase enzymatic 

genes were higher in the responders, intact myricetin and quercetin were also significant in this 

group. This discrepancy is unclear but may be due to subtle differences in the gut microbiome. 

Neither P. faecium nor A. stipes differed in abundance between responders and non-responders, 

but the detection of QueD did, suggesting that functional rather than taxonomic differences are 

more important in understanding microbial metabolism. 

Outside of the gut microbiome’s capacity to metabolize polyphenols, numerous 

transformations can occur to change the fate of a single metabolite. It is unclear how microbial 

genes contribute to the removal of quercetin and myricetin from circulation through SCFA 

processing. However, our observations did not reveal any differences in plasma PAA or its 

derivatives, and a targeted fecal metabolomic profile may have been a complementary analysis. 

PAA is generated from aromatic compounds, such as myricetin and quercetin, or amino acids 

like phenylalanine and tyrosine, by the gut microbiome.77 If PAA is not dissimilated in the gut, it 

can enter the bloodstream for further modification. Previous studies have indicated the PAA 

metabolites DHPA and 3-HPAA, can significantly impact the cardiovascular system by 

improving endothelial function78 and lowering blood pressure79 respectively in rodent models. 
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However, PAA itself and other hepatically modified derivatives such as phenylacetylglutamine 

(PAGln) and paracresol sulfate (PCS) are considered uremic toxins and can trigger vascular 

inflammation80–82 in the development of CVD.83,84  As there were no significant variations in 

serum PAA metabolites between responders and non-responders, and phenylalanine and 

tyrosine pathways were downregulated in our results, quercetin and myricetin were not 

appreciably contributing to the PAA pool, allowing them to subsist in the bloodstream. 

This study is noteworthy for its multi-pronged approach. We leveraged a combination of 

16s rRNA and metagenomic sequencing, a well-curated polyphenol database, and a targeted 

polyphenol metabolomics panel to conduct a comprehensive multi-omic analysis. By 

investigating microbial polyphenol degradation pathways in relation to the secondary 

polyphenol metabolites, we were able to correlate microbial processing of polyphenols with 

interindividual differences in participants on the same treatment. This full-circle analysis 

allowed us to uncover important insights that may have been missed with a more limited 

approach. However, considering that we utilized a polyphenol metabolite panel, we were not 

able to capture other metabolites that may have been useful in deciphering the intricacies of 

blueberry polyphenol metabolism. Quantification of SCFAs and the endothelial inflammatory 

PAA-derivatives, PAGln and PCS measurements would have been helpful in determining if there 

was yet another distinction between responders and non-responders. Also, while we did not 

control for diet in our study, it is important to note that the participants were instructed to 

maintain their regular dietary habits throughout the study period. Therefore, any contribution 

of myricetin, quercetin, or other PAA sources in the diet would have been consistent throughout 

the study. 

VI. CONCLUSIONS 

Post-menopausal females who experienced an improvement in flow-mediated dilation 

after a blueberry intervention showed elevated levels of circulating myricetin and quercetin. 

Indeed, the results indicate that blueberry intervention may be beneficial in mitigating 

https://paperpile.com/c/KSBNwA/XGx0+sEZE+LiIt
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cardiovascular disease risk in post-menopausal females by supporting the presence of beneficial 

polyphenol metabolizing bacterial genera, and the genes they carry for the metabolism of these 

compounds. Although the exact mechanisms underlying the observed effects of blueberry 

intervention on endothelial function remain unclear, the findings of this study contribute to the 

growing body of evidence supporting the cardioprotective effects of blueberries. It is essential 

that future studies undertake a comprehensive exploration of the association between P. 

faecium and A. shahii and their prospective metabotypes in the context of blueberry flavonoid 

processing. Such investigations could pave the way for a better understanding of the 

mechanisms underlying the biological effects of these flavonoids in post-menopausal females, 

and offer new insights into therapeutic strategies for CVD. 
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CHAPTER 4: BACILLUS SUBTILIS DECA9 PARTIALLY REVERSES ENDOTHELIAL 
DYSFUNCTION IN HIGH FAT-DIET FED MICE1 

 

 
I. SUMMARY 

Imbalances in the gut microbiome have emerged as an important factor in endothelial 

dysfunction, a significant risk factor for cardiovascular disease. Thus, interventions targeting the 

microbiome may prove helpful in preventing or reversing this impairment. We previously 

reported that a spore-forming Bacillus subtilis probiotic improved endothelial function in a 

cohort of healthy, non-obese humans after a four-week intervention. Building on these 

promising results, the present study sought to investigate whether administering Bacillus 

subtilis could reverse endothelial dysfunction in mice with diet-induced obesity. Male C57BL/6J 

mice were fed a Western diet (WD; n=24) or standard diet (SD; n=24) for ten weeks to induce 

endothelial dysfunction, after which half of the animals in each group (n=12) were allocated to 

receive a Bacillus subtilis probiotic (hereafter, PB) formulated into the diets for an additional 

eight weeks. Outcomes included endothelial-dependent arterial dilation, body weight, 

microbiota profiles, and assessments of intestinal permeability and mucosal immunity markers. 

Furthermore, a cell culture model of gut barrier function was used to further assess the effects of 

PB on gut barrier integrity. Mesenteric endothelial-dependent arterial dilation was partially 

recovered in WD-fed mice after PB treatment, independent of changes in other cardiometabolic 

parameters. Endothelial function improvements in the WD-fed animals occurred despite a 

significant effect of diet on Shannon’s alpha diversity of gut microbiota and without 

improvement in gut barrier function. In vitro trans-epithelial electrical resistance of the Caco-2 

cell culture confirmed that neither PB-conditioned media nor fecal waters from B. subtilis-

 
1 A modified version of this chapter is currently under peer review at Beneficial Microbes listed as: 
Bacillus subtilis DECA9 partially reverses endothelial dysfunction in high fat -diet fed mice, B.D. Risk, 
E.L.  Graham, M. Zhang, Y.Wei1, G. Stark, G. Brown, C. L. Gentile, T. L. Weir. 
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treated human stool resulted in gut barrier improvements, nor did they protect against 

inflammation-associated barrier disruptions. These data suggest that PB consumption partially 

reverses diet-induced endothelial dysfunction. Although the underlying mechanisms of this 

protection were not pinpointed, these results appear to be independent of PB-mediated 

improvements in cardiometabolic dysregulation markers and gut barrier function. Future 

studies should explore immune regulation or metabolite-mediated benefits as mechanisms of B. 

subtilis endothelial protection. 
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II. INTRODUCTION 

Cardiovascular disease (CVD) accounts for nearly 30% of all worldwide deaths.1 Chronic 

dysfunction of the innermost layer of cells lining the lumen of blood vessels, known as the 

vascular endothelium, increases the risk of adverse cardiovascular events and mortality2–4 

through mechanisms, including severely limiting the ability of blood vessels to dilate 

appropriately.2,3 Numerous environmental and behavioral factors have been shown to influence 

endothelial function.2,3 with a key contributor that interfaces with the diet and host metabolism 

being a consortium of microorganisms, known as a gut microbiome. Disturbances to the 

equilibrium of the gut microbiome through nutrient excess and increased body weight has been 

shown to contribute to degenerative diseases, including CVD.5,6 Investigations from our lab7–9 

and others10 have shown that obesity-related vascular dysfunction is due, at least in part, to 

alterations in the gut microbiome. For example, suppressing the obese microbiota via antibiotic 

administration improves endothelial dysfunction in diet-induced obese mice.7 Furthermore, we 

have shown the vascular phenotype of lean and obese mice is transferable following gut 

microbiome transplantation.8 These data suggest that therapeutic modalities to alter the gut 

microbiome’s composition may improve endothelial dysfunction. 

Probiotics are living microorganisms that have the potential to confer a health benefit to 

the host when administered at a therapeutic dose.10 These clinically studied microorganisms are 

gaining popularity amongst the general public and garnering increased attention in the scientific 

community. However, maximizing the potential benefits of probiotics for human health and 

well-being requires an understanding of which bacterial species and strains interact with the 

host to impact targeted outcomes.  

Bacillus subtilis (B. subtilis) is a Gram-positive, exopolysaccharide-producing bacterium 

predominantly found in soil, yet specific strains such as B. subtilis HU58 and HU78 occur 

naturally in the human gastrointestinal tract.12 B. subtilis strains, such as DE111, may be 

particularly well suited as a probiotic due to their ability to form endospores, and survive 
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extreme conditions of the digestive system.12,13 B. subtilis endospores remain intact upon 

ingestion and stay dormant until reaching the small intestine, where the pH and nutrient 

availability induce sporulation to a vegetative state.12–14 The effects of B. subtilis DE111 

supplementation in humans has recently been reviewed,15 and include increasing bacterial alpha 

diversity in children,16 regulating bowel movements,17 and increasing T-regulatory immune cell 

populations after a lipopolysaccharide (LPS) challenge.18 Notably, B. subtilis DE111 

supplementation improved reactive hyperemia index (RHI) scores, an indicator of endothelial 

function, and plasma lipid profiles in healthy adults.19 Based on these findings, we hypothesized 

that B. subtilis supplementation could reverse obesity-associated endothelial dysfunction. To 

test this hypothesis, we examined the effects of daily consumption of 1x109 CFU/d of the animal-

compliant variation of B. subtilis DE111 (ie. B. subtilis DECA9) in mice with diet-induced obesity 

and endothelial dysfunction. In addition, we implemented a well-established cell culture model 

of intestinal barrier function to further explore the underlying mechanisms of B. subtilis-host 

interactions.  

III. METHODS 

Animal Study 

Experimental Design: Male C57BL/6J mice were obtained from the Jackson Laboratory 

(Bar Harbor, ME, USA) and acclimated for one week with ad libitum access to a standard diet 

(SD; No. D14042701, Research Diets, New Brunswick, NJ, USA) consisting of 4.5% fat (54.6% 

saturated, 29.8% monounsaturated, 7.7% polyunsaturated), 77.0% carbohydrate (0% sucrose), 

and 18.5% protein calories. Mice were co-housed two per cage in a temperature and humidity-

controlled environment on a 12:12 hr light-dark cycle. All animal procedures were reviewed and 

approved by the Colorado State University Institutional Animal Care and Use Committee. Once 

acclimated, ARRIVE guidelines were followed20 to randomly assign six-week-old mice to 

maintain a standard diet (SD; n=24) or a Western diet (WD; n=24) (No. D12079B, Research 

Diets, New Brunswick, NJ, USA) consisting of 23.0% fat (62.4% saturated, 30.7% 
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monounsaturated, 6.9% polyunsaturated), 55.0% carbohydrate (35% sucrose accounting for 

70% carbohydrate), and 22.0% protein calories for eighteen weeks. Body weight and food intake 

were recorded weekly per ARRIVE guidelines.20 For the final eight weeks of the diet intervention 

(i.e., during weeks ten-eighteen on diet), SD and WD mice were randomized to receive either 

non-supplemented food (SD; n=12, WD; n=12) or food formulated with 1x109 CFU/d of B. 

subtilis DECA9 (PB) based on average dietary intake of 3 grams/d (SD+PB; n=12, WD+PB; 

n=12) (Deerland Probiotics and Enzymes, Kennesaw, GA, USA). This dose was chosen as this is 

the standard commercial dose that has been administered to humans.19 The concentration and 

viability of B. subtilis endospores formulated into the rodent diets were confirmed by laboratory 

quality testing (Q Labs, Cincinnati, OH, USA) before the initiation of the experiment. 

Animal termination and tissue collection: At termination, feces were collected and flash-

frozen, body weights measured, then mice anesthetized with isoflurane and euthanized by 

exsanguination via cardiac puncture. Blood was collected in a 0.5 M EDTA-coated (No. 

15575020, Invitrogen, Carlsbad, CA, USA) syringe. Based on the volume of blood collected, 2% 

EDTA was added, and plasma was obtained by centrifugation at 2,000 g for ten min at 4°C and 

immediately flash frozen. The liver, spleen, heart, and adipose tissue (subcutaneous, 

epididymal, and mesenteric depots) were then removed, weighed, and flash frozen. The GI tract 

was excised, and colon length was recorded before extracting colon contents and flash-freezing 

both tissue and feces. A 0.25cm section of ileum was obtained at the cecum juncture before 

freezing. Cecal contents and cecum were separated and weighed before flash-freezing and 

storing at -80°C. Second-order mesenteric arteries from the small intestine were excised and 

placed in 37°C physiological saline solution (PSS: 0.288g NaH2PO4, Sigma-Aldrich, St. Louis, 

MO, USA; 1.802g C6H12O6, Sigma-Aldrich; 0.44g C3H3NaO3, Sigma-Aldrich; 1.9g KCl, Sigma-

Aldrich; 0.58g CaCl2H4O2, Sigma-Aldrich; 0.58g MgSO4·7H2O, Sigma-Aldrich; 0.139g MOPS 

sodium salt, Sigma-Aldrich; 16.94g NaCl, Alfa Aesar, Ward Hill, PA, USA; 20.0g bovine serum 
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albumin, Fisher Bioreagents, Pittsburgh, PA, USA; and 0.015g EDTA, Fisher Bioreagents; per 2 

L ddH2O at pH 7.4) and cannulated for endothelial function experiments.   

Measurement of Endothelial Function: Endothelial function was determined via 

pressure myography, as previously described.7,9 Briefly, two second-order mesenteric arteries 

were stripped of mesenteric adipose tissue and placed in separate pressure myograph chambers 

(No. 130DC, Danish Myo Technology, Ann Arbor, MI, USA) containing 37°C PSS. Arteries were 

cannulated onto glass micropipettes secured with suture and equilibrated for forty-five min, 

during which time the PSS was refreshed three times. Arteries were then measured for passive 

diameter of the internal lumen, then constricted with increasing doses of phenylephrine (PE) 

(No. P1626, Sigma-Aldrich, St. Louis, MO, USA) in three min intervals (PE: 10-9 to 10-5M) 

followed immediately by a dose-response with the endothelium-dependent dilator acetylcholine 

(ACh) (No. A6625, Sigma-Aldrich, St. Louis, MO, USA) at two min intervals (ACh: 10-9 to 10-

4M). Arteries were then rinsed twice for ten min with fresh PSS and reconstructed with PE (10-

5M) for five min. A dose-response curve was then obtained with the endothelium-independent 

dilator sodium nitroprusside (SNP) (No. 228710, Sigma-Aldrich, St. Louis, MO, USA) at two 

min intervals (SNP: 10-10 to 10-4M). Inner artery diameters were measured by MyoView 3.0.7 

software (DMT) and used to calculate percent dilation for each dose of ACh or SNP relative to 

the PE-induced preconstriction at each time point: percent dilation (%) = (increase in luminal 

diameter to ACh/SNP)/ [maximum decrease in luminal diameter to PE (10-5M) 

preconstriction]x100. Area under the dose-response curve (AUC; trapezoid method) was 

calculated for each response. 

Liver and plasma triglycerides: Plasma and liver triglycerides were measured using a 

triglyceride colorimetric assay kit (No. 10010303, Cayman Chemical, Ann Arbor, MI, USA). For 

liver samples, ethanolic potassium hydroxide was used to digest the tissue before being diluted 

to a 1:5 ratio of liver extract to diluent. Plasma samples were diluted to a 1:2 ratio, and 

triglyceride concentrations were calculated based on the manufacturer's instructions. 
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Insulin: Plasma insulin was measured using an Ultra-Sensitive Mouse Insulin ELISA Kit 

(No. 90080, Crystal Chem, Elk Grove Village, IL, USA) following the manufacturer's 

instructions. The assay used a 1:19 plasma dilution and was quantified by fitting to a curve of 

standard concentrations. 

Glucose tolerance test: At week ten and again one week before termination, all mice were 

transferred to new cages, and food was withheld for six hrs. Blood glucose was determined from 

tail-vein blood (AlphaTRAK 2 glucose meters; Abbott Laboratories, Chicago, IL, USA). After 

baseline glucose readings, mice received an intraperitoneal injection of 2 g/kg glucose from a 

20% sterile stock solution, and blood glucose levels were measured at fifteen, thirty, sixty, 

ninety, and one-hundred twenty min post-injection.7,21 

Intestinal permeability: One week before termination, all mice were fasted for twelve hrs 

in the dark cycle. An oral gavage of a solution containing 125 mg/ml fluorescein isothiocyanate-

dextran (FiTC-dextran) (4,000 mol wt, No. 46944, Sigma-Aldrich, St. Louis, MO, USA) was 

administered in sterile 1x phosphate buffered saline (1xPBS), with a target dose of 600 mg/kg 

body weight of FiTC-dextran. After oral gavage, tail-vein blood samples were collected at four 

hrs to quantify plasma FITC-dextran concentration. The blood samples were centrifuged at 

12,000 g for four min, and plasma was diluted in 1xPBS (pH 7.4) at a ratio of 1:4. The 

fluorescence was measured on a BioTek Synergy 2 Multi-Detection Microplate Reader (No. 

18531, BioTek Instruments, Winooski, VT, USA) at 485/20 (excitation) and 528/20 (emission). 

The plasma concentrations were calculated using a standard curve of known FITC-dextran 

concentrations prepared in 1xPBS. 

Secretory immunoglobulin A (sIgA) & Ileum intestinal alkaline phosphatase (IAP): 

Frozen ileal tissue was thawed, homogenized, diluted to 1:20,000 before enzyme-linked 

immunoassay of sIGA (No. AS-72146, Anaspec, Fremont, CA, USA) or IAP (No. M7584, Biotang, 

Lexington, MA, USA). Quantification for each assay was performed per the manufacturer’s 
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protocols and normalized to ng/ml per 5 ug of total protein as measured by the bicinchoninic 

acid assay (No. 23225, Thermo Fisher Scientific, Waltham, MA, USA). 

LPS-binding protein (LBP): To estimate plasma lipopolysaccharide (LPS) activity, 

circulating levels of LBP were measured in stored plasma extracted from terminal measures. 

The plasma was augmented with 2% EDTA and stored at -80°C until ready for use. The Picokine 

ELISA kit (No. EK1274, Boster Biological Technology, Pleasanton, CA, USA) was utilized to 

measure LBP concentration, as per the manufacturer’s instructions. Plasma was diluted 1:800 to 

diluent against the standard concentrations provided. 

Quantitative Polymerase Chain Reaction (qPCR): Fecal contents of the mice were 

collected at termination, and DNA was extracted using the SsoAdvanced Universal SYBR Green 

Supermix DNA Purification Kit (No. 1725274, Bio-Rad, Hercules, CA, USA) before quantitative 

PCR verified microbial load. Reactions were optimized for the 16s rRNA gene using universal 

bacterial primers (forward 5=-AAACTCAAAKGAATTGACGG-3=, reverse 5=-

CTCACRRCACGAGCTGA-3=). The conditions used for cycling on the Bio-Rad CFX96 thermal 

cycler are as stated: 95°C for three min and then forty cycles of 95°C for fifteen sec, 61°C for 

fifteen sec, 72°C for ten sec, and 85°C for five sec followed by florescence detection. 

Microbiota characterization: Fecal DNA was extracted using the FastDNA Kit (No. 

116540400; MP Biomedicals, Irvine, CA, USA), following the manufacturer’s protocol. 

Amplification of the V4 16S rRNA region via PCR using the Earth Microbiome Protocol was 

completed utilizing the 515F-806R primer set containing a unique 12-bp error-correcting 

barcode included on the forward primer.22 Cycling conditions using the Bio-Rad CFX96 thermal 

cycler were as follows: 94°C for three min and then thirty-five cycles of 94°C for forty-five sec, 

50°C for sixty sec, and 72°C for ninety sec, followed by 72°C for ten min. Negative DNA 

extraction controls and no template PCR controls were included on 96-well plates. Amplicon 

libraries of the V4 region were then constructed by purifying amplicons using AmPure beads 

and quantifying and pooling equimolar ratios of each sample. The pooled library was quantified 
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and sequenced on an Illumina MiSeq at the Next-Generation Sequencing Facility at Colorado 

State University. 

Cell Culture 

Caco-2 Cell Preparation: A Caco-2 cell line from human colonic adenocarcinoma 

epithelial cells (No. HTB-37, American Type Culture Collection, Manassas, VA, USA) from 

passages two-seven were grown in Dulbecco’s Modified Eagle Medium (DMEM) (No.15-027-CV, 

Corning,  Glendale, AZ, USA) supplemented with 10% FBS (No. SH-30071, Cytiva, 

Marlborough, MA, USA), 0.5% penicillin-Streptomycin (No. SV30010, Cytiva, Marlborough, 

MA, USA), 1x MEM amino acids (No. 11130-051, Gibco, Billings, MT, USA), 1mM sodium 

pyruvate (No. 11360-070, Gibco, Billings, MT, USA)  in a  75cm2 flask and kept in a CO2 

jacketed incubator at 37℃, 5% CO2, 20% O2. DMEM was changed every forty-eight hrs until cells 

reached 80% confluency after which they were treated with 0.25% trypsin (No. SH30041.01, 

Cytiva, Marlborough, MA, USA) and then seeded at a density of 1x104cm-2 cells/well in 0.33cm2 

TranswellⓇ inserts (No. 9320402, Sterlitech, Auburn, WA, USA). DMEM was changed every 

forty-eight hrs for the next four to six days until 80% confluency, then allowed to differentiate 

into a monolayer for precisely twenty-one days before experimentation.  

Cell Culture Treatments: B. subtilis DECA9 from the manufacturer (Deerland Probiotics 

and Enzymes, Kennesaw, GA, USA)was cultured in Luria Bertani (LB) broth at 37°C for twenty-

four to forty-eight hrs until a pellicle confirming the viability of the bacteria was formed. 

Cultures were checked for purity, and single colony isolates were subcultured in LB broth to an 

optical density of OD600=0.2. The culture was then vortexed at 4969 g before being filtered 

through a 0.22µm mesh, vortexed at 20,800 g for ten min and sterile filtered an additional 3x 

until the optical density was the same as the background media. The resulting PB-conditioned 

media was stored at -80°C after confirming lack of bacterial growth.  
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Fecal waters were prepared from the frozen stool of humans both before and after 

supplementation with B. subtilis DE111 for four weeks (n=3). Briefly, thawed fecal material was 

diluted 1:1 (w/v) with sterile phosphate-buffered saline. To ensure homogeneity, the samples 

were briefly vortexed and subsequently centrifuged at 4,000 g at 4℃ for two hrs. The resulting 

supernatant was carefully filtered through a 0.22µm mesh and pooled according to timepoint 

(pre/post intervention). The samples were aliquoted into multiple centrifuge tubes and 

preserved at -80°C until further experimentation. 

Transepithelial Electrical Resistance (TEER) Assays: Integrity of Caco-2 monolayers 

was determined using EVOM2 probes (No. EVOM2, World Precision Instruments, Sarasota, FL, 

USA). Values were determined in units of Ω·cm2 and were adjusted for background and 

TranswellⓇ membrane insert resistance. After removing the culture DMEM media, fresh media 

that contained 10% probiotic-conditioned media or 0.5% of the human fecal waters prepared 

from samples taken before or after probiotic supplementation were added to the apical 

compartment of TranswellⓇ inserts, while fresh DMEM was added to the basolateral 

compartments. Cells were incubated for twenty-four hrs at 37℃, and TEER was measured again. 

In a few replicates, a pro-inflammatory cocktail containing 100 ng/ml tumor necrosis factor 

alpha (TNF-ɑ: No.94948-59-1, Sigma Aldrich, St. Louis, IL, USA), 2ug/ml lipopolysaccharide 

from E. coli (LPS: No. 102979-140, Adipogen, San Diego, CA, USA), 100 ng/ml interferon 

gamma (IFN-ℽ: No. 10773-476, VWR, Radnor, PA, USA), and 50ng/ml interleukin-1 beta (IL-

1ꞵ: No. 102491-634, BioVendor, Asheville, NC, USA) was introduced into the apical 

compartment along with the addition of 2ug/ml LPS to the basolateral compartment and 

additional TEER measurements were taken at forty-eight hrs. 

Human Umbilical Vein Cell (HUVEC) Culture: HUVECs (No. C2519A, Lonza, Hayward, 

CA, USA) were kept in liquid nitrogen until ready for use. Only cells from passages two through 

seven were grown in Endothelial Cell Growth Basal Medium-2 (EBM-2) supplemented with a 
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single kit of Endothelial Singlequots (EGM-2) (No. CC-3162, Lonza, Hayward, CA, USA) in a  

75cm2 flask and kept in a CO2 jacketed incubator (No. SCO6AD, Sheldon Manufacturing, 

Cornelius, OR, USA) at 37℃, 5% CO2, 20% O2. EBM-2 and EGM-2 were changed every forty-

eight hours until cells reached 80% confluency, in which they were trypsinized and then seeded 

at a density of 1x104cm-2 cells per 24 or 96-well tissue culture plate (No. 3526, Corning, 

Glendale, AZ, USA). Before experimentation, the culture medium of HUVEC cells was changed 

every forty-eight hrs, while allowing the cells to reach 100% confluency to ensure optimal 

growth and health. 

In vitro Co-Culture System: Immediately after the final TEER was measured in Caco2 

monolayers, 80% of the basolateral compartment media was mixed with 20% of fresh EBM-

2/EGM-2 to replace confluent HUVEC cell media. The TranswellⓇ membrane inserts with the 

treated Caco2 monolayers were transferred with 100% of the apical media to the HUVEC wells 

and incubated for four hrs. To image for nitric oxide (NO) and reactive oxygen species (ROS) 

production from the HUVEC endothelium, the media was removed via suction and washed three 

times with phenol red-free EBM (No. CC-3129, Lonza, Hayward, CA, USA) before staining with 

fluorophores. Either 5µM of CellROX Deep Red (No. C10422, Thermo Fisher Scientific, 

Waltham, MA, USA) or 5µM of DAF-FM (No. D23844, Thermo Fisher Scientific, Waltham, MA, 

USA)  were suspended in phenol red-free EBM and EGM-2 and incubated with the HUVECs for 

thirty min at 37℃. Fluorophores were suctioned, and cells washed three times with phenol red-

free EBM. A final quantity of 300µl phenol red-free EBM and EGM-2 were added to the 24-well 

plates, and the cells were maintained in standard conditions in a microencapsulated 

environment of an inverted fluorescent microscope (No. BZ-X700, Keyence, Itasca, IL, USA) for 

thirty min. 100µM of acetylcholine (No. 460-007-G010, Enzo Life Sciences, Farmingdale, NY, 

USA), which is the same maximal concentration used for pressure myography of murine 

secondary mesenteric arteries, was added as a stimulant for endothelial release of NO, five  min 

prior to imaging. There was no stimulant added to cells stained for ROS production. Photos of 
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live fluorescence from each condition were taken at 10x with an eYFP 535/30 nm emission and 

500/20 nm excitation cube for the DAF-FM stain or Cy5 700/75 nm emission and 620/60 nm 

excitation cube for CellROX Deep Red ROS stain and quantified using Keyence BZ-XAnalyzer 

software. 

Plasma-Treated HUVECs: Blood from venous blood samples was collected from 

participants in ethylenediaminetetraacetic acid-coated tubes at baseline and after a forty-five 

day treatment of Bacillus subtilis DE111 within twenty-four hrs after their last dose of the 

probiotic. Baseline and post-treatment plasma from one representative sample was added at a 

10% concentration of plasma to EBM-2/EGM-2 to HUVECs grown in a 96-well plate with 

methods previously described in this paper. After a four-hr incubation, the plasma and media 

was removed via suction and washed three times with phenol red-free EBM (No. CC-3129, 

Lonza, Hayward, CA, USA) before staining with fluorophores. Either 5µM of CellROX Deep Red 

(No. C10422, Thermo Fisher Scientific, Waltham, MA, USA) or 10ul of peroxynitrite sensor 

green (No. AB233468, Abcam, Eugene, OR, USA)  were suspended in phenol red-free EBM and 

EGM-2 and incubated with the plasma-treated HUVECs for thirty min at 37℃. Fluorophores 

and media were suctioned, and cells washed three times with phenol red-free EBM. A final 

quantity of 100µl phenol red-free EBM and EGM-2 were added, and the cells were maintained 

in standard conditions in a microencapsulated environment of an inverted fluorescent 

microscope (No. BZ-X700, Keyence, Itasca, IL, USA) for thirty min. Cells were imaged at 

baseline, and again fifteen min after adding 50µM of menadione (No. 460-007-G010, Enzo Life 

Sciences, Farmingdale, NY, USA) as a positive control as a stimulant of peroxynitrite and 

general ROS release. Photos of live fluorescence were taken at 10x with eYFP 535/30nm 

emission and 500/20 nm excitation cube for peroxynitrite stainCy5 700/75 nm emission and 

620/60 nm excitation cube for CellROX Deep Red ROS stain and quantified using Keyence BZ-

XAnalyzer software.  
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Cell Viability: HUVEC cell counts and viability were determined by growing cells in a 96-

well plate at 100% confluency. Each partitioned well was incubated for four hrs with vehicle 

control (media supplemented with 10% LB broth), probiotic supernatant, human fecal water, or 

human fecal water after forty-five days of PB treatment. Cells were washed with 1x phosphate 

buffered saline then 0.25% trypsin and 20ul 1x phosphate buffered saline, and incubated at 37℃ 

for one min to release the cells from the plate. 20ul of  EBM-2/EGM-2 were added and cells 

from each treatment were pooled in a 0.5ml conical tube. The tube was gently hand vortexed, 

25ul placed in a new 0.5ml tube, and 0.4% trypan blue solution (No. T-6246, Sigma St. Louis, 

MO, USA) added. The solution was hand vortexed again and 20ul of each sample added to the 

slide of the Nexcelom brightfield cell counter (Cellometer Auto T4, Nexcelom, Waltham, MA, 

USA) to detect viable cells. 

Statistics: Data are expressed as means ± SEM and were evaluated for normality using 

Shapiro Wilkes tests.  Before statistical analysis, missing values and outliers (ROUT method) 

were excluded from the data. Caco-2 cell culture changes in barrier integrity are expressed as 

TEER (Ω·cm2) or change from baseline. Welch’s unpaired t-test (GraphPad Prism Version 9.2.0, 

San Diego, CA, USA) was implemented to compare two groups. For comparisons between more 

than two groups or measured over time, statistical analyses were performed using a one-way 

ANOVA or two-way mixed effects model. When a significant main effect was observed, Tukey’s 

post hoc test was performed to determine specific pairwise differences. A p-value of ≤0.05 was 

considered statistically significant. 

Single-end sequence reads were demultiplexed using the open-source bioinformatics tool 

Qiime2 (version Qiime2-2022.2).23–25 The filtered 16s rRNA forward reads were evaluated with 

a PHRED quality score set at thirty, then truncated at two hundred thirty-two base pairs. The 

DADA2 method was used to denoise and produce a feature table with amplicon sequence 

variants (ASVs), denoised statistics, and a sequencing table.25,26 The ASVs were taxonomically 

classified on the ‘SILVA 138 99% OTUs from the 515F/806R region of sequences’ Naïve Bayes 
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classifier.27,28 Reads assigned to chloroplasts and mitochondria were removed from the dataset. 

A phylogenetic tree was constructed using the sepp-refs-gg-13.8 pre-trained classifier and the 

fragment-insertion plugin in Qiime2 to be used in diversity analyses.29 Resulting feature tables, 

taxonomy, metadata, and phylogeny files were imported into Microbiome Analyst marker data 

profiling for secondary workflow.30 The low count and variance filters were set at 10% based on 

the interquartile range and data normalization using total sum scaling (TSS). Alpha diversity for 

each sample was represented by Shannon’s diversity index at the genus level, and pairwise 

comparisons between the four groups were statistically analyzed using the nonparametric 

Mann-Whitney test with Benjamini-Hochberg false discovery rate expressed as ‘W-statistic’. 

Beta diversity was visualized by PCoA ordination of Bray-Curtis distances calculated at the 

genus taxonomic level and analyzed with pairwise PERMANOVA and PERMDISP statistics. 

Multivariate analysis using MaAsLin2 multiple linear regression with linear adjustment was 

implemented to specifically evaluate WD and WD+PB mice using diet as the covariate. Linear 

discriminant analysis effect size (LefSe) was employed using Kruskal-Wallis to detect significant 

features with significant differential abundance followed by linear discriminant analysis (LDA) 

to evaluate effect size of differentially abundant features. Heat tree analysis using a non-

parametric Wilcoxon Rank Sum test was used to identify taxonomic differences between pairs of 

experimental conditions.  

IV. RESULTS 

At baseline, mice displayed similar body weights (Figure 1a), but WD-fed mice gained 

significantly more weight than SD mice over 18 weeks, and PB intervention did not alter body 

weight (SD; 31.2±3.3, SD+PB; 30.2±2.1, WD; 47.4±3.3, WD+PB; 45.7±4.0 g; p<0.0001; Fig. 

3.1a). Similarly, food intake was increased in both WD-fed groups, and not impacted by PB 

intervention (SD; 75.7±1.8, SD+PB; 73.80±1.0, WD; 91.38±1.7, WD+PB; 99.1±1.5 kcal/wk; 

p<0.0001; Fig. 3.1b). SD and WD mice that consumed PB approximately met the targeted 

probiotic dose of 3.0 x109 CFU/d, with an average daily intake of 2.8x109 CFU/d.  
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Fig. 3.1 Body weights but not food intake vary based on diet. a. Body weight of mice fed a 
standard diet (SD) or Western Diet (WD) with or without PB treatment for eighteen weeks b. 
Kilocalorie intake over the feeding and treatment period. Statistical analysis was performed 
using a mixed-effects analysis. When a significant main effect was observed, Tukey’s post-hoc 
test was implemented to estimate pairwise comparisons. Data expressed as mean±SEM; 
n=12/group *p<0.05 WD vs. SD-fed mice. 

Tissue weights of mice at termination are shown in Table 3.1. Compared to SD, mice fed 

the WD displayed significantly greater liver and adipose tissue mass and reduced cecum weight, 

which was unaltered by PB supplementation. Colon length and heart weight were not affected by 

diet or PB supplementation. 

Table 3.1. General Characteristics of Tissue Weights & Colon Length 

  SD SD+PB WD WD + PB 

Liver wt (mg) 1337.3±45.5a 1192.9±61.2a 3595.8±205.0b 3323.9±196.8b 

Spleen wt (mg) 100.4±7.3a 97.7±10.8a,b 113.2±4.9a 130.9±9.4a,c 

Heart wt (mg) 155.5±5.1a 146.0±4.9a 155.5±6.9a 159.5±6.9a 

Epi Adipose wt (mg) 575.2±73.3a 614.3±66.8a 2120.6±115.9b,c 2083.0±78.5c 

SQ Adipose wt (mg) 206.9±15.4a 283.6±28.3a 1197.2±84.9b 1079.6±79.0b 

MAT (mg) 337.7±41.1a 356.7±39.7a 1073.7±101.4b 966.2±111.9b 

Cecum wt (mg) 466.9±43.5a 367.4±38.6a 259.5±14.1b 281.9±23.4b 

Colon length (cm) 5.5±0.2a 5.6±0.2a 5.6±0.2a 5.6±0.2a 
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Values are mean±SEM. Epi epididymal, SQ subcutaneous, MAT Mesenteric adipose tissue. 
Statistical analysis was performed using a one-way ANOVA with Tukey’s post hoc test. a,b,c 
P<0.05, data with different superscript letters differ significantly. 

Maximal endothelial-dependent dilation (EDD) was significantly impaired in WD-fed 

mice, and PB treatment partially reversed this dysfunction (Fig. 3.2 a & b). Specifically, maximal 

dilation in SD-fed mice was 86%, but was reduced to 62% in WD-fed animals. However, PB 

supplementation partially attenuated endothelial dysfunction in the WD cohort, demonstrating 

a maximal dilation was 79% after PB introduction. No differences were observed in passive 

luminal diameter (SD; 160.2±6.9, SD+PB; 164.5±9.0, WD; 165.0±4.4, WD+PB; 167.5±5.5 µm; 

p=0.68) or maximal phenylephrine-induced preconstriction (SD; 57.3±3.2, SD+PB; 59.5±2.2, 

WD; 59.5±2.2, WD+PB; 59.5±2.6 %; p=0.99, Fig. 3.2c). AUC for endothelial-independent 

dilation (EID), as measured by the addition of sodium nitroprusside (SNP), was not altered by 

diet or PB treatment (SD; 429.1±45.4, SD+PB; 444.6±53.2, WD; 488.6±16.8, WD+PB; 

469.4±36.5 AUC; p=0.74, Fig. 3.2d). 
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Fig. 3.2 Probiotic intervention partially reverses Western diet-induced endothelial dysfunction. 
a. Endothelial-dependent dilation (EDD) in response to acetylcholine (ACh) b. EDD percent 
dilation after final addition of ACh c. Phenylephrine (PE)-induced preconstriction curve d. Area 
under the curve of endothelial independent dilation (EID). Statistical analysis was performed 
using a mixed-effects analysis (EDD to ACh curve) or one-way ANOVA (remaining outcomes). 
When a significant main effect was observed, Tukey’s post-hoc test was implemented to estimate 
pairwise comparisons. Data expressed as mean±SEM; n=11-12/group; *p<0.05 WD vs. SD, 
**p<0.005 WD vs. SD, #p=0.05 WD vs. WD+PB, data with different superscript letters are 
significantly different. 

          Liver triglyceride concentrations were significantly higher  in the WD-fed mice than in SD-

fed mice independent of PB supplementation (SD; 14±1.65 SD+PB; 17±2.5 WD; 110.1±9.8 

WD+PB; 130.5±8.2 mg/g; p<0.0001; Fig. 3.3a), yet circulating plasma triglyceride levels were 

similar between all groups (SD; 83.9±4.9 SD+PB; 82±5.7 WD; 93.5±8.7 WD+PB; 86.3±6.9 

mg/dl; p=0.64; Fig. 3.3b). Plasma insulin at termination was elevated in both WD cohorts (SD; 

35.53±11.7, SD+PB; 50.04±2.2 WD; 110±14.1 WD+PB 102.3±7.9 ng/ml; p<0.0002; Fig. 3.3c). 
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Likewise, the WD mice exhibited significantly impaired glucose tolerance and PB treatment did 

not improve these values (Fig. 3.3 d & e).  

 

 
Fig. 3.3 Western diet feeding increases liver triglycerides and plasma insulin while impairing 
fasting glucose tolerance. a. Liver triglycerides expressed as mg/g of tissue b. Plasma 
triglycerides c. Plasma insulin d. Glucose tolerance test and e. Glucose tolerance test area under 
the curve (GTT AUC) at termination. Statistical analysis was performed using a mixed-effects 
analysis (glucose tolerance test curve) or one-way ANOVA (remaining outcomes). When a 
significant main effect was observed, Tukey’s post-hoc test was implemented to estimate 
pairwise comparisons. Data expressed as mean±SEM; n=9-12; *p<0.05 WD vs. SD, a,b,cp<0.05, 
data with different superscript letters are significantly different. 
 

Similar to metabolic parameters, in vivo intestinal permeability and circulating LBP 

were impaired in both WD and WD+PB compared to the two SD groups (permeability: SD; 

0.40±0.7, SD+PB; 0.40±0.04, WD; 0.60±0.02, WD+PB; 0.73±0.05 µg/ml; p<0.001; Fig. 3.4a). 
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(circulating LBP: SD; 23519.9±54, SD+PB; 25095.4±91.4, WD; 71464.6±170.7, WD+PB; 

61273.6±138 ng/ml; p<0.0001; Fig. 3.4b). There were no significant differences between groups 

in ileum intestinal alkaline phosphatase (IAP), an indicator to measure LPS detoxification in the 

intestinal lumen (SD; 14.5±1.8, SD+PB; 21.8±7.9, WD; 18.5±3.1, WD+PB; 19.3±6.3 ng/ml; 

p=0.82; Fig. 3.4c) or secretory immunoglobulin A (sIgA), a marker of mucosal immune 

activation (SD; 1057.4±93.4, SD+PB; 978.2±69.4, WD; 1055.7±74.4, WD+PB; 909.4±151.21 

ng/ml; p=0.59; Fig. 3.4d). 

 

Fig. 3.4 PB treatment does not effectively moderate intestinal permeability or markers 
associated with lipopolysaccharide translocation. a. FiTC-dextran concentration b. Plasma 
lipopolysaccharide-binding protein (LBP) c. Ileal intestinal alkaline phosphatase (IAP) d. Ileal 
secretory immunoglobulin A (sIgA). Statistical analysis was performed using a one-way ANOVA. 
When a significant main effect was observed, Tukey’s post-hoc test was implemented to estimate 
pairwise comparisons. Data expressed as mean±SEM; n=4-12; a,bp<0.05, data with different 
superscript letters are significantly different. 
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We next analyzed the fecal microbiota to determine compositional changes due to diet 

and probiotic supplementation. Measuring the microbial abundance via qPCR, there was no 

difference in total bacterial loads detected in fecal samples between cohorts (SD; 5.72±0.12, 

SD+PB; 5.68±0.11, WD; 5.71±0.07, WD+PB; 5.59±0.04 log[gene copy/µl]; p=0.66; 

Supplemental 1a). The average number of 16s rRNA reads per sample was forty-two thousand 

three hundred eleven, with thirty-four features removed after filtering for low abundance and 

low variance. Sequences classified into five dominant phyla, with the majority being represented 

by Bacillota (formerly Firmicutes), followed by Verrucomicrobiota and Baceteriodota (formerly 

Bacteroidetes), then minor phyla consisting of Pseudomonadota (formerly Proteobacteria) and 

Actinomycetota (formerly Actinobacteria). Microbiota differences were largely driven by diet, 

which was unaffected by PB intervention. There was a significant decrease in Bacteriodota in 

both groups of WD mice compared to SD-only mice at the phyla level (p<0.0004; Fig. 3.5a). 

Furthermore, an increase was observed in the Bacillota to Bacteriodota ratio in the WD cohorts 

(WD; 63:14.8, WD+PB; 63:10.5, SD; 55.2:28, SD+PB; 58.7:23; Fig. 3.5a). No significant phyla 

differences were observed between WD and WD+PB mice (p>0.99). Evaluating richness and 

evenness, there were no significant differences in Shannon’s diversity between WD mice and 

WD+PB mice (p=0.93, w=70.0; Fig. 3.5b) at the genus level. However, there was significantly 

increased alpha diversity in WD+PB mice as compared to SD mice (p<0.05, w=111.00; Fig. 3.5 b 

& c) and a trend towards significance in WD mice vs SD mice (p=0.06, w=104.00; Fig. 3.5b) 

before FDR correction. Additionally, PCoA ordinations of Bray-Curtis distances showed a 

striking separation between the microbiota of mice fed the SD or WD, reflecting a 41.9% of the 

total variability in the dataset (PCoA; pairwise PERMANOVA F-value=6.80512, p<0.005, FDR 

adjusted p<0.001, Fig. 3.5c). Probiotic addition to the diet did not affect these results  (PCoA; 

PERMDISP F-value=0.83624, p=0.48, Supplemental 1b). A LefSe and heat tree analysis, 

depicting pairwise differences of genus-level taxonomy between only SD and WD groups, 
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showed robust variation between the groups (Supplemental 2b & 2c). However, when analyzing 

the heat tree of WD vs. WD+PB mice, trending decreases in Ruminococcaceae and 

Anaerotruncus were observed (Fig. 3.6a; Supp. 2a). MaAslin2 multiple linear regression with 

covariate adjustment analysis between WD and WD+PB groups also showed a trending decrease 

in Anaerotruncus in the WD+PB mice (log2FC=1.55, p<0.05, FDR adjusted p-value=0.08; Fig. 

3.6b) further confirming that the primary driver of these microbiota profiles was diet. 

Fig. 3.5 PB treatment does not induce global microbiota alterations. a.  Relative abundance of 
major bacterial phyla detected in colon contents b. Shannon’s alpha diversity index at the genus 
taxonomic level c. Principle coordinate analysis (PCoA) of beta diversity at the phyla taxonomic 
level between SD and WD cohorts. The relative abundance of Baceteriodota between groups was 
calculated using a one-way ANOVA with Tukey’s post-hoc test. Shannon’s alpha diversity was 
determined using the Mann-Whitney test. P-value reported before Benjamini-Hochberg false 
discovery rate, W-statistic not significant. Violin plots display min, max, and 25th-75th 
percentile values. *p<0.05, #p=0.06. PCoA using Bray-Curtis dissimilarity index with pairwise 
PERMANOVA and Benjamini-Hochberg false discovery rate (SD vs WD; p<0.001), ellipses 
show the 95% confidence interval for each cohort. 
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Fig. 3.6 PB intervention decreases Anaerotruncus presence in WD+PB mice a. Heat tree of 
differentially abundant taxa in WD and WD+PB groups b. Anaerotruncus presence between 
groups. Heat tree taxonomic classification was determined quantitatively using median 
abundance with non-parametric Mann-Whitney/Kruskal-Wallis test. Anaerotruncus 
comparison using MaAsLin2 multiple linear regression with linear adjustment using diet as the 
covariate between WD and WD+PB mice. n=12/group; *p<0.05. 
 

As our animal data indicated that PB-induced reversal of endothelial dysfunction may 

have been independent of improvements in intestinal barrier function, we further tested this 

hypothesis which we confirmed by using trans-epithelial electrical resistance (TEER) in a Caco-

2 cell model to examine intestinal barrier function. Caco-2 cells were treated with supernatant 

obtained from B. subtilis DE111 cultures or fresh LB media.  They were also treated with pooled 

fecal waters collected from our previous human intervention19 at baseline or after four weeks of 

B. subtilis DE111 treatment. Cells treated with LB media showed significantly improved barrier 

function at twenty-four hrs, while the PB-conditioned media did not significantly change. As a 

result, the barrier integrity was significantly greater at twenty-four hrs than those exposed to 

media used to grow PB cultures (Vehicle Control; +15.75±2.5, p<0.001, Probiotic Supernatant; 

+7.00±3.7 p=0.109; % Ωcm2 change; Fig. 3.7a). Baseline-adjusted resistance under both 

conditions significantly dropped between twenty-four and forty-eight hrs (Vehicle Control; -

9.10±5.3, Probiotic Supernatant; -9.45±6.3, % Ωcm2 change; p<0.005; Fig. 3.7b). In 
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comparison, TEER was higher in PB-conditioned fecal waters compared to baseline fecal water 

samples at the twenty-four hr timepoint; however, barrier function from t=0hr to t=24hr was 

not significantly changed, likely due to high variability in the t=0hr measurements (Human 

Fecal Water Baseline; 264±3.8, Human Fecal Water After PB Treatment; 277±3.3 Ωcm2; 

p<0.05; Fig. 3.7c). Interestingly, there was no reduction in TEER over the course of forty-eight 

hrs after treatment with either of the human fecal water treatments (Human Fecal Water 

Baseline; -7.35±5.6, Human Fecal Water after PB treatment; +2.25±9.3 % Ωcm2 change; 

p=0.271; Fig. 3.7d). As a WD is associated with inflammation of the gastrointestinal tract and 

elevated intestinal permeability,31 we also tested barrier function of the fecal water conditions 

after addition of proinflammatory effectors and cytokines (TNF-ɑ, LPS, IFN-ℽ, and IL-1ꞵ). The 

pro-inflammatory cocktail was added after a twenty-four hr preconditioning with the fecal water 

treatments. Neither of the fecal water treatments provided protection against inflammation-

induced barrier disruption (Human Fecal Water; -39.25±4.7, Human Fecal Water after PB 

Treatment; -46.45±3.2 % Ωcm2 change; p<0.001; Fig.  3.e &  f).  
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Fig. 3.7 Fecal water after PB supplementation stabilizes Caco-2 epithelial layer integrity, but 
not after an inflammatory insult. a. TEER changes at baseline, twenty-four and forty-eight hrs 
after probiotic supernatant conditioning b. Percent change in probiotic supernatant TEER from 
baseline c. TEER changes at baseline, twenty-four and forty-eight hrs after fecal water 
conditioning d. Percent change in fecal water TEER from baseline e. TEER changes at baseline, 
twenty-four and forty-eight hrs after fecal water and cytokine conditioning f. Percent change in 
fecal water TEER from baseline. To obtain TEER, the net ohms after adjusting for background 
resistance were multiplied by the diameter of the insert. Statistical analysis was performed using 
a two-way mixed effects model. When a significant main effect was observed, Tukey’s post-hoc 
test was implemented to estimate pairwise comparisons. Data expressed as mean±SEM; n=6-
9/group; *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001.  
 

In spite of PB not exhibiting improvement in gut barrier function among WD+PB mice, 

there was a significant improvement in endothelial function. This suggests a gut-vascular 

connection outside gut permeability, that we further investigated using a progressive co-culture 

system. Following the complete treatment of Caco2 cells with PB supernatant or human fecal 

waters as previously described, we proceeded with co-culturing these cells with confluent 
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human umbilical vein endothelial cells (HUVECs) for four hours with the treated Caco2 cells 

and imaged after adding acetylcholine (ACh) to the HUVECs to stimulate nitric oxide (NO) 

release  (Vehicle Control 3686±802.6, ACh 7449±784.1 RFU; p<0.005; Supp. Figure 3a). No 

significant differences were observed between the cells treated with PB adjuncts against the 

ACH control or unstimulated vehicle control (Vehicle Control 3686±802.6, ACh 7449±784.1, PB 

Supernatant (w/ACh) 6339±1289, Human Fecal Water After PB (w/ACH) 6230±984.5 RFU; 

p=0.102; Supp. Figure 3a). Yet, the cells treated with human fecal water before PB treatment 

showed a significant increase in NO fluorescence (Vehicle Control 3686±802.6, ACh 

7449±784.1, Human Fecal Water (w/ACh) 8820±1640.0 RFU; p<0.005; Supp. Figure 3a). As 

ROS is associated with a WD and elevated concentrations can damage to the endothelium,3 we 

tested the production of hydroxyl radicals, superoxide, hydrogen peroxide, and peroxynitrite in 

co-cultured HUVECs. We found that both of the human fecal waters increased ROS production 

(Vehicle Control 3973±404.9, Human Fecal Water 7115±646.1, Human Fecal Water After PB 

7686±1083.9 RFU; p<0.05; Supp. Figure 3b). However, the probiotic supernatant did not show 

a significant increase in ROS fluorescence over the vehicle control (Vehicle Control 3973±404.9, 

PB Supernatant 4925±798.7 RFU; p=0.782; Supp. Figure 3b). It is worth noting that the 

viability of the HUVECs remained unchanged after co-culturing with the Caco2 cells in their 

respective conditions (Vehicle Control 9.12±0.76, PB Supernatant 9.05±0.77, Human Fecal 

Water 9.42±0.78, Human Fecal Water After PB 8.77±0.47 104 cells; p=0.928; Supp. Figure 4b). 

This observation strongly suggests that fecal water treatment did not have a toxic effect on the 

cells during the co-culturing process. 

As there was a clear effect of human fecal water on HUVEC release of ROS, we 

conditioned HUVECs with plasma from a single participant both before and after 

supplementing with PB in our previous clinical trial, and stimulated the cells with vitamin K3 as 

a positive control for ROS and peroxynitrite. Our focus was to evaluate the release of general 

ROS and peroxynitrite, as these can inhibit endothelial-mediated dilation and lead to 

https://paperpile.com/c/8UxuGo/9SNE
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endothelial dysfunction through oxidative stress signaling.3 At basal conditions, peroxynitrite 

was elevated in human plasma (Negative Control 3711±67.0, Human Plasma 3758±53.3, Human 

Plasma After PB 4675±72.3 RFU; p<0.0001; Supp. Figure 5a) and was analogous to the K3 

positive control fluorescence after stimulation (Positive Control 4794±82.4, Human Plasma 

(w/K3) 4174±46.1, Human Plasma After PB (w/K3) 4598±45.4 RFU; p<0.0001; Supp. Figure 

5b). However, general ROS production in HUVECs treated with human plasma after PB 

intervention was significantly lower than the baseline human plasma (Human Plasma 

2691±23.4, Human Plasma After PB 2204±21.3 RFU; p<0.0001; Supp. Figure 5c), and ~47% 

lower than the negative control (Negative Control 4146±57.8, Human Plasma After PB 

2204±21.3 RFU; p<0.0001; Supp. Figure 5c). After K3 stimulation, ROS fluorescence in 

HUVECs was significantly lower human plasma both before and after PB treatment (Positive 

Control (K3) 5665±82.7, Human Plasma (w/K3) 4196±40.2, Human Plasma After PB (w/K3) 

3678±37.4 RFU; p<0.0001; Fig. 5d).  

V. DISCUSSION 

This study investigated the potential of a B. subtilis DECA9 to counteract Western diet-

induced endothelial dysfunction in experimental mice. In a previous human study, consumption 

of the human-compliant variation of this strain, B. subtilis DE111, resulted in improved 

endothelial function (reported as RHI) in healthy humans.19 Inspection of individual responses 

in the human data suggested that RHI improvements were largely driven by individuals with a 

higher body mass index (BMI) or lower baseline RHI scores. A high BMI due to obesity is a risk 

factor for endothelial dysfunction,6 and the development of new interventions is highly valued in 

reducing the progression of CVD in this demographic. In mice, obesity-associated endothelial 

dysfunction can reliably be induced by WD feeding. Therefore, we used this model to test the 

hypothesis that B. subtilis intervention could reverse endothelial dysfunction. In line with this 

hypothesis, our main finding was that endothelial-mediated dilation improved in Western diet 

mice receiving a B. subtilis DECA9 compared to mice solely on a Western diet.  

https://paperpile.com/c/8UxuGo/9SNE
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Interestingly, improvements in endothelial function were not associated with changes in 

body weight or other cardiometabolic parameters, and there was no indication these 

improvements were due to enhancements in intestinal barrier function. Western-diet induced 

alterations to the gut microbiome induces intestinal inflammation, leading to increased 

permeability and transit of large endotoxemic molecules such as LPS through the intestinal 

barrier into the bloodstream that contacts the endothelium to initiate a systemic pro-

inflammatory response.32 This response, in turn, has been linked to endothelial 

impairments.33,34 In the present study, plasma LBP- a surrogate marker for LPS,35 and FiTC-

dextran analysis of intestinal permeability were both significantly elevated in all WD-fed mice, 

with no improvements observed in the group that received PB supplementation. Neither diet 

nor PB treatment altered ileal IAP, a proxy of LPS neutralization in the intestine, or the mucosal 

immunity marker, sIgA. Despite a lack of IAP upregulation in our animal model, a study in 

human ileostomy patients supplemented with Bacillus subtilis DE111 did show increased IAP 

after probiotic administration.36 These discrepancies could be due to inherent differences in the 

models or variability introduced by capsule versus food-based delivery of the probiotic. Other 

studies utilizing diet-induced obese rodents have demonstrated the ability of certain Bacillus 

strains, such as B. subtilis R0179 and B. subtilis natto JLCC513 to decrease circulating LPS37,38 

and Bacillus licheniformis Zhengchangsheng to improve gut barrier integrity39. However, Kim 

et al., reported that five Bacillus strains comprised of B. sonorensis JJY12-3, B. 

paralicheniformis JJY12-8, B. sonorensis JJY13-1, B. sonorensis JJY13-3, and B. sonorensis 

JJY13-8 did not appreciably lower plasma LPS concentrations in WD-fed mice, indicating that 

the strain of probiotic may dictate LPS neutralization.40  

To further explore the effects of Bacillus subtilis DE111 on gut barrier integrity, we performed in 

vitro TEER assays using Caco-2 cells. Treatments included culture supernatants from LB-grown 

B. subtilis DE111 and fecal waters collected from human participants before and after a four-

week course of B. subtilis DE111 supplementation. The culture supernatants showed no 
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beneficial effects and decreased barrier function compared to the vehicle control. However, the 

human fecal waters collected after DE111 supplementation showed improved barrier function at 

twenty-four hrs compared to the pre-probiotic controls from the same individuals. After a 

twenty-four-hour preconditioning with the supernatants or fecal waters, a subset of cells was 

exposed to a proinflammatory cytokine cocktail. Unfortunately, none of the treatments were 

effective in providing protection against the inflammatory insult. Yet, in the absence of the 

cytokines, the media-treated Caco-2 barriers also showed a significant decrease at forty-eight 

hrs while the fecal water treated better preserved their barrier integrity cells did not. This 

suggests that the metabolites and other components from the intestinal milieu could be 

important in preserving barrier function in this model and the benefits noted in the post-

probiotic fecal waters are mediated through complex interactions between the various intestinal 

components. As there is considerable variation in the reported effects of B. subtilis18,41,42 on gut 

barrier integrity, further research is warranted to understand whether these differences are due 

to experimental inconsistencies or influenced by probiotic strain and host factors, such as 

composition of the commensal gut microbes. 

Numerous studies have confirmed that obesity and a WD alters gut microbiome 

composition.43–45 For example, Turnbaugh et al. have observed that a genetically obese rodent 

microbiome harvests more energy from the diet, and confers phenotype to naïve germ-free 

recipients along with increases in Bacillota:Bacteriodota ratios as compared to lean controls.44 

Additionally, others have found that similar changes occur in the same microbial phyla in wild-

type mice fed a WD.45 Consistent with previous reports, we saw reduced Bacteroidota resulting 

in an increased ratio of Bacillota to Bacteroidota, which has been linked to elevated circulating 

LPS.46 Our data suggest increased circulating LPS, as indicated by the reduced barrier function 

and increased LBP observed with WD feeding. Compared to SD-fed mice, the WD+PB group 

had increased Shannon's diversity. Although increased microbial diversity is often associated 

with improved health outcomes this association in both the animal and human microbiota 
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literature is inconsistent.47,48   It is important to note that most of the microbiota differences we 

observed were due to diet, and that addition of B. subtilis DECA9 did not appreciably alter 

microbiota composition. These results concur with observations from our previous clinical trial 

in humans, where supplementation with 1x109 CFU/d of B. subtilis DE111 for four weeks had a 

negligible impact on global microbiota composition.19 Similar observations have also been made 

in other studies incorporating B. subtilis strains,49 suggesting that even though B. subtilis is a 

highly adaptable and ubiquitous microorganism, it does not induce perturbations to gut ecology. 

Instead, subtle and limited interactions such as a decrease in Anaerotruncus in WD+PB mice 

compared to WD mice were observed. Anaerotruncus is a member of the LPS-producing 

Bacillota phylum and is commonly associated with digestive discomfort,50 and often associated 

with a high-fat Westernized diet.51,52 These indices suggest that B. subtilis DECA9’s effects are 

outside the scope of global microbiome revision, but may subtly alter the relative abundance of 

specific bacteria associated with diet-induced perturbations. 

There are noteworthy limitations to the current study. First, although we validated the 

viability of the probiotic for a therapeutic dose upon consumption, we cannot confirm whether 

each mouse ingested a consistent amount daily. Nevertheless, we did not observe significant 

differences in weekly body weight changes among co-housed mice with an estimated daily 

intake of 1x109 CFU/d. Second, we examined only male mice, and thus, the findings should not 

be assumed to be similar in female mice. However, our previous work in humans did suggest 

that PB may be efficacious in both sexes in a healthy cohort.19 Lastly, although endothelial 

function improved in PB-treated WD mice, we cannot translate these results to an obese human 

population at risk for endothelial dysfunction. Future clinical studies, including both obese 

males and females, will be needed to address these questions further.  

VI. CONCLUSIONS 

In conclusion, we found that diet-induced obese mice fed a commonly recommended 

dose of B. subtilis exhibited partial reversal of endothelial dysfunction. These improvements do 
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not appear to be mediated by weight loss effects or improved gut barrier integrity, at least in this 

rodent model. Additional mechanisms, such as microbial metabolites interacting with the 

vascular endothelium or modulating inflammatory molecules, may also be involved. These 

results extend our previous work in healthy humans by suggesting that B. subtilis may improve 

existing vascular function to support general cardiovascular health. Taken together, these 

findings emphasize the intricate interplay between gut microbiota and endothelial function. 

Future research should prioritize unraveling the mechanisms through which B. subtilis 

enhances endothelial improvements, and determining whether it can support cardiovascular 

health in human populations with vascular dysfunction who are at risk for developing 

cardiovascular disease. 
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CHAPTER 5: FUTURE PERSPECTIVES-AN ARGUMENT FOR MICROBIAL 
METABOLOMICS 

 
 

Throughout this dissertation, the connection between the microbiome and the health of 

the vascular endothelium have been examined. It has been demonstrated through various trials 

involving human subjects, mice, and cell culture that dietary interventions contribute to 

reducing endothelial dysfunction across a range of health conditions, gender, species, and age. 

These findings support other research that nutritional modifications extend beyond the 

digestive system in managing vascular health.1 More specifically, the microbiome as a 

consortium of microorganisms, its genes, and metabolites impact endothelial function via 

liberation of bioactive metabolites via mechanisms outside intestinal barrier modulation. The 

implications of this research may serve as a catalyst for future research, and for developing 

microbiome-targeted interventions in the prevention and treatment of endothelial dysfunction. 

Despite a limited understanding of bioavailability and bioactivity, stark contrast exist in 

the microbiome and its metabolite profile in healthy versus diseased states.1,2 This underscores 

the role of microbe-derived metabolites in processes related to human health, with compelling 

evidence pointing to the study of microbial metabolites, known as metabolomics, as a promising 

new frontier in medicine.3 The ratio of bacterial to human cells is approximately 1:1, yet the 

microbiome genome dwarfs the human genome of >22 million genes to 23,000 genes.4 This 

inequality in genomic disparity highlights the potential of harnessing the microbiome, which far 

surpasses that of the human genome for targeted therapies.  

Nutritional interventions, such as the Mediterranean diet high in SCFA-producing fiber 

and polyphenols, are currently being studied for their cardioprotective effects.5,6 Probiotics have 

been found to effectively modulate the microbiome to improve endothelial function7,8 and 

partially reverse this condition in diet-induced obesity. Lastly, fecal stool transplant from a 

donor to a recipient completely restructures the microbiome, offering a new avenue to study the 
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https://paperpile.com/c/qTMLpr/KZhr+8Yxf


133 

intestinal environment and endothelial function. Yet, the question remains whether it is the 

microbiota or the metabolites they produce that contribute to disease or homeostasis.  

Given that metabolomics provides a snapshot into microbiome metabolism at any point 

in time, the clinical significance of microbial metabolites may surpass that of microbial 

diversity.4 A single microbial metabolite can be toxic (ie. PAGln) or beneficial (ie. butyrate) 

depending on the concentration of the metabolite and the health state of targeted tissues.4 The 

burgeoning field of metabolomic research presents the opportunity to classify and quantify 

metabolites to identify their origin, biotransformation, transport systems, effective 

concentrations, and interaction with the host.9 Integrating knowledge regarding the metabolic 

products of microorganisms and their impact on host physiology has emerged as a 

transformative avenue in advancing therapeutic approaches to CVD. This represents a 

significant paradigm shift in the field of medical science, with the potential to revolutionize the 

way we approach the treatment of various ailments. In the coming years, it will be imperative 

that rigorous studies determine how the enrichment or depletion of microbiota with their 

metabolites can impact CVD. Only by tracking changes over time can we comprehensively 

understand the complex interplay between the human body and the microbiome and pave the 

way for more effective treatments and improved cardiovascular outcomes. 
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APPENDIX 1: SUPPLEMENTARY DATA FOR CHAPTER 2 

 
 
Supplementary Figures 

 

Supp. Figure 1: a.Passive luminal diameter of secondary mesenteric arteries.b. Endothelial-
independent dilation area under the curve (EID-AUC). Statistical analysis was performed using 
an unpaired Student’s t-test Data expressed as mean±SEM; n=8-13/group. 
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APPENDIX 2:SUPPLEMENTARY DATA FOR CHAPTER 3 

 
 
Supplementary Figures 
 

 
 
Supp. Figure 1a. Genera heat tree between responders and non-responders 
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Supp. Figure 2. Polyphenol degrading bacterial genera higher in responders a. Agathobacter 
b. Monoglobus c. Dialister Statistics performed using EDGER single factor analysis in 
Microbiomeanalyst from 16s rRNA data to identify statistically significant genera. **p<0.005, 
***p<0.0005. n=4-6/group. 
 
 

 
 

Supp. Figure 3a. Metabolism of quercetin, myricetin, phenylalanine, and tyrosine converge 
into phenylacetic acid. 
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APPENDIX 3: SUPPLEMENTARY DATA FOR CHAPTER 4 

 
 
Supplementary Figures 

 

 

 
 
Supp. Figure 1 PB intervention does not alter fecal microbial content or beta diversity a. Total 
fecal bacterial count via qPCR b. Principle coordinate analysis (PCoA) of beta diversity at the 
phyla taxonomic level between all cohorts. Statistical analysis was performed using a one-way 
ANOVA (Supp. Figure 1a). PCoA using Bray-Curtis dissimilarity index with pairwise 
PERMANOVA and Benjamini-Hochberg false discovery rate, ellipses show the 95% confidence 
interval for each cohort (Supp. Figure 1b). 
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Supp. Figure 2 Diet, not PB treatment drives changes in microbial taxa. a. Heat tree of 
differentially abundant genera of WD vs WD+PB groups b. Heat tree of differentially abundant 
genera of SD vs WD groups c. Heat tree of differentially abundant taxa in SD and WD groups. 
Heat tree taxonomic classification was determined quantitatively using median abundance with 
non-parametric Mann-Whitney/Kruskal-Wallis test.  
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Supp. Figure 3 Fecal water increases ROS release in HUVECs when co-cultured with Caco2 
cells. a. Nitric oxide (NO) production in PB supernatant, human fecal water, and human fecal 
water after PB treatment with acetylcholine (ACh) stimulation b. Reactive oxygen species (ROS) 
production in PB supernatant, human fecal water, and human fecal water after PB treatment 
Statistical analysis was performed using a one-way ANOVA either against ACh (Supp. Figure 3a) 
or the vehicle control (Supp. Figure 3b). When a significant main effect was observed, Tukey’s 
post-hoc test was implemented to estimate pairwise comparisons. Data expressed as 
mean±SEM; n=8-12/group; *p<0.05, **p<0.005; RFU=relative fluorescence units 
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Supp. Figure 4 PB and fecal water treatments do not alter HUVEC cell viability a. ACh 
positive control increases NO detection in the HUVEC endothelium b. HUVEC cell viability.  
Statistical analysis was performed using an unpaired student’s t-test (Supp. Figure 4a) or one 
way ANOVA (Supp. Figure 4b). Data expressed as mean±SEM; n=8-12/group; a,bp<0.005; 
RFU=relative fluorescence units 



142 

 
 
Supp. Figure 5 PB treatment in humans decreases ROS but not peroxynitrite release in 
plasma-conditioned HUVECs. a. Peroxynitrite release in basal conditions b. Peroxynitrite 
release after K3 stimulation c. General ROS release in basal conditions d. General ROS release 
after K3 stimulation. Statistical analysis was performed using a one-way ANOVA. When a 
significant main effect was observed, Tukey’s post-hoc test was implemented to estimate 
pairwise comparisons. Data expressed as mean±SEM; n=3-7/group; K3=Vitamin K3 
(menadione), RFU=relative fluorescence units. Plasma was from a single individual before and 
after a forty-five day PB intervention. 
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