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ABSTRACT

MECHANISMS OF VASCULAR DYSFUNCTION IN OBESITY AND TYPE 2 DIABETES:

ROLE OF THE GUT MICROBIOTA AND ENDOPLASMIC RETICULUM STRESS

Vascular dysfunction, characterized by arterial stiffness and endothelial dysfunction, is a
key antecedent to overt cardiovascular disease in obesity and type 2 diabetes. Although the
mechanisms underlying the development of vascular dysfunction in obese and type 2 diabetic
individuals are not fully known, a growing body of evidence suggest that adverse cellular
processes, including endoplasmic reticulum (ER) stress, inflammation and oxidative stress, are
primarily responsible for the disruption of normal vascular function in these two metabolic
diseases. Therefore, identifying effective strategies to mitigate one or more of these adverse
processes may lead to novel therapies for the treatment of vascular dysfunction in obesity
and/or type 2 diabetes. In addition, ascertaining the initial triggering factor(s) that promote these
adverse processes will inform innovative ways to prevent or control the progression of vascular
dysfunction.

The goals of this dissertation research were to 1) examine the underlying causes of
vascular dysfunction in obesity and type 2 diabetes and 2) identify potential strategies to
mitigate vascular dysfunction in these metabolic diseases. To this end, we conducted three
separate studies in murine models of obesity and/or type 2 diabetes aimed to modulate key
factors that can affect vascular function. In all three studies, we measured aortic pulse wave
velocity and endothelium-dependent dilation as clinically relevant indices of arterial stiffness and
endothelial dysfunction, respectively. We also conducted various biochemical analyses to
explore the potential mechanisms by which our experimental interventions altered vascular

function.



In our first study (Chapter 2), we examined the role of ER stress in diabetic vascular
dysfunction. In type 2 diabetic (db/db) mice, we found that chronic administration of the ER
stress inhibitor, tauroursodeoxycholic acid (TUDCA), significantly reduced arterial stiffness and
endothelial dysfunction. These vascular improvements were associated with reduced
expression of ER stress-related genes within the aorta and surrounding perivascular adipose
tissue (PVAT). Next (Chapter 3), we examined the role of the gut microbiota in the development
of vascular dysfunction in obesity. We found that Western diet (WD)-induced obesity increased
arterial stiffness, impaired endothelial function, and promoted endotoxemia-related
inflammation. Antibiotic treatment to suppress the gut microbiota in WD-fed mice reduced
arterial stiffness, improved endothelial function, and attenuated systemic and vascular
inflammation. In our final study (Chapter 4), we examined whether gut dysbiosis represents a
causal factor in the development of obesity-related vascular dysfunction. We found that
transplant of gut microbiota from obese (ob/ob) to control mice promoted the development of
arterial stiffness, and this was associated with reduced abundance of a symbiotic bacterium,
Akkermansia muciniphila, decreased short-chain fatty acid levels, and increased gut
permeability. In contrast, transplant of control microbiota to obese mice did not attenuate arterial
stiffness.

Collectively, these studies in mice provided evidence that 1) mitigation of ER stress
improves vascular function in type 2 diabetes, 2) gut dysbiosis contributes to vascular
dysfunction in WD-induced obesity, and 3) an obese-type microbiota can promote arterial
stiffening independent of body weight. Future clinical trials and mechanistic studies are needed
to translate our findings to humans and to further examine the molecular mechanisms linking

gut dysbiosis to vascular dysfunction.
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CHAPTER 1: INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of death in the U.S. and
worldwide despite remarkable advances in prevention and treatment. In 2015, 41.5 percent of
the U.S. population had at least one subtype of CVD, such as hypertension, coronary artery
disease, heart failure, or stroke. The most recent projections estimate that by 2035 nearly half of
the U.S. population will have CVD with associated costs of over $1 trillion annually (55). The
growing number of individuals with obesity and/or type 2 diabetes is recognized to be a major
contributor to this rising tide of CVD. Therefore, elucidating the mechanisms that promote CVD
in obesity and type 2 diabetes, and identifying potential therapeutic targets, is of paramount
biomedical importance.

Obesity and Type 2 Diabetes Statistics and Risk of Cardiovascular Disease

The number of adults in the U.S. that are obese, defined as having a body mass index
(BMI; kg/m?) greater than 30, has risen dramatically in recent decades (93). Data from the
National Health and Nutrition Examination Surveys (NHANES) estimates that the prevalence of
obesity in the U.S. was 39.6 percent in 2015-16 (50), and this number is expected to increase in
coming years (37). These statistics are particularly concerning because obesity is a major risk
factor for CVD. In fact, obese individuals have about a 2-fold higher risk than normal weight
individuals for coronary artery disease and stroke, and a 4-fold higher risk for heart failure (97).
Much of this increased risk is explained by traditional CVD risk factors, including hypertension,

dyslipidemia and type 2 diabetes.

The Centers for Disease Control and Prevention (CDC) reports that, as of 2015, nearly
30.3 million people in the U.S., or 9.4 percent of the population, have diabetes; and type 2
diabetes accounts for 90-95 percent of all diabetes cases (111). BMI is strongly and

independently associated with increased risk of developing type 2 diabetes, and obese



individuals are 2.5-5 times more likely to be diagnosed with type 2 diabetes compared to those
with normal BMI (43). The risk of developing CVD is about 2-4 times higher in people with type
2 diabetes compared with nondiabetics, and CVD represents the most common cause of death
in this population (89). Although type 2 diabetes is often associated with other cardiovascular
risk factors, the risk of CVD mortality remains two-fold higher in people with type 2 diabetes,

even after adjusting for smoking, blood pressure, BMI, and total cholesterol (137).

The increase in CVD risk in obesity and type 2 diabetes is primarily attributable to the
development of vascular dysfunction, which is characterized by stiffening of the large elastic
arteries and endothelial dysfunction (25, 120, 132). Arterial stiffness and endothelial dysfunction
commonly develop in obesity and type 2 diabetes before the onset of overt CVD, and are each
independent risk factors for incident CVD (28, 92, 106). Arterial stiffness is a consequence of
adverse structural and functional changes to the cells and extracellular matrix within the artery
wall (57, 155). Decreased compliance of the large elastic arteries can profoundly affect systemic
hemodynamics and cardiac function, contributing to CVD progression (42, 155). The
endothelium performs many crucial functions, including the regulation of vascular tone and
coagulation, and impairments in endothelial function is an initial step in the pathogenesis of

atherosclerosis and other cardiovascular complications (9).

Arterial Stiffness and Endothelial Dysfunction

An important function of the large elastic arteries is to buffer the pulsatile nature of blood
flow during each cardiac cycle. Due to the mechanical and functional properties of these
arteries, they can expand to accommodate the large volume of blood ejected from the heart
during systole and then recoil to propel that blood to more distal tissues during diastole. In doing
so, they help minimize the difference between systolic and diastolic blood pressures (i.e. keep
pulse pressure to a minimum). In certain disease states, however, these arteries can become

less compliant (or stiffer) and lose their ability to perform this crucial function. Stiffening of the



large elastic arteries, such as the aorta, can be measured both clinically and in experimental
animals by pulse wave velocity (PWV), and a high PWV is indicative of a stiffer, less compliant,
artery. Individuals with obesity display a higher carotid-femoral PWV (cfPWV, a measure of
central arterial stiffness) compared to normal weight individuals, and BMI is positively correlated
with cfPWV (25). Arterial stiffness is also increased in people with type 2 diabetes (123, 132)
and aortic PWV is a powerful independent predictor of mortality in this population (28).

Several mechanisms contribute to the development of arterial stiffening (103). While
stiffening of smaller peripheral arteries is more dependent on vascular tone, aortic stiffness is
mediated primarily by changes to extracellular proteins. In experimental animals, obesity and
diabetes has been associated with increased aortic collagen deposition, decreased elastin (or
increased elastin fragmentation), and increased formation of advanced glycation end-products
(AGEs) — all of which contribute to increased aortic stiffening (25, 45, 46). These adverse
changes are mediated in large part by a chronic increase in inflammation and oxidative stress,
two hallmark features of obesity and diabetes (56).

The vascular endothelium is a single layer of cells that line the blood vessels that, in
addition to serving as a barrier between the bloodstream and the surrounding tissues, perform
many crucial functions relating to both vascular and systemic physiology (127). A healthy
endothelium regulates normal changes in vascular tone (generally promoting vasodilation),
inhibits coagulation, suppresses proliferation of vascular smooth muscle cells, and maintains an
overall anti-inflammatory environment (105, 125). Endothelial dysfunction is a broad term that
describes an imbalance in the normal functioning or homeostasis of the endothelium, and shifts
the phenotype to a more coagulative, pro-inflammatory, pro-oxidative, vascoconstrictive
phenotype (125). While any, or all, of these adverse phenotypic changes may be considered
evidence of endothelial dysfunction, vascular reactivity is commonly used as a surrogate
measure, whereby an impaired endothelium-dependent dilation (EDD; e.g. acetylcholine-

mediated dilation) response is evidence of endothelial dysfunction.



As with arterial stiffness, inflammation and oxidative stress are the primary factors
driving endothelial dysfunction in obesity and diabetes. For example, these two processes can
impair endothelial function by reducing the bioavailability of endothelial-derived nitric oxide
(NO), a potent vasodilatory molecule, and this can be observed as a reduction in EDD. Pro-
inflammatory signaling can reduce NO bioavailability both directly through the suppression of
NO production and indirectly through the promotion of oxidative stress. Endoplasmic reticulum
(ER) stress has also recently emerged as a novel factor contributing to the development of
vascular dysfunction.

The ER performs many crucial cellular functions, including protein folding, lipid
biosynthesis, and calcium storage. When the normal balance between ER functional capacity
and demand is disturbed, a state broadly termed ER stress, an adaptive signaling network is
activated in order to restore ER homeostasis. This signaling network, called the unfolded protein
response (UPR), is mediated by the activation of three ER transmembrane proteins: 1) double
stranded RNA-dependent protein kinase-like ER kinase (PERK), 2) inositol-requiring ER-to-
nucleus signaling protein 1 (IRE1), and 3) activating transcription factor 6 (ATF6) (29). Acute
activation of these UPR transducers results in attenuation of global protein translation and
activation of transcriptional networks that enhance ER functional capacity. However, chronic
UPR activation, which can occur in diseases states such as obesity and type 2 diabetes, leads
to cell dysfunction and death and may promote the development of vascular dysfunction either
directly or via interactions with inflammation and oxidative stress (5, 27).

Mediators of Vascular Dysfunction

Chronic low-grade inflammation is a major factor contributing to the development of
obesity- and diabetes-related vascular dysfunction (54, 112). Increased circulating and adipose
tissue cytokines, such as interleukin-6 (IL-6), can induce vascular inflammatory signaling and
oxidative stress, two key processes involved in the development of vascular dysfunction (9, 32).

Although the cellular mechanisms involved in the progression of arterial stiffness and



endothelial dysfunction have received considerable attention, the initial source of this
inflammation remains unknown. An emerging hypothesis for the origin of obesity-related
inflammation is an elevation in circulating bacterial lipopolysaccharide (LPS or endotoxin).
Indeed, a 2- to 3-fold increase in circulating LPS, termed “metabolic endotoxemia,” has been
observed in genetic obese (ob/ob) and high-fat diet (HFD) fed mice (15, 16). LPS can activate
Toll-like receptor 4 (TLR4), a key mediator of innate immunity, to promote inflammation within
the vasculature and systemically (67, 86). Of note, induction of ER stress downstream of TLR4
activation has been shown to contribute to endothelial dysfunction in high fat fed mice (68).
Intriguingly, genetically diabetic (db/db) and HFD-fed mice with mutated TLR4 display preserved
endothelial function (86). Collectively, these studies suggest that gut-derived inflammatory
signals may represent a novel cause of vascular dysfunction in obesity and type 2 diabetes and
provide the basis for further investigation.
Research Objectives

The goal of this dissertation was to examine the underlying causes of vascular
dysfunction in obesity and type 2 diabetes. This was conducted using three separate, yet
complementary, studies in which we assessed arterial stiffness and endothelial function in
obese and/or diabetic mice following an experimental intervention. First, we treated type 2
diabetic (db/db) mice with tauroursodeoxycholic acid (TUDCA) to examine the contribution of
ER stress (Chapter 2). Second, we treated Western diet-induced obese mice with broad-
spectrum antibiotics to establish a role of the gut microbiota and link with endotoxemia (Chapter
3). Last, we used microbiota transplant between lean wild-type and obese leptin-deficient
(ob/ob) mice to 1) determine whether adverse changes in the composition of the gut microbiota
in obesity play a causal role in the development of vascular dysfunction and 2) test whether

vascular dysfunction could be attenuated in obese mice by restoring a wild-type microbiota.



CHAPTER 2: TAUROURSODEOXYCHOLIC ACID REDUCES ARTERIAL STIFFNESS AND

IMPROVES ENDOTHELIAL DYSFUNCTION IN TYPE 2 DIABETIC MICE'

Summary

Background/Aims: Endoplasmic reticulum (ER) stress has emerged as a potential
mechanism contributing to diabetes and its co-morbidities. However, the importance of ER
stress in diabetic vascular dysfunction is unclear. The purpose of the current study was to
examine the effects of the ER stress inhibitor, tauroursodeoxycholic (TUDCA), on arterial
stiffness and endothelial dysfunction in type 2 diabetic mice. Methods: Carotid and mesenteric
artery endothelial function were assessed via ex vivo pressure myography and arterial stiffness
was measured by aortic pulse wave velocity. The effects of TUDCA were examined both acutely
(ex vivo) and chronically (250 mg/kg/day; i.p., 4 weeks). Results: Compared to C57BL/6J (CON)
mice, db/db (DB) mice did not display carotid artery endothelial dysfunction; however,
mesenteric artery endothelial function was markedly impaired. Acute incubation (ex vivo) and
chronic administration (250 mg/kg/day; i.p.) of TUDCA improved endothelium-dependent
dilation in DB mesenteric arteries, without affecting endothelium-independent dilation. Chronic
TUDCA administration also reduced arterial stiffness and was associated with reductions in ER
stress markers in the aortic and perivascular adipose tissue. Conclusions: These results
suggest that ER stress may represent a novel cause of, and therapeutic target for, diabetic

vascular dysfunction.

' This is the peer-reviewed but unedited manuscript version of the following article: Battson ML, Lee DM,
Jarrell DK, Hou S, Ecton KE, Phan AB, Gentile CL. Tauroursodeoxycholic Acid Reduces Arterial Stiffness
and Improves Endothelial Dysfunction in Type 2 Diabetic Mice. Journal of Vascular Research 2017:
54(5):280-287 (DOI: 10.1159/000479967). The final, published version is available at
http://www.karger.com/?doi=10.1159/000479967.



Introduction

The epidemic of type 2 diabetes (T2D) continues to grow unabated, affecting over 25
million individuals in the US, with another 50 million classified as pre-diabetic (126). Among the
numerous morbidities associated with T2D, cardiovascular disease (CVD) is the most common
and critical. Individuals with T2D are more than twice as likely as non-diabetics to develop CVD
during their lifetime; and CVD is the most common cause of death in diabetics, accounting for

nearly 70% of diabetes-related fatalities (49, 89).

One of the key events that links T2D to CVD is the development of vascular dysfunction,
and two components of vascular dysfunction, in particular, contribute to diabetes-related CVD:
1) arterial stiffness and 2) endothelial dysfunction. Both arterial stiffness and endothelial
dysfunction precede clinical manifestations of CVD, and both are independent predictors of
future cardiovascular events in type 2 diabetics (28, 148, 149). Therefore, considerable effort
has been made to identify the underlying causes of diabetic arterial stiffness and endothelial
dysfunction, but despite these efforts, the initiating events that lead to their development are still
unclear.

The endoplasmic reticulum (ER) has recently emerged as an important regulator of
metabolic processes. Dysfunction within the ER, broadly termed ER stress, evokes the unfolded
protein response (UPR), an adaptive pathway that aims to restore ER homeostasis (20).
Although the UPR is the first line of defense against ER stress, chronic activation of the UPR
leads to cell dysfunction and death and has been implicated in the pathophysiology of cardio-
metabolic diseases (44, 101). Therapies that mitigate ER stress, such as the chemical
chaperone tauroursodeoxycholic acid (TUDCA), have been shown to alleviate several of these
cardio-metabolic diseases associated with ER stress (102, 107). However, few studies have
examined the role of ER stress in diabetic endothelial dysfunction (3, 60), and to our knowledge,

no data are available regarding the effects of TUDCA on arterial stiffness. Therefore, the



purpose of the current study was to examine the effects of TUDCA administration on endothelial

dysfunction and arterial stiffness in type 2 diabetic mice.

Methods

Animals and Experimental Design

Male control C57BL/6J mice and type 2 diabetic mice homozygous for a point mutation
in the leptin receptor gene (Lepr®) were obtained from the Jackson Laboratory (Bar Harbor,
ME) at 16 weeks of age. Mice were acclimated for 2 weeks, and fed ad libitum purified diet
(Teklad TD. 08113, 4% Corn Qil Diet, Envigo). Mice were housed in a temperature and humidity
controlled environment on a 12h:12h light-dark cycle. All animal procedures were reviewed and
approved by the Colorado State University Institutional Animal Care and Use Committee. Mice
were divided into three groups: 1) control mice with no treatment (CON), 2) diabetic mice with
no treatment (DB) and 3) diabetic mice that received tauroursodeoxycholic acid (DB+TUDCA)
(EMD Millipore, Billerica, Massachusetts) via intraperitoneal injections at a dose of
250mg/kg/day for 4 weeks. Following the 4 week intervention, all mice were sacrificed at

approximately 6 months of age.
Aortic Pulse Wave Velocity (aPWYV)

Mice were anesthetized using 2% isoflurane and oxygen at 2L per minute, placed supine
on a heating board with legs secured to ECG electrodes, and maintained at a target heart rate
of ~450 bpm by adjusting isoflurane concentration. Doppler probes (20MHz) (Mouse Doppler
data acquisition system; Indus Instruments) were placed on the transverse aortic arch and
abdominal aorta and the distance between the probes was determined with precision calipers.
Pre-ejection time, the time between the R-wave of the ECG and the foot of the Doppler signal,
was determined for each site. aPWV was calculated by dividing the distance (cm) between the

probes by the difference in pre-ejection times (seconds) of the thoracic and abdominal regions.



Animal Termination and Assessment of Vascular Endothelial Function

Mice were anaesthetized with isoflurane and euthanized by exsanguination via cardiac
puncture. The aorta was excised and cleaned of surrounding perivascular adipose tissue
(PVAT) on ice-cold physiologic saline solution (PSS: 0.288g NaH2PO4, 1.802g glucose, 0.44¢g
sodium pyruvate, 20.0g BSA, 21.48g NaCl, 0.875g KClI, 0.7195g MgS0O4 7H20, 13.9g MOPS
sodium salt, and 0.185g EDTA per liter solution at pH 7.4) and flash frozen in liquid nitrogen for
later analysis. Vascular function was determined as previously described (129). Briefly, carotid
and second-order mesenteric arteries were excised in ice-cold PSS and placed in pressure
myograph chambers (DMT Inc., Atlanta, GA) containing warm PSS, cannulated onto glass
micropipettes and secured with suture. Arteries were equilibrated for 1 hour at 37°C and an
intraluminal pressure of 50 mmHg. Arteries were constricted with increasing doses of
phenylephrine (PE: 10° to 10° M) followed immediately by a dose-response with endothelium-
dependent dilator acetylcholine (ACh: 10-9 to 10-4 M). After a washout period, a dose-response
to endothelium-independent dilator sodium nitroprusside (SNP: 10'°to 10 M) was obtained
after pre-constriction to PE (10° M). For acute experiments, cannulated arteries were incubated
with or without 0.5mM TUDCA for 1 hour prior to response curves. Percent dilation was

calculated based on the maximal luminal diameter of each artery.
RNA Isolation, cDNA Synthesis, and Real-time PCR

Aortic and PVAT RNA was isolated with Trizol (Life Technologies, Grand Island, NY,
USA) according to manufacturer’s instructions. cDNA was synthesized using iScript (Bio-Rad,
Hercules, CA, USA) from 0.25ug/ul RNA in a 20ul reaction. Primer sequences are shown in the
Table 1. Samples were run in duplicate using an iCycler and iQ SYBR Green Supermix (Bio-
Rad) with two-step amplification (95°C for 10s, followed by annealing at 60°C for 30s) for a total
of 40 cycles. Expression patterns of genes of interest were normalized to constitutively

expressed B2 microglobulin as the reference gene. Data were normalized by calculating the



ACq for each sample, which was derived by subtracting the Cq of the reference gene from the
gene of interest. Relative quantitation (AACQq) was derived by subtracting the ACq for the
experimental sample from the average ACq of the control group. Fold change differences were

calculated by 244¢q,
Statistics

Data are expressed as mean + SEM. Normality of data were confirmed via the Shapiro-
Wilk test. Statistical analysis was performed using one-way ANOVA and Fisher’s Least
Significance Difference (LSD) post hoc test (SPSS for Windows, release 11.5.0; SPSS,

Chicago, IL, USA). A p-value of <0.05 was considered statistically significant.

Results

Endothelial Function in Diabetic Mice and the Effects of Acute TUDCA Administration

We first examined dilatory responses in carotid arteries and found no differences
between DB and CON mice in endothelium-dependent dilation (EDD; Figure 2.1A) or
endothelium-independent dilation (EID; Figure 2.1B) in carotid arteries from CON and DB mice.
Carotid artery diameter was also not affected by diabetic status (CON: 336.5 + 5.4 vs DB: 333.1
+ 3.6 ym; p > 0.05). To examine regional differences in arterial endothelial function, we
assessed EDD in second-order mesenteric arteries from CON and DB mice. EDD was markedly
impaired in mesenteric arteries from DB compared to CON mice (Figure 2.2A and 2.2B). Pre-
incubation for one hour with the ER stress inhibitor, TUDCA, significantly increased EDD in
separate mesenteric arteries isolated from the same diabetic mice (DB+TUDCA) (Figure 2.2A
and 2.2B). EID was not different between DB and DB+TUDCA arteries. The diameter of the
mesenteric arteries were also not different between groups (CON: 156.8 + 3.8 vs DB: 159.6 £

7.0; p > 0.05).

10



Effects of Chronic TUDCA Administration on Arterial Stiffness and Mesenteric

Endothelial Function

In light of the beneficial effects of acute TUDCA administration in isolated arteries, we
next sought to determine the effects of chronic TUDCA administration (4 weeks, 250 mg/kg/day
i.p.) on diabetic vascular dysfunction. Arterial stiffness, as measured by in vivo aortic pulse
wave velocity (aPWV), was significantly greater in DB compared to CON, and was significantly
reduced by chronic TUDCA administration in DB mice (Figure 2.3). The constrictive response to
phenylephrine (PE) was not different between CON and DB mesenteric arteries, and was not
altered by treatment with TUDCA (Figure 2.4A). Chronic TUDCA administration improved EDD
in DB mice (Figure 2.4B). EID was also reduced in DB compared with CON mice, and was not

affected by TUDCA (Figure 2.4C).

Effects of Chronic TUDCA Administration on ER Stress in Aortic and Perivascular

Adipose Tissue

To provide insight into the mechanism by which TUDCA improved vascular function, the
expression of ER stress-associated genes was measured in perivascular adipose tissue (PVAT)
and the aorta. In the PVAT, DB mice displayed increased expression of CHOP and ATF4
(Figure 2.5C and 2.5D) and there was a trend for increased expression of spliced X-box binding
protein (sXBP1; Figure 2.5B) compared to CON mice. Chronic TUDCA administration reduced
PVAT expression of GRP78 and ATF4 (Figure 2.5A and 2.5D). In the aorta, DB mice tended to
have increased expression of sXBP1 (Figure 2.5F) compared to CON, and TUDCA treatment

significantly reduced GRP78 and sXBP1 (Figure 2.5E and 2.5F).

Discussion

ER stress has emerged as an important mediator of diabetes and its co-morbidities,

although the role of ER stress in diabetic vascular dysfunction is largely unknown. Therefore,

11



the purpose of the current study was to examine the role of ER stress in diabetic arterial
stiffness and endothelial dysfunction. We found that chronic administration of the ER stress
inhibitor, TUDCA, in diabetic mice significantly reduced arterial stiffness, as determined by pulse
wave velocity. Furthermore, acute and chronic TUDCA improved endothelium-dependent
dilation in diabetic mice. These improvements were accompanied by a reduction of ER stress
markers in the perivascular adipose tissue. Collectively, the results suggest that ER stress may
be a therapeutic target for diabetes-related vascular dysfunction. The results also identify PVAT
as a novel source of ER stress in diabetes. Lastly, the data provide novel information regarding

the development of diabetic endothelial dysfunction along different regions of the vascular tree.

Over the last decade, ER stress has emerged as a novel mediator of metabolic
disturbances in models of obesity and type 2 diabetes (52). More recent studies suggest that
ER stress also mediates obesity-related and diabetic vascular dysfunction (3, 58, 60). Cheang
et al., found that high fat diet-induced endothelial dysfunction and aortic ER stress were
reversed by TUDCA administration (23). More recently, Choi and colleagues reported that
TUDCA restored dilatory responses to acetylcholine in genetically diabetic mice (26). Results
from the current study support and extend these findings in several ways. First, in addition to the
beneficial effects of TUDCA on coronary artery endothelial function reported by Choi et al., we
found that TUDCA improved endothelial function within the peripheral vasculature (i.e.
mesenteric arteries). Second, in agreement with previous studies, we found that endothelium-
independent dilation (via sodium nitroprusside) was impaired in DB mice (12, 85), suggesting
broad vascular dysfunction in these mice in both the endothelium and underlying smooth
muscle cells. Surprisingly, TUDCA did not affect EID responses, indicating that the protective
effects of TUDCA are specific to endothelium-dependent dilation. Unfortunately, EID responses
were not reported in the only other study examining the effects of TUDCA on vascular function

in DB mice (26), and thus future studies are needed to corroborate the lack of an effect by

12



TUDCA. Third, we found that chronic TUDCA administration reduced arterial stiffness in DB
mice. This is in agreement with other studies demonstrating an increase in PWV in DB mice
compared to controls (64, 117), and to our knowledge, are the first data to demonstrate a

protective effect of ER stress inhibition on arterial stiffness.

In the current study, EDD was dramatically impaired in the mesenteric arteries of
diabetic mice (~80% reduction in max dilation), whereas no impairments were found in the
carotid arteries. This finding of discrepant function along the arterial tree corroborates previous
work from our laboratory and elsewhere suggesting that the mesenteric arteries are more
susceptible than carotid arteries to metabolic disturbances (77, 144). The reasons for this
differential susceptibility along the vascular tree are unclear, although one notable difference
between mesenteric and carotid arteries is the lack of perivascular adipose tissue that
accumulates along the carotid bodies, even in models of extreme obesity such as DB mice. This
difference is particularly relevant given the increasing evidence that PVAT contributes to
endothelial dysfunction and arterial stiffness in models of chronic disease (32, 38). The current
data are the first to demonstrate that PVAT is a source of ER stress in diabetic mice, and the
reduction of ER stress markers in PVAT following TUDCA treatment suggest that PVAT-ER
stress may play a role in diabetes-related vascular dysfunction, although future studies are

necessary to determine the causality of this relation.

It should be noted that neither acute nor chronic TUDCA treatment completely reversed
vascular dysfunction in the current study. This may have been due to incomplete suppression of
ER stress by TUDCA, which is supported by the partial decrease in ER stress markers in the
aorta and PVAT. Alternatively, the finding may indicate that other factors, independent of ER
stress, contribute to vascular impairments in DB mice. It is important to acknowledge that
markers of ER stress in the present study were determined only at the gene level. Of the four

UPR mediators examined, spliced XBP1 mRNA is the one mediator often determined at the

13



gene rather than protein level given that the removal of the 26 nucleotide intron results in XBP1
translation (51, 141). The lack of protein expression measurements in the remaining UPR
markers is a noted limitation. Lastly, the db/db mice used in the current study is a commonly
used strain for the study of type 2 diabetes. Still, the animal model is not without certain
limitations in regards to the severity of metabolic dysfunction and the applicability to human
disease (39, 87). In conclusion, we found that acute and chronic administration of TUDCA
improved endothelium-dependent dilation and reduced arterial stiffness in diabetic mice.
Although numerous questions remain unanswered, the results suggest that ER stress may

represent a novel cause of, and therapeutic target for, diabetes-related vascular dysfunction.
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Figure 2.1. Carotid artery endothelial function is preserved in diabetic mice. Endothelium-
dependent dilation (EDD) to acetylcholine (ACh) (A) and endothelium-independent dilation (EID)
to sodium nitroprusside (SNP) (B) in control (CON; n = 6) and diabetic (DB; n = 7) carotid
arteries.
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Figure 2.2. Mesenteric artery function is impaired in diabetic (DB) mice and is improved
with acute incubation with TUDCA. Endothelium-dependent dilation (EDD) to acetylcholine
(ACh) in control (CON) and DB mesenteric arteries pre-incubated with or without 0.5 mM
TUDCA for 1 h (A). EDD expressed as AUC (B). * p < 0.05 vs. CON; # p < 0.05 vs. DB. CON: n
=12, DB:n=6, DB + TUDCA: n = 6.
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Figure 2.3. Chronic TUDCA administration reduces arterial stiffness in diabetic (DB)
mice. Aortic pulse wave velocity (aPWYV) in controls (CON), DB mice, and DB mice treated with
TUDCA (DB + TUDCA; 250 mg/kg/day i.p. for 4 weeks). * p < 0.001 vs. CON; # p < 0.001 vs.
DB.CON:n=10,DB:n=12, DB + TUDCA: n = 8.
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Figure 2.4. Chronic TUDCA administration improves mesenteric artery endothelial
function in diabetic (DB) mice. Constriction to phenylephrine (PE) (A), endothelium-
dependent dilation (EDD) to acetylcholine (ACh) (B), and endothelium-independent dilation
(EID) to sodium nitroprusside (SNP) (C) in mesenteric arteries from controls (CON), DB mice,
and DB mice treated with TUDCA (DB + TUDCA; 250 mg/kg/day i.p. for 4 weeks). * p < 0.05 vs.
CON; #p<0.05vs. DB. CON: n=12,DB: n =6, DB + TUDCA: n = 6).
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Figure 2.5. Chronic TUDCA administration reduces ER stress markers in the perivascular
adipose tissue (PVAT) and aorta. Quantified mRNA expression in controls (CON), diabetic
(DB) mice, and DB mice treated with TUDCA (DB + TUDCA; 250 mg/kg/day i.p. for 4 weeks).
PVAT expression of GRP78 (A), sXBP1 (B), CHOP (C), and ATF4 (D). Aortic expression of
GRP78 (E), sXBP1 (F), CHOP (G), and ATF4 (H). * p < 0.05 versus CON; # p < 0.05 versus
DB. *p < 0.05vs. CON; #p < 0.05vs. DB. CON: n=7-8,DB: n=4-8, DB + TUDCA: n =4-8
(sample numbers vary among genes examined).

Tables

Table 2.1. Sequence of qPCR primers for aortic and perivascular adipose tissue.

Target Gene

Sequence

B2M

CHOP

GRP78

ATF4

XBP1

s) CGGTCGCTTCAGTCGTCAG

as) ATGTTCGGCTTCCCATTCTCC
s) CGCTCTCCAGATTCCAGTCAG

(
(
(
(as) GTTCTCCTGCTCCTTCTCCTT
(s) GAGGCGTATTTGGGAAAGAAGG
(as) GCTGCTGTAGGCTCATTGATG
(s) GAATGGATGACCTGGAAACC
(as) GGCTCCTTATTAGTCTCTTGG
(s) GGCATTCTGGACAAGTTGG

(as) GAAAGGGAGGCTGGTAAGG

Note: B2 microglobulin (B2M), C/EBP homologous protein (CHOP), glucose-regulated protein
78 (GRP78), activating transcription factor 4 (AFT4), and X-box binding protein 1 (XBP1).
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CHAPTER 3: SUPPRESSION OF GUT DYSBIOSIS REVERSES WESTERN DIET-INDUCED

VASCULAR DYSFUNCTION?

Summary

Objective: Vascular dysfunction represents a critical pre-clinical step in the development
of cardiovascular disease. We examined the role of the gut microbiota in the development of
obesity-related vascular dysfunction. Approach and Results: Male C57BL/6J mice were fed
either a standard diet (SD) (n=12) or western diet (WD) (n=24) for 5m, after which time, WD
mice were randomized to receive either un-supplemented drinking water or water containing a
broad-spectrum antibiotic cocktail (WD+Abx) (n=12/group) for 2m. Seven months of WD caused
gut dysbiosis, increased arterial stiffness (SD: 412.0+6.0 vs WD: 458.3+9.0 cm/s, p<0.05) and
endothelial dysfunction (28% decrease in max dilation, p<0.05), and reduced L-NAME-inhibited
dilation. Vascular dysfunction was accompanied by significant increases in circulating LPS-
binding protein (LBP) (SD: 5.26+.23 vs WD: 11+0.86 pug/mL, p<0.05) and interleukin-6 (IL-6)
(SD: 3.27+0.25 vs WD: 7.09+1.07 pg/mL, p<0.05); aortic expression of phosphorylated nuclear
factor-kB (p-NF-kB) (p<0.05); and perivascular adipose expression of NADPH oxidase subunit
p67phox (p<0.05). Impairments in vascular function correlated with reductions in
Bifidobacterium spp. Antibiotic treatment successfully abrogated the gut microbiota and
reversed WD-induced arterial stiffness and endothelial dysfunction. These improvements were
accompanied by significant reductions in LBP, IL-6, p-NF-kB, and advanced glycation end
products (AGEs), and were independent from changes in body weight and glucose tolerance.

Conclusions: These results indicate that gut dysbiosis contributes to the development of WD-

2 This is the peer-reviewed but unedited manuscript version of the following article: Battson ML, Lee DM,
Jarrell DK, Hou S, Ecton KE, Weir TL, Gentile CL. Suppression of Gut Dysbiosis Reverses Western Diet-
Induced Vascular Dysfunction. Am J Phys Endo Metab. Epub 2017 Dec 26. (DOI:
10.1152/ajpendo.00187.2017). The final, published version is available at
https://www.physiology.org/doi/10.1152/ajpendo.00187.2017
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induced vascular dysfunction, and identify the gut microbiota as a novel therapeutic target for
obesity-related vascular abnormalities.
Introduction

Intestinal microbes have emerged as critical regulators of human physiology (62).
Disturbances to microbial equilibrium, broadly termed gut dysbiosis, have been linked to
numerous disease processes (18). Diet is one of the most important determinants of microbial
equilibrium, and dysbiosis that occurs secondary to a high fat or Western (high fat, high sugar)
diet has been implicated in the pathogenesis of several diet-related diseases, including

diabetes, steatohepatitis, and cardiovascular disease (CVD) (13).

Studies examining a link between the microbiota and CVD have focused primarily on
hypertension and atherosclerosis (1, 33, 59, 91, 135, 154). However, numerous pre-clinical
disturbances in the vasculature develop prior to overt atherosclerotic lesions. Among these
disturbances, arterial stiffness and endothelial dysfunction are perhaps the most common and
clinically relevant. Arterial stiffness and endothelial dysfunction are observed following Western
diet feeding, and both are strong predictors of future cardiovascular events and mortality (28,
148). In light of this clinical importance, considerable attention has been given to identifying the
cellular pathways that underlie the development of obesity-related arterial stiffness and
endothelial dysfunction. In this regard, numerous studies in humans and experimental animals
have shown that oxidative stress and inflammatory signaling are two critical mediators of
vascular dysfunction (31, 40, 41, 70, 79, 108); although the initial source(s) of this oxidative

stress and inflammatory signaling is still unclear.

Recent data indicate that gut dysbiosis may represent a novel source of oxidative stress
and inflammation that could influence vascular function. For example, several microbial
metabolites and structural bacterial components are capable of migrating from the intestinal

environment and eliciting inflammation and oxidative stress within metabolically relevant tissues,
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including the vasculature (15, 16, 71, 145). Despite these data, there is limited evidence to
support a role of the gut microbiota in the development of endothelial dysfunction (22, 142), and
to our knowledge, no data are available regarding the effects of dysbiosis on arterial stiffness.
Therefore, the aim of the current study was to determine the effects of suppressing gut
dysbiosis, via a broad-spectrum antibiotic cocktail, on arterial stiffness and endothelial
dysfunction in Western diet-fed mice; and to examine potential factors that mediate gut-vascular
crosstalk downstream of dysbiosis. Our results indicate that microbiota suppression improves
both Western diet-induced arterial stiffness and endothelial dysfunction, and identify putative
signals within the gut, the circulation, and the vasculature and perivascular adipose tissue that

may mediate these vascular alterations.

Methods

Experimental Design

Male C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and
acclimated for 2 weeks with ad libitum access to a standard diet (SD; TD.08113, Harlan
Laboratories) consisting of 10.2% fat, 76.0% carbohydrate, and 13.8% protein calories. Mice
were individually housed in a temperature- and humidity-controlled environment on a 12h:12h
light-dark cycle. All animal procedures were reviewed and approved by the Colorado State
University Institutional Animal Care and Use Committee. Once acclimated, 3-month-old mice
were randomly assigned to a standard diet (SD; n=12) or Western diet (WD; n=24) (TD.88137,
Harlan Laboratories) consisting of 42.0% fat (61.8% saturated, 27.3% monounsaturated, 4.7%
polyunsaturated), 42.7% carbohydrate (80% sucrose), and 15.2% protein calories for 7 months.
Body weight and food intake were recorded weekly. For the final 2 months of the dietary
intervention (i.e. during months 5-7 on diet), WD mice were randomized to receive either non-
supplemented drinking water (WD; n=12) or drinking water supplemented with a broad-

spectrum antibiotic cocktail (WD+Abx; n=12) containing 0.4 g/L ampicillin (Cayman Chemical,
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Ann Arbor, MI, #14417), 0.4 g/L neomycin sulfate (Cayman Chemical, Ann Arbor MI, #14287),
0.2 g/L vancomycin (Chem-Impex International, Wood Dale, IL, #00315), 0.4 g/L metronidazole
(Research Products International, Mount Prospect, IL, #443-48-1) as described previously (47,
114). To avoid taste aversion-related reductions in fluid intake and weight loss commonly
observed with antibiotic administration in mice (116), 1-5% glucose was added to the drinking

water for all mice as advised by IACUC procedures for water additives.

Arterial Stiffness

Aortic pulse wave velocity (aPWV) was measured at 0, 3, 5 and 7 months on diet. Mice
were anesthetized using 2% isoflurane and oxygen at 2L per minute, placed supine on a
heating board with legs secured to ECG electrodes, and maintained at a target heart rate of
~450 bpm by adjusting isoflurane concentration. Doppler probes (20MHz) (Mouse Doppler data
acquisition system; Indus Instruments, Houston, TX) were placed on the transverse aortic arch
and abdominal aorta and the distance between the probes was determined simultaneously with
precision calipers. Five consecutive 2-second recordings were obtained for each mouse and
used to determine the time between the R-wave of the ECG and the foot of the Doppler signal
for each probe site (Atime). aPWYV (in cm/s) was calculated as aPWYV = (distance between the

tWO prObeS) / (Atimeabdominal - Atimetransverse).

Animal Termination and Tissue Collection

Mice were anaesthetized with isoflurane and euthanized by exsanguination via cardiac
puncture. Blood was collected with an EDTA-coated syringe and immediately centrifuged at
1,000 rcf for 10min at 4°C to obtain plasma. Second-order mesenteric arteries were excised in
ice-cold physiologic saline solution (PSS: 0.288g NaH2PO4, 1.802g glucose, 0.44g sodium
pyruvate, 20.0g BSA, 21.48g NaCl, 0.875g KClI, 0.7195g MgS0O4 7H20, 13.9g MOPS sodium

salt, and 0.185g EDTA per liter solution at pH 7.4) and cannulated for vascular reactivity
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experiments (see below). The thoracic aorta was excised and cleaned of surrounding
perivascular adipose tissue (PVAT) on ice-cold PSS. A 1 mm segment of proximal aorta was
frozen in optimal cutting temperature (OCT) media, transverse (7 um) sections were obtained
using a Microm HM550 cryostat (Thermo Scientific, Waltham, MA), and images were analyzed
in CellSens imaging software (Olympus, Tokyo, Japan) for determination of morphological
characteristics. The remainder of the aorta and PVAT were flash frozen and stored at -80°C for
biochemical analyses. Cecum, and adipose tissue (subcutaneous, epididymal, and mesenteric

depots) were isolated and weighed.
Vascular Reactivity

Endothelial function was determined via pressure myography. Second-order mesenteric
arteries were placed in pressure myograph chambers (DMT Inc., Atlanta, GA) containing warm
PSS, cannulated onto glass micropipettes and secured with suture. Arteries were equilibrated
for 1 hour at 37°C and an intraluminal pressure of 50 mmHg. Arteries were constricted with
increasing doses of phenylephrine (PE: 10° to 10-° M) followed immediately by a dose-response
with endothelium-dependent dilator acetylcholine (ACh: 10° to 10* M). Arteries were washed for
20 minutes and then incubated in the presence of the nitric oxide synthase inhibitor, L-N®-
Nitroarginine methyl ester (L-NAME, 0.1 mM, 30 minutes). With L-NAME present, a second
dose-response to acetylcholine (ACh: 10° to 10* M) was performed following pre-constriction to
PE (10° M) to determine the relative contribution of nitric oxide (NO) to endothelium-dependent
dilation (EDD). After another 20 minute washout period, a dose-response to endothelium-
independent dilator sodium nitroprusside (SNP: 10"%to 10* M) was obtained after pre-
constriction to PE (10° M). Artery diameters were measured by MyoView software (DMT Inc.)
and used to calculate percent dilation for each dose of ACh or SNP relative to the PE-induced
pre-constriction. Percent dilation (%) = (increase in luminal diameter to ACh/SNP) / (maximum

decrease in luminal diameter to PE [10° M] pre-constriction) x 100. Area under the dose-
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response curve (AUC; trapezoid method) was also calculated for each response. L-NAME-
inhibited dilation was calculated as the percent reduction in maximal EDD in the absence vs.
presence of L-NAME in each artery: L-NAME-inhibited dilation (% reduction in max EDD) = Max

EDDach - EDDach w/ L-NAME.

Microbiota Characterization

Fecal material was collected at termination and DNA extracted using the PureLink
Microbiome DNA Purification Kit (A29790, Invitrogen, Carlsbad, CA). Quantitative PCR was
used to verify suppression of the microbiota in Abx-treated animals. Reactions were optimized
for the 16s rRNA gene using universal bacterial primers (forward: 5’-
AAACTCAAAKGAATTGACGG-3, reverse: 5-CTCACRRCACGAGCTGA-3’) (4). Cycling
conditions using the Biorad CFX96 thermal cycler were as follows: 95°C for 3min and then 40

cycles of 95°C 15s, 61°C 15s, 72°C 10s, 85°C 5s followed by florescence detection.

Paired-end sequencing libraries were constructed by following the lllumina 16s protocol
which includes amplification of the V3-V4 regions of the 16s rRNA gene, purification of
amplicons using AmPure beads, ligation with lllumina adaptors and dual indices, followed by
another round of AmPure bead purification, quantification, denaturation and library pooling, and
sequencing on an lllumina MiSeq. Paired fastq files were assembled and processed using the
default myPhyloDB ver. 1.2.0 sequencing pipeline (90), which utilizes the mothur bioinformatics
software for sequence processing (121). Briefly, sequences were screened (maxhomop=0,
maxambig=1), chimeras removed, and classified to the K-mer based nearest neighbor (KNN) in
the GreenGenes ver. 13_5 reference database. After processing, data were normalized by
rarefaction based on a minimum sample size of 165,872 reads. Five hundred independent
normalization runs were conducted and the average abundance for all normalization runs was

used in further analyses.
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Circulating Analytes

Plasma levels of insulin, leptin, and inflammatory cytokines interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1) and plasminogen activator inhibitor-1 (PAI-1)
were determined using a multiplex assay (MADKMAG-71K, EMD Millipore, Billerica, MA). Intra-

assay variability (<5%) was within the normal limits reported by the manufacturer.
LPS-Binding Protein (LBP) and Soluble Cluster of Differentiation (CD)14

Due to well-established difficulties obtaining reliable circulating LPS levels, as well as
limitations of commercially available chromogenic assays (10, 94), LPS signaling was
determined by circulating levels of LBP and soluble CD14, two commonly used surrogates for
LPS. Plasma LBP (ALX-850-304/1, Enzo Life Sciences,Farmingdale, NY) and soluble CD14
(#DC140, R&D Systems, Minneapolis, MN) were measured via ELISA per manufacturer’s

instructions using 1:800 and 1:40 dilution of plasma, respectively.
Aortic and PVAT Protein Expression

Aortas were homogenized using ZrO beads and a bullet blender (Next Advance, Averill
Park, NY) in ice-cold RIPA lysis buffer containing protease and phosphatase inhibitors (Sigma,
St. Louis, MO). Fifteen ug of aorta protein lysate was loaded on 4-12% gradient gels, separated
by electrophoresis, and transferred to PVDF membranes for Western blot analysis. Blots were
blocked with Odyssey Blocking Buffer TBS (LI-COR, Lincoln, NE) and incubated overnight at
4°C with primary antibodies against phospho-NF-kB p65 (1:500, #3033, Cell Signaling
Technology [CST], Danvers, MA) and NF-kB p65 (1:500, #8242, CST). Perivascular adipose
tissue (PVAT) was homogenized using the Minute™ Total Protein Extraction Kit for Adipose
Tissues/Cultured Adipocytes (Invent Biotechnologies Inc., Plymouth, MN). As above, 30 ug of
PVAT protein lysate was loaded for Western blot analysis with primary antibodies against p67
[phox] (1:500, BD Biosciences, San Jose, CA), NADPH oxidase 4 (NOX4, 1:1000, ab133303,

abcam, Cambridge, MA) and advanced glycation end products (AGEs, 1:1000, ab23722,
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abcam). Target proteins were detected using IRDye 680RD (1:15000, LI-COR), IRDye 800CW
(1:15000, LI-COR) or IgG-HRP (1:5000, sc-2004, Santa Cruz Biotechnology, Dallas, TX)
secondary antibodies and images were captured on Odyssey CLx (LI-COR) or EpiChemi® (UVP,
Upland, CA)) imaging systems, respectively. Expression of each target protein was normalized
to GAPDH (1:1000, #2118, CST), the ratio of phosphorylated/total protein calculated for each

sample, and data is presented as fold change relative to SD.
Glucose Tolerance Test

At month 5 on diet and one week before experiment termination, mice were fasted for 6
hours and blood glucose was determined from tail vein blood using AlphaTRAK 2 glucose
meters (Abbott Laboratories, Chicago, IL). Mice received an intraperitoneal injection of 2 g/kg

dextrose and blood glucose was assessed at 0, 15, 30, 60, and 120 minutes post-injection.

Statistics

Data are expressed as mean =+ SEM. Statistical analysis was performed using one-way
ANOVA with Tukey’s post hoc test (SPSS for Windows, release 11.5.0; SPSS, Chicago, IL). A
mixed model ANOVA (within factor, time or dose; between factor, treatment group) was used for
aPWYV and EDD and EID dose response curves. 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. Correlation analysis between outcome measures

was performed using GraphPad Prism (La Jolla, CA).

Differential abundance of bacterial species was determined using the DESeq2 package
in R and a False Discovery Rate of 0.05. Principle Component Analysis (PCA) was used to
visualize separation of microbial communities between treatment groups. ANCoVA (significant;
p=0.01) was used to determine differences in species abundance at the phyla level. Linear

regression using Pearson’s correlation and sparse Partial Least Square Regression analysis
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(sPLS) were used to identify relationships between specific bacterial taxa and metavariables
related to inflammation and vascular function outcomes.
Results

We first confirmed that antibiotic administration successfully abrogated intestinal
microbes by gPCR using universal primers for the 16s ribosomal subunit. Bacterial count was
similar between SD and WD mice, and significantly reduced with antibiotic treatment (WD+Abx)
to levels observed in no template controls, confirming highly effective bacterial suppression
(Figure 3.1A). Cecal mass was significantly reduced in WD and increased in WD+Abx (Figure
3.1B), as previously reported following high-fat feeding (152) and antibiotic treatment (48, 84,
95, 116, 119), respectively. In light of the marked microbial suppression with antibiotics,

subsequent sequencing was not performed in antibiotic-treated mice.

Western diet resulted in marked alterations in the gut microbiota. For example, relative to
SD, animals on a WD displayed significantly increased Firmicutes (SD=49,755; WD=109,454;
p=0.0002), and decreased Bacteroidetes (SD=21,907; WD=11,205; p=0.016) and
Actinobacteria (SD= 94.082; WD= 45,210; p= 0.003). PCA analysis showed sample clustering
by diet type along PC1, with separation driven by Ruminococcus gnavus for WD and several
Bifidobacterium spp. for SD (Figure 3.1C). Abundance of numerous bacterial taxa were altered
by diet; in particular, Bifidobacterium spp. were significantly more abundant in SD animals

compared to WD (Figure 3.1D).

Arterial stiffness progressively increased in WD mice during the 7 month intervention. In
WD-fed mice that received antibiotic treatment (WD+Abx), arterial stiffness was completely
normalized to SD levels (Figure 3.2A). Likewise, aortic media thickness was increased in WD
compared to SD mice, and normalized in WD+Abx (Figure 3.2B). No group differences were
observed for passive luminal diameter (SD: 161.7 £ 7.4, WD: 170.8 £ 6.7, WD+Abx: 174.9 + 8.5

pum) or phenylephrine-induced pre-constriction (SD: 56.6 + 5.5, WD: 59.0 + 4.3, WD+Abx: 59.9 +
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4.4 %) in isolated mesenteric arteries. Similar to arterial stiffness, endothelium-dependent
dilation (EDD) was significantly impaired in WD mice, and antibiotic treatment reversed this
dysfunction (Figure 3.3A and 3.3B). Inhibition of nitric oxide synthase with L-NAME reduced
EDD in all groups such that maximal acetylcholine-mediated dilation was similar in all groups
(Figure 3.3C). L-NAME-inhibited dilation was reduced in WD mice, and restored with antibiotic
treatment (Figure 3.3D). Endothelium-independent dilation was not altered by diet or antibiotic

treatment (Figure 3.3E and 3.3F).

Body weight as well as epididymal and subcutaneous fat masses were significantly
increased by WD, and unaffected by antibiotic treatment (Figure 3.4A-C). Plasma leptin and
insulin levels were also elevated in WD and not significantly decreased by antibiotic treatment
(Figure 3.4D-E). Likewise, WD significantly impaired glucose tolerance, with no effect of

antibiotic treatment (Figure 3.4F).

To begin to explore potential mechanisms by which suppression of gut dysbiosis
reversed vascular dysfunction, we assessed plasma levels of LPS-binding protein (LBP) and
soluble cluster of differentiation-14 (sCD14), two markers of LPS signaling associated with
cardiovascular outcomes (74). LBP (Figure 3.5A) and the LBP:sCD-14 ratio (Figure 3.5B) were
increased in WD, and significantly reduced in WD+Abx. In light of these data, we next measured
plasma levels of several pro-inflammatory mediators induced by LPS. IL-6 and PAI-1 were
significantly increased in WD, but not WD+Abx; whereas MCP-1 was significantly decreased in
WD+Abx (Figure 3.5C-E). To further examine potential mechanisms contributing to vascular
dysfunction, we examined protein expression in the aorta and surrounding PVAT.
Phosphorylation of NF-kB, which also occurs downstream of LPS signaling, was significantly
increased in the aorta of WD mice, and normalized following antibiotic treatment (Figure 3.6A).
PVAT expression of the p67phox, a regulatory subunit of NADPH oxidase (NOX) 2, was

increased in WD, but not WD+Abx, compared to control-fed mice (Figure 3.6B). In contrast,
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PVAT NOX4 expression was not different between groups (Figure 3.6C). Lastly, PVAT AGEs
tended to be higher in WD (p=0.053 vs. SD), and were significantly decreased in WD+Abx

compared to WD (Figure 3.6D).

Finally, we ran several correlation analyses to provide insight into the relations among
alterations in bacterial species, inflammation, and vascular function. Several bacterial species
were related to primary outcomes; in particular, three strains of Bifidobacteria were inversely
correlated with body weight, LBP, and vascular function (Figure 3.7A and Table 3.1).
Furthermore, LBP was significantly correlated with both indices of vascular function, L-NAME-
inhibited dilation, and both systemic and vascular inflammation (Figure 3.7B-E). Collectively,
these results lend support for a sequence of events wherein WD-induced reductions in
Bifidobacteria increase LPS translocation and systemic signaling, which in turn propagates an

inflammatory response that drives vascular dysfunction.

Discussion
The primary finding of the current study is that suppression of the microbiota via a broad-
spectrum antibiotic cocktail reversed western diet-induced arterial stiffness and endothelial
dysfunction. These vascular improvements were independent of changes in BW, fat mass and
glucose tolerance; and were accompanied by reductions in LBP, markers of inflammation, and
restoration of L-NAME-inhibited dilation. Lastly, the diet-induced vascular dysfunction correlated
with reductions in several bacterial taxa, most notably several species of Bifidobacterium.
Collectively, these results indicate that gut dysbiosis may be a causal factor in the development
of vascular dysfunction, and suggest a potential role for bacterial-derived LPS in mediating
these events. These results extend recent data linking gut dysbiosis to the development of other
cardiovascular abnormalities, including atherosclerosis and hypertension (135), and lend further
support to the notion that the gut microbiota represents a future therapeutic target for

cardiovascular disease (69).
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In the first study to examine a link between vascular function and gut dysbiosis, Vikram
et al. elegantly demonstrated, using microbiota transplantations and antibiotic treatment, that
gut dysbiosis can induce endothelial function via upregulation of vascular miR-204 and
subsequent downregulation of Sirt1 (142). The results of the present study complement and
extend the findings by Vikram et al., in several ways. First, in addition to its effects on
endothelial function, we found that suppression of the gut microbiota reversed WD-induced
arterial stiffness, another clinically relevant feature of vascular function. Second, profiling of
bacterial 16S ribosomal RNA revealed substantial dysbiosis in Western diet-fed mice, and
identified changes in individual bacteria (e.g. reductions in Bifidobacterium) that are correlated
with, and may drive, the observed vascular dysfunction. Third, Vikram et al. described a gut-
vascular axis driven by increases in miR-204 and subsequent reductions in Sirt1; and the
authors note that they were unable to identify a circulating factor that governs crosstalk within
this axis. Our data suggest that LPS signaling may represent one such circulating messenger.
Indeed, LPS has been shown to increase miR-204; LPS and miR-204 have each been shown to
decrease Sirt1 (63, 147); and Li et al., demonstrated that this miR-204-Sirt1 axis is a critical
mediator of LPS-induced inflammation (83). Thus, taken together, the two studies suggest that
gut dysbiosis enhances LPS signaling in the general circulation, which in turn may impair

vascular function via the miR-204-Sirt1 axis.

Chronic low-grade inflammation is a major factor contributing to the development of
obesity-related vascular dysfunction (54). Increased circulating and adipose tissue cytokines,
such as interleukin-6 (IL-6), can induce vascular inflammatory signaling and oxidative stress,
two key processes involved in the development of vascular dysfunction (9, 32). An emerging
hypothesis for the origin of obesity-related inflammation is an elevation in circulating bacterial
lipopolysaccharide (LPS or endotoxin). Indeed, a 2- to 3-fold increase in circulating LPS, termed

“metabolic endotoxemia,” has been observed in genetic obese (ob/ob) and high-fat diet (HFD)
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fed mice (15, 16). Once in circulation, LPS elicits a potent inflammatory response at both
systemic and local levels (15). To begin to explore putative mechanisms linking the gut
dysbiosis to vascular dysfunction in the present study, we measured circulating levels of LBP
and sCD14, two established surrogate measures of LPS independently associated with
cardiovascular dysfunction (74). Although LBP and sCD14 expression are both stimulated by
LPS, sCD14 is reported to have suppressing effects on endotoxin. In support of this notion,
increased sCD14 has been associated with lower levels of the pro-inflammatory cytokine IL-6 in
both plasma and adipose tissue despite higher plasma endotoxemia (75). Thus, an elevated
LBP:sCD14 in plasma may be used as a surrogate marker of endotoxemia. In line with this, LBP
and LBP:sCD14 ratio was significantly increased in mice fed a Western diet and reduced
following antibiotic treatment. These results are in agreement with Li et al., who reported that
enhanced LPS translocation subsequent to gut dysbiosis mediated atherogenesis in apoE™”

mice fed a Western diet (82).

Mechanistically, LPS can activate Toll-like receptor 4 (TLR4), a key mediator of innate
immunity, to promote inflammation within the vasculature and systemically (67, 86).
Downstream of TLR4, the transcription factor nuclear factor-kB (NF-kB) can promote vascular
inflammation through upregulation of pro-inflammatory cytokines, adhesion molecules and pro-
oxidant enzymes such as NADPH oxidase (11). We found that antibiotic treatment reduced
circulating levels of IL-6 and MCP-1, and vascular phosphorylation of NF-kB, all of which are
regulated by LPS and are established mediators of vascular dysfunction (133). In addition, NF-
KB activation can suppress the expression of endothelial nitric oxide synthase (eNOS), a key
enzyme that regulates vascular homeostasis through the production of the vasodilatory and
anti-inflammatory molecule nitric oxide (NO) (78). Although eNOS expression or
phosphorylation was not directly measured in the current study, our finding that dilation following

L-NAME inhibition, a measure of NO-dependent dilation, was reduced by WD feeding and
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restored with antibiotic treatment suggests that altered NO bioavailability may have contributed
to the observed differences in vascular function. However, it should be noted that L-NAME-
inhibited dilation is not equivalent to NO bioavailability and L-NAME may affect the oxidative
status in the vasculature independent of its effects on NO. Thus, future studies are needed to
more comprehensively determine the role of NO in mediating vascular alterations in the setting

of gut dysbiosis.

A growing body of evidence suggests that changes to the perivascular adipose tissue
can strongly influence vascular structure and function (53, 66, 99, 143). For example, studies by
Fleenor and colleagues have found that accumulation of advanced glycation end products
(AGEs) in aortic PVAT contributes to arterial stiffening with aging (38, 100). In the present study,
we found that PVAT accumulation of AGEs tended to be higher in WD-fed mice (p=0.053)
compared to control mice, and were significantly reduced with antibiotic treatment. Importantly,
AGEs can increase oxidative stress, at least in part through activation of the pro-oxidant
NADPH oxidase enzymes (46, 146). In line with this, we observed that WD-fed mice, but not
antibiotic-treated mice, displayed increased PVAT expression of the NADPH oxidase 2 (NOX2)
subunit p67phox. As previously observed, an increased expression of NOX2 and p67phox
within PVAT may contribute to oxidative stress in obese mice (66, 150). Because NOX2 activity
is influenced by multiple regulatory subunits (130), additional studies are needed to confirm
whether these observed effects on p67phox protein expression are directly related to a rise in
oxidative stress in the vasculature and PVAT. Interestingly, we found that PVAT expression of
constitutively active NOX4 was not altered by WD feeding or antibiotic treatment. Together,
these data suggest that dysbiosis is associated with increased NOX2, but not NOX4, within the
PVAT. Western diet feeding also induced aortic remodeling, as evidenced by an increase in
aortic media thickness, which was abrogated by antibiotic treatment. These data are the first to

confirm that alterations in the gut microbiota can influence PVAT, and collectively suggest a
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sequence of events whereby a Western diet induces gut dysbiosis and LPS translocation to the
general circulation, eliciting an inflammatory response in the vasculature and PVAT that
ultimately results in arterial stiffness and endothelial dysfunction. In a recent review, Xia and
colleagues described the “obesity triad” wherein inflammation, hypoxia, and oxidative stress
initiate a deleterious cycle within the PVAT that culminates in the development of vascular
dysfunction (151). Although LPS signaling was not an element of the signaling cascade
originally described by the authors, and PVAT inflammation does not require a hypothetical
transfer of circulating or endothelial material, it is possible that LPS signaling may exacerbate
the obesity triad and facilitate vascular dysfunction. Future studies utilizing genetic ablation of
LPS signaling (e.g. CD14) and downstream mediators (e.g. IL-6, NF-kB, NADPH oxidase) are
necessary to more definitively test this hypothesis and determine the specific signaling

cascades involved.

Rodent models of Western diet-induced obesity display similar phylum-level changes to
their microbial composition as those observed in obese individuals, including an increased
Firmicutes:Bacteroidetes ratio (80, 138), and these changes have been associated with
metabolic perturbations (16). Suppression of the gut microbiota with antibiotics has been used
in numerous animal models to establish a causal role of the gut microbiota in disease risk or
progression (21, 76, 113, 136). For example, antibiotics were used to establish an obligate role
of the gut microbiota in the production of the pro-atherogenic compound trimethylamine N-oxide

(TMAO) (145).

Although antibiotics have been widely used as an experimental tool to examine the
effects of microbiota suppression on host physiology, the approach is not without limitations.
First, although the antibiotics used in the current study successfully eliminated the gut bacteria
and are poorly absorbed (72, 73, 115), we cannot say with absolute certainty that their actions

were exclusively localized to the intestine and without systemic effects. Second, the broad-
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spectrum antibiotic cocktail used in the current study suppresses all gut bacteria, even those
which have been shown to positively modulate cardiovascular function, such as Akkermansia
muciniphila (82). Thus, this approach precludes us from determining the specific microbial
alterations that mediate the observed vascular protection. However, some insight was gained
regarding the bacterial changes that mediate Western diet-induced vascular dysfunction. We
observed significant decreases in several Bifidobacterium spp. following WD that correlated with
both vascular dysfunction and inflammatory parameters. These results are in agreement with
those from Cani et. al., who reported that enhancing Bifidobacterium populations improved
glucose tolerance and reduced inflammation in diet-induced diabetic mice (17). More recently, a
study by Catry et al., reversed endothelial dysfunction in apoE” mice fed an n-3
polyunsaturated fatty acid-depleted diet through supplementation of inulin-type fructans (ITFs)
(22). Of note, the improvement in endothelial function with ITF-supplementation was

accompanied by a dramatic increase in abundance of cecal Bifidobacterium.

We acknowledge that the lack of an additional control group fed a standard diet (SD)
and receiving antibiotics is a significant limitation of the present study. Previous research has
not observed an effect of antibiotic treatment in control low-fat diet-fed mice on markers of
endotoxemia or metabolic parameters (16, 21). Given that SD-fed mice displayed normal
vascular function, we did not anticipate that inclusion of a SD + Abx group would provide any
significant insight regarding the role of gut dysbiosis in mediating vascular dysfunction.
However, we did observe a slight age-related increase in aPWV in our SD group. Thus, if this
increase was related to changes in microbial composition, then antibiotic treatment may have
attenuated this increase. Regardless of this limitation, our results demonstrate that Western
diet-induced dysbiosis represents an important factor in the development of vascular

dysfunction.
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In conclusion, the present work corroborates previous research linking gut dysbiosis to
endothelial dysfunction, and is the first to demonstrate that suppression of gut dysbiosis
reverses Western diet-induced arterial stiffness. The data also provide mechanistic insight into
the downstream mediators of this dysfunction, and lend further support for the development of

microbiota-targeted therapies in the treatment and prevention of cardiovascular disease.

Figures
A B
51 — 301
0 2
8 2 4 w2
28 S = 20
o 9 3- €=
© © >
=2 Eg
S8 2 3 3 10
o 9 Q > *
= o 11 (SR < -
k) * <
0' T _!_ 0' T
SD WD WD+Abx SD WD WD+Abx
C D
1 o ®0 ; o WD Anaeroplasma sp.
° . 00 " 0 SD Bifido longum
=0 RF39
ol - 9RRCE . oY--""- Enterobacteriaceae
N zeae ' Bifido breve
2 ; ! 'Obr%\tjg“ Bifido sp.
X ) : adolescen(t?s B. adolescentis
g 1 , Dorea sp.
< ;gl'\gﬁgjs. : Lactococcus sp.
thermacidophilum, Anaerotruncus
| Cc_115
-3. ; Ruminococcus unclass
O 1
| : 1 . .
2 -1 0 1 2 -10 -5 0 o

Axis1 (21.8%)

Log (Fold A from SD)

Figure 3.1. Antibiotic treatment suppresses the gut microbiota following Western diet-
induced dysbiosis. Changes in total bacteria count following standard diet (SD), Western diet
(WD) and WD with antibiotic (Abx) treatment (A); Cecal mass following WD and antibiotic
treatment (B); PCA biplot of mouse fecal microbial communities colored by diet (closed
circles=WD; open circles=SD) and indicating bacterial species driving variability in each
quadrant (C); Histogram of significantly differentially abundant bacterial taxa in WD relative to
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SD (g=0.05) represented as log fold-change (D). Statistical analysis was performed using one-
way ANOVA with Tukey’s post hoc test. Data are expressed as mean £ SEM; n = 10-12/group.
*P < 0.05 vs all other groups.
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Figure 3.2. Antibiotics reverse Western diet-induced arterial stiffness. Arterial stiffness was
serially measured by in vivo aortic pulse wave velocity (aPWV) (A). Antibiotic treatment in a
subset of WD mice was initiated following 5 months of WD feeding as indicated. Media
thickness was determined in segments of proximal thoracic aorta (B). Statistical analysis was
performed using repeated-measures ANOVA (aPWV) and one-way ANOVA (media thickness)
with Tukey’s post hoc test. Data are expressed as mean + SEM; n = 10-12/group. *P < 0.05 vs
all other groups.

35



A B
3 100- 400
=]
&
4 G 300 .
gg 0 = 200
2% Q
T = o
£° = WD W 100
3 0- -x- \WWD+Abx .
i = T T T T . r r .
w Pe 9 -8 -7 6 -5 -4 SD WD  WD+Abx
[ACh] log M
C D
- =g=)
c (=]
100- S 8 100-
B ACh with L-NAME g%
o T
o - SD g E *
T < 50 = WD = E i
£2 -« WD+Abx  E § 90
B =T
2 O 2% o
w Pe 9 8 -7 6 5 4 - SD WD  WD+Abx
[ACh] log M
E F
<
S 100 400-
g
— ——
g S 300-
£ c =
£9 50 < 200-
58 - SD o
T -« WD w 1
£ -+~ \WD+Abx 100
R e e 0-
i Pre-10 -9 -8 -7 -6 -5 -4 SD WD  WD+Abx
[SNP] log M

Figure 3.3. Antibiotics reverse Western diet-induced endothelial dysfunction and restore
L-NAME-inhibited dilation. Endothelium-dependent dilation (EDD) to acetylcholine (ACh)
alone (A-B) and in the presence of nitric oxide synthase inhibitor, L-NAME (C) was determined
in mesenteric arteries. L-NAME-inhibited dilation, a measure of NO-dependent dilation, was
calculated as the percent reduction in maximal EDD in the absence vs presence of L-NAME (D).
Endothelium-dependent dilation (EID) to sodium nitroprusside (SNP) (E-F). Statistical analysis
was performed using a repeated-measures ANOVA (EDD and EID dose responses) and one-
way ANOVA (all other outcomes). When a significant main effect was observed, Tukey’s post-
hoc test was performed to determine specific pairwise differences. Data are expressed as mean
+ SEM; n = 8-12/group. *P < 0.05 vs all other groups, #P < 0.05 vs SD.
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Figure 3.4. Antibiotic treatment does not alter body composition or glucose tolerance.
Body weight (A), epididymal fat mass (B), subcutaneous fat mass (C) following WD feeding and
antibiotic treatment. Plasma leptin (D) and insulin (E) were determined via multiplex ELISA.
Area under the curve (AUC) for i.p. glucose tolerance test (GTT) (F). Statistical analysis was
performed using one-way ANOVA with Tukey’s post hoc test. Data are expressed as mean *
SEM; n = 10-12/group. *P < 0.05 vs all other groups.
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Figure 3.5. Antibiotic treatment attenuates Western diet-induced increases in circulating
markers of endotoxemia and inflammation. Circulating LBP (A); LBP/sCD14 (B); IL-6 (C),
PAI-1 (D) and MCP-1 (E) were determined in plasma via ELISA. Statistical analysis was
performed using one-way ANOVA with Tukey’s post hoc test. Data are expressed as mean *
SEM; n = 5-12/group. *P < 0.05 vs all other groups, #P < 0.05 vs SD, *P < 0.05 vs WD.
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Figure 3.6. Antibiotic treatment attenuates Western diet-induced increases in proteins
related to inflammation and oxidative stress. The ratio of phosphorylated to total NF-kB was
determined in aorta via western blotting (A). Abundance of NADPH oxidase (NOX) 2 subunit
p67phox (B), NOX4 (C) and advanced glycation end products (AGEs) (D) were determined in
perivascular adipose tissue (PVAT) via western blotting. GAPDH expression was used to
account for protein loading differences. Representative blots are shown below each graph.
Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. Data are
expressed as mean + SEM; n = 7-12/group. *P < 0.05 vs all other groups, #P < 0.05 vs SD, "P
< 0.05vs WD.
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Figure 3.7. Correlation of bacterial abundance and LBP with vascular function and
inflammatory markers. Heat map indicating correlations between bacterial species and
specific outcome measures, including LPS binding protein (LBP), body weight (BW), aortic
pulse wave velocity (aPWV), interleukin-6 (IL-6) and endothelium-dependent dilation (EDD) (A).
Correlation of plasma LBP with aPWYV (B), EDD (C), L-NAME-inhibited dilation (D), plasma IL-6
(E), and aortic p-NF-kB (F). Pearson correlation coefficient (r) and p values are indicated in
figure; n = 7-12/group.

Tables

Table 3.1. Correlations between bacterial abundances and physiological outcomes in
standard and Western diet-fed mice.

B. breve B. longum B.adolescentis Allo- Lacto- Dorea
baculum coccus
EDD r=0.55* r=0.49* r=0.52* =-0.62* =-0.49* =-0.66"
aPwWyVv r=-0.42 r=-0.6* r=-0.63* r=0.43* r=0.27 r=0.51*
LBP =-0.50" =-0.57* r=-051* r=0.61* r=0.61* r=0.7*
BW =-0.55" =-0.58" =-0.51* r=0.66" r=0.60" r=0.69*

Note: Mixed data from SD and WD groups were used for correlations. B.= Bifidobacterium;
EDD = endothelium-dependent dilation; aPWV = aortic pulse wave velocity; LBP = LPS
binding protein; BW = body weight. n = 9-12/group; *=p<0.05
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CHAPTER 4: OBESITY-RELATED ALTERATIONS IN THE GUT MICROBIOTA ELICIT

ARTERIAL STIFFENING IN MICE

Summary

Objective: To determine whether adverse changes in the composition of the gut
microbiota in obesity play a causal role in the development of vascular dysfunction and test if
vascular dysfunction can be attenuated in obese mice by restoring a control-type microbiota.
Approach and Results: Following suppression of endogenous microbiota by 2 weeks antibiotic
treatment, pooled donor cecal contents from leptin-deficient ob/ob (Ob) mice were transplanted
by oral gavage for 8 weeks to wild-type (Con) mice, and vice versa. Control transplants from
homologous donors were also performed. All mice (n=9-11/group) were given ad libitum access
to a purified maintenance diet for the duration of the study. Arterial stiffness was measured by
aortic pulse wave velocity and endothelial function was determined via pressure myography in
isolated mesenteric arteries. Cecal short-chain fatty acids (SCFAs) were quantified by LC/MS
and intestinal barrier function was determined via FITC-dextran gut permeability assay.
Transplant of the Ob microbiota to Con mice significantly reduced the abundance of
Akkermansia muciniphila and cecal concentration of SCFAs, and increased gut permeability
(79% increase vs Con+Con, p<0.05) and arterial stiffness (Con+Ob: 415.3 £ 5.5 vs Con+Con:
385.6 £ 6.7 cm/s, p<0.05). Transplant of the Con microbiota to Ob mice increased SCFAs, but
did not alter gut permeability (2% decrease vs Ob+Con, p>0.05) or arterial stiffness (Ob+Con:
485.3 £ 6.4 vs Ob+0Ob: 492.9 + 5.3 cm/s, p>0.05). Endothelial function and weight gain were not
affected by microbiota transplant in either Con or Ob mice. Conclusions: These results
demonstrate that the gut microbiota of Ob mice can contribute to the development of arterial
stiffness, independent of weight gain. However, transplant of a Con microbiota was not able to

attenuate vascular dysfunction in Ob mice.
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Introduction

Obese individuals are at an elevated risk for cardiovascular diseases (CVD) due in large
part to the development of vascular dysfunction (131, 132). Currently, more than one third of
adults in the United States are considered obese, with that number predicted to increase to 42%
by 2050 (55). Given the current demographic trends, obesity-related CVD has the potential to
be an enormous biomedical and societal burden. Therefore, identifying the mechanisms that
contribute to the development of vascular dysfunction in obesity is of high biomedical

importance.

Vascular dysfunction is characterized by arterial stiffness and endothelial dysfunction,
two strong independent risk factors of future CVD and mortality (92, 106). Chronic low-grade
inflammation in obesity plays a major role in the pathogenesis of vascular dysfunction (112).
Inflammatory signaling within the vascular wall as well as elevations in circulating pro-
inflammatory cytokines are strongly linked to maladaptive structural changes to arteries and
impaired endothelial homeostasis; however, the factor(s) initiating this obesity-related

inflammation and vascular dysfunction are not fully known.

Translocation of microbial components from the gut, including bacterial endotoxins, has
been implicated in the origin of obesity-related inflammation and may represent a link between
obesity and elevated cardiovascular risk (15, 98). This increased absorption of gut-derived
inflammatory stimuli can result from gut barrier disruption. In fact, studies in experimental
animals demonstrate that impairment of the gut barrier and elevation of circulating bacterial
components is associated with the development of insulin resistance and atherosclerosis (15,

16, 82).

The gut microbiota represents a key factor regulating gut barrier function, and obesity-
related changes to the gut microbiota, termed dysbiosis, have been shown to alter intestinal

homeostasis (35). For example, reductions in Akkermansia muciniphila, a symbiotic mucin-
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degrading bacterium in the phyla Verrucomicrobia, are related to increased gut permeability,
endotoxemia and inflammation in rodent models of cardiometabolic disease (19, 35, 82).
Reduced abundance of A. muciniphila are observed in rodent models of genetic (ob/ob) (34-36)
and diet-induced obesity (122); and A. muciniphila levels in humans are lower in
overweight/obesity and inversely correlated with weight gain (61, 118). On the other hand,
augmenting the abundance of A. muciniphila through either direct probiotic supplementation or
treatment with prebiotic fibers has been shown to reduce endotoxemia and related inflammation

(36, 82).

Collectively, these previous studies support the hypothesis that an increase in gut
permeability, secondary to gut dysbiosis, may enhance pro-inflammatory signaling and thereby
contribute to the development of obesity-related vascular dysfunction. Indeed, recently
published work in rodent models have provided evidence of a direct link between gut dysbiosis
and both arterial stiffness (7) and endothelial dysfunction (7, 59, 142). However, none of these
studies investigated the association between increased gut permeability and the development of
vascular dysfunction in obesity. Therefore, the aim of this study was to test the hypotheses that
1) the altered composition of the gut microbiota of leptin-deficient ob/ob (Ob) mice contribute to
the development of vascular dysfunction and 2) the gut microbiota of wild-type (Con) mice can

attenuate vascular dysfunction in Ob mice.

Methods

Experimental Design

All animal procedures were reviewed and approved by the Colorado State University
Institutional Animal Care and Use Committee. Male leptin-deficient mice homozygous for the
obese spontaneous mutation, Lep® (Ob), and wild-type C57BL/6J (Con) mice were obtained
from The Jackson Laboratory (Bar Harbor, ME) and acclimated for 2 weeks in a temperature-

and humidity-controlled environment on a 12h:12h light-dark cycle. Mice were housed in pairs
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with ad libitum access to a purified maintenance diet (TD.08485, Envigo Teklad Diets, Madison,
WI) consisting of 13.0% fat, 67.9% carbohydrate, and 19.1% protein calories for the duration of

the study.

Donor cecal material was collected from a subset of Ob and Con mice (n=6/group)
following confirmation of the presence and absence of vascular dysfunction, respectively.
Pooled Ob and Con donor material was diluted 1:20 in sterile PBS, aliquoted and stored at -
80°C until needed. To suppress the endogenous microbiota, Con and Ob recipient mice were
given a broad-spectrum antibiotic cocktail (consisting of vancomycin [5mg/mL, Chem-Impex
International, Wood Dale, IL, #00315], neomycin sulfate [10 mg/mL, Cayman Chemical, Ann
Arbor MI, #14287], metronidazole [10 mg/mL, Research Products International, Mount Prospect,
IL, #443-48-1] and ampicillin [10 mg/mL, Cayman Chemical, Ann Arbor, MI, #14417] via daily
oral gavage (10 mL/kg) as well as ampicillin (1 g/L) supplemented to the drinking water for 2
weeks. This depletion protocol has been used effectively to suppress the gut microbiota in mice
and avoids the issue of taste aversion-related weight loss when this same cocktail is given via
drinking water (Reikvam 2011). Ampicillin, which has broad-spectrum activity but does not
produce taste aversion, was added the drinking water to ensure a continuous antibiotic
exposure to the gut microbiota. Following microbial suppression, Con and Ob recipient mice
were randomized to receive donor cecal material via serial oral gavage (100 pL once daily for 5
days, followed by bi-weekly booster inoculations) to re-colonize their gut microbiota, resulting in
four groups: Con+Con (n=9), Con+0Ob (n=11), Ob+Con (n=10), and Ob+0Ob (n=10). Body weight

and food intake were recorded weekly during the transplant period.

Arterial Stiffness

Aortic pulse wave velocity (aPWV) was measured as previously described (6, 7). Briefly,
mice were anaesthetized with isoflurane and placed supine on a heating board with legs

secured to ECG electrodes. Doppler probes (20MHz) were placed on the transverse aortic arch
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and abdominal aorta and the distance between the probes was determined simultaneously with
precision calipers. Five consecutive 2-second recordings were obtained for each mouse and
used to determine the time between the R-wave of the ECG and the foot of the Doppler signal
for each probe site (Atime). aPWV (in cm/s) was calculated as aPWV = (distance between the

tWO pr0beS) / (Atimeabdominal - Atimetransverse).

Gut Permeability

Mice were water-fasted for 12 hours over night prior to oral gavage of 600mg/mL FITC-
dextran (4,000 mol. wt.) diluted in PBS. After four hours, during which time food was also
withheld, blood was collected via tail bleed for determination of plasma FITC-dextran
concentration. Plasma samples were diluted 1:2 in PBS and fluorescence was measured on a
spectrophotometrer at 485/20 (Excitation) and 528/20 (Emission). Concentrations were
calculated based on a standard curve of known FITC-dextran concentrations prepared in control

plasma from untreated mice and reported in pg/mL.

Animal Termination and Tissue Collection

Mice were anaesthetized with pentobarbital and euthanized by exsanguination via the
pulmonary artery. Blood was collected with a syringe and immediately centrifuged at 2,000 rcf
for 10min at 4°C to obtain serum. Second-order mesenteric arteries were excised in ice-cold
physiologic saline solution (PSS) and cannulated for vascular reactivity experiments (see
below). The spleen, cecum and adipose tissue depots (subcutaneous, epididymal, and
mesenteric) were isolated and weighed. Colon length was recorded, then 2 mm segments of
distal ileum and proximal colon were either frozen directly in optimal cutting temperature (OCT)
media or fixed for 24 hours in Periodate-Lysine-Paraformaldehyde (PLP) buffer and embedded

in paraffin wax. The thoracic aorta was excised and cleaned of surrounding perivascular
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adipose tissue (PVAT) on ice-cold PSS. The aorta, PVAT and cecal contents were flash frozen

and stored at -80°C for biochemical analyses.
Vascular Reactivity

Endothelial function was determined via pressure myography as previously described (6,
7). Briefly, second-order mesenteric arteries were placed in pressure myograph chambers (DMT
Inc., Atlanta, GA) containing warm PSS, cannulated onto glass micropipettes and secured with
suture. Arteries were equilibrated for 1 hour at 37°C and an intraluminal pressure of 50 mmHg.
Arteries were constricted with increasing doses of phenylephrine (PE: 10° to 10° M) followed
immediately by a dose-response with endothelium-dependent dilator acetylcholine (ACh: 10° to
10* M). Arteries were washed for 20 minutes and then a dose-response to endothelium-
independent dilator sodium nitroprusside (SNP: 10-"°to 10 M) was obtained after pre-
constriction to PE (10° M). Artery diameters were measured by MyoView software (DMT Inc.)
and used to calculate percent dilation for each dose of ACh or SNP relative to the PE-induced
pre-constriction. Percent dilation (%) = (increase in luminal diameter to ACh/SNP) / (maximum
decrease in luminal diameter to PE [10° M] pre-constriction) x 100. Area under the dose-

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

Fecal material was collected at termination and DNA extracted using the PureLink
Microbiome DNA Purification Kit (A29790, Invitrogen, Carlsbad, CA). Paired-end sequencing
libraries were constructed by following the Earth Microbiome protocol
(http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards/16s/), which includes
amplification of the V4 regions of the 16s rRNA gene, purification of amplicons using AmPure
beads, quantification, denaturation and library pooling, and sequencing on an lllumina MiSeq.

Paired-end sequence reads were concatenated and all combined 16s sequences were filtered,
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trimmed and processed with the DADA2 (R bioconductor package47) implementation included
in the open source bioinformatics tool myPhyloDB version 1.2.1 (www.myphylodb.org/). Briefly,
all primers were removed from each sequence using the open source Python program
Cutadapt48 and sequence variants were inferred using the default pipeline in DADA2. Each
sequence variant identified in DADAZ2 was classified to the closest reference sequence
contained in the Green Genes reference database (Vers. 13_5_99) using the usearch_global
option (minimum identity of 97%) contained in the open source program VSEARCH49. After
processing, data were normalized by rarefaction based on a minimum sample size of 23,850
reads. One hundred independent normalization runs were conducted and the average
abundance for all normalization runs was used in further analyses. The biome file was imported
into microbiome analyst (http://www.microbiomeanalyst.ca/) for further analysis. Unique reads
and those that were not present in at least twenty percent of the samples were excluded.
Measures of alpha (Chao1 estimates at OTU level, Shannon diversity index at species level)

and beta diversity (Bray-Curtis distances at species level).

Statistics

Data are expressed as mean + SEM. Statistical analysis was performed using two-way
ANOVA (Genotype by Transplant) and one-way ANOVA with Tukey’s post hoc test (SPSS for
Windows, release 11.5.0; SPSS, Chicago, IL). A mixed model ANOVA (within factor, dose;
between factor, recipient group) was used for EDD and EID dose response curves. 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. Correlation

analysis between outcome measures was performed using GraphPad Prism (La Jolla, CA).

Results
Prior to transplant, we first sought to confirm that the Con and Ob donor mice displayed

differences in gut permeability and vascular function. /In vivo assessment of gut permeability
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showed greater gut permeability in Ob mice (Figure 4.1A). Also, as expected, Ob mice had
higher aortic pulse wave velocity (aPWV)(Figure 4.1B) and impaired ACh-mediated
endothelium-dependent dilation (EDD)(Figure 4.1C) compared to Con mice, whereas
endothelium-independent dilation (EID) was not significantly different between groups (Figure
4.1D). Cecal content was collected from this subset of Ob (with established vascular
dysfunction) and Con mice (with normal vascular function) and pooled to create homogenous
donor samples. Following suppression of endogenous microbiota with antibiotics, transplants
were performed for eight weeks via oral gavage of donor samples. Once the transplants were

completed, bacterial DNA was extracted from fecal pellets for 16S sequencing.

Following microbiota transplant, we examined whether recipient genotype and
microbiota transplant differentially affected indices of alpha and beta diversity. Chao1 richness,
a statistical estimate of the number of organisms present in a sample, was significantly lower in
the two Ob groups compared to Con+Con, whereas the Con+Ob group was not significantly
different from either Con+Con or Ob+Ob (Figure 4.2A). The same pattern was observed for
Shannon diversity, which accounts for both richness and evenness the microbial populations
(Figure 4.2B). NMDS analysis showed that microbiota samples from recipient mice tended to
cluster based on donor type (Figure 4.2C), indicating that our transplantation paradigm was

generally successful.

Next, we determined the effect of microbiota transplant on fecal microbiota composition.
At the phyla level, the only significant differences were observed in relative abundance of
Verrucomicrobioa, which was reduced in all groups compared to Con+Con (Figure 4.3A). The
percent abundance decreased from 10.2% in Con+Con to 5.7% in Con+Ob (p=0.028), and was
nearly absent in Ob+Con (0.3%, p<0.001 vs Con+Con) and Ob+0Ob (0.3%, p<0.001 vs
Con+Con). Although the abundance of Bacteriodetes was lower in Ob mice (main effect of

genotype, p=0.011), there was no significant effect of transplant. A similar effect of genotype
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was observed at the class level. That is, Ob mice displayed reduced abundance of Clostridia
(main effect of genotype, p=0.001), with no significant effect of transplant (Figure 4.3B). Further
analysis revealed that the abundance of several bacterial species were altered by microbiota
transplant, while others remained unaffected (Figure 4.3C-E). Of note, the abundance of
Akkermansia muciniphila, the primary taxa within the phyla Verrucomicrobia, was significantly
reduced in Con+Ob mice compared to Con+Con (Figure 4.3C). A. muciniphila abundance was
further reduced in each of the Ob groups compared to the two Con groups. Levels of
Bacteroides spp. were also strongly affected based on transplant type, with significantly higher
levels present in Con+Ob and Ob+Ob mice compared to Con+Con and Ob+Con mice (Figure
4.3D). Lastly, Oscillospira spp. was not significantly altered by transplant type and showed

reduced expression in both Ob groups compared with Con mice (Figure 3E).

To determine the effect of transplant on the production of microbial fermentation
products and gut permeability. We observed that mice receiving the Con microbiota displayed
significantly higher levels of all three short-chain fatty acids (SCFA): acetate (main effect of
transplant, p=0.008), propionate (main effect of transplant, p<0.001) and butyrate (main effect of
transplant, p<0.001)(Figure 4.4A). Specifically, the concentration of propionate and butyrate
were significantly reduced in Con+Ob compared to Con+Con, while levels of these SCFA were
significantly higher in Ob+Con compared to Ob+Ob. Gut permeability was increased in Con+Ob
compared to Con+Con mice (Figure 4.4B). However, microbiota transplant did not alter gut
permeability in Ob mice. Of note, microbiota transplants did not affect the rate of body weight
gain during the transplant period in either Con or Ob mice, nor did it lead to significant

differences in body composition (Table 4.1).

We next examined the effect of transplant on vascular function. We found that arterial
stiffness was significantly increased in Con+Ob mice compared to Con+Con (Figure 4.5A). In

contrast, transplant of the Con microbiota did not affect arterial stiffness in Ob mice (Figure
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4.5A). At termination, Ob mice displayed impaired maximal ACh-mediated dilation compared to
Con (main effect of genotype, p=0.008), but neither EDD nor EID were significantly altered by
microbiota transplant in either Con or Ob mice (Figure 4.5B-C). Finally, correlation analysis
showed a strong inverse relation between fecal A. muciniphila abundance and aPWV across all

recipient mice (Figure 4.6).

Discussion

The primary finding of the current study was that 8 weeks transplant of Ob microbiota to
Con mice promoted the development of arterial stiffness, without affecting endothelial function.
The increase in arterial stiffness was associated with augmented gut permeability, reduced fecal
abundance of A. muciniphila and cecal SCFA levels, and was independent of body weight and
other morphological characteristics. In contrast to our hypothesis, transplant of Con microbiota
to Ob mice was insufficient to attenuate either arterial stiffness or endothelial dysfunction. The
lack of change observed in these Ob mice may be related to the inability of our transplant
protocol to meaningfully impact the gut microbial composition and/or reduce gut permeability.
Finally, arterial stiffness was inversely correlated with A. muciniphila abundance, suggesting a
potential role for this bacterium in modulating arterial stiffness. Collectively, our results provide
new evidence that gut dysbiosis may represent a novel cause of obesity-related arterial
stiffness; and extend the growing body of literature supporting a role of the gut microbiota in

regulating cardiovascular function and disease (8).

The gut microbiome is emerging as a key regulator of host physiological function, and
adverse changes in the composition of the intestinal microbiota, termed dysbiosis, have been
observed in obesity (16, 81). In the gastrointestinal tract of both humans and mice is host to
bacterial species belong primarily to two principal phyla, the Firmicutes and Bacteroidetes (80,
139). Early work by Ley et al., found that ob/ob mice display significant reductions in

Bacteroidetes compared to their lean wild-type littermates, and this observation was later
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confirmed in obese humans (80, 81). In line with these findings, our analysis also found a lower
relative abundance of Bacteroidetes in Ob mice; however, we did not observe significant

differences between Con or Ob groups following microbiota transplant.

A more intriguing finding in the present study was that transplant of the Ob microbiota to
Con mice caused a significant reduction in the abundance of A. muciniphila. Our finding that Ob
mice display near complete absence of A. muciniphila agrees with previous work in ob/ob mice
(34). Interestingly, A. muciniphila and Oscillospira, which we also found to be higher in mice
receiving Con microbiota, have been observed to be in higher prevalence in cardiometabolically
healthy and normal weight individuals (30), and the relative abundance of A. muciniphila is
positively correlated with measures of intestinal health (88). Recent studies have begun to
reveal the mechanisms by which A. muciniphila can regulate barrier function. Chelakkot et al.,
found that A. muciniphila-derived extracellular vesicles reduce gut permeability in part by
increasing expression of the tight junction occludin (24). Plovier et al., demonstrated that
Amuc_1100, a specific protein isolated from the outer membrane of A. muciniphila, can improve
the gut barrier through a mechanism involving Toll-like receptor 2 (109). Thus, the increased gut
permeability observed in Con mice receiving Ob microbiota may be explained, at least in part,

by the reduced abundance of A. muciniphila.

Certain gut bacteria are capable of fermenting dietary fibers to produce short chain fatty
acids (SCFAs). The most abundant SCFAs are acetate, propionate and butyrate; and these
molecules have wide-ranging effects on host physiology. For example, butyrate serves as the
preferred fuel source for colonic epithelial cells and promotes epithelial barrier function (65).
SCFAs produced by the gut microbiota also regulate blood pressure via olfactory receptor and
G protein-coupled receptor (GPCR) signaling (110). Natarajan et al., reported that SCFAs
acetate and propionate induce endothelium-dependent, but eNOS-independent, dilation in

isolated resistance arteries from mice (96). These researchers also found that mice lacking a
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SCFA receptor, Gpr41, display isolated systolic hypertension and elevated aortic pulse wave
velocity, associated with increased aortic thickening (96), suggesting that low SCFA levels may
contribute to arterial stiffening through an increase in vascular tone. Therefore, in the present
study, a reduction in SCFA levels in Con mice receiving Ob microbiota may represent a
contributing factor to the increase in gut permeability and arterial stiffness in these mice. It is
intriguing that while we observed higher concentrations of propionate and butyrate in Ob mice
receiving Con microbiota, these changes were not associated with changes to gut permeability
and arterial stiffness. In the future, it will be important to determine if responses to SCFAs are in

any way altered in ob/ob mice.

Murine models of obesity, including the ob/ob strain, have been used extensively to
study the role of the dysbiosis in obesity-related diseases independent of dietary composition
(16, 19, 34-36, 80). Although no studies to date have investigated the role of the gut microbiota
in the development of vascular dysfunction in leptin-deficient Ob mice, this rodent model has
been widely used to study mechanisms underlying obesity-related vascular dysfunction (25,
104, 134, 153). However, the use of these animals is not without its limitations. For example,
leptin has been shown to regulate aortic compliance independent of its effects on body weight
(128). Amar et al., also discovered a role for leptin in regulating the translocation of intestinal
bacteria (2). These researchers showed that Ob mice display higher levels of total bacterial
DNA in the blood compared to wild-type mice, and that treatment with a leptin-producing

probiotic reduced bacterial adherence and translocation.

We, and others, have previously used murine models of high-fat diet-induced obesity to
study mechanisms related to the development of vascular dysfunction. Although the use of Ob
mice in the present study was chosen to eliminate the confounding effect of diet on the gut
microbiota, the use of this genetic obesity model may have limited our ability to effectively

examine the vascular effects of transplanting the Con microbiota to Ob mice. Ob mice display
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marked metabolic dysfunction and inflammation in various tissues even when fed a standard
maintenance diet (14, 16), and this dramatic phenotype may explain the lack of change in
measures of gut permeability or vascular function in these mice. Alternatively, these null findings
may be related to the inability our transplant protocol to adequately modulate the microbiota
composition in Ob mice, as evidenced by persistent low abundance of A. muciniphila in the
Ob+Con group (Figure 4.3C). To our knowledge, no previous studies to date have examined the
effects of altering the gut microbiota of Ob mice via microbiota transplant, which may reflect the
difficulty in successfully conducting these experiments. Alternative methods of modulating the
gut microbiota, including prebiotic and/or probiotic supplementation, may represent a more
prudent strategy to affect intestinal and systemic physiology in these mice, and should be

considered in future studies.

Regarding endothelial function, the duration of microbiota transplant (8 weeks) may have
been insufficient time for the development or attenuation of dysbiosis-related endothelial
dysfunction. Western diet (WD) feeding has been shown to shift microbiota composition within
24 hours (124, 140), however it may take up to 5 months for WD feeding to induce vascular
dysfunction (7). Therefore, it is possible that microbiota transplant would elicit changes to

endothelial function if performed over a longer period.

In conclusion, the present work confirms previous research linking obesity to gut
dysbiosis, and is the first to demonstrate that obesity-related changes to the gut microbiota can
elicit arterial stiffening in lean wild-type mice. The data also provide insight into the potential
upstream mediators of arterial stiffening, and identify A. muciniphila as a potential therapeutic

target in the treatment and prevention of obesity-related vascular dysfunction.
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Figure 4.1. Assessment of vascular function and gut permeability in obese and wild-type
donor mice. Gut permeability was assessed as plasma FITC-dextran concentration four hours
after oral administration in ob/ob (Ob) and wild-type (Con) mice (A). Arterial stiffness was
measured by in vivo aortic pulse wave velocity (aPWV) (B). Endothelium-dependent dilation
(EDD) to acetylcholine (ACh) and endothelium-dependent dilation (EID) to sodium nitroprusside
(SNP) were determined in mesenteric arteries (C-D). Data are expressed as mean £ SEM; n =
5-6/group. Statistical analysis was performed using two-tailed students t-test. *P < 0.05 vs Con.

53



>

200+
a ac
b bc

Chao1 Richness
o o
[ ) o
Shannon Diversity W
—_ [\®]

50+
0 0 -
& Q& © Qo ' 0
&£ & P &L L L P
C
Con+Con
. ' Con+Ob
§“ @ CR - @ Ob+Con
z Ba e.. a®
i = a0 Ob+Ob
L ]
NMDS1 o -

Figure 4.2. Effects of microbiota transplant on measures of microbial diversity. Alpha
diversity was determined by Chao1 richness (A) and Shannon diversity (B). NMDS biplot of
mouse fecal microbial communities colored by recipient group. Distance measurements
between samples (beta diversity) was determined at the species level by Bray-Curtis index (C).
Data are expressed as mean + SEM; n = 9-11/group. Statistical analysis was performed using
one-way ANOVA with Tukey’s post hoc test. Data with different superscript letters are
significantly different (P < 0.05).
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Figure 4.3. Effects of microbiota transplant on bacterial abundance at the phyla, class
and species level. Relative abundance of fecal bacteria at the phyla (A) and class (B) levels.
Relative abundance of fecal Akkermansia muciniphila (C), Bacteroides spp. (D), and
Oscillospira spp. (E). Data are expressed as mean + SEM; n = 9-11/group. Statistical analysis
was performed using one-way ANOVA with Tukey’s post hoc test. Data with different
superscript letters are significantly different (P < 0.05).
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Figure 4.4. Effects of microbiota transplant on SCFA production and gut permeability.
Short-chain fatty acid (SCFA) concentrations were determined in cecal content (A). Gut
permeability was assessed as plasma FITC-dextran concentration four hours after
administration (B). Data are expressed as mean = SEM; n = 9-11/group. Statistical analysis was
performed using one-way ANOVA with Tukey’s post hoc test. Data with different superscript
letters are significantly different (P < 0.05).
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Figure 4.5. Effects of microbiota transplant on arterial stiffness and endothelial
dysfunction. Arterial stiffness was measured by in vivo aortic pulse wave velocity (aPWV) (A).
Endothelium-dependent dilation (EDD) to acetylcholine (ACh) and endothelium-dependent
dilation (EID) to sodium nitroprusside (SNP) were determined in mesenteric arteries (B-C). Data
are expressed as mean = SEM; n = 9-11/group. Statistical analysis was performed using one-
way ANOVA with Tukey’s post hoc test. Data with different superscript letters are significantly
different (P < 0.05).
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Figure 4.6. Correlation of Akkermansia muciniphila abundance with arterial stiffness.
Correlation of fecal A. muciniphila abundance with aortic pulse wave velocity (aPWV) among all
recipient mice. Pearson correlation coefficient (r) and P value are indicated in figure; n = 7-
12/group.

Tables

Table 4.1. Characteristics of recipient mice following microbiota transplant.

Con+Con Con+Ob Ob+Con Ob+0Ob
Body weight (g) 29.9 +1.0° 29.7 + 0.6 56.4 + 1.0 62.1+1.8°
Change in body 3.1 +0.48 2.0 +05° 77407 8.8 +0.8°
weight (g)
Epididymal fat a a 1928.2 + 2302.7 =
mass (mo) 835.5 + 99.0 730.4 + 77.4 1o 75 i
Subcutaneous fat a a 5063.2 + 6033.2 +
mass (ma) 428.9 + 60.1 464.6 + 49.1 081 2" Ea6 7"
Mesenteric fat 3449+432°  3483+36.1% 11491 +57.9° 1038.0
mass (mg) 1421
PVAT mass (mg) 033 +2.72 29.4 + 3.0 1405+12.1°  164.3 +10.4°
(Snﬁge)e” mass 101.7 + 8.6 92.4 + 6.0 187.5+32.8° 2122+ 14.4°
?rﬁg)“m mass 208.4 +13.9°  328.3+19.4%  403.0+36.1°  377.2+35.1%®
Colon length (cm) 6.4 £0.32 6.5+0.12 8.1 +£0.3° 8.4+0.3°

PVAT = perivascular adipose tissue. Data are expressed as mean + SEM; n = 7-11/group.
Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. Data
with different superscript letters are significantly different (P < 0.05).
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS

The epidemics of obesity and type 2 diabetes in the U.S. and worldwide contribute
significantly to the rising prevalence of cardiovascular diseases (CVD). Vascular dysfunction,
which manifests clinically as arterial stiffness and endothelial dysfunction, represents an
important link between these metabolic diseases and cardiovascular events and mortality. The
pathophysiological changes that lead to arterial stiffness and endothelial dysfunction likely stem
from a combination of adverse cellular processes, including endoplasmic reticulum (ER) stress,
inflammation, and oxidative stress. Therefore, it is crucial to identify the underlying causes of
these cellular stresses, and examine the potential efficacy of treatments targeted at improving
vascular function in obesity and type 2 diabetes.

The studies conducted as part of this dissertation research examined 1) the role of ER
stress in diabetes-related vascular dysfunction and 2) the role of the gut microbiota in obesity-
related vascular dysfunction. First, we tested the hypothesis that inhibition of ER stress with the
chemical chaperone TUDCA would improve vascular function in type 2 diabetic mice. We found
that both acute (ex vivo) and chronic (in vivo) administration of TUDCA improved mesenteric
artery endothelial function. Chronic TUDCA administration also reduced arterial stiffness and
was associated with reduced expression of ER stress markers in the aorta and surrounding
perivascular adipose tissue. Building on this, and previously published work from our laboratory
in nondiabetic obese humans (58), an upcoming study will examine the effect of TUDCA
administration on endothelial function in obese humans.

Next, we tested the hypothesis that antibiotic-mediated suppression of the gut microbiota
would attenuate vascular dysfunction in Western diet (WD)-induced obese mice. Seven months
of WD feeding caused gut dysbiosis, increased arterial stiffness and endothelial dysfunction,

and promoted inflammation within the circulation and vasculature. Antibiotic treatment
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successfully suppressed the gut microbiota and reversed WD-induced arterial stiffness and
endothelial dysfunction. These improvements were accompanied by reductions in inflammation,
and independent from changes in body weight and glucose tolerance. Interestingly, impairments
in vascular function were strongly correlated with reductions in Bifidobacterium spp., and this
finding served as the basis for an ongoing follow-up study testing whether supplementation with
Bifidobacterium spp. can prevent the development of WD-induced arterial stiffness and
endothelial dysfunction.

Lastly, utilizing microbiota transplants, we tested the hypotheses that 1) the gut
microbiota of leptin-deficient, ob/ob (Ob) mice contribute to the development of vascular
dysfunction and 2) the gut microbiota of wild-type (Con) mice can attenuate vascular
dysfunction in Ob mice. We found that microbiota transplant caused significant changes to
several bacterial species and altered microbial short-chain fatty acid production in recipient
mice. Transplant of the Ob microbiota to Con mice caused an increase in gut permeability and
increased arterial stiffness, whereas transplant of a Con microbiota to Ob mice was not able to
reduce gut permeability or arterial stiffness. Endothelial function was not affected by microbiota
transplant in either Con or Ob mice. Ongoing analyses are being conducted to examine the
potential mechanisms underlying the changes in barrier function and arterial stiffness. Future
studies will translate these findings to human obesity and examine whether vascular
phenotypes (normal or impaired vascular function) can be recapitulated in germ-free mice

following microbiota transplant from lean and obese subjects.
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