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ABSTRACT

ASSESSING THE IMPACTS OF INTERMITTENT FASTING ON ARTERIAL STIFFNESS AND

SARS-CoV-2 INFECTION IN MICE

Intermittent fasting (IF), regulated periods of caloric abstinence followed by ad libitum energy
intake, has emerged as one of the most popular dietary strategies globally. Although there are many
factors facilitating IF’s growing popularity, a primary reason could be its purported health benefits.
Notably, an extensive amount of research has shown that IF reduces cardiovascular disease (CVD), the
leading cause of death worldwide, by reducing prominent CVD risk factors including hypertension,
hypercholesterolemia, and hypertriglyceridemia. Obesity-related arterial stiffness is another independent
cardiovascular disease risk factor, yet whether IF impedes arterial stiffening in obesity is poorly
understood.

Our lab has shown that the gut microbiota is a key determinant of obesity-related arterial stiffness.
Mechanistically, obesity broadly perturbs gut microbial composition and function, which can lead to
systemic inflammation. This overactive inflammatory response provokes vascular injury and arterial
stiffness. Interestingly, by impeding aberrant gut-immune signaling, IF has been shown to reduce blood
pressure and improve endothelial function in overweight and obese individuals. Therefore, IF may be
leveraged to impede obesity-related arterial stiffness through similar mechanisms, yet this has not been
explored. Moreover, there are other pertinent questions on IF and arterial stiffness that have yet to be
answered; including 1) how many bouts of IF are needed to reduce arterial stiffness, and 2) once arterial
de-stiffening occurs, how long after the fasting period is it maintained?

While IF may have benefits on the cardiovascular system, it might also have some drawbacks. One
potential concern is IF’s immunosuppressive effect, which may be beneficial for long-term vascular
health, but might increase the risk of acute infections. SARS-CoV-2 (SC2), the culprit of the COVID-19

pandemic, is still a prominent virus that can lead to mild-to-severe health complications. Furthermore,



data suggest that a robust immune response and changes to the gut microbiota at the onset of SC2
infection predict infection severity and long-term sequelae. Thus, understanding whether IF-induced
modifications to the gut microbiota and immune system lead to worse SC2 infection is essential, but has
not yet been studied.

Chapter 3 of this dissertation investigated differences in arterial de-stiffening between a single
fasting-refeeding cycle and a multi-week, once-weekly, 24-hour IF protocol. Surprisingly, we found that a
single 24-hour fast acutely increased arterial stiffness in lean, but not obese mice. However, this was not
due to acute changes within the gut microbiota or immune system and may be the result of other acute
factors (i.e., blood pressure, nitric oxide signaling, vascular smooth muscle cell function). Furthermore,
the elevated arterial stiffness was diminished after refeeding, suggesting no long-term vascular effects. In
contrast, a prolonged period of once-weekly, 24-hour IF only impacted (reduced) arterial stiffness in
obese mice. These vascular improvements occurred without changes in body weight or food intake, and
we also show that the arterial de-stiffening effects of multi-week IF lasted for at least 5 days after fasting.
Mechanistically, reductions in obesity-related arterial stiffness were associated with compositional and
functional changes to the gut microbiota, reduced circulating chemokines, and reduced perivascular
adipose tissue lymphocyte accumulation.

In the second study (Chapter 4), we investigated whether there is a discordant impact of multi-
week, once-weekly, 24-hour IF on arterial stiffness and SC2 infection in mice. After 10 weeks of IF, we
once again observed arterial de-stiffening in obese mice. After 12 weeks of IF, we infected mice with a
mouse-adapted SC2 strain. We found that IF before SC2 infection did not substantially impact SC2
burden in the lungs, circulating SC2-specific antibodies, gut microbial ecology, or lung and spleen
immune cell populations in either lean or obese mice. Overall, these findings reveal that once-weekly 24-
hour fasting could be a safe and feasible dietary strategy that improves a putative determinant of
cardiovascular health with minimal impacts on acute SC2 infection severity. Future studies should
uncover how the “gut-immune axis” modulates obesity-related arterial stiffness, as well as translate the

arterial de-stiffening effects of IF to human vascular health.
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CHAPTER 1: INTRODUCTION

Intermittent Fasting as a Potential Combatant Against Obesity-Related Arterial Stiffness

Intermittent fasting (IF) is one of the most popular dietary strategies globally '. Recent reports
show that IF has become more popular than many diets and nutritional strategies aimed at improving
health, including Mediterranean-style, Dietary Approaches to Stop Hypertension (DASH), low-
carbohydrate, and ketogenic diets, as well as calorie counting®. Several factors might explain the recent
surge in IF popularity. First, IF focuses on when to eat rather than what to eat °, making it more accessible
and straightforward than diets that control food preferences and daily calorie intake. Second, there are
many forms of IF, making it a flexible dietary strategy suitable for individuals from all walks of life. For
example, alternate-day fasting, once-weekly 24-hour fasting, the 5:2 diet, time-restricted-eating, and
modified fasting are all different forms of IF (Table 1.1) that can be integrated into many different
lifestyles. Finally, and potentially most importantly, habitual IF tends to be associated with improved
health, including weight loss and cardiometabolic benefits.

Due to its popularity and supposed health benefits, studies have investigated IF’s potential as a
dietary therapeutic for cardiovascular disease, the leading cause of death globally °. IF has been shown to
alleviate traditional cardiovascular disease risk factors, including hypertension, hypercholesterolemia,
hypertriglyceridemia, and insulin resistance ’. Arterial stiffness is another independent risk factor for
cardiovascular disease onset and mortality ®°. Furthermore, excess adiposity (obesity) contributes to
elevated arterial stiffness '°, and those with obesity are twice as likely to die from cardiovascular disease
compared to non-obese individuals ''. Although data are scarce, IF can reduce obesity-related arterial
stiffness '>'*. However, the mechanisms by which IF promotes arterial de-stiffening during obesity

remain unclear.

The Gut Microbiota and Immune System Contribute to Obesity-Related Arterial Stiffness

14,15

One factor that is impacted by IF is the gut microbiota ™, the trillions of microbes that inhabit



Table 1.1. Definition and Examples of Intermittent Fasting.

Regimen

Definition

Intermittent Fasting

Repetitive periods of voluntary abstinence from
some or all foods or foods and beverages for up to
48 hours.

Alternate-Day Fasting (ADF)

Alternating between a day of eating ad /ibitum and a
day of water-only fasting.

Once-Weekly 24-Hour Fasting

Fasting for 24 consecutive hours once per week. The
time at which the 24-hour fast starts and ends does
not need to be consistent each week. For example,
one week, you could fast from 8 am Monday
morning to 8 am Tuesday morning. Another week,
you could fast from 8 pm Thursday night to 8 pm
Friday night.

The 5:2 Diet

Fasting for a total of 48 hours (2 days) per week
while eating ad libitum for the remaining 5 days of
the week. The 48 hour fast can be done at once or
split up between two 24-hour fasts. For instance, you
could fast from 8 am Monday morning to 8 am
Wednesday morning (consecutive) or fast from 8 am
Monday morning to 8 am Tuesday morning as well
as 8 am Thursday morning to 8 am Friday morning
(2x non-consecutive 24-hour fasts). As with the
once-weekly 24-hour fasting, the time(s) at which
the consecutive or non-consecutive fast(s) start and
end does not need to be consistent each week.

Time-Restricted-Eating/Feeding
(TRE/TRF)

Food intake and the consumption of caloric
beverages is restricted to a specific period during the
day, resulting in a daily fasting window of at least 14
hours. There is no explicit limit on energy intake
during eating hours. In animal studies, time-
restricted eating is called time-restricted feeding.

Modified Fasting (MFD)

Limiting energy intake to typically up to 25% of
energy needs on modified fasting days. Common
modified fasting regimens are alternate-day modified
fasting (alternating between a day of ad libitum
eating and a day of 25% energy intake), once-weekly
24-hour modified fasting (one day per week of
eating 25% of energy intake), or 5:2 modified fasting
(25% energy intake for the consecutive or non-
consecutive 48 hours of fasting).

Definitions adapted from Koppold et al. '



the gastrointestinal tract. IF’s ability to alter the gut microbiota is crucial, as it regulates host health.
Indeed, the gut microbiota has a wide range of functions vital to host health, including but not limited to

nutrient availability and absorption'®, vitamin production'®, drug efficacy '7, mucus production and gut

18,19 20,21

barrier integrity '®'?, pathogen resistance’®?', and glucose metabolism**. However, large-scale
compositional and metabolic perturbations to the gut microbiota, as seen during obesity, can negatively
impact host health and exacerbate disease. This relationship between obesity and gut microbiota
perturbations is now considered a crucial step in the pathogenesis of obesity-related cardiovascular
dysfunction, and our lab has been at the forefront of this research for nearly a decade. For example, our
previous data show that obese mice harbored a distinct gut microbial profile associated with arterial
stiffness 2%°. We have also demonstrated that the transplantation of an “obese” human or mouse
microbiota exacerbated arterial stiffness in mice***. In contrast, antibiotic-induced suppression of an
obese gut microbiota reduced arterial stiffness in mice”. These results indicate that modulations of the gut
microbiota impact arterial stiffness.

The immune system is a key biological factor linking the obese gut microbiota with elevated
arterial stiffness. It is well-accepted that the obese gut microbiota increases inflammation, highlighted by
the overabundance of circulating and tissue-resident leukocytes and cytokines. This resulting
inflammation is a notorious predecessor of vascular dysfunction and cardiovascular disease 2’ . Our lab
has provided some evidence for this aberrant gut-immune signaling to impact cardiovascular health,
particularly arterial stiffness. Specifically, we showed that diet-induced obese mice incapable of
lipopolysaccharide (LPS) toll-like receptor 4 (TLR4) signaling (TLR4 knockout mice) were partially
protected from elevated arterial stiffness *’. However, since all Gram-negative microbes produce LPS,
and TLR4 is expressed on an array of innate immune cells, we could not reveal the specific gut microbe-
immune interactions implicated in arterial stiffness. Furthermore, we only observed partial arterial de-
stiffening in obese mice, suggesting that other gut microbe-immune interactions are likely involved in

obesity-related arterial stiffness. Thus, much about gut microbe-immune signaling during obesity and its

relationship with arterial stiffness remains unresolved.



Furthermore, although the mechanisms linking IF to reduced Obesity-Related arterial stiffness
have been largely unexplored, recent data show that IF reduced other risk factors for CVD (blood
pressure and endothelial dysfunction) in overweight/obese individuals by altering the gut microbiota and
decreasing inflammation ***°. These results highlight the potential for IF to reduce Obesity-Related
arterial stiffness through altering aberrant gut-immune signaling. Furthermore, directly testing this
hypothesis could help further uncover the specific gut microbes and components of the immune system

(immune cells or cytokines) that influence arterial stiffness during obesity.

A Potential Detriment of Intermittent Fasting

Despite IF’s potential arterial de-stiffening effects, the gut microbiota impacts pathogen
resistance through priming and training of the host immune system 2**'. Thus, any alterations to the gut
microbiota and immune system could potentially affect the host’s susceptibility to invading pathogens.

As a diet practiced by millions, it is crucial to understand whether IF could impact infection. The
recent COVID-19 pandemic, caused by the SARS-CoV-2 (SC2) virus, highlights the potential importance
of IF on infection. Although the peak of COVID-19 seems to be behind us, SC2 is still a common
respiratory pathogen that can impact health in the short and long term. Moreover, obesity is a well-

established risk factor for SC2 infection severity 244+

and directly suppresses the immune response
towards infections **. Therefore, the potential suppression of inflammation via IF might lead to improved
cardiovascular health but worsen infection during obesity. Similarly, since the gut microbiota can impact
infection severity and symptom resolution **~*’, IF might also exacerbate SC2 infection through its
profound impact on the gut microbiota. Lastly, although reviews have hypothesized how IF could impact
SC2 infection ***°, there is little direct evidence. Some of the only available data relating to IF and SC2
are observational studies which showed that periodic fasting in humans was associated with lower SC2
severity and less heart-failure hospitalization in COVID-19-positive patients. Yet, these data could be
confounded by the fact that the non-fasting cohort included a significantly higher proportion of smokers

(prior or current) and higher levels of COPD and asthma °"*2,



Hypotheses and Specific Aims

Identifying the potential discordant effects of IF on Obesity-Related arterial stiffness and SC2
infection severity has large-scale, translational implications as IF has a reputation as an all-encompassing
beneficial dietary strategy. Therefore, the overarching objectives of this dissertation were to (1)
investigate whether IF reduces arterial stiffness in obese mice by modifying aberrant gut microbe-immune
interactions during obesity and (2) determine if these modifications predispose mice to exacerbated SC2
infection. We hypothesized that IF would attenuate arterial stiffness in obese mice in correspondence with
changes to gut microbial composition and function as well as reduce systemic and vascular-resident
inflammation (Figure 1.1). However, we predicted that IF would leave mice susceptible to worse acute
SC2 infection (Figure 1.1), highlighted by a greater lung viral burden, greater weight loss, reduced food
intake, and reduced circulating SC2-specific antibody titers. First, this dissertation reviews the existing
literature relating IF with improved vascular function (i.e., reduced arterial stiffness) (Chapter 2). At the
same time, Chapter 2 highlights how the immune system is a key mediator of IF’s effects on vascular
function and proposes that an emerging concept in the field of immunology, fasting-induced immune cell
could augment vascular function. This dissertation then directly investigates the impact of IF on arterial
stiffness (Chapter 3) and acute SC2 infection (Chapter 4) in conjunction with gut microbiota and
immune system changes. More specifically, in Chapter 3, we explored the effects of a single fasting-
refeeding cycle (acute IF) and a multi-week, once-weekly, 24-hour IF paradigm (chronic IF) on Obesity-
Related arterial stiffness, gut microbial compositional and functional changes, splenocyte counts, and
circulating cytokine levels. We then ran robust statistical models to identify what relationships between
the gut microbiota and immune system predict arterial stiffness during acute and chronic IF. In Chapter
4, we tested whether once-weekly 24-hour IF exacerbated SC2 infection in lean and obese mice. We also
investigated whether [F-induced alterations to the gut microbiota and immune system were differentially

impacted by SC2 infection compared to controls.
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Figure 1.1. Overall Working Hypothesis. Image created at Biorender.com.
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CHAPTER 2: EXPLORING THE IMPACT OF INTERMITTENT FASTING ON VASCULAR
FUNCTION AND THE IMMUNE SYSTEM: A NARRATIVE REVIEW AND NOVEL

PERSPECTIVE'

SUMMARY

Vascular function is a critical determinant of cardiovascular health and all-cause mortality.
Recent studies have suggested that intermittent fasting, a popular dietary strategy, elicits beneficial effects
on vascular function. These studies also suggest that fasting-mediated improvements in vascular function
coincide with reductions in systemic inflammation. However, the mechanisms that connect fasting, the
immune system, and vascular function remain largely underexplored. The current review summarizes the
effects of different intermittent fasting modalities on vascular health, focusing on endothelial dysfunction
and arterial stiffness, 2 critical indices of vascular function. Improvements in vascular function are
associated with reduced inflammation and are mechanistically linked to decreased circulating immune
cells and their accumulation within the vascular wall and perivascular tissue. Recent data show that
fasting redistributes circulating and tissue-resident immune cells to the bone marrow, affecting their
inflammatory actions. However, there is no direct evidence relating immune cell redistribution to
cardiovascular health. By relating fasting-induced immune cell redistribution to reduced inflammation
and improved vascular function, we propose an exciting avenue of further exploration is determining

whether fasting-induced immune cell redistribution impacts cardiovascular health.

! This research is published in the journal Arteriosclerosis, Thrombosis, and Vascular Biology. To adhere to CSU
Graduate School dissertation formatting, the following changes were made: 1) keywords and journal ending
statements (i.e., funding, acknowledgments, nonstandard abbreviations and acronyms) are not displayed; 2) spacing
has been adjusted to match CSU formatting. Citation information: Graham EL, Weir TL, Gentile CL. Exploring the
Impact of Intermittent Fasting on Vascular Function and the Immune System: A Narrative Review and Novel
Perspective. Arterioscler Thromb Vasc Biol. Published online April 3, 2025:ATVBAHA.125.322692.
doi:10.1161/ATVBAHA.125.322692
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INTRODUCTION

Intermittent fasting (IF) is one of the most popular dietary strategies globally.'” The International
Food Information Council survey recently reported that IF was more popular than Mediterranean-
style, DASH (Dietary Approaches to Stop Hypertension ), low-carbohydrate, and ketogenic diets, as well
as dietary strategies aimed at weight loss, such as calorie counting.* The widespread popularity and
enhanced compliance of IF compared with other diets is likely due to its focus on when to eat rather than
what to eat,” along with emerging evidence of health benefits from fasting that are independent of caloric
restriction and weight loss.°

There are various forms of IF, including once-weekly 24-hour fasting, alternate-day fasting
(ADF), and the 5:2 diet, during which individuals fast for 2 (consecutive or nonconsecutive) days per
week. Time-restricted eating (TRE; time-restricted-feeding [TRF] in preclinical animal models) is another
form of IF that limits calorie consumption to a specific period, resulting in a daily fasting window of at
least 14 hours." A typical form of TRE is the 16:8 protocol (16-hour fasting/8-hour ad libitum [Ad-Lib]
eating). Ramadan fasting is a religious form of TRE during which Muslims abstain from eating or
drinking food from dawn to dusk during the ninth month of the Islamic calendar, a diet pattern that
closely resembles a 16:8 protocol. In modified fasting (MFD), calories are limited to ~25% of energy
intake on fasting days.'

Concomitant with [F’s increasing popularity, a growing number of studies have investigated its
potential as a dietary therapeutic for the prevention of cardiovascular disease (CVD). Currently, the
effects of IF on atherosclerosis, the leading cause of CVD, are equivocal.7‘13 However, IF has been shown
to alleviate traditional CVD risk factors, including obesity, hypertension, hypercholesterolemia,
hypertriglyceridemia, and insulin resistance,’ as well as improve measures of cardiac function.'*'® These
findings suggest that IF might be well suited to prevent CVD by reducing prominent CVD risk factors.
Vascular dysfunction, which clinically manifests as arterial stiffness and endothelial dysfunction, is a
significant risk factor and strong determinant of CVD.'7?° Compared with traditional CVD risk factors,

studies investigating the effects of IF on vascular dysfunction are scarce. Moreover, although several
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studies suggest that certain forms of IF improve vascular function,? !

the mechanistic underpinnings of
these interactions remain poorly understood.
The immune system is a key biological factor that mediates vascular health. Improved vascular

function via IF coincides with reduced inflammation,”***®

suggesting a mechanistic link between IF, the
immune system, and improved vascular function. The blood, vascular wall, and perivascular tissue are
populated with a vast array of immune cells that, depending on the specific cell type, can positively or
negatively impact vascular structure and function.**** Many of these immune cells can exacerbate
systemic inflammation by producing an array of cytokines/chemokines, leading to an influx of even more
inflammatory immune cells and the perpetuation of vascular inflammation.*'~* Thus, although there are
putative links between IF, reduced inflammation, and improved vascular function, it is unknown whether
IF improves vascular function by reducing immune cell recruitment into the vascular wall and
perivascular tissue.

Recent studies have shown that fasting profoundly impacts circulating and tissue-resident
immune cells.***” Indeed, in response to fasting, immune cells can traverse from one part of the body to
another while markedly altering their phenotype. Following refeeding, the cells can then move back to
their prefasting location. This fasting-induced immune cell redistribution has also been shown to impact
health. For instance, a recent study by Delconte et al determined that IF redistributes peripheral and
tissue-resident (splenic) natural killer (NK) cells into the bone marrow. While in the bone marrow, these
NK cells are primed by IL (interleukin)-12—expressing myeloid cells to produce IFN-y (interferon-y) and
improve anti-tumor immunity.*’ In another recent study by Wang et al,* redistribution of T cells into the
bone marrow via 24-hour fasting was related to suppressed T-cell activation, differentiation, cytokine
production, and autoimmune disease development in mice. Fasting also influenced monocyte
redistribution to the bone marrow, reducing inflammation and improving disease incidence (clinical
course) compared with controls in a mouse model of multiple sclerosis.* The potential for fasting-
induced immune cell redistribution impacting CVD has only been proposed once,*’ and thus, its prospect

as a mechanism contributing to improved cardiovascular health is largely unexplored. Given that vascular
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dysfunction is a hallmark of CVD progression, it is intriguing to speculate whether fasting-induced
redistribution of immune cells could have a lasting impact on vascular function by impeding immune cell
accumulation within the vascular wall and perivascular tissue.

In this narrative review, we highlight the potential of various forms of IF to improve vascular
function and discuss how these improvements are linked to reduced inflammation, decreased circulating
immune cells, and less immune cell accumulation in vascular tissues. We aim to relate IF to vascular
dysfunction, as other available reviews focus on general cardiovascular health, with relatively little
discussion of the impacts of IF on vascular function."***>* We also cover recent findings on immune cell
redistribution to the bone marrow during fasting and propose that this redistribution warrants future

consideration as a putative mediator of IF-induced improvements in vascular function.

EFFECT OF IF ON ATHEROSCLEROSIS

Several studies have investigated the impact of IF on atherosclerosis. Chen et al’ displayed that 7
and 14 weeks of IF (3 days of high-fat diet feeding and 1-day fasting) reduced CCL2 (C-C motif
chemokine ligand 2) expression and monocyte-endothelium adhesion, macrophage accumulation,
atherosclerotic lesion size, and necrotic core area, as well as increased fibrous cap area and plaque
stabilization in Ldlr"~ mice. Twelve weeks of 14:10 TRE reduced atherogenic lipids (total cholesterol,
low-density lipoprotein cholesterol, and non—high-density lipoprotein cholesterol) in patients with
metabolic syndrome.'? Furthermore, Dorighello et al displayed that 12 weeks of ADF reduced
cholesterolemia by 28% in wild-type mice. Surprisingly, in the same study, 12 weeks of ADF increased
atherogenic lipids (total cholesterol by 37%, low-density lipoprotein cholesterol by 50%, and very-low-
density lipoprotein cholesterol by 195%) and atherosclerotic lesion area in Ldl /" mice.® Similarly,
Meérian et al’ reported that 4 months of ADF reduced hypertriglyceridemia and atherosclerotic lesion area
in Apoe™"” mice fed a control diet but exacerbated dyslipidemia when fed a high-fat, high-cholesterol diet.
These latter findings suggest that the impact of IF on atherosclerosis could be due to genetic differences,

the level of accrued plaque before starting IF, or complementary diets during IF. Collectively, the effects
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of IF on atherosclerosis remain inconclusive, yet most available data suggest that IF improves

cardiovascular health by mitigating CVD risk factors.°®

EFFECT OF IF ON VASCULAR FUNCTION

Of the available studies investigating the impact of IF on human vascular function, many are
observational studies that collected data pre- and post-Ramadan. Although observational studies suffer
from methodological limitations, these Ramadan fasting studies have helped highlight a potential

1?! observed

relationship between TRE and improved vascular function. Alinezhad-Namaghi et a
significant reductions in arterial stiffness (reduced pulse wave velocity [PWV]) after Ramadan in
individuals with metabolic syndrome. Furthermore, Demirci et al** showed that brachial artery flow-
mediated dilation (FMD), the gold standard measurement of endothelial function in humans, improved in
older patients with hypertension following Ramadan fasting. In contrast, 2 studies show no significant

effect of Ramadan fasting on arterial stiffness. Sezen et al**

reported only modest reductions in arterial
stiffness in overweight and obese men, and Eldeeb et al** showed no significant differences in PWV
following Ramadan in patients with hypertension either with chronic kidney disease (CKD) or without
CKD. Interestingly, Eldeeb et al** found that fasting during Ramadan decreased the augmentation index
(an indirect measure of arterial stiffness) in patients with hypertension without CKD, suggesting that
measures of arterial stiffness other than PWV were attenuated.

The discrepant findings among these studies may be explained by the techniques used to
determine arterial stiffness. For example, Alinezhad-Namaghi et al*' measured arterial stiffness via
carotid-femoral PWV,*® while Sezen et al** and Eldeeb et al** utilized arteriography and the brachial
oscillometric method via Mobil-O-Graph, respectively. It is possible that the latter 2 methods may lack
the sensitivity needed to detect the modest vascular benefits following Ramadan fasting.’”* One reason
Ramadan fasting could more readily affect endothelial function than arterial stiffness is because the

former is more sensitive to acute stimuli. That is, various stimuli can acutely regulate endothelial

function, including NO (nitric oxide), cytokines, reactive oxygen species, and endothelial-derived
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hyperpolarizing factors, whereas arterial stiffness, although moderately sensitive to acute stimuli

such as blood pressure fluctuations,®**® is governed in large part by long-term structural changes to the
vascular wall.”””° In this regard, since Ramadan is only 1 month per year, this time frame may be
sufficient to impact endothelial function but insufficient to reduce long-term structural changes associated
with arterial stiffness.

Interventional trials in rodents and humans have also sought to uncover the effects of TRE on
vascular function. Azemi et al** found that 6 weeks of Ad-Lib high-fat feeding followed by another 6
weeks of either 16:8 high-fat—fed or standard diet—fed TRF significantly improved thoracic aorta
endothelial function in experimental rats. These results suggest that 6 weeks of 16:8 TRF can reduce diet-
induced endothelial dysfunction regardless of macronutrient composition. However, in humans, 5 weeks
of TRE did not significantly reduce arterial stiffness in prediabetic men,”" and 6 weeks of 16:8 TRE did
not affect carotid-femoral PWYV, carotid intima-media thickness, or FMD in healthy midlife and older
adults.”?Another study also found no benefit of 16:8 TRF on vascular function.” Ultimately, these results
suggest that reducing the feeding window down to 8 hours may not be a strong enough stimulus to
improve vascular function.

In contrast to TRE, other IF regimens could improve vascular function by emphasizing extended
fasting periods (MFD) or more frequent fasts per week (ADF). In Wistar albino rats, 2 months of ADF
improved abdominal aorta vasoreactivity to acetylcholine, which suggests enhanced endothelial
function.”® A more extended ADF protocol (12-week ADF) improved mesenteric artery endothelial

function in diabetic mice (Lepr®).”’

These improvements were accompanied by significantly reduced
mesenteric artery nitrotyrosine, an oxidative stress biomarker. Moreover, 12-week ADF increased plasma
adiponectin, which can activate eNOS (endothelial NO synthase) via AMPK (AMP-activated protein
kinase) and potentiate NO production.”*” Adiponectin can also reduce endothelial adhesion molecule
expression, NF-kB (nuclear factor-kB)-mediated macrophage cytokine production, and TNF (tumor

necrosis factor)-mediated monocyte-endothelial cell interactions.”® Thus, increased adiponectin via IF

may suppress systemic and vascular inflammation, improving vascular function (Figure 2.1).
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Figure 2.1. The immune system is a critical biological factor relating intermittent fasting to improved vascular function. A) In rodents and humans,
alternate-day fasting (ADF) and modified fasting (MFD)-ADF hybrids seem to be the most vascular protective forms of intermittent fasting. Improved vascular
function via ADF or MFD-ADF concurs with reduced inflammation. B) Intermittent fasting—induced increases in adiponectin and changes to the gut
microbiota impact vascular function by affecting the immune system. Both adiponectin and the altered gut microbiota attenuate the movement of inflammatory
immune cells into the vascular wall, leading to reduced vascular inflammation and injury. Adiponectin and the altered gut microbiota also activate eNOS
(endothelial NO synthase) to produce NO, which could lead to reduced reactive oxygen species (ie, superoxide) formation and less inflammation. Furthermore,
NO directly improves vascular function by reducing arterial stiffness and increasing endothelial function. Created at BioRender.com
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In humans, 4 weeks of ADF reduced PWYV in healthy, middle-aged adults.”> Furthermore, 8
weeks of an ADF-MFD hybrid diet (25% energy intake on the fast day followed by Ad-Lib on the feast
day) increased brachial artery FMD and plasma adiponectin in insulin-sensitive subjects.?’ In the study by
Klempel et al,*® participants were asked to participate in an ADF-MFD protocol but were also randomized
to low-fat or high-fat eating. After 8 weeks, brachial artery FMD increased in the low-fat group but not in
the high-fat group. Moreover, increases in adiponectin were only significantly associated with improved
FMD in the low-fat group, again suggesting adiponectin to be a particular adipokine implicated in
endothelial function. Although higher adiponectin levels correspond with improved vascular function in
rodents and humans, ADF-MFD can improve brachial artery FMD without affecting adiponectin
levels.*! Thus, improved vascular function via IF does not seem entirely dependent upon increased
adiponectin, and other fasting-mediated mechanisms are likely involved.

77-80

The gut microbiota has emerged as a crucial regulator of vascular function, and studies have

shown that IF can affect gut microbial composition. In turn, the gut microbiome has been shown to

impact vascular function’®"

through modulation of signaling molecules (ie, NO) and their precursors or
by altering systemic inflammation. In patients with metabolic syndrome, 8 weeks of MFD (=30% energy
intake for 2 nonconsecutive days per week) altered gut microbial composition and function (increased
carbohydrate metabolism), increased plasma short-chain fatty acids, and decreased circulating
lipopolysaccharide levels. These changes to the gut microbiota occurred in conjunction with significantly
increased total nitrate levels (NO donor) and reduced asymmetric dimethylarginine (endogenous eNOS
competitive inhibitor) compared with Ad-Lib controls.” In addition, Shi et al*' determined that 10 weeks
of ADF reduced blood pressure in spontaneous hypertensive stroke-prone rats. These reductions in blood
pressure were dependent upon alterations to the gut microbiome and resulted in increased circulating bile
acids. Because the vascular endothelium expresses bile acid receptors (ie, TGRS [Takeda G-protein—

coupled receptor 5]), further analyses showed that supplementation with a TGRS agonist (oleanolic acid)

improved mesenteric artery endothelial function in spontaneous hypertensive stroke-prone rats. Overall,
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these results suggest that changes to the gut microbiota via MFD and ADF improve vascular function in
rodents and humans.

In summary, Ramadan and TRE have minimal effects on vascular function, whereas ADF and
MFD improve arterial stiffness and vascular function in various populations (Table 2.1). Furthermore,
because the studies had similar experimental designs, study durations, and participants/subjects (Table

2.1), the vascular benefits of ADF and MFD are likely due to their extended fasting periods.

CHANGES TO THE IMMUNE SYSTEM FOLLOWING IF CORRELATE WITH IMPROVED
VASCULAR FUNCTION
There is a strong link between increased inflammation and the development of vascular

dysfunction,*** suggesting the immune system is an important mediator of vascular health. For instance,
inflammatory mediators (ie, cytokines) can modify endothelial cell-derived vasodilator and
vasoconstrictor production, activate voltage-gated ion channels in vascular smooth muscle cells to
facilitate vasoconstriction, increase vascular remodeling and smooth muscle cell migration, recruit
proinflammatory immune cells to the vascular wall, and induce endothelial cell apoptosis.**** An
increasing number of studies have demonstrated that IF reduces inflammation® (Figure 2.1).
Interestingly, those who have examined this demonstrate that alterations to the immune system tend to
occur concomitantly with improvements in vascular function. For example, improved endothelial function
observed after Ramadan fasting in older patients with hypertension was associated with reduced plasma
levels of the acute-phase reactant CRP (C-reactive protein),* which can directly impair vascular function
via reduced NO production and eNOS inhibition.** CRP can also impact monocyte and T-cell recruitment
to the vascular wall and impact expression of potent inflammatory molecules important for immune cell
adhesion (E-selectin and CCL2).%** Guo et al*® found that markers of vascular function improved
following MFD and were accompanied by reductions in soluble CD (cluster of differentiation) 40 ligand

(CDA40L), which can bind to CD40 expressed on endothelial cells, activating them and facilitating their
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Table 2.1. Studies Examining the Effects of Intermittent Fasting on Vascular Function

Regimen Author
Alinezhad-
Namaghi et al*?!
Sezen et al**
Ramadan

Eldeeb et al**

Species

Human

Human

Human

Individuals with

Subjects Study duration

Fasting for 10 d was
considered the
minimum acceptable
number for the
Ramadan fasting group
(average of 26.5+6 d

metabolic of fasting)
syndrome
Individuals who fasted
for <10 d were
considered the control
group (average of
2.743 d of fasting)

Overweight and 294

obese males

Patients with
hypertension
either with or 29d

without chronic
kidney disease
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(TensioMed
Arteriograph)

PWV (Mobil-O-

Augmentation
index (Mobil-O-

Vascular
outcomes

Main results

Reduced cfPWYV in the
fasting group (8.5+1.2
m/s pre-Ramadan vs
8.2+1.1 m/s post-
Ramadan; P=0.01)}

cfPWV
No change in cfPWV in
the control group
(8.0=1.2 m/s pre-
Ramadan vs 8.2+1.0 m/s
post-Ramadan; P=0.51)

No change in PWV
(8.9£1.9 m/s pre-
Ramadan vs 8.6+1.8 m/s
post-Ramadan; P=0.19)

No change in PWV in
those with CKD (9.0+1.8
m/s pre-Ramadan vs
8.5+2.0 m/s post-
Ramadan; P=0.17)

PWV

Graph) No change in PWV in

those without CKD
(8.7£1.9 m/s pre-
Graph) Ramadan vs 8.4+1.6 m/s
post-Ramadan; P=0.31)
No change in
augmentation index in
those with CKD



Regimen Author

Demirci et al*>

Sutton et al’!

Martens et al”

TRE/TRF

Azemi et al***

Species

Human

Human

Human

Rat

Subjects Study duration

Individuals with

hypertension 30d
Overweight and
obese adult males ‘
aged35t0 70y 5 wk of 18:6 TRE

with prediabetes

Healthy midlife

and older adults 6 wk of 16:8 TRE

Group 1: 6 wk of a

standard diet followed
by 6 wk of standard

Sprague Dawley

diet 16:8 TRF
rats

Group 2: 6 wk of a

high-fat diet followed
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Vascular Main results

outcomes
(25.949.7% pre-
Ramadan vs 25.0+£9.0%
post-Ramadan; P=0.38)
Reduced augmentation
index in those without
CKD (36.2+13.6% pre-
Ramadan vs 26.2+9.0%
post-Ramadan; P<0.01)
Increased FMD
Brachial artery |(8.7£3.8% pre-Ramadan
FMD vs 10.8£3.7% post-
Ramadan; P<0.01)}
PW;it(radlal No change in PWV
applalel?t]ion (A=-0.5£0.4
tonometry) m/s; P=0.23)
cfPWV
No change in cfPWV

Carotid intima-
media thickness | No change in carotid
(ultrasound) intima-media thickness

Brachial artery No change in FMD
FMD

Group 1: increased FMD
compared with high-fat
control
(acetylcholine Emax:
95.3+6.8% vs
69.24+1.8%)t

Thoracic aorta
force myography



Regimen Author
Stekovic et al**
ADF
Razzak et al**
Cui et al**’
Hybrid protocols |  Guo et al**®

Vascular

Species Subjects Study duration outcomes
by 6 wk of high-fat
diet 16:8 TRF
Group 3: 6 wk of a
high-fat diet followed
by 6 wk of standard
diet 16:8 TRF
Human Heqlthy ponobese 4 wk of ADF PWV (Mobil-O-
individuals Graph)
Rat Wistar albino rats 2 mo of ADF Abdommal aorta
wire myography
Diabetic mice Mesenteric
Mouse b 12 wk of ADF artery wire
(Lepr®)
myography
~ o
o ‘ 8 Wk.Of ~30% energy ADMA and
Individuals with intake for 2
: . VCAM-1
Human metabolic nonconsecutive days
(ELISA)
syndrome per week (average

energy intake on
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Main results

Group 2: increased FMD
compared with high-fat
control
(acetylcholine Enmax:
107.5+4.7% vs
69.2+1.8%)t

Group 3: increased FMD
compared with high-fat
control
(acetylcholine Enmax:
92.3£3.0% vs
69.2+1.8%)t

Reduced PWYV in the
ADF group (A=—0.1
[-0.225 to 0]
m/s; P=0.02)t

No change in the control
group (A=0 [-0.15 to
0.2] m/s; P=47)

Increased abdominal
aorta vasoreactivity to
acetylcholinef

Increased mesenteric
artery endothelial
functiont

Reduced total nitrate and
ADMA in the MFD
group compared with
controls (q=0.062,
q=0.068)7



Regimen Author Species
Hoddy et al** Human

Klempel et al*** | Human

Bhutani et al**! Human

ADF indicates alternate-day fasting; ADMA, asymmetric dimethylarginine; cfPWV, carotid-femoral pulse wave velocity; CKD, chronic kidney
disease; FMD, flow-mediated dilation; MFD, modified fasting; PWYV, pulse wave velocity; TRE, time-restricted eating; TRF, time-restricted

Vascular

Subjects
outcomes

Study duration

Nitrate
(calorimetry)

fasting days: 31.0%
[95% CI, 27.8%—
34.2%]))

8 wk of an ADF-MFD
hybrid (25% energy
intake on the fast day
followed by normal
eating on the feast day)

8 wk of an ADF-MFD
hybrid (25% energy
intake needs on the fast
day followed by 125%
on the feast day)

Brachial artery

Obese adults FMD

Brachial artery

Obese adults FMD

Subjects participated in
either low- or high-fat
eating throughout the

ADF-MFD hybrid
protocol

12 wk of an ADF-
MEFD hybrid (25%
energy intake on the
fast day followed by
normal eating on the
feast day)

Brachial artery

Obese adults FMD

feeding; and VCAM-1, vascular cell adhesion molecule-1.
* An experiment in which significant improvements in vascular function were found.

tSignificant finding.
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Main results

No change in VCAM-1
compared with controls

Increased FMD between
insulin-sensitive (3+0%)
and insulin-resistant
(—3+0%) obese
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production of inflammatory cytokines and reactive oxygen species. In addition, soluble CD40L-CD40
interactions induce endothelial cell E-selectin, VCAM-1 (vascular cell adhesion molecule-1), and ICAM-
1 (intercellular adhesion molecule-1) expression.*> These adhesion molecules can recruit immune cells
into the vascular wall, further augmenting vascular inflammation and injury. CD40L can also destabilize
eNOS mRNA,* reducing NO production and endothelial function.

Finally, the gut microbiota is a potent modulator of the immune system, and changes to the gut
microbiota via IF may impact both immune and vascular function. Shi et al*' showed that 10 weeks of
ADF altered gut microbial composition and circulating bile acids in spontaneously hypertensive stroke-
prone rats, which may improve endothelial function via TGR5-dependent pathways.®' Endothelial TGRS
signaling induces eNOS*""'”” and Akt**"® phosphorylation, as well as reduces TNF-mediated monocyte
adhesion, NF-xB activation, and lipopolysaccharide-induced monocyte adhesion.* In addition, Guo et
al®® reported relative increases in Rumonococcaceae and Roseburia, as well as short-chain fatty acids, in
conjunction with improved endothelial health. A high relative abundance
of Rumonococcaceae and Roseburia is associated with a reduced prevalence of inflammatory-mediated
diseases, including Crohn’s disease and irritable bowel disease.}” Furthermore, Roseburia is an avid
butyrate (short-chain fatty acid) producer, which can reduce inflammation by inducing regulatory T-cell
differentiation.®” Nevertheless, regardless of the distinct mechanisms, this evidence suggests a gut-
immune-vascular axis, whereby [F-induced changes to the gut microbiota can reduce inflammation,

leading to improved vascular function (Figure 2.1).

VASCULAR-ASSOCIATED IMMUNE CELLS CONTRIBUTE TO VASCULAR
DYSFUNCTION

The vascular wall and perivascular tissue contain a depot of immune cells that impact vascular
structure and function, and this niche can be maintained by self-renewal (proliferation of existing resident
immune cells), repopulation (influx of circulating immune cells), or polarization from circulating

precursors once deposited into the vascular wall. Indeed, inflammatory signals from endothelial cells,
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vascular smooth muscle cells, fibroblasts, resident immune cells, and perivascular cells can exacerbate the
recruitment and accumulation of circulating immune cells into the vascular wall or perivascular tissue.*'~
# Once these cells infiltrate the vascular wall or perivascular tissue, they can become polarized and exert
effector functions. Furthermore, circulating immune cells can directly impact vascular inflammation and
vascular function without moving into the vascular wall by signaling to the endothelium, adventitia, or
perivascular tissue. Because not all immune cells that impact vascular function reside within the vascular
wall, the term vascular-associated immune cells is a more accurate description of the various immune cell
subsets that impact vascular health.

Many different types of vascular-associated immune cells contribute to vascular inflammation
and dysfunction.** 43408889 Eor example, circulating Ly6C™ (lymphocyte antigen 6 C1 high) monocytes
can infiltrate the vascular wall via CCR2 expression and differentiate into M2-like macrophages,
exacerbating hypertension and ECM (extracellular matrix) remodeling, both putative determinants of
arterial stiffness.® Furthermore, peripheral and aortic accumulation of Ly6C"monocytes, M1-polarized
macrophages, and inflammatory cytokines increased endothelial dysfunction in a mouse model of
hyperhomocysteinemia and type 2 diabetes.*® TNF and IFN-y—producing CD4" and CD8" T-cell
accumulation in the aorta and mesenteric arteries has been shown to exacerbate age-related vascular
dysfunction.”” T cells can also mediate Ang II (angiotensin IT)-induced hypertension and vascular
dysfunction.***® Specifically, Majeed et al** found that Rag! (recombination activating gene
1)~ mice devoid of functional lymphocytes were not susceptible to Ang II-mediated arterial stiffness.
However, the adoptive transfer of CD4" T cells into Ragl ™~ mice facilitated Ang Il-induced stiffening.
Furthermore, Guzik et al*® showed that Ang II increased T cells in the perivascular adipose tissue and
adventitia via CD44 and CCRS, which increased hypertension and vascular dysfunction. Another study
corroborates that increased accumulation of macrophages and T cells in the vascular wall and perivascular
adipose tissue is associated with vascular dysfunction.”!

Other immune cells, such as neutrophils, B cells, and NK cells, have also been associated with
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vascular dysfunction. Liu et al*’ showed that knocking out neutrophil elastase (Elane ")
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or peptidylarginine deiminase 4 (Pad4 "), drivers of neutrophil extracellular trap formation, improved
endothelial function and reduced ICAM-1 levels in type 1 diabetic Akita mice. Furthermore, enhanced
endothelial function was observed in mice supplemented with the neutrophil elastase inhibitor
GW311616A compared with vehicle-supplemented controls. The adoptive transfer of Akita neutrophils
into young, wild-type mice increased vascular dysfunction, while the transfer of Akita-Elane ™~ or Akita-
Pad4 " neutrophils did not. Mechanistically, the authors suggest that knockout Akita mice had improved
vascular function by inhibiting neutrophil extracellular trap formation and thromboxane production.

Chan et al*® demonstrated reduced collagen deposition and PWYV after Ang II infusion in BAFF-
R KO (knockout) mice (defective splenic B-cell maturation). BAFF-R KO mice also displayed reduced
aortic IgG accumulation, transitional (CD206" MHCII™ or CD206~ MHCII") and M2-polarized
(CD206" MHCII") macrophages, and TGF-B (transforming growth factor-p) expression compared with
wild-type mice. Finally, Kossmann et al”* showed that IFN-y production by NK cells in the aortic wall
augmented vascular oxidative stress, inflammatory immune cell recruitment and activation, and
endothelial dysfunction.

These data support the notion that the accumulation of many different immune cell subsets in the
vascular wall or perivascular tissue can exacerbate vascular dysfunction. In contrast, IF appears to reduce
systemic inflammation, which is mechanistically linked to decreased circulating immune cells and their
recruitment into the vascular wall and perivascular tissue. Thus, determining whether IF improves
vascular function by reducing the accumulation of immune cells in the blood, vascular wall, and

perivascular tissue is an exciting area of future investigation.

EVIDENCE OF FASTING-INDUCED IMMUNE CELL REDISTRIBUTION

Although the direct effects of IF on vascular-associated immune cells are unknown, evidence of
fasting-induced immune cell redistribution has been prevalent since the early 1950s”* and was further
validated in the 1980s.”* Wing et al®*showed that 72 hours of fasting reduced thymus cellularity to 5% of

baseline, and after 7 days of refeeding, cellularity recovered to >50% of baseline. Similar changes were
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observed in the spleen, as cellularity dropped to 18% of baseline after 72 hours of fasting and returned to
normal after 7 days of refeeding. In a separate experiment, thymus, spleen, and blood cellularity were
significantly reduced after 48 hours of fasting compared with 24 hours of refeeding. These data suggest a
cyclical disappearance and repopulation of the thymus, spleen, and blood immune cells in response to
fasting and refeeding. These changes in cellularity were diminished in adrenalectomized mice, suggesting
that the acute stress response to fasting (i.e., increased corticosteroids) mediates organ cellularity (Figure
2.2A).%

More recent studies have expanded upon these original findings and provide further evidence of

fasting-induced immune cell redistribution. In 2023, Janssen et al*’

reported in experimental mice that 24-
hour fasting significantly reduced immune cell counts in circulation, as well as in the spleen, lung, pancreas,
brown adipose tissue, white adipose tissue, heart, peritoneum, and tissues of the gastrointestinal tract (small
intestine, Peyer's patches, mesenteric lymph nodes, and mesenteric adipose tissue). When limiting their
focus to circulating monocytes, the authors showed that fasting facilitated the redistribution of
transcriptionally unique proinflammatory (Ly6C™) monocytes’ from circulation to the bone marrow.
Specifically, Janssen et al show that adoptively transferred GFP" (green fluorescent protein) monocytes
appeared in the circulation of fed mice but were absent in the blood of 24-hour fasted mice. Instead,
GFP" monocytes were identified in higher numbers in the bone marrow of fasted mice. Further experiments,
including parabiosis of GFP* mice with wild-type mice, showed more GFP" Ly6C" monocytes in the blood
and less in the bone marrow of fasted-refed mice compared with fasted mice, suggesting that the cells that
accumulated in the bone marrow during fasting reappeared in circulation following refeeding. Next, the
authors used a double-pulse-chase strategy that utilized the sequential injection of 5-ethynyl-2'-
deoxyuridine (EdU) and 5-bromodeoxyuridin (BrdU), 2 nucleotide analogs. EQU was injected 24 hours
before fasting, and BrdU was injected halfway through the fast. Thus, Edu" Ly6C™ monocytes were
considered old (originated prefast), and BrdU" Ly6C™ monocytes were considered young (originated
during fasting). Importantly, although similar rates of EdU were incorporated in bone marrow monocytes,

higher numbers of bone marrow Edu” monocytes were identified in fasted and fasted-refed mice. BrdU
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Figure 2.2. Examples of fasting-induced immune cell redistribution. A) In the study by Wing et al, fasting for
48 to 72 hours in mice significantly reduced thymus, spleen, and blood cellularity and decreased thymus CD
(cluster of differentiation) 4 and CD8" T cells. Cellularity in all tissues was partially restored within 1 to 7 days.
These results did not occur in adrenalectomized mice. B) Janssen et al showed that transcriptionally unique
circulating Ly6C" (lymphocyte antigen 6 C1 high) monocytes traverse to and from the bone marrow in response
to fasting and refeeding, respectively. Fasting-mediated redistribution to the bone marrow was regulated by stress-
induced corticosteroid production, which augmented CXCR4 (C-X-C chemokine receptor type 4) expression on
Ly6C" monocytes. C) A recent article by Delconte et al showed that spleen and circulating natural killer (NK)
cells were redistributed to the bone marrow during a 48-hour fast and then were restored in the circulation and
spleen within 24 hours after feeding. NK cell redistribution depended on red blood cell S1P (sphingosine-1-
phosphate) production in the bone marrow, allowing S1PR (S1P receptor)-expressing NK cells to accumulate in
the bone marrow during fasting. CXCR4 on NK cells facilitated bone marrow retention. D) Jordan et al found that
4 to 20 hours of fasting in mice redistributed circulating Ly6C" monocytes to the bone marrow, while monocytes
reappeared in circulation in as little as 4 hours after refeeding. The accumulation of Ly6Ch monocytes in the bone
marrow was regulated by a hepatic AMPK (AMP-activated protein kinase)-PPARa (peroxisome proliferator-
activated receptor-a) pathway, which reduced bone marrow CCL2 (C-C motif chemokine ligand 2) production
and monocyte egress. Extended fasting periods seemed to impact monocyte metabolism and phenotype more
potently. In humans, fasting reduced circulating CCL2 and CD14*(phagocytic) and CD16" (patrolling)
monocytes. E) Nagai et al showed that fasting redistributed naive B cells from Peyer's patches to the bone marrow
via reduced Peyer's patch stromal cell CXCL13 (chemokine [C-X-C motif] ligand 13) expression and increased
bone marrow CXCL13 expression. In contrast, refeeding increased Peyer's patch CXCL13 expression and
recruited naive B cells back to the intestine. Created at BioRender.com. ACTH indicates adrenocorticotropic
hormone; CORT, corticosterone; and CRH, corticotropin-releasing hormone.
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incorporation was lower in bone marrow monocytes from fasted and fasted-refed mice than in controls,
suggesting the reduced production of new monocytes in the bone marrow during fasting. Finally, there were
significantly higher numbers of circulating Edu” monocytes in fasted-refed mice compared with fed and
fasted mice. Yet, there were no differences in circulating BrdU™ monocyte levels between the groups. These
results indicate that Ly6C™ monocytes are redistributed to the bone marrow during fasting and reappear in
circulation after refeeding. Mechanistically, this redistribution was mediated by a corticosteroid-CXCR4
(C-X-C chemokine receptor type 4) axis, whereby heightened corticosterone production during fasting
augmented monocyte CXCR4 expression, a chemokine receptor implicated in immune cell redistribution.
Upon activation of the corticosteroid-CXCR4 axis, monocytes were redistributed to the bone marrow
(Figure 2.2B).

NK cells also seem to depend on CXCR4 for redistribution into the bone marrow during fasting.
A recent article by Delconte et al*” showed that a 48-hour fast reduced splenic and circulating NK cells
but increased NK cells in the bone marrow. After refeeding, NK cells were reduced in the bone marrow
but increased in circulation and spleen. Interestingly, fasting did not impact the number of dead splenic
and blood NK cells. The authors transferred mature splenic NK cells from CD45.1 mice into CD45.2-
expressing recipient mice to validate the redistribution theory. Again, fasting reduced CD45.1" splenic
and circulating NK cells while increasing their appearance in the bone marrow. Similar results were found

6td Tomato

when using the iNkp4 mouse model to trace NK cell location, suggesting that circulating and
splenic NK cells are redistributed to the bone marrow in response to fasting and then reappear in the
spleen and circulation following refeeding. Utilization of AMD3100, a CXCR4 antagonist, confirmed that
fasting-induced redistribution of NK cells to the bone marrow was at least partially regulated by CXCR4-
mediated NK cell retention. Another process implicated in NK cell redistribution was bone marrow red
blood cell accumulation, as Delconte et al showed increased red blood cells in the bone marrow in fasting

mice compared with controls. Red blood cells constitute a significant source of S1P (sphingosine-1-

phosphate), which induces immune cell trafficking through interactions with S1PRs (S1P receptors). By
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utilizing SI1pr5~" mice and SIpr5~~ NK cells, the authors validated that the SIP-S1PR axis was
instrumental in fasting-mediated NK cell redistribution to the bone marrow (Figure 2.2C).

Two other studies have found that CXCR4 is an important chemokine contributing to fasting-
induced immune cell redistribution. Wang et al found that a 24-hour fast increased T cells in the bone
marrow and reduced counts in the blood, spleen, and inguinal lymph nodes. These changes were likely
not caused by cell death or proliferation, as fasting did not alter the percentage of FVD" (fixable viability
dye positive) and Ki67" T cells in the blood and bone marrow. Further analyses determined that
catecholaminergic neuron activation during fasting increased glucocorticoid release from adrenal glands,
likely via corticotropin-releasing hormone neurons in the hypothalamic paraventricular nucleus. This
neuronal circuit drove T-cell redistribution from the circulation to bone marrow via the CXCR4-CXCL12
axis while having a marked immunosuppressive effect on redistributed T cells.** Additionally, 14:10 TRF
in mice affected the rhythmic movement of neutrophils, as circulating neutrophil CXCR4 expression and
neutrophil abundance in the lung were reduced in TRF but not in Ad-Lib mice at the beginning of the
inactive phase.”® Thus, TRF may affect neutrophil redistribution by reducing chemokine receptor
expression, increasing their blood latency.

Data have shown that fasting induces immune cell redistribution independently of CXCR4.

1* showed that 4 and 20 hours of fasting promoted circulating Ly6C" monocyte accumulation

Jordan et a
in the bone marrow. There was no difference in activated caspase-positive monocytes in the blood or
CXCR4" monocyte precursors in the bone marrow, so this accumulation was likely not due to cell death
or proliferation. Mechanistically, bone marrow Ly6C" monocyte accumulation depended on hepatic
AMPK-PPARa signaling, which resulted in reduced bone marrow CCL2 production and monocyte
egress. These data also suggest that more extended fasting periods (i.e., 20 versus 4 hours) produce more
substantial effects on bone marrow monocyte metabolism and phenotype. Surprisingly, just 4 hours after

refeeding, Ly6C" monocytes were restored in circulation. Furthermore, Jordan et al reported that fasting

reduced CCL2, as well as CD14" (phagocytic) and CD16" (patrolling) monocytes, in healthy humans
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(Figure 2.2D). These data suggest a translatable mechanism in which fasting regulates monocyte
redistribution in both mice and humans by reducing CCL2.

In another recent study, Nagai et al*® reported that fasting promoted the redistribution of naive
IgM" IgD" B cells from Peyer's patches to the bone marrow. Importantly, the accumulation of bone
marrow B cells did not result from enhanced B-cell proliferation within the bone marrow, as both
immature and Ki67" B cells decreased in the bone marrow during fasting. Mechanistically, the
redistribution of B cells was regulated through the expression of CXCL13 (chemokine [C-X-C motif]
ligand 13) by stromal cells in Peyer's patches. During fasting, the expression of CXCL13 in
Peyer's patches was reduced, while it was increased in the bone marrow. In contrast, refeeding skewed
metabolism of Peyer's patches toward aerobic glycolysis, increasing CXCL13 expression and recruiting
naive B cells back to the intestine (Figure 2.2E).

In summary, during fasting, many different immune cells within several tissues are redistributed
to the bone marrow, which likely affects their metabolism and phenotype. These cells reappear in their

prefasting location upon refeeding.

NOVEL PERSPECTIVE: COULD FASTING-INDUCED IMMUNE CELL REDISTRIBUTION
BE LEVERAGED TO IMPROVE VASCULAR FUNCTION?

As stated in the previous section, a direct link between IF and the vascular-associated
immune system remains unproven. Yet, these data propose that an area of new and novel research in
vascular biology could be whether fasting-induced immune cell redistribution impacts vascular health
(Figure 2.3).

There are several examples of how fasting-induced immune cell redistribution could improve
vascular function. For instance, fasting facilitates the movement of many circulating immune cells related
to vascular dysfunction (Ly6C"monocytes, NK cells, and T cells). The large-scale redistribution of these
immune cells to the bone marrow could impede their accumulation into the vascular wall and perivascular

tissue. Furthermore, spleen-resident and Peyer's patch—resident immune cells traverse to the bone marrow
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Figure 2.3. Could fasting-induced immune cell redistribution affect vascular function? A) Proposed
mechanisms of immune cell redistribution in vascular-associated immune cells. By adapting the available fasting-
redistribution data to vascular-associated immune cells, we propose that during fasting, increased glucocorticoid
production via the hypothalamic-pituitary-adrenal axis could augment CXCR4 (C-X-C chemokine receptor type 4)
expression on circulating and possibly vascular wall-resident and perivascular tissue-resident monocytes and T
cells. Heightened CXCR4 expression facilitates the movement of these cells to the bone marrow. In conjunction
with increased red blood cell and sphingosine-1-phosphate production in the bone marrow, CXCR4 expression on
vascular-associated natural killer (NK) cells could also influence their redistribution to the bone marrow.
Furthermore, reduced CCL2 production by the bone marrow could minimize monocyte egress during fasting.
Finally, increased CXCL13 (chemokine [C-X-C motif] ligand 13) expression from the bone marrow could increase
vascular-associated B-cell movement into the bone marrow. Once in the bone marrow, immune cells might undergo
stark phenotypic changes, affecting their phenotype in the bone marrow and upon restoration to their prefasting
location (ie, blood, vascular wall, and perivascular tissue) following refeeding. B) Consequences of multiweek
intermittent fasting on vascular function. Repeated movement of inflammatory and vascular-associated
monocytes/macrophages, NK cells, neutrophils, T cells, and B cells could reduce vascular inflammation, oxidative
stress, and compounding immune cell influx into the vascular wall and perivascular tissue, which could lead to
improved vascular function over time. It is essential to consider that constant redistribution of IFN-y (interferon-y)—
producing NK cells and LYVE-1" (lymphatic vessel endothelial hyaluronan receptor 1) macrophages might not
improve vascular function. Created at BioRender.com
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during fasting. These data suggest that other tissue-resident immune cell subsets, such as cells resident to
the vascular wall and perivascular tissue, could also traverse to the bone marrow in response to fasting.

Additionally, metabolic reprogramming of immune cells via fasting-induced immune cell
redistribution has already been shown to attenuate progression of various pathologies. Jordan et al
demonstrated that 4 weeks of ADF reduced monocyte accumulation in circulation and in the spinal cord
of mice with experimental autoimmune encephalomyelitis (model for multiple sclerosis). The spinal cord
monocytes also had downregulated inflammatory genes, such as Tnf, Cxcl2, Cxcll0, and downregulated
gene modules associated with inflammation compared with monocytes from Ad-Lib mice.
Consequentially, IF mice had significant improvement in experimental autoimmune encephalomyelitis
clinical course.** Wang et al*® found that the redistribution of T cells via IF (ADF) was associated with
reduced plasma and spinal cord proinflammatory cytokines, as well as reduced monocyte, CD4" T cell
(Th1 (type 1 helper T cells) and Th17 (type 17 helper T cells)), CD8" T cell, and neutrophil infiltration in
the spinal cord of experimental autoimmune encephalomyelitis mice. Delconte et al.*’ showed that
fasting-induced NK cell redistribution could improve anti-tumor immunity.*’ Specifically, fasting-induced
NK cell redistribution from the spleen into the bone marrow promoted NK cell priming and IFN-y
production by IL-12—expressing myeloid cells. Strikingly, NK cells that returned to the spleen after
refeeding also secreted more IFN-y than Ad-Lib controls, which aided in tumor control. IF also affected
NK cell fatty acid oxidation to improve tumor control, independent of immune cell redistribution.

1* speculated that a potential benefit of fasting-induced immune cell

Finally, Janssen et a
redistribution is protecting the pool of the current immune cells and reducing immune cell proliferation
during nutrient deprivation. Accelerated immune cell production from distinct hematopoietic stem cell
clones (i.e., clonal hematopoiesis) and clonal expansion of extramedullary and vascular-resident immune
cells are associated with adverse cardiovascular health.””*® While the potential benefits of immune cell

redistribution on cardiovascular health have been acknowledged, it remains necessary to determine

whether immune cell redistribution has a direct impact on cardiovascular health.

33



LIMITATIONS AND FUTURE DIRECTIONS

The ability of fasting-induced immune cell redistribution to impact vascular function is
intriguing, yet there are some translational limitations from the available data and potential concerns with
the repeated movement of immune cells away from their prefasting location. First, most of the available
data are from studies that observed immune cell redistribution in response to a single fasting-refeeding
cycle, which may have different immunologic effects than long-term IF. It is imperative to explore
whether long-term IF leads to adaptations in immune cells, reducing their tendency for movement with
repeated exposure. Contrary to this notion, Janssen et al showed that when mice fasted 24 hours every
other day for 2 weeks, fasting continued to reduce circulating Ly6C™ monocyte levels during each fasting
window, suggesting that immune cells continue to traverse to the bone marrow after each bout of fasting
and do not adapt to the fasting response. These results further indicate that IF regimens with
a greater fasting frequency (i.e., 5:2, ADF) might confer better vascular outcomes by more consistent
inflammatory vascular-associated immune cell redistribution. Second, although data suggest that fasting-
induced immune cell redistribution occurs in humans,* the relationships between fasting, immune cell
redistribution, and vascular health must be more rigorously studied. The most logical next step would be
to conduct an IF clinical trial in participants with vascular dysfunction while using advanced in vivo and
ex vivo labeling techniques to evaluate the immune cell subsets that disappear from circulation during
fasting and reappear during refeeding. This would enable researchers to clinically correlate the fasting-
induced redistribution of immune cells with changes in vascular function.

Next, the potential benefits of vascular-associated immune cell redistribution on vascular function
might be cell specific. For instance, Lim et al showed that functionally distinct LYVE-1 (lymphatic vessel
endothelial hyaluronan receptor 1)—positive macrophages that presumably arise from bone marrow
progenitors regulate arterial stiffness by engaging smooth muscle pericellular hyaluronic acid to reduce
collagen production by MMP-9 (matrix metalloproteinase-9).'% Furthermore, Delconte et al.*’ showed
that NK cells that returned to the spleen after refeeding also secreted more IFN-y than Ad-Lib controls.

Because NK cell IFN-y exacerbates endothelial dysfunction,”? restoring vascular-associated NK cells
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during refeeding could increase [FN-y—mediated vascular dysfunction. Thus, research is needed to
determine whether fasting-induced immune cell redistribution of several different immune cell subsets
promotes a net benefit to vascular health, even if the redistribution of specific immune cells might not
confer vascular benefits. Pharmaceuticals and other approaches could then be developed to leverage the

redistribution of specific immune cells to maximize cardioprotective benefits.

CONCLUSIONS

Numerous studies have shown that IF markedly improves CVD risk factors such as obesity,
hypertension, and type 2 diabetes. Arterial stiffness and endothelial dysfunction, 2 key aspects of vascular
dysfunction, are strong risk factors for cardiovascular health and all-cause mortality. Studies investigating
the effects of IF on vascular function are relatively scarce. Yet, the consensus from the available data is
that fasting length and frequency are 2 critical determinants of IF’s impact on vascular function. The
mechanistic underpinnings of how specific IF modalities improve vascular function are poorly
understood, but improved vascular function via IF generally coincides with robust changes to the immune
system. With the recent identification of fasting-induced immune cell redistribution as a potential
contributor to health, we propose that the relationship between fasting-induced immune cell redistribution
and vascular health should be further explored. Future experiments should focus on validating the impact
of vascular-associated immune cell redistribution on vascular function and whether redistribution is

prevalent in humans. These experiments could have implications for human vascular health.
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CHAPTER 3: DIFFERENTIAL EFFECTS OF ACUTE VERSUS CHRONIC INTERMITTENT
FASTING ON ARTERIAL STIFFNESS: THE POTENTIAL ROLE OF A NOVEL GUT-IMMUNE

AXIS?

SUMMARY

Intermittent fasting (IF) is a popular dietary strategy and has been shown to improve
cardiovascular health and alter the gut microbiota and immune system. However, it is unclear whether
intermittent fasting affects arterial stiffness, a potential risk factor for cardiovascular disease, by
influencing the gut microbiota and immune function. Furthermore, the effects of acute intermittent fasting
(a single fasting-refeeding cycle) versus chronic intermittent fasting (once-weekly 24-hour intermittent
fasting) remain largely unknown. In this study, we show that a single 24-hour fast acutely increased
arterial stiffness for one day in lean mice (C57BL/6J) (431.7 £ 11.9 cm/sec vs. 508.5 = 17.0 cm/sec,
p=0.02) without any substantial changes to the gut microbiota or circulating cytokines. Arterial stiffness
was unaltered in obese mice (B6.Cg-Lep®’/J) throughout the single fasting-refeeding cycle. In contrast,
compared to obese ad libitum mice, once-weekly 24-hour IF attenuated obesity-related arterial stiffness
(47.8 £23.4 ci/sec vs. -21.6 = 15.9 cm/sec, p=0.04) independent of body weight changes. De-stiffening
persisted for at least five days after the last 24-hour fast, demonstrating the potential long-term
effectiveness of intermittent fasting in enhancing vascular health. Mechanistically, we identified two
novel gut microbe-immune interactions linked to obesity-related arterial stiffness and both were altered
by IF. First, chronic IF decreased Clostridia 186 relative abundance, which corresponded with reduced

circulating CCL2 and CXCL1 and perivascular adipose tissue lymphocyte accumulation. Second, chronic

2 This research has been submitted to the journal Arteriosclerosis, Thrombosis, and Vascular Biology. To adhere to
CSU Graduate School dissertation formatting, the following changes were made: 1) keywords and journal ending
statements (i.e., funding, acknowledgments, nonstandard abbreviations and acronyms) are not displayed; 2) spacing
has been adjusted to match CSU formatting. Citation information: Graham EL, Wrigley SD, Risk BD, Wei Y,
Siebert JC, Zhang M, Dutt T, Tjalkens R, Rocha SM, Harris M, Pochlein L, Espinoza P, Bayer R, Hart R, Hinkle K,
Gentile CL, Weir TL. Differential Effects of Acute Versus Chronic Intermittent Fasting on Arterial Stiffness: The
Potential Role of a Novel Gut-Immune Axis
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IF did not alter Lachnospiraceae_436 relative abundance in obese mice but abolished its positive
relationships with CCL2, CXCL1, and arterial stiffness, indicating potential alterations in
Lachnospiraceae 436 metabolite production. Overall, our results suggest that once-weekly 24-hour
intermittent fasting attenuates obesity-related arterial stiffness, potentially by reducing components of an

aberrant gut-immune-vascular axis.

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death globally and has remained the leading
cause of death in the United States for over a century'. Although there are numerous determinants of
CVD, diet is a crucial modifiable risk factor %. Thus, easy-to-follow, cost-accessible dietary strategies are
crucial for preventing and treating CVD.

Intermittent fasting (IF), repetitive periods of little-to-no energy intake (< 48 hrs)® followed by ad
libitum eating, is currently one of the most popular dietary strategies globally *. IF’s recent surge in
popularity is due, in part, to an emphasis on when to eat, rather than what to eat, which may increase
dietary compliance compared to other popular nutritional strategies °. Recently, IF has gained attention for
its improvement of cardiovascular risk factors, including hypertension, hypercholesterolemia, and insulin
resistance 7.

Stiffening of the large arteries (arterial stiffness) precedes overt CVD and is a strong independent risk
factor of CVD onset and mortality °. Although few studies have investigated the effects of IF on arterial
stiffness, we previously reported that the development of obesity-related arterial stiffness is strongly
related to alterations in the gut microbiome. For example, antibiotic treatment ameliorated arterial
stiffness and inflammation in a diet-induced obese mouse model '° while transplantation of fecal
microbiota from obese humans with elevated stiffness recapitulated arterial stiffness in gnotobiotic mice
fed a standard, low-fat diet ''. We have also shown that TLR4-deficient, high-fat-fed mice are partially
protected from elevated arterial stiffness despite deleterious alterations in gut microbial composition and

intestinal permeability . These results indicate that gut-immune signaling has an important role in
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regulating arterial stiffness. Given that [F has been shown to improve cardiovascular health and alter the

1314 it is plausible that IF could improve arterial stiffness through

gut microbiota and immune function
similar mechanisms.

Another important consideration is whether the number of fasting bouts determines arterial de-
stiffening. This is highlighted by the fact that arterial stiffness is regulated by acute factors such as blood

17,18

pressure', nitric oxide signaling'®, and mechanotransduction '"'¥, as well as chronic factors such as

vascular wall remodeling and calcification '>'°%2, Although our previous work demonstrates that the gut
g g p g

microbiota and inflammation regulate arterial stiffness chronically '

, even a single bout of fasting can
impact gut microbial composition and inflammatory responses *?. Thus, whether acute IF (a single
fasting-refeeding cycle) and chronic IF (multi-week IF regimen) differentially impact arterial stiffness
through distinct changes to the gut microbiota and immune system warrants further investigation.

Lastly, another fundamental question pertains to the durability of fasting-induced improvements post-
refeeding. For example, most studies examining the health effects of fasting measure outcomes within 24
hours following the fasting session and in most cases, it is unclear if observed improvements persist
beyond this period. Furthermore, whether persistence differs between a single bout of fasting and repeated
bouts has not been examined. It is possible that a “training effect” occurs with repeated fasting and results
in more prolonged benefits beyond the immediate refeeding, although this possibility has not been
directly examined. Overall, these uncertainties underscore the need for further research regarding the
persistence of fasting-induced health benefits.

To help answer these fundamental questions, we investigated the differential effects of a single
fasting-refeeding cycle versus an 11-week once-weekly 24-hour IF protocol in mice with (obese; Ob) and
without (lean; WT) elevated arterial stiffness. Our results indicate that a 24-hour fast differentially
impacted arterial stiffness in lean and obese mice, yet these effects were short-lived and largely reverted
after refeeding. The single fasting-refeeding cycle did not differentially impact the gut microbiota or
splenocyte populations in lean or obese mice but slightly altered circulating cytokines in obese mice.

Conversely, repeated bouts of once-weekly 24-hour IF attenuated arterial stiffness in obese mice, and
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these improvements were independent of changes in body weight or food intake. Profound and persistent
changes to the gut microbiota accompanied the arterial de-stiffening. Mechanistically, we observed that
chronic IF diminished interactions between distinct gut microbial taxa and chemokines in obese mice,
leading to reduced perivascular adipose tissue lymphocyte accumulation and arterial de-stiffening. IF also
increased microbial butyrate production, which can impact gut barrier function and reduce inflammation.
Taken together, these findings reveal that gut-immune interactions can be altered via chronic IF to

attenuate obesity-related arterial stiffness.

METHODS
Data Availability

The authors declare that all supporting data and study materials are available within the article, in
the supplemental material, or from the corresponding author upon reasonable request. All 16s RNA
sequencing data and related metadata findings reported in this manuscript are deposited in the Qiita

(qiita.ucsd.edu) public repository (Study ID: 15617).

Animals, Experimental Design, and Euthanasia Procedures

All animal procedures were reviewed and approved by the Colorado State University Institutional

Animal Care and Use Committee (protocol 1369).

Single Fasting-Feeding Cycle

5-week old lean (C57BL/6J; WT; n=28) and genetically obese (B6.Cg-Lep®”/J; Ob; n=28) mice
were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were co-housed in a conventional facility
under a 12:12 hour light/dark photocycle with access to standard rodent chow (Envigo 2918; irradiated diet
consisting of 44.2% carbohydrates, 6.2% fat, and 18.6% protein) and normal drinking water. Mice were
acclimated for two weeks with ad libitum chow and water. To examine the durability of IF effects, 6-8 mice
per genotype were randomized into one of four groups such that terminal data were collected during either

ad libitum feeding (AL) immediately after a 24-hour fast (Fast), one day after refeeding (Refeed(Day)), or
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one week after refeeding (Refeed(Week)). Thus, this experimental design yielded 8 distinct groups:
WT+AL, WT+Fast, WT+Refeed(Day), WT+Refeed(Week), Ob+AL, Ob+Fast, Ob+Refeed(Day), and
Ob+Refeed(Week). On the day of euthanasia, body weight and food intake were obtained, glucose and
ketones were measured via tail vein blood, mice were subjected to Doppler ultrasound to measure pulse
wave velocity, feces were collected, and mice were immediately anesthetized with isoflurane and
euthanized by exsanguination via cardiac puncture. Blood was collected in a 1 mL syringe coated with 0.5
M EDTA (no. 15575020; Invitrogen) and then placed into BD Microtainer™ Capillary Blood Collectors
(BD365974). Plasma was obtained by centrifugation at 2,000 g for 10 min at 4°C. The plasma was
immediately flash-frozen in liquid nitrogen and stored at -80°C until downstream analyses. The spleen was
excised, weighed, and placed into cold Corning™ RPMI 1640 Medium 1X without L-Glutamine
(MT15040CV) and kept on ice until downstream processing. Any other collected tissues were weighed,

immediately snap-frozen in liquid nitrogen, and stored at -80°C until downstream processing.

Long-Term Intermittent Fasting Protocol

Another cohort of 5-week-old lean (C57BL/6J; WT; n=24) and genetically obese (B6.Cg-Lep®’/J;
Ob; n=24) mice were obtained from Jackson Laboratories (Bar Harbor, ME) and subjected to an identical
acclimation protocol as described above. After acclimation, 12 mice per genotype were randomized into
two groups to follow an ad libitum (AL) diet or a once-weekly 24-hour intermittent fast (IF). Thus, this
experimental design yielded four distinct groups: WT+AL, WT+IF, Ob+AL, and Ob+IF. Body weight and
food intake were measured weekly during cage and water changes. Pulse wave velocity was measured at
weeks 1, 5-6, and 9 of the dietary protocol, and glucose homeostasis via an intraperitoneal glucose tolerance
test (ipGTT; GTT) was conducted at week 10 of the protocol. Feces were collected at week eight and at
termination (week 11). On the day of euthanasia, body weight, food intake, and feces were collected, and
mice were anesthetized with isoflurane and euthanized by exsanguination via cardiac puncture. Blood,
spleen, and other tissues were collected and processed identically to the acute fasting-refeeding cycle

protocol. A small portion of the thoracic aorta and the small intestine was placed into cassettes and fixed
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with 10% neutral buffered formalin until downstream histological analyses. To address the durability of IF
effects, all in vivo and euthanasia measurements were taken at least 24 hours (1-4 days) after the refeeding

period.

To enhance rigor, an additional validation cohort of 5-week-old lean (C57BL/6J; WT; n=9) and
genetically obese (B6.Cg-Lepob/J; Ob; n=18) mice were obtained from Jackson Laboratories (Bar Harbor,
ME) and subjected to an identical acclimation period as reported above. After acclimation, all WT mice
were placed on an ad [libitum (AL) diet. Ob mice were randomized to either an ad libitum (AL) diet or once-
weekly 24-hour intermittent fasting (IF). Thus, this experimental design yielded three distinct groups:
WT+AL, Ob+AL, and Ob+IF. Body weight and food intake were measured weekly during cage and water

changes. Pulse wave velocity was measured at week 10, 4-5 days following the last 24-hour fasting bout.

Measurement of Arterial Stiffness

Aortic pulse wave velocity (PWV) was used to determine in vivo arterial stiffness using a Doppler
Flow Velocity System (Indus Instruments, Webster, TX) via methods described previously by our
laboratory'®!'*°. PWV (in cm/s) was calculated as PWV = (distance between the two probes)/(Atimeapdominal

aortal — AtiInecalrotid artery)'

Glucose, Ketones, Glucose Tolerance Test, and Insulin ELISA

For mice subjected to the acute fasting-refeeding protocol, glucose and ketones (beta-
hydroxybutyrate; BHB) were measured using tail vein blood, an AlphaTRAK 2 glucometer (Abbott
Laboratories, Chicago, IL), and Nova Max Plus Glucose and Ketone Meter (ADW Diabetes, Pompano
Beach, FL), respectively. For mice subjected to the 11-week intermittent fasting protocol, glucose
homeostasis was determined at week ten via an intraperitoneal glucose tolerance test and insulin ELISA,
as previously described'?. Briefly, following a six-hour fast, mice received an intraperitoneal injection of
2g/kg dextrose, and blood glucose was assessed at 0-, 15-, 30-, 45-, 60-, 90-, and 120-minutes post-injection

using tail-vein blood and an AlphaTRAK 2 glucometer. Fasting blood was spun at 2,000 g for 10 min at
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4°C, and the resultant serum was used to measure insulin levels via ELISA (Ultra-Sensitive Mouse Insulin

ELISA Kit, 90080).

Stool Sample Collection, Processing, and Analyses of 16s rRNA Amplicon Sequencing Data

Stool samples from all mice were collected fresh, immediately placed on ice, and then stored at -80°C
until DNA extraction. Fecal DNA extraction was completed using the FastDNA® Kit (MP Biomedicals,
116540400) per manufacturer protocol. Quantitative PCR was used to quantify total fecal 16sTRNA DNA.
Reactions were optimized for the 16s rRNA gene using universal bacterial primers (forward 5'-
AAACTCAAAKGAATTGACGG-3', reverse 5'-CTCACRRCACGAGCTGAC-3'). Cycling conditions
using the Bio-Rad C1000 Touch thermal cycler were as follows: 95°C for 3 min and then 40 cycles of 95°C
15s,61°C 15, 72°C 10 s, 85°C 5 s followed by fluorescence detection. To calculate total fecal 16srRNA
DNA, quantified amounts (ng) of 16s rRNA amplicons generated from DNA obtained from pooled fecal
samples from experimental mice were serially diluted to create standard curves.

Amplification of the V4 region of the 16S rRNA gene was carried out following the Earth Microbiome

Project protocol using the 515F-806R primer set *!

containing a unique 12bp error-correcting barcode
included on the forward primer. Cycling and sequencing conditions were carried out as previously
described®”. DNA extraction controls, no template PCR controls, and the Zymo mock community (Zymo
Research, D6305) were included on each sequencing plate. Sequence reads were imported into QIIME2
(version 2023.5) for quality filtering®®. Briefly, sequence reads were demultiplexed and examined for
quality filtering utilizing a Phred score cutoff of 30. Upon examination of the demultiplexed data, the
reverse reads did not meet the quality filtering parameter, and analyses proceeded with single-end forward
read sequences. In both studies, 12 base pairs were trimmed off the 5’ end. Sequences from the acute fasting-
refeeding cycle were truncated to 250 base pairs, while sequences from the 11-week IF study were truncated

to 234 base pairs. All reads were binned into sub-OTUs (sOTUs) using the Deblur pipeline implementation

in QIIME2*. Taxonomic assignments were made using Silva (version 13.8) **. Samples with low reads or
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suspected contamination were removed, and mitochondrial and chloroplast sequences were filtered from
the remaining samples.

The resulting feature tables and taxonomy files were combined and imported with corresponding
metadata into MicrobiomeAnalyst for secondary workflow *°. Based on sample prevalence, the minimum
count filter was set at 4, and the low count filter was set at 10%. Data normalization was performed based
on total sum scaling. Alpha diversity was examined utilizing the Shannon diversity index at the genus

taxonomic level, and beta diversity was calculated using Bray-Curtis distances at the genus taxonomic level.

Gut microbial relative abundance data from Ob+AL and Ob+IF mice (11-week IF protocol) were used
in a subsequent mediation analysis. This determined whether plasma chemokines (see methods below)
mediate the relationship between microbial relative abundances and arterial stiffness in obese mice. Our

mediation analysis steps are adapted from Tingley et al.*®

and utilize the “mediation” package available in
Rstudio. Coefficient estimates, 95% confidence intervals, and p-values of the total, direct, and indirect

effects were calculated by nonparametric bootstrapping (1,000 simulations) using the percentile method. P-

values of the indirect effects (mediator) are reported in the supplementary.

Plasma Cytokine and Chemokine Immunoassays

Multiplex immunoassay panels were used to detect plasma cytokine/chemokine levels. The
ProcartaPlex Mouse Cytokine & Chemokine Panel 1 26plex (EPX260-26088-901) and the ProcartaPlex
Mouse Chemokine Panel 1 9plex (EPX090-20821-901) were used on the acute fasting-refeeding cycle and
11-week intermittent fasting plasma samples, respectively, as per the manufacturer’s instructions. Only
analytes with a signal over the detection limit were included in the analyses. To quantify CXCL1 and CCL2
levels in the colon and liver, we used the Mouse CXCL1 (KC) ELISA Kit (EMCXCL1) and the Mouse
CCL2/MCPI1 ELISA Kit (NBP1-92659), respectively, as per the manufacturer’s instructions. Colon and
liver samples were homogenized 1:10 (weight (mg): volume (uL)) using the NAVY bead lysis

kit (NC0520622), a bullet blender (Next Advance, Averill Park, NY), and ice-cold Cell Extraction Buffer

(FNNO0O11) supplemented with ImM PMSF and 50 uL of Halt Protease Inhibitor Cocktail per 5
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mL of Cell Extraction Buffer. In the ELISA wells, liver homogenates were further diluted to a final dilution

of 1:20.

Adipose Tissue Ccl2 Gene Expression

Total RNA was isolated from epididymal, mesenteric, and subcutaneous adipose tissue using the
RNeasy® Mini Kit as per the manufacturer’s instructions. For real-time PCR, reverse transcription was
performed using iScript™ Reverse Transcription Supermix. PCR reactions were performed in 96-well

plates using transcribed cDNA and SsoAdvanced Universal SYBR Green Supermix. Primers utilized were

Ccl2 (forward 5-CTCACCTGCTGCTACTCATTC -3', reverse 5" TGGATCCACACCTTGCATTTA-3"),
Gapdh (forward 5'-GTGAAGGTCGGTGTGAACGGATTT-3', reverse 5'-
TGGCAACAATCTCCACTTTGCCAC-3"), and Sr-microglobulin (B2M) (forward 5'-
CGGTCGCTTCAGTCGTCAG-3', reverse 5'-ATGTTCGGCTTCCCATTCTCC 3’). Cycling conditions
using the Bio-Rad C1000 touch thermal cycler were as follows: 95°C for 3 min and then 40 cycles of 95°C
15 s, 58°C 30 s, 72°C 60 s followed by fluorescence detection. Fold changes were calculated as 2°
AACt

compared to a normalization factor including both GAPDH and B2M*” as reference genes. Ob+AL was

used as the reference group.

Splenocyte Isolation and Flow Cytometry on Single Cell Suspensions

Spleens were homogenized using a syringe plunger and passed through a 70 pm filter to prepare a
single-cell suspension. Erythrocytes were lysed using ACK Lysis Buffer (Fisher Scientific, A1049201).
Cells were seeded into 96-well V-bottom plates, washed, and stained with Zombie NIR live/dead stain
(BioLegend, 423105) for 15 minutes at room temperature in the dark. Cells were washed and incubated
with Fc block solution (BioLegend, 101319) at 4°C for 20 min, protected from light, and then further stained
with optimal titrations of specific surface antibodies at 4°C for 30 min, protected from light. The antibodies
(catalog number regarding antibody clone, titration) used were as follows (Table 3.S6): Brilliant Violet

570™ anti-mouse CD45 (103136, 1:200); PE anti-mouse CD335 (NKp46), (137604, 1:400); Alexa Fluor®
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532 Anti-Mouse CD3 (58-0032-82, 1:100); Brilliant Violet 605™ anti-mouse CD19 (115539, 1:200);
Pacific Blue™ anti-mouse/human CD11b (101224, 1:200); BD Horizon™ BV480 Rat Anti-Mouse [-A/I-
E (566088, 1:600); Brilliant Violet 785™ anti-mouse CD11c (117335, 1:400); PerCP anti-mouse Ly-6G
(127653, 1:100). All antibodies were ordered from BioLegend except I-A/I-E, which was ordered through
BD Biosciences. After staining, cells were fixed with 4% paraformaldehyde (Fisher Scientific, J61899.AP)
at room temperature for 20 min, protected from light. Cells were washed and left at 4°C overnight in FACS
buffer (Fisher Scientific, 00-4222-26). Cell counts were acquired the following day using a Cytek® Aurora
4L flow cytometer, where 150,000-250,000 events were recorded. To calculate absolute cell counts, 25 ul. of the
single-cell suspensions were mixed with 25 uL. CountBright™ Absolute Counting Beads (Fisher Scientific, C36950)
and 200 uL of a live/dead solution (1:200 7AAD to FACS buffer), and 30,000-50,000 events were recorded on the
cytometer. Splenocyte subpopulations were identified by a pre-determined gating strategy (Figure 3.S8) on

Flowjo (version 10.9), and total cell counts per population were enumerated.

Aorta and Small Intestine Histology Processing and Analyses

Brightfield imaging was performed on hematoxylin and eosin (H&E) stained thoracic aorta sections
with surrounding perivascular adipose tissue (previously fixed and paraffin-embedded). Cover slipped and
mounted slides were loaded into a fully automated Olympus VS200 (Evident, Waltham, MA, USA)
scanning microscope equipped with a Hamamatsu ORCA-Fusion camera (Hamamatsu Photonics,
Shizuoka, Japan). For intima-media and total wall thickness, mounted slides were imaged at 200% resolution
using an extended apochromat X-line 20x air (0.8 N.A.) objective at the Colorado State University
Biological Imaging and Neuroanalysis (BIN) Core. For basophilic granulocytes and lymphocytes, mounted
slides were imaged at 400x resolution using an extended apochromat X-line 40% air (0.95 N.A.) Scanning
parameters (including binning, lamp intensity, and exposure time) were curated and validated per stain type
by a single-trained microscopist and held constant for all sample imaging. All images were collected with
Olympus ASW software (V3.4.1). Quantification of intima-media and total wall thickness were determined

through algorithmic neural network curation, optimization, and validation at the Colorado State University
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BIN Core utilizing VisioPharm artificial intelligence modules (2023.09.3.15043). Lymphocytes
(predominantly T and B cells) training labels were based off standard lymphocyte identification parameters
including small size, round to slightly oval nucleus with dense chromatin, and small cytoplasmic area.
Basophilic granulocytes training labels were based on round to oval shaped nuclei with cytoplasm
containing abundant hematoxylin rich granules. As with thickness measurements, quantification of
lymphocytes and basophilic granulocytes were identified via algorithmic neural network curation,
optimization, and validation at the Colorado State University BIN Core utilizing VisioPharm artificial
intelligence modules (2023.09.3.15043). A single non-biased trained analyst generated all neural network
training labels spanning H&E. Specific anatomical demarcations were subsequently validated by a board-

certified veterinary pathologist.

Spiraled, fixed, and paraffin-embedded small intestine sections were stained with hematoxylin
and eosin (H&E) following deparaffinization and rehydration with xylene and graded ethanol (xylene,
100% EtOH, 95% EtOH, 80% EtOH, 50% EtOH, 1X PBS). Slides were scanned at 20X on a Vectra
Polaris scanning microscope. The images were imported into VisioPharm (version 2023.09.3.15043 x64)
and processed through an artificial intelligence (Al) workflow to isolate intestinal mucosa and
quantitative assessment of villous height, crypt depth, and villous-to-crypt ratio. Al quantification was
performed on intestinal regions with representative villi in the longitudinal section and not regions with
villi in the cross-section. Output measurements were a micrometer average of villous and crypt lengths

(i.e., villous height and crypt depth) based on the long axis of each structure.

Visualization Of LineAr Regression Elements (VOLARE) Pipeline
Single Fasting-Refeeding Cycle

To uncover relationships between mouse physiological parameters, gut microbial composition, and
the immune system during a single fasting-refeeding cycle in lean and obese mice, we leveraged the
Visualization Of LineAr Regression Elements (VOLARE) pipeline®®. Briefly, metadata files were created

from collected data, and the metadata were then separated into three categories/bins. The first bin was
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defined as “Clinical Data” corresponding to physiological parameters (plasma glucose, plasma ketone,
cecum weight, cecum length, spleen weight, and pulse wave velocity measurements). The second bin was
defined as “Microbes” and corresponded to feature relative abundance data derived from 16s rRNA
sequencing. The third bin was defined as “Splenocyte and Plasma Cytokines” which included the
splenocyte flow cytometry and the plasma cytokine/chemokines multiplex data. Individual outcome
measures within these bins are referred to as analytes. Pairwise linear regressions (comparing any two
analytes within or between bins) were fit within each genotype (WT, Ob) and intervention (AL, Fast,
Refeed(Day), Refeed(Week)). The results were visualized and summarized in a top table. The top tables for
lean and obese mice only reported pairwise linear regression models that passed the following thresholds:
an adjusted r-squared (adjRsq) > 0.35, at least one slope p-value (Pslope) < 0.05, a maximum influential
observation (maxInfluence) < 2, and a maximum absolute skew < 3. Slope semantics were defined using

default regression coefficients semantics. Results from the VOLARE pipeline were analyzed in Rstudio.

11-Week Intermittent Fasting Protocol

Metadata files were created from data collected from Ob+AL and Ob+IF mice, and the metadata
were then separated into three categories/bins. The first bin was defined as “PWYV Data” corresponding to
a week 1-9 change in pulse wave velocity or week 9 PWV values. The second analyte bin was described as
“Microbes” and corresponded to feature relative abundance data derived from 16s rRNA sequencing. The
third analyte bin was defined as “Plasma Chemokines,” which included the plasma chemokine multiplex
data derived from multiplex immunoassays. Pairwise linear regressions (comparing any two analytes within
or between analyte bins) were fit. The results were visualized and summarized in a top table. The top table
only reported pairwise linear regression models that passed the following thresholds: an adjusted r-squared
(adjRsq) > 0.20, F-statistic p-value (pF) < 0.05, a maximum influential observation (maxInfluence) < 2,
and a maximum absolute skew < 3. Slope semantics were defined using default regression coefficients

semantics. Results from the VOLARE pipeline were analyzed in Rstudio.
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Cecal Content Short Chain Fatty Acid Processing, Acquisition, and Analysis

Short chain fatty acid (SCFA) analyses were carried out as previously described **. In brief, 0.34
mL of cold 3 M HCl and 0.06 mL of internal standard solution containing 1 mg/mL of 13C2-sodium acetate
and 0.1 mg/mL of 13C4-sodium butyrate in water were added to ~20 mg of frozen cecal samples. Samples
were vigorously shaken for 15 min at 4°C, followed by sonication for 10 min in a cold water bath, and then
shaken for another 15 min at 4°C and centrifuged at 15,000 g for 15 min at 4°C. Supernatants (200 pL)
were recovered, and added to 350 puL cold methyl tert-butyl ether (MTBE), followed by vortexing for 3 s x
10 times. About 80 puL of the top MTBE layer were recovered after centrifugation at 3,000 g for 5 min at

4°C, and stored at -20°C until analysis.

The MTBE extract (1 uL) of SCFAs were injected into a Trace 1310 GC coupled to a Thermo ISQ-
LT MS, at a 5:1 split ratio. The inlet was held at 240°C. SCFA separation was achieved on a 30m DB-
WAXUI column (J&W, 0.25 mm ID, 0.25 um film thickness). Oven temperature was held at 100°C for 0.5
min, ramped at 10°C/min to 175°C, then ramped to 240°C at 40°C/min, and held at 240°C for 3 min. Helium
carrier gas flow was held at 1.2 mL/min. Temperatures of transfer line and ion source were both held at
250°C. SIM mode was used to scan ions 45, 60, 62, 73, 74, 88 at a rate of 10 scans/sec under electron
impact mode. The injection order of samples was again randomized. QC samples were analyzed after every
6 samples. The calibration curve was acquired at the end of the sequence. GC-MS data was processed using
Chromeleon 7.2.10 software (Thermo Scientific). Peak areas were extracted for target compounds detected
in biological samples and normalized to the peak area of the appropriate internal standard or surrogate in
each sample. To calculate SCFA concentrations from peak area, known concentrations of acetic acid,

propionic acid, and butyric acid were serially diluted to create standard curves.

Statistical Analyses

Data are presented as either mean + standard error of the mean (SEM), mean with individual values
(scatterpoints), or the log2 fold change between groups. Data analyses and visualizations were conducted

in GraphPad Prism (version 9) or Rstudio (2024.04.1+748) using the ggplot2 package. Student’s unpaired
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t-tests were used to analyze differences between two groups. If applicable, one-way ANOVAs followed by
Tukey’s multiple comparisons test were used to examine differences between more than two groups. If the
data violated the assumption of homoscedasticity, a Welch ANOVA followed by Dunnett’s T3 multiple
comparisons test was used instead of the one-way ANOVA. Two-way ANOVAs (Type 11 SS’s) followed by
Tukey’s multiple comparisons test were used to analyze interactions between genotype and intervention.
Mixed effect linear regression models with a Kenward-Roger’s degrees of freedom approximation and Type
IT analyses of variance table output were used for repeated measures data. In these models, group and time
points were fixed effects, and individual mouse ID was the random effect. If data were heteroscedastic,
robust standard errors were used for the two-way ANOVAs or mixed effect models. For gut microbiota
data, alpha diversity was analyzed using the nonparametric Kruskal-Wallis test or mixed effect models.
Beta diversity was analyzed using permutational multivariate analysis of variance (PERMANOVA).
Differences in microbial features between Ob+AL and Ob+IF mice were examined via a consensus analysis,
which included Mann-Whitney (FDR adjusted p-value=0.05), negative binomial (EdgeR, FDR adjusted p-
value=0.05), and linear discriminant analysis effect size (LEfSe, FDR adjusted p-value=0.1, fold change

cutoff=2.0) tests. A p-value < 0.05 was considered statistically significant unless otherwise indicated.

RESULTS

A Single 24-Hour Fast Acutely Increased Arterial Stiffness in Lean Mice

We first investigated the impact of a single fasting-refeeding cycle on body weight, food intake,
glucose and ketone homeostasis, and arterial stiffness in lean and obese mice. The experimental design for
the single fasting-refeeding cycle is presented in Figure 3.1A. Changes in body weight over the acute
fasting-refeeding cycle did not differ between WT and Ob mice (Pinteraction=0.54) (Figure 3.1B). However,
further analyses stratified by genotype revealed that WT mice lost weight during the 24-hour fast (22.8
+0.3 g vs. 20.2 £ 0.9, p<0.01) and rebounded after 24 hours of refeeding (22.8 +£ 0.3 g vs. 23.8+ 0.5 g,
p=0.34). Obese mice lost ~3 grams during the 24-hour fast, (statistically insignificant) (37.1 £ 0.9 g vs.

34.0 £ 1.1, p=0.17) and rebounded after 24 hours of refeeding (37.1 £ 0.9 g vs. 36.4 £ 1.0, p=0.96)
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Figure 3.1. A single fasting-refeeding cycle transiently impacted physiological parameters in lean and
obese mice. A) Schematic of experimental design. Created at Biorender.com. B) Changes in body weight in
lean and obese mice. N=6-8 mice per group. C) Food intake between ad libitum and one-week post-refeed
time points. N=3-4 cages per group. D-E) Changes in plasma glucose D) and plasma beta-hydroxybutyrate
E) in lean and obese mice. N=6-8 mice per group. F) Pulse wave velocity in ad /ibitum lean and obese mice.
N=8 mice per group. G) Changes in pulse wave velocity in lean and obese mice. N=6-8 mice per group.
WT=lean; Ob=obese; AL=ad libitum fed; Fast=fasted for 24 hours; Refeed(Day)=mice that were fasted for
24 hours then refed for 24 hours; Refeed(Week)=mice that were fasted for 24 hours then refed for one week;
PWV=pulse wave velocity; BHB= plasma beta-hydroxybutyrate. Different letters indicate significant
differences between groups. *indicates a p-value less than 0.05. # indicates a p-value less than 0.05 between
WT+H+AL vs WT+Fast.
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(Figure 3.1B). The single fasting-refeeding cycle did not affect total weekly food intake (Figure 3.1C),
thus reducing the potential confound of altered caloric intake on other outcome variables. Plasma glucose
was reduced in both WT (214.5 + 17.9 mg/dL vs. 94.0 + 3.5 mg/dL, p<0.01) and Ob mice (451.0 £41.7
mg/dL vs. 111.4 + 8.8 mg/dL, p<0.01) (Figure 3.1D). These reductions occurred in tandem with increases
in plasma ketones (BHB) regardless of genotype (p<0.01) (Figure 3.1E). As we’ve previously observed
3 Ob+AL mice displayed significantly higher PWV than WT+AL mice at baseline (470.7 + 12 cm/sec
vs. 431.7 £ 12.0 cm/sec, p=0.04) (Figure 3.1F), which validated our use of a genetically obese mouse as
a model of obesity-related arterial stiffness. Surprisingly, WT mice experienced a significant increase in
PWYV after the 24-hour fast (431.7 £ 11.9 cm/sec vs. 508.5 £ 17.0 cm/sec, p=0.02) but quickly reverted to
baseline values just 24 hours after refeeding (431.7 = 11.9 cm/sec vs 441.0 &+ 25.6 cm/sec, p=0.98) and
remained stable one week after the refeed (431.7 £ 11.9 cm/sec vs 455.6 £ 14.3 cm/sec, p=0.77). In
contrast, acute IF did not affect PWV in Ob mice (Figure 3.1G, Table 3.S1). Although interesting, this

acute rise in PWV was only temporary and unlikely to impact long-term vascular health.

The Observed Effects of a Single Fasting-Refeeding Cycle Are Transient

Changes to gut microbial composition, the immune system (circulating cytokines levels and
splenocyte counts), and VOLARE relationships during the acute fasting-refeeding cycle are detailed in
the supplemental results as well as in Figures 3.S1-3.S3. Briefly, the fasting-refeeding cycle did not
impact the gut microbiota in lean or obese mice (Figure 3.S1). The fasting-refeeding cycle differentially
impacted CCL4, IL-12, and CXCL1 in Ob mice compared to lean mice. Specifically, in obese mice,
CCL4 and IL-12 remained elevated even after a week of refeeding, while CXCL1 was acutely increased
after the 24-hour fast but rebounded to normal levels upon refeeding. Concentrations for all three of these
cytokines remained stable throughout the fasting-refeeding cycle in WT mice (Figure 3.S2).

After adjusting for genotype, spleen T cells, B cells, natural killer (NK) cells, neutrophils, and
other innate immune populations with varying expression of CD11b/CD11c/MHCII were significantly

reduced following the 24-hour refeed. These reductions were mostly temporary, as most splenocyte
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populations (except for neutrophils and CD11b" MHCII™ CD11c¢" cells) reverted to values not
significantly different from AL controls after a week of refeeding (Figure 3.S3). A similar phenomenon

in spleen T cells was shown by Wing et al. .

Finally, we leveraged the VOLARE pipeline to observe whether the acute fasting-refeeding cycle
differentially impacted linear relationships between any two analytes within the “Clinical Data”,
“Microbes”, and/or “Splenocyte and Plasma Cytokines” bins (VOLARE section in Methods section for
further clarification on bins and analytes). This analysis revealed that 24-hour fasting altered several
analyte relationships in both WT and Ob mice, yet most of these relationships (83% in WT mice and 63%
in Ob mice) reverted to baseline after 24 hours of ad libitum feeding. Overall, these data suggest that most

physiological alterations from a single fasting-refeeding cycle are likely short-lived.

11 Weeks of Once-Weekly 24-hour Intermittent Fasting Reduced Arterial Stiffness in Obese Mice

Long-term IF protocols improve cardiometabolic health; therefore, we postulated that although a
single bout of 24-hour fasting had little sustained effect on arterial stiffness, repeated 24-hour fasting
(Figure 3.2A) might elicit more meaningful changes. Throughout the 11-week protocol, no changes in
body weight were observed in WT mice. Although body weight was reduced in Ob+IF mice compared to
Ob+AL at weeks 5, 6,10, and 11 (at the beginning of the week and at termination) (Figure 3.2B, Table
3.52), AUC analyses revealed that weight gain was relatively stable in Ob mice throughout the 11 weeks
(739.4 £ 9.9 vs. 708.4 +£ 10.6 g, p=0.17). (Figure 3.2B). 10-week food intake was not significantly

different between AL and IF groups, regardless of genotype (Figure 3.2C).

At week 10, baseline fasting glucose levels were significantly lower in Ob+IF mice than Ob+AL
mice (193.2 + 6.6 mg/dL vs. 154.7 = 16.2 mg/dL, p=0.03). IF enhanced glucose tolerance in WT mice
(GTT AUC: (3166.0 = 154.7 vs. 2299.0 = 101.4, p<0.01) and in Ob mice so that GTT AUC was not
significantly different from WT+AL mice (3166.0 + 154.7 vs. 3943.0 + 232.4, p=0.07) or Ob+AL mice

(4390.0 + 128.7 vs. vs. 3943.0 + 232.4, p=0.47) (Figure 3.2D). Plasma insulin levels were unchanged
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Figure 3.2. Once-weekly 24-hour intermittent fasting attenuated arterial stiffness in obese mice. A)
Schematic of experimental design for cohort 1. Created at Biorender.com. B) Changes in body weight. N=11-12
mice per group per week. C) Changes in food intake. N=4-6 cages per group per week. D) Changes in plasma
glucose during intraperitoneal glucose tolerance test at week 10. N=11-12 mice per group per time point. E)
Differences in plasma insulin levels between groups. Blood for plasma insulin was taken immediately before
glucose tolerance test. N=6-11 mice per group. F) Changes in pulse wave velocity. N=11-12 mice per group per
week. G) Schematic of experimental design for cohort 2. Created at Biorender.com. H) Changes in body weight.
N=9-10 mice per group per week. I) Changes in food intake. N=3-5 cages per group. J) Changes in pulse wave
velocity at week 10. N=9 mice per group. WT=lean; Ob=obese; AL=ad libitum feeding; [F=once-weekly 24-
hour intermittent fasting; PWV=pulse wave velocity; AUC=area under the curve. Different letters indicate
significant differences between groups.* indicates a p-value less than 0.05 between Ob+AL vs Ob+IF. #
indicates a p-value less than 0.05 between WT+AL vs WT+IF. € indicates a p-value of 0.08 in Ob+AL mice
between week 1 and week 5-6. ® indicates a p-value less than 0.05 in Ob+AL mice between week 1 and week 9.
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between IF and AL groups within each genotype, suggesting that I[F improved insulin sensitivity in WT

and Ob mice (Figure 3.2E).

Throughout IF, PWV measures were stable in WT+AL and WT+IF mice. In contrast, PWV
continued to rise in Ob+AL mice throughout the experiment (week 1 vs weeks 5-6: 420.9 + 15.6 cm/sec
vs. 457.8 £ 15.4 cm/sec, p=0.08) (week 1 vs. week 9: 420.9 £+ 15.6 cm/sec vs. 468.7 £ 16.6 cm/sec,
p=0.02) and was consistently higher than WT+AL mice (week 1 p-value=0.04; weeks 5-6 p-value<0.01;
week 9 p-value<0.01) (Figure 3.2F). However, this gradual elevation was not apparent in Ob+IF mice
(Figure 3.2F). Furthermore, compared to Ob+AL mice, change in PWV was significantly reduced in
Ob+IF mice at weeks 5-6 (37.0 = 15.7 cm/sec vs. -36.5 = 20.0 cm/sec, p=0.02) and week 9 (47.8 £ 23.4
cm/sec vs. -21.6 = 15.9 cm/sec, p=0.04). No differences in PWV changes were found between WT+AL
and WT+IF mice throughout the protocol (Figure 3.2F). Furthermore, the reductions in PWV occurred
independent of any structural changes to the aorta, as no differences in wall thickness and intima-media
thickness were seen between the groups (Figure 3.S4E). Since pulse wave velocity was always measured
at least 24 hours (1-4 days) after ad libitum refeeding, these results highlight the potential durability of IF

to reduce arterial stiffness.

Since we observed week-dependent changes in body weight in Ob+IF mice, we next investigated
whether reductions in body weight influenced arterial stiffness. PWV was not associated with changes in
body weight at either weeks 5-6 or week 9 in Ob+AL and Ob+IF mice (Figure 3.S4A-3.S4D). These
results suggest that body weight did not drive PWYV in either group. To determine whether we could
recapitulate persistent arterial de-stiffening and to be certain of body weight-independent effects, we
subjected an additional cohort of WT+AL, Ob+AL, and Ob+IF mice to a 10-week once-weekly 24-hour
IF protocol (Figure 3.2G) and obtained PWV measures 4-5 days following the 24-hour fast at week 10.
Regardless of genotype, no differences in body weight or food intake between AL and IF groups were
observed (Figure 3.2H-3.2I). Again, PWV was significantly different between WT+AL and Ob+AL

(422.6 = 20.6 cm/sec vs. 499.3 £ 23.8 cm/sec, p=0.04) while Ob+AL mice displayed an intermediate
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phenotype (WT+AL vs. Ob+IF: 422.6 = 20.6 cm/sec vs 469.2 = 17.5 cm/sec, p=0.27) (Ob+IF vs. Ob+AL:
469.2 £ 17.5 cm/sec vs 499.3 £ 23.8 cm/sec, p=0.57) (Figure 3.2J). Overall, these results strongly
indicate that repeated bout of once-weekly 24-hour fasting led to persistent PWV reductions in Ob+IF

mice independent of changes in body weight and vascular wall thickening (aortic remodeling).

11 Weeks of Intermittent Fasting Altered Gut Microbial Composition and Butyrate Production in
Obese Mice

41,42

IF has previously been shown to modify the composition of the gut microbiota and we and

others have reported that alterations in the gut microbiome can drive vascular phenotypes'®'*!4%,
Therefore, we hypothesized that recurrent IF may reduce arterial stiffness via sustained adaptations to the
gut microbiota. Within each group, Shannon’s diversity index (alpha diversity) did not change during the
last month of the IF protocol. However, after accounting for time (week), fasting significantly increased
alpha diversity in WT mice and slightly increased alpha diversity in Ob mice so Ob+IF mice were not
significantly different from WT+IF or Ob+AL groups (Figure 3.3A). IF did not impact total fecal 16s
rRNA DNA in either WT or Ob mice at termination, suggesting no impact of chronic IF on total gut
microbial load (Figure 3.3B). Principal Coordinates Analysis of Bray-Curtis distances revealed
significant clustering between Ob+AL and Ob~+IF mice, particularly along axis 2, yet no clustering
between WT groups (Figure 3.3C-3.3D). No community dispersion was seen between Ob groups
(PERMDISP p-value=0.40). Differential relative abundance of feature-level sOTUs between Ob+IF and
Ob+AL mice were determined by identifying consensus sOTUs across different algorithms (Mann-
Whitney, negative binomial (EdgeR), and linear discriminant analysis effect size (LEfSe) tests). All three
tests revealed that IF increased the relative abundance of the feature Bacteroides 304 (Mann-Whitney
FDR-adjusted p-value <0.001; EdgeR FDR-adjusted p-value =0.02; LEfSE FDR-adjusted p-value=0.04)
(Table 3.S3). In contrast, [F decreased the relative abundance of Clostridia UCG 014 186 (Clostridia
_186) (Mann-Whitney FDR-adjusted p-value <0.01; EdgeR FDR-adjusted p-value <0.01; LEfSE FDR-

adjusted p-value=0.04) (Table 3.S3), which was inversely associated with Bacteroides 304 (r=-0.43,
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Figure 3.3. Once-weekly 24-hour intermittent fasting altered the gut microbiota in obese mice. A) Changes
in the gut microbiota Shannon’s alpha diversity metric at the genus level during the last month of the dietary
protocol (left). Barplot (right) visualizes differences in alpha diversity between groups irrespective of time point.
N=7-11 mice per group per week. B) Differences in total fecal 16s rRNA DNA at termination. N=8-12 mice per
group. C-D) Principal Coordinates Analysis of Bray-Curtis distances at the genus level between WT+AL versus
WTHIF mice C) and Ob+AL versus Ob+IF mice D). N=7-11 mice per group. Principal Coordinates Analysis
axes 1 and 2 represent the principal coordinates (new uncorrelated variables that are constructed as linear
combinations or mixtures of the initial variables) that explain the largest and second largest variability,
respectively, in gut microbial composition. E) Differences in cecal short-chain fatty acid concentrations in obese
mice. N=12 mice per group. WT=lean; Ob=obese; AL=ad libitum feeding; IF=once-weekly 24-hour intermittent
fasting. Different letters indicate significant differences between groups. *indicates a p-value of less than 0.05.

64



p=0.045) (Figure 3.S5A), suggesting that the two might be competing with each other for substrates
during IF. We tried to identify Bacteroides 304 and Clostridia 186 further using the Basic Local

Alignment Search Tool (BLAST, https://blast.ncbi.nlm.nih.gov/Blast.cgi). The BLAST output identified

that Bacteroides 304 is likely a Bacteroides thetaiotaomicron (B.thetaiotaomicron; E value=2e-107,
100% homology) species member, while BLAST could not improve the granularity of the Clostridia 186
feature. Relative reductions in Muribaculaceae 200 (Mann-Whitney FDR-adjusted p-value <0.01; LEfSE
FDR-adjusted p-value =0.04), Muribaculaceae 619 (EdgeR FDR-adjusted p-value <0.01; LEfSE FDR-
adjusted p-value =0.07), Muribaculaceae 375 (EdgeR FDR-adjusted p-value <0.01; LEfSE FDR-
adjusted p-value =0.09), Monoglobus 149 (EdgeR FDR-adjusted p-value <0.01; LEfSE FDR-adjusted p-
value =0.09), Akkermansia_690 (EdgeR FDR-adjusted p-value =0.02; LEfSE FDR-adjusted p-value
=0.07), and Lachnospiraceae 612 (EdgeR FDR-adjusted p-value =0.03; LEfSE FDR-adjusted p-value
=0.07), were observed in two out of the three analyses (Table 3.S3). Ob+IF mice also displayed altered
gut morphology, as highlighted by a reduced villous height:crypt depth ratio compared to Ob+AL (Figure
3.S4F). Although reduced villous height:crypt ratio is typically associated with inflammation, Ob mice
have elongated villi compared to WT mice*. Thus, the reduced villous height:crypt depth could indicate
reduced nutrient absorption in the small intestine, which in turn could impact substrates available for
assimilation by the gut microbiota in the colon.

Eleven weeks of once-weekly 24-hour fasting altered gut microbial metabolism, as highlighted by
increased cecal butyrate levels in Ob+IF mice compared to Ob+AL mice (1.6 = 0.1 mg/g vs 2.1 £ 0.1
mg/g, p<0.01). Other short-chain fatty acids, including acetate (3.3 = 0.2 mg/g vs 3.5 = 0.2 mg/g, p=0.40)

and propionate (6.6 + 0.4 mg/g vs 7.1 = 0.3 mg/g, p=0.37), were not affected by IF (Figure 3.3E).

Next, we associated changes in Bacteroides 304 and Clostridia 186, the two microbes whose
relative abundance was most noticeably impacted by IF, with butyrate production. We observed a
significant inverse association between Clostridia 186 relative abundance and cecal butyrate

concentration (R=-0.51, p=0.02) and a weak albeit trending association between Bacteroides 304 relative
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abundance and cecal butyrate concentration (R=0.36, p=0.1) (Figure 3.S5B). These results were
surprising, as B. thetaiotaomicron can metabolize host mucin glycans to produce acetate during low
nutrient availability, while members of the Clostridia genera can make butyrate from host glycans.
Interestingly, data report that B. thetaiotaomicron-derived acetate can be used as a substrate for butyrate
production by other gut microbes, a process known as cross-feeding **. Indeed, further correlation
analyses indicated a significant positive relationship between cecal acetate and butyrate concentrations,
which was mainly driven by relatively high concentrations of acetate and butyrate in Ob+IF mice (r=0.52,
p<0.01) (Figure 3.S5C). In contrast, we did not observe a significant correlation between cecal
propionate and butyrate concentrations (Figure 3.S5C). Additionally, there was no correlation between
Bacteroides 304 and cecal acetate (Figure S5D), implying that the relative increase in Bacteroides 304
was not increasing cecal acetate levels. These results propose that the “fasting gut microbiota” could
have an improved capacity to convert acetate (possibly Bacteroides 304-derived) to butyrate. Thus, we
used the pattern search function (SparCC) * in MicrobiomeAnalyst and identified the most positively and
negatively associated taxa with Bacteroides 304 in obese mice (Figure 3.S5E). Interestingly, all the top
10 most positively associated microbes were elevated in Ob+IF compared to Ob+AL mice (FDR-adjusted
p-value=0.16). Furthermore, many of these taxa have the capacity to produce butyrate from acetate ***.
Overall, these results suggest that Bacteroides 304 may be a unique microbe better suited to survive
during IF compared to other microbes with similar glycan degradation capabilities (e.g., Clostridia_186).
Furthermore, our results support the possibility that IF could be enhancing gut butyrate production by

microbial cross-feeding.

11 Weeks of Intermittent Fasting Altered Relationships Between Gut Microbes and Arterial
Stiffness Without Impacting Relative Abundance

We leveraged the VOLARE pipeline to correlate gut microbe relative abundance to arterial
stiffness measurements (either change in PWV from weeks 1-9 or week 9 PWYV values) in obese mice.

The VOLARE network revealed 6 microbes whose relationships with arterial stiffness were different
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between Ob+AL and Ob+IF mice (Table 3.S4). For example, Lachnospiraceae 436 relative abundance
was positively associated with a change in PWV in Ob+AL mice (p=0.04) but not Ob+IF mice (p=0.52).
Other examples include Lachnospiraceae 414 and Lactobacillus 209, which were inversely associated
with changes in PWYV in the Ob+AL group (p<0.01, p=0.04, respectively) yet not in Ob+IF mice (p=0.52,
p=0.51, respectively). Strikingly, all the identified microbes (except Monoglobus 149) were not identified
by the consensus analysis, indicating that the relative abundance of these microbes was not determining
their relationship with arterial stiffness in either Ob+AL or Ob+IF mice. These results indicate two critical
findings and avenues of further exploration: 1) IF can influence relationships between gut microbial
features and changes in arterial stiffness without impacting relative abundance, potentially indicating
functional changes in gut microbial metabolism; 2) Distinct gut microbes harbored within the Ob+AL gut
might help to counteract the largely detrimental effects of an obesity-related microbiota on arterial

stiffness.

11 Weeks of Intermittent Fasting Reduced Circulating Cytokine Concentrations

Next, since changes to the gut microbiota can impact inflammation, we investigated whether
once-weekly 24-hour IF impacted the immune system. IF did not strongly affect splenocyte counts
(Figure 3.S6A-3.56J). Since terminal measures were taken at least 24 hours after the last fast, this finding
contradicts what was observed in the acute fasting-refeeding cycle study (i.e., 24-hour refeeding depleted

splenocytes). Thus, mice may adapt throughout a longitudinal IF protocol to stabilize splenocyte counts.

In contrast, long-term IF did impact circulating chemokine levels in WT and Ob mice. IF
significantly reduced 2 cytokines (CCLS, CCL7) and modestly reduced 2 others (CCL3, CCL2) in WT
mice. Even more striking was that IF significantly reduced 9 cytokines in Ob mice (CXCL10, CXCLI,
CCLS, CCL3, CCL7, CCL2, CXCL2, CCL11, CCLA4). These reductions were especially pronounced in
ODb mice, as cytokine levels dropped by more than 50% compared to Ob+AL levels (Figure 3.S7).
Furthermore, all circulating cytokines were strongly associated with each other in Ob mice, suggesting

profound inflammation and immunosuppression in Ob+AL and Ob~+IF mice, respectively. Thus, 11 weeks
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of once-weekly 24-hour IF appears to impact circulating cytokine levels in Ob mice more profoundly than

WT mice.

Intermittent Fasting Impedes Obesity-Related Arterial Stiffness by Altering Gut-Immune
Interactions

IF significantly impacted the gut microbiota, immune system, and arterial stiffness in obese mice.
To examine associations among these changes, we first correlated microbial features significantly altered
by IF (identified as significant in 2/3 of the differential abundance analyses) with plasma chemokine
levels in obese mice. Indeed, Clostridia_ 186 relative abundance was significantly and positively
associated with most plasma cytokines (CXCL1, CCL5, CCL3, CCL2, CXCL2, CCL11, CCLA4), followed
by Muribaculaceae 375 (CXCL1, CCLS, CCL2, CXCL2, CCL11, CCL4), and Muribaculaceae 200
(CXCL1, CCL2, CXCL2). Muribaculaceae 619 relative abundance was inversely associated with all
cytokines (Figure 3.4A). Interestingly, although Bacteroides 304 was significantly increased in Ob+IF
mice in 3/3 consensus analysis tests, it only had a significant inverse association with CXCL10 (Figure
3.4A).

Next, we conducted a mediation analysis to identify whether IF reduces arterial stiffness by
impacting gut-immune interactions in obese mice. The mediation analysis determined that plasma
CXCL1 and CCL2 levels at least partially mediated the relationship between Clostridia_186 relative
abundance and PWYV measures in obese mice. Plasma CCL7 levels were also identified to mediate the
relationship between Muribaculaceae 200 and PWYV (Table 3.S5). Bacteroides 304 was not identified in
the mediation analysis. These findings indicate that [F-mediated reductions in distinct gut microbial
features, particularly Clostridia_186, are linked to decreases in specific plasma cytokines (CCL2 and
CXCL1) and arterial stiffness in obese mice. Furthermore, the absence of Bacteroides 304 from the
correlation plot and mediation analysis, along with its positive relationship with butyrate producers in
Ob+IF mice (Figure 3.S5E), support that this microbe could be indirectly reducing cytokines (CCL2 and

CXCL1, yet not CCL7) through increases in butyrate via potential cross-feeding (Figure 3.4B).
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Figure 3.4. Once-weekly 24-hour intermittent fasting altered gut microbe-immune interactions. A) Pearson
correlation plot visualizing associations between relative abundances of gut microbial features significantly
altered by intermittent fasting (identified via consensus analysis) and plasma chemokines in obese mice. N=6
mice per group. Colored circles indicate p<0.05. B) Scatterplot and Pearson correlations between cecal butyrate
concentrations and plasma CCL2 (left), CXCL1 (middle), and CCL7 (right) concentrations in obese mice. N=6
mice per group. C) Scatterplot and Pearson correlations between Lachnospiraceae 436, whose relative
abundance was not altered via IF fasting (identified via VOLARE analysis) and plasma CCL2 (left), CXCLI
(middle), and CCL7 (right) concentrations in obese mice. N=6 mice per group. Ob=obese; AL=ad libitum
feeding; IF=once-weekly 24-hour intermittent fasting.
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Finally, since the VOLARE analysis revealed that certain microbial features had differing
relationships with arterial stiffness without changes in their relative abundance, we pondered whether this
would also be true with circulating cytokine levels. We only included Lachnospiraceae 436 in this
correlation analysis, as this microbial feature was the only one identified to have a significant positive
relationship with arterial stiffness in Ob+AL mice and no ties with stiffness in Ob+IF mice. We also only
correlated Lachnospiraceae 436 to CCL2, CXCL1, and CCL7 as they were the only cytokines identified
in the mediation analysis. We observed positive relationships between Lachnospiraceae 436 relative
abundance and CCL2 and CXCLI levels in Ob+AL mice, yet no (CCL2) or an inverse (CXCL1)
relationship in Ob+IF mice (Figure 3.4C). Interestingly, Lachnospiraceae 436 was not associated with
plasma CCL7 levels in either Ob group (Figure 3.4C). Together, these results suggest that CCL2 and
CXCL1 are distinct cytokines that regulate the gut microbiota’s impacts on arterial stiffness. We also
found that Lachnospiraceae 436 was associated with reduced acetate and butyrate in Ob+AL mice but

not Ob+IF mice (Figure 3.S5F), again indicating metabolic adaptations in this microbe during IF.

Intermittent Fasting Reduces Perivascular Adipose Tissue Lymphocytes

CCL2 and CXCLI are two pro-inflammatory chemokines that govern the recruitment of
inflammatory immune cells to the vasculature, which can subsequently drive development of arterial
stiffness. Thus, we investigated whether IF reduced the number of immune cells within the vascular wall
(thoracic aorta) and perivascular adipose tissue. IF did not reduce the number of basophilic granulocytes
or lymphocytes in the vascular wall (Figure 3.5A). However, IF reduced the number of perivascular
adipose tissue (PVAT) lymphocytes closely surrounding the vascular wall by 50% (18.9 £ 5.3 vs. 9.3 +
1.7, p=0.12) (Figure 3.5B). Moreover, reduced PVAT lymphocytes were associated with attenuated
arterial stiffness in obese mice (Figure 3.5C). Thus, IF-mediated reductions in CCL2 and CXCL1 might

attenuate obesity-related arterial stiffness by altering lymphocyte recruitment to the inflamed PVAT.
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Figure 3.5. Once-weekly 24-hour intermittent fasting reduced perivascular adipose tissue lymphocyte
accumulation. A-B) Normalized number of basophilic granulocytes and lymphocytes in thoracic aorta wall (left)
and perivascular adipose tissue (right) in obese mice. N=6-9 mice per group per anatomical region (wall or
perivascular adipose tissue). C) Scatterplot and Pearson correlations between the normalized number of lymphocytes
in perivascular adipose tissue and week 9 pulse wave velocity (left) and change in pulse wave velocity (right) in
obese mice. N=6-9 mice per group. D-E) Differences in colon D) and liver E) CCL2 and CXCL1 concentrations.
N=8-12 mice per group per tissue. F) Relative Cc/2 gene expression in epididymal (left), mesenteric (middle), and
subcutaneous adipose tissue (right) in obese mice. N=5-10 mice per group per tissue. Ob=obese; AL=ad libitum
feeding; [F=once-weekly 24-hour intermittent fasting; PWV=pulse wave velocity; Subg= subcutaneous adipose
tissue, eWAT= epididymal white adipose tissue; MAT= mesenteric adipose tissue.

71



We also explored whether specific tissue(s) reduced CCL2 and CXCL1 production during IF.
We first assessed the colon given our data linking the gut microbiota to plasma CCL2 and CXCL1 levels
but found no impact of IF on colon CCL2 or CXCLI1 levels (Figure 3.5D). Next, we examined whether
the gut microbiota could signal to the liver via the portal circulation. Again, we found no differences in
liver CCL2 or CXCL1 levels (Figure 53.E). Finally, we assessed whether IF influenced adipose tissue
cytokine expression, as the gut microbiota can affect adipose tissue inflammation ***°. We found that IF
only slightly reduced epididymal and mesenteric adipose tissue Ccl2 gene expression, but significantly
reduced expression in subcutaneous adipose tissue (1.0 = 0.1 vs. 0.75 £ 0.1, p=0.03) (Figure 3.5F).
Although more analyses are warranted, this initial evidence suggests that the fasting gut microbiota could

limit aberrant immune-vascular signaling by reducing adipose tissue cytokine production.

DISCUSSION

Recent data have demonstrated that IF elicits cardioprotective effects. Yet, some fundamental
questions remain unanswered, including: 1) the effects of IF on arterial stiffness, 2) the potential
differential effects of a single fast versus repeated fasting bouts, 3) whether [F-induced changes persist
beyond the refeeding period, and 4) whether gut microbial-immune interactions could mediate potential
improvements in arterial stiffness. In this study, we show that acute IF transiently increased arterial
stiffness without impacting the gut microbiota or systemic inflammation in lean mice while having no
substantial impact in obese mice. In contrast, chronic IF attenuated arterial stiffness only in obese mice,
which was independent of weight loss and coincided with the suppression of aberrant gut microbe-
immune interactions (Figure 3.6). These results coincide with the emerging hypothesis that many of the
cardiovascular benefits of chronic IF are independent of weight loss . Furthermore, reduced arterial
stiffness and gut-immune signaling persisted even after ad libitum feeding, indicating that persistent

adaptations to the gut microbiota and immune system drive vascular health.
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Figure 3.6. Once-weekly 24-hour intermittent fasting attenuated obesity-related arterial stiffness via potential gut-immune signaling. Once-weekly 24-
hour intermittent fasting (IF) altered the gut microbiota in obese mice. In particular, IF reduced the relative abundance of Clostridia 186 and increased the
relative abundance of Bacteroides 304 in conjunction with increased butyrate. Why the “fasted gut microbiota” confered a particular advtanage to
Bacteroides 304, and whether Bacteroides 304 facilitated butyrate production due to cross-feeding warrents further investigation. Gut-derived butyrate could
have reduced arterial stiffness through increased gut barrier integrity, limiting “harmful” microbial metabolites from reaching circulation, or by having direct
anti-inflammatory activities as small amounts diffuse into the circulation. Whether butyrate acted by itself or in concert with other fasting-related microbial
metabolites to reduce inflammation is another potential area of future research. Although IF did not impact Lachnospiraceae 436 relative abundance, it
suppressed its positive relationship with arterial stiffness, possible indicating changes in its production of metabolites. IF-related alterations to the gut microbiota
corresponded with reduced circulating cytokines, particularly CCL2 and CXCL1 (which could be adipose-tissue derived), reduced perivascular lymphocyte
accumulation, and arterial de-stiffening. Created at Biorender.com.
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Our first novel finding regarding arterial stiffness is that lean and obese mice respond differently
to a single fasting-refeeding cycle, as we found that a 24-hour fast acutely increased arterial stiffness in
lean mice yet did not impact arterial stiffness in genetically obese mice. To our knowledge, only one other
study has assessed the impact of a single fast on obesity-related arterial stiffness. Fry and colleagues. >
showed that an overnight fast reduced PWYV in diet-induced obese mice by activating VSMC Sirtuin-1
(SIRT1) signaling and decreasing vascular inflammation and oxidative stress. However, since leptin at
least partially regulates SIRT1 expression in mice *', this might explain why we did not observe acute
changes in our leptin-deficient obese mouse model. Furthermore, we found no striking differences in how
the single fasting-refeeding cycle impacted metabolic parameters (i.e., glucose, ketones, body weight,
etc.), gut microbial composition, or splenocyte populations between lean versus obese mice. We also did
not observe large impacts of acute IF on circulating chemokines in lean mice, thus transient changes in

systemic inflammation are presumably not contributing to the acute arterial stiffening.

Overall, these results were somewhat surprising since acute fasting-refeeding can drastically
change gut microbial composition and the immune system in both mice and humans ****. Specifically,
Okada et al.” found that small intestinal Lactobacillus murinus was reduced in 36-hour fasted, 24-hour
refed mice, which through its production of lactate greatly impacted colon epithelial cell turnover and risk
of tumorigenesis. Maifeld et al. **> showed that five days of modified fasting in humans increased
Clostridium sp. and Roseburia hominis while reducing Eubacterium rectale and Dorea longicatena, and
increased plasmacytoid dendritic cells, CD14+ monocytes and gamma delta T cells and reduced B cells
and pro-inflammatory T cells. However, since the fasting durations of these two studies were different
than the present study, it could be that fasting for more than 24 hours is needed to observe acute changes
to the gut microbiota and immune system. Nevertheless, our results indicate that the metabolic, gut
microbe, and immune parameters we analyzed during this single cycle do not predict acute arterial
stiffening in lean mice. Thus, a single 24-hour fast might increase arterial stiffness in lean mice through

other acute factors (i.e., stress >*%, blood pressure!>, endothelial cell nitric oxide signaling '®). However,
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the increase in arterial stiffness returned to normal within 24 hours after refeeding, suggesting limited

impact on chronic cardiovascular health.

In contrast to the single fasting-refeeding cycle, repeated bouts of once-weekly 24-hour IF
attenuated arterial stiffness in obese mice, with these effects evident in as little as five weeks. We also
show that arterial de-stiffening persists for at least 5 days following ad libitum refeeding, indicating that
sustained arterial de-stiffening might be achievable through recurrent fasting. Indeed, a distinguishing
feature of this study was the measurement of arterial stiffness several days after fasting, allowing us to
differentiate between stable versus transient changes in arterial stiffness. This contrasts with previous
studies which have either measured the impacts of IF on cardiovascular health within one day after fasting

135960 or do not explicitly state how long after the fasting period parameters were measured "%,

Furthermore, our results suggest that arterial de-stiffening was not due to changes in body weight
but was a result of long-term adaptations in gut microbe-immune interactions. Although previous work
has linked IF with changes to the gut microbiota and immune system, our study offers novel insights into
how IF impacts gut microbe-immune interactions to improve vascular health. For example, Shi et al."?
determined that ten weeks of alternate day fasting (ADF) reduced blood pressure in spontaneous
hypertensive stroke-prone (SHSP) rats. These reductions in blood pressure occurred with relative
increases in Bacteroides uniformis and Lactobacillus johnsonii as well as reductions in Muribaculum
intestinale and Parasutterella excrementihominis. Further microbiota transplantation studies revealed that
reductions in blood pressure were dependent upon the IF-gut microbiota. However, changes in systemic
or vascular-resident inflammation were not studied. In humans, Guo et al. '* showed that eight weeks of
modified IF altered the gut microbiota, improved markers of vascular health (i.e., increased total nitrate
and reduced asymmetric dimethylarginine) and reduced inflammation (CD40L and malondialdehyde) in
metabolic syndrome patients. Although this study established correlations between gut taxa relative

abundances and these four markers, it failed to demonstrate the interconnectedness between the three

biological systems. In contrast, our work highlights that gut-immune signaling was altered by IF to reduce
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arterial stiffness. We identify Clostridia 186 as a distinct gut microbial feature reduced in Ob+IF mice,
which was associated with reduced circulating CCL2 and CXCLI1 levels, less lymphocyte PVAT
accumulation, and arterial de-stiffening. Furthermore, despite no changes in its relative abundance, we
found that IF suppressed Lachnospiraceae 436’s positive relationships with CCL2, CXCL1, and arterial

stiffness.

Although high CCL2 and CXCL1 levels are typically associated with poor cardiovascular health,
their relationship with arterial stiffness has not been extensively studied. Wang et al. reported that
inhibition of the CXCL1-CXCR2 axis reduced aortic thickness and collagen deposition but did not
measure arterial stiffness®. Our results add to the existing data by demonstrating that CCL2 and CXCL1
are important regulators of obesity-related arterial stiffness and their reduction following IF may be
subsequent to alterations in the gut microbiota, which may mediate arterial de-stiffening. These data align
with previous results from our group indicating that alterations in the gut microbiota are a putative

determinant of inflammation and vascular health ',

These novel findings are hypothesis-generating and establish a foundation for more translational
and mechanistic work on how IF alters aberrant gut-immune-vascular signaling during obesity.
Translationally, to determine their abundance in the human gut during obesity and whether this
abundance is altered by IF, metagenomic sequencing to more precisely identify Clostridia 186 and
Lachnospiraceae_436 and capture their putative functional roles in fed and fasted states is necessary. This
need is further emphasized by the fact that different species or strains within the same taxonomic group
can have varying effects on the physiology of their hosts. A prime example is Lachnospiraceae, which on
one hand has been shown to lower systemic inflammation and ameliorate atherosclerosis *; but is also
associated with metabolic diseases such as type 2 diabetes, chronic kidney disease and ulcerative colitis
65

Mechanistically, identifying how IF-induced alterations to the gut microbiota impacted

circulating chemokines (CCL2 and CXCL1) during obesity will also be important. One hypothesis is that
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IF reduces the systemic circulation of inflammatory microbial components and metabolites. Our data
provide initial evidence for this hypothesis, as IF did not reduce colon or liver CCL2 and CXCLI,

but did reduce their levels within the plasma, in obese mice. The suppressed positive relationships
between Lachnospiraceae_436 and CCL2 and CXCLI1 during IF, without changes in
Lachnospiraceae 436 relative abundance, further supports this hypothesis. Thus, comparing gut and
plasma metabolites during obesity and IF is a promising next step. This work could also determine which
organs sense gut-derived metabolites during obesity and subsequently produce inflammatory chemokines.
Our initial evidence suggests that the subcutaneous adipose tissue could be a particular target of the obese
gut microbiota and its metabolites. Our finding of decreased PVAT lymphocytes could also indicate
reduced microbial metabolite-inflammatory signaling within other adipose tissue depots. IF can also

reduce bone marrow *® and aortic °° CCL2, suggesting these tissues as viable candidates as well.

Lastly, the relationship between increased Bacteroides 304 (B.thetaiotaomicron) and cecal
butyrate should be further investigated. As discussed in the results section, these findings offer
preliminary evidence suggesting that Bacteroides 304 could be a primary source of acetate for the
“fasting gut microbiota” to synthesize butyrate. However, validation of elevated cross-feeding during IF
is necessary. Furthermore, high levels of butyrate could contributing to the immunosuppression observed
during IF. For instance, butyrate can increase gut barrier integrity ¢/, potentially reducing the impact of
the obese gut microbiota on the vasculature. Butyrate can also directly reduce pro-inflammatory signaling
in the gut and peripheral organs, such as the aorta ®7°. Thus, whether butyrate is impacting arterial

stiffness through its actions in the gut or periphery warrants further investigation.

Some limitations should be acknowledged. First, we used a genetic model of obesity (ob/ob),
which might be less translatable to human health than diet-induced obese (DIO) mouse models. However,
ob/ob and DIO mice present with similar metabolic abnormalities, including hyperphagic-like tendencies,
hyperglycemia/glucose intolerance, arterial stiffness, immune dysfunction, and altered gut microbial

composition '*’""2, Thus, the benefits of IF on the gut-immune-vascular axis mice that apply to
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genetically obese mice likely apply to DIO mice. Second, we only used male mice in our experiments.
Since IF might affect males and females differently, particularly regarding hormonal responses 7, our
results should only be extrapolated to male mice. Third, although our initial mediation analysis found that
CCL2 and CXCLI were at least partially mediating the effects of the obese gut microbiota on arterial
stiffness, further research is needed to observe a causal relationship between these chemokines and
arterial stiffness. Additionally, although CCL2 is chemotactic towards CCR2-expressing lymphocytes,
CXCL1 is typically involved in neutrophil and monocyte, not lymphocyte, recruitment. Furthermore,
upon preliminary observation of H&E-stained thoracic aorta slides, we observed very little neutrophils
within the vascular wall or PVAT. Therefore, the direct link between reduced CXCL1 and arterial de-
stiffening during IF is still not clear. However, we do report that all circulating cytokine/chemokine
concentrations correlated with each other, suggesting large-scale immunosuppression with IF. Therefore,
reductions in CXCL1 due to IF may have decreased lymphocyte accumulation by affecting the production
of other chemokines involved in T cell and B lymphocyte recruitment. Lastly, future studies should utilize

metabolomics and meta-transcriptomics to uncover metabolites driving these interactions.

In conclusion, a single acute bout of IF was insufficient to reduce arterial stiffness in obese mice.
However, chronic IF over a 10-week period attenuated arterial stiffness in obese mice and these effects
persisted for at least 5 days beyond the refeeding period. This finding highlights the potential durability of
chronic IF regimens to improve vascular health. Reduced arterial stiffness in obese mice was
accompanied by profound changes to the gut microbiota, reduced systemic inflammation, and fewer
perivascular-resident lymphocytes, suggesting that IF can improve vascular health by chronically altering
interactions between the gut microbiota and immune system. Additionally, we identified distinct gut
microbe-chemokine interactions implicated in obesity-related arterial stiffness that should be examined

for their clinical relevance.
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CHAPTER 4: ASSESSING THE POTENTIAL DISCORDANT EFFECTS OF INTERMITTENT

FASTING ON CARDIOVASCULAR HEALTH AND ACUTE SARS-COV-2 INFECTION

SUMMARY

Intermittent fasting improves cardiovascular health through restructuring the gut microbiota and
reducing chronic, low-grade systemic inflammation. Reducing incessant inflammation is paramount for
cardiovascular health, yet an active immune response is needed to resolve acute infection. Although the
peak of the COVID-19 pandemic is in the rearview, SARS-COV-2 is still a widespread pathogen that
causes severe health complications in the short- and long-term. Therefore, in this study, we addressed the
potential discordant effects of intermittent fasting on cardiovascular health (arterial stiffness) and SARS-
CoV-2 infection. Lean and obese mice were randomized to either ad libitum feeding or once-weekly 24-
hour intermittent fasting for 12 weeks. At week 10, arterial stiffness was measured via pulse wave
velocity. After 12 weeks, mice were inoculated with SARS-CoV-2 and measurements were taken 3- and 7
days post inoculation. Once-weekly 24-hour intermittent fasting reduced arterial stiffness in obese mice.
Compared to ad libitum infected controls, once-weekly 24-hour intermittent fasting did not substantially
alter infection-associated weight loss, anorectic behavior, body surface temperature, lung viral burden, or
plasma S1- and S2 IgG titers in either lean or obese mice. Obese intermittent fasting mice exhibited
relatively higher lung CD11b+ CD11c- MHCII- cells (p<0.01) and lower CD62L/CD86-expressing B
cells (p<0.01) at 3 days post SARS-CoV-2 infection. However, these alterations were transient and not
apparent 7 days post infection. Finally, intermittent fasting did not significantly impact gut microbial
composition during SARS-COV-2 infection in either lean or obese mice. Taken together, this is the first
study to directly investigate the impact of intermittent fasting on cardiovascular health and SARS-CoV-2
infection in lean and obese mice. Our results suggest that once-weekly 24-hour intermittent fasting is a
safe and efficacious in reducing obesity-related arterial stiffness without substantially impacting acute

SARS-CoV-2 infection severity.
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INTRODUCTION

Intermittent fasting (IF), repetitive periods of little-to-no energy intake (< 48 hrs.)' followed by ad
libitum eating, continues to emerge as one of the most popular dietary strategies globally >*. The
popularity of IF may be due to its focus on when to eat rather than what to eat, the variety of approaches
available, and its purported health benefits. Recent studies have investigated the efficacy of IF in
ameliorating cardiovascular disease (CVD), the leading cause of death in the United States for the past
century *. We have determined that once-weekly 24-hour IF attenuates obesity-related arterial stiffness,
an independent predictor of CVD onset and mortality °. Arterial de-stiffening in obese mice was
associated with profound changes to the gut microbiota, a crucial immune primer ’, and large-scale
immunosuppression as highlighted by reductions in pro-inflammatory chemokines. Although most of our
results were pertinent to obese mice, we also found that IF reduced circulating pro-inflammatory
chemokines (CCL5, CCL3, and CCL7, CCL2) in lean mice, suggesting that IF might also impact the
inflammatory response in lean mice.

The immune system is paramount during infection, clearing and neutralizing the pathogens while
inducing immune memory to reduce the impact of secondary exposure. However, fasting can also alter
immune cell redistribution, which has been proposed to exacerbate infection responses. For instance,
Janssen et al.® discovered that Ly6C™ monocytes that migrate to the bone marrow during fasting exhibit a
surge to the lung parenchyma in response to refeeding and an intranasal LPS challenge. Additionally, a
24-hour fast followed by a 12-hour refeed increased myeloid cell recruitment to the lung parenchyma,
elevated circulating cytokines, and accelerated death after Pseudomonas aeruginosa (PAE) inoculation ®.
Other longer-term IF studies show similar results, as 10 days of ADF exacerbated sickness behavior and
plasma cytokine levels in response to intraperitoneal Poly(I:C) (TLR3 agonist) injection °. However, mice
within the ADF group were fasted during data collection, which could indicate that the exacerbated
responses were due to the single fast rather than the cumulative effects of ADF. Thus, the impacts of
recurrent fasting bouts (chronic IF) on infection remain unclear. Our previous results suggest that the

immunosuppressive effects of once-weekly 24-hour IF fasting could worsen acute infections. Despite our
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positive cardioprotective findings, this potential concern limits the widespread endorsement of chronic IF
as an all-encompassing “healthy” diet.

Although the peak of the COVID-19 pandemic is behind us, SARS-CoV-2 is still a common
respiratory pathogen that can lead to acute and long-term health complications due to its actions on the
musculoskeletal, neurological, and cardiorespiratory systems '“!!. The gut microbiota and immune system
are critical determinants of SARS-COV-2 infection severity and symptom resolution '*™*°, raising the
question of whether chronic IF could predispose the host to more severe SARS-COV-2 infection.
Furthermore, since we’ve observed that IF preferentially affects the gut microbiota and immune system in
obese mice, and obesity is a significant risk factor for more severe SARS-COV-2 infection'®, it is
plausible that IF results in exacerbated SARS-COV-2 infection. Lastly, there is almost no data
investigating the effect of IF on SARS-COV-2 infection. Some of the only available data are from
observational studies that determined periodic fasting was associated with lower SARS-CoV-2 severity
and less heart failure-associated hospitalization in COVID-19-positive patients'”'®. Yet, these results
could be confounded by the fact that the non-fasting cohort included a significantly higher proportion of
smokers (prior or current) and higher levels of diabetes, COPD and asthma '"'%,

Therefore, this study is the first to directly examine whether chronic IF has discordant effects on
cardiovascular health and SARS-COV-2 infection. We show that multi-week, once-weekly 24-hour IF
reduces arterial stiffness in obese mice without substantially impacting lung SARS-COV-2 titers in either
lean or obese mice. Moreover, IF did not dramatically impact infection-associated weight loss, circulating
SARS-COV-2-specific antibodies, gut microbial ecology, or lung and spleen immune cell populations in
either lean or obese mice. These findings reveal that once-weekly 24-hour fasting could be a safe and
feasible dietary strategy to improve cardiovascular health with minimal impacts on acute SARS-COV-2

infection.
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METHODS
Animals, Experimental Design, and Euthanasia Procedures

Animals were maintained in a BSL-3 facility at Colorado State University and all animal
procedures were reviewed and approved by the Colorado State University Institutional Animal Care and

Use Committee (protocols 3324 and 1369).

Intermittent Fasting and SARS-CoV-2 Infection Protocol

Five-week old lean (C57BL/6J; WT; n=30) and genetically obese (B6.Cg-Lep®’/J; Ob; n=30) mice
were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were co-housed in a conventional facility
under a 12:12 hour light/dark photocycle with access to standard rodent chow (Envigo 2918; irradiated diet
consisting of 44.2% carbohydrates, 6.2% fat, and 18.6% protein) and normal drinking water. Mice were
acclimated for two weeks with ad libitum chow and water. After acclimation, mice were randomized into
two groups to receive an ad libitum (AL) diet or a once-weekly 24-hour intermittent fasting (IF) for 12
weeks (WT+AL, WT+IF, Ob+AL, and Ob+IF). At week 10 of the 12-week protocol, WT+AL, Ob+AL,
and Ob+IF were subjected to pulse wave velocity for 4-5 days during the 24-hour fast. We did not subject
WTHIF mice to PWYV, as our previous results show that IF does not reduce arterial stiffness in WT mice.
We were also particularly interested in recapitulating our previous results of an ntermediate vascular
phenotype observed in Ob+IF mice compared to WT+AL and Ob+AL mice. During week 11, all IF mice
and half of the AL mice were transferred to a biosafety level 3 (BSL-3) laboratory for acclimation prior to
viral inoculation. Thus, the last 24-hour fast was done in BSL3. Body weight and food intake were measured
weekly during cage and water changes.

After 12 weeks, body surface temperature was recorded with a standard infrared thermometer and
all mice in BSL3 were inoculated with SARS-CoV-2 (MA10 mouse-adapted strain; SC2) while mice held
in the conventional facility were inoculated with sterile saline (1x PBS), yielding six distinct groups (10
mice per group): WT+AL, WT+AL+SC2, WT+IF+SC2, Ob+AL, Ob+AL+SC2, Ob+IF+SC2. Following

inoculation, all mice were given food ad libitum. At 3- and 7 days post-inoculation (DPI), 5 mice per group
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per time point were assessed for body temperature, body weight, food intake, and feces were collected.
Mice were anesthetized with isoflurane and euthanized by exsanguination via cardiac puncture. Blood was
collected via 1 mL syringe coated with 0.5 M EDTA (no. 15575020; Invitrogen) and then placed into EDTA
coated BD Microtainer™ Capillary Blood Collectors (BD365974). Plasma was obtained by centrifugation
at 2,000 g for 10 min at 4°C. The plasma was immediately flash-frozen in liquid nitrogen and stored at -
80°C until downstream analyses. The spleen and left lobe of the lung were excised and placed into cold
Corning™ RPMI 1640 Medium 1X without L-Glutamine (MT15040CV) and kept on ice until downstream
processing. The right superior and middle lobe were excised and placed into 1.5mL luer locked tubes with
three stainless steel homogenizer beads per tube pre-filled with viral transport media (VTM,; sterile Hanks
Balanced Salt Solution (HBSS), 2% FBS, 100 pg/mL Gentamicin, 0.5 pg /mL Amphotericin B),

homogenized and transferred to the -80 freezer until downstream analyses.

Measurement of Arterial Stiffness

Aortic pulse wave velocity (PWV) was used to determine in vivo arterial stiffness using a Doppler
Flow Velocity System (Indus Instruments, Webster, TX) via methods described previously by our
laboratory'*'. PWV (in cm/s) was calculated as PWV = (distance between the two probes)/( Atimeabdominal —

Atirnecarotid) .

Experimental Infection

SARS-CoV-2 MA10 was provided by Dr. Richard Bowen (Colorado State University). Stocks were
prepared by infection of Vero E6 cells for two days when the cytopathic effect (CPE) was starting to be
visible. Media was collected and clarified by centrifugation before being aliquoted for storage at —80°C.
The stock titer (3.1 x 10° PFU/mL) was determined by plaque assay using Vero E6 cells as described
previously %%, The stock titer was diluted to 5 x 10° PFU in 40 uL of sterile saline for intranasal inoculations.
During infection, mice were anesthetized with isoflurane, and 40 uL of the 5 X 10° PFU inoculum (20 uL
in each nostril) was inoculated intranasally. Control mice were intranasally injected with 40 uL of sterile

saline.
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Lung SARS-CoV-2 Titers

In MA10-infected mice, lung SARS-CoV-2 titers were quantified by a median tissue culture
infectious dose (TCIDso) assay. Briefly, the middle and upper portions of the right lung lobe were
homogenized, and Vero E6 cells (ATCC CRL-1568) were grown to 90-100% confluency on 24-well cell
culture plates at 37°C with 5% CO,. Plates were washed with Dulbecco's Phosphate-Buffered Saline
(DPBS, without calcium and magnesium), and 8-point, 5-fold dilutions of lung homogenate were added to
wells. At least 4 replicates for each dilution were used. Incomplete media and Wuhan strain (provided by
Dr. Richard Bowen) were used as positive and negative controls, respectively. After 1 hour of incubation,
lung homogenate was removed, cells were washed with DPBS, and 500 uL of an agarose-media mix
(Dulbecco's Modified Eagle Medium (DMEM) with 0.6% agarose and 4% FBS) were added to each well.
Cells were incubated for 3 days at 37°C, with 5% CO,. After 3 days, 4% 500 uL of paraformaldehyde (PFA)
was added on top of the agarose mix in each well, and plates were incubated for 1 hour. PFA and the agarose
mix were gently discarded, and 0.5% crystal violet dye solution was added to each well. After 5 minutes of
incubation, plates were washed with DPBS and allowed to air dry for at least one day. The number of wells
with visible CPE for each dilution was determined, and TCIDso/mL was calculated using the Improved

Kérber Method 2.

Circulating S1 and S2 Antibody ELISAs

High-binding 96-half-well microplates (Corning, 9018) were coated with 50 uL of 50 ng
recombinant spike 1 (S1) (40591-VO8H-100) or spike 2 (S2) (40590-V08B-100) subunits overnight at
4°C. The next day, plates were washed five times with 180 uL of wash buffer (1X PBS with 0.05% Tween
20, and 180 uL of blocking buffer (1X PBS with 0.05% Tween 20, 2% BSA, and 2% normal goat serum
(Jackson immunoresearch, 005-000-121) was added to each well. After two hours of incubation, 100 uL.
of diluted plasma (4-point, 5-fold dilutions) were added to each well in duplicate. Blocking buffer was
used as a negative control. Plates were incubated for 1 hour and then washed 5 times with wash buffer.

Next, 100 uL of horseradish peroxidase (HRP)-conjugated goat-anti-mouse IgG (Jackson
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Immunoresearch, 115-035-003) (1:5000 dilution in blocking buffer) was added to each well, and plates
were incubated for one hour. After 5X washes, 100 uL of TMB substrate was added to each well,
followed by 50 uL of stop solution (1M sulphuric acid). Absorbance at 450 nm was immediately
measured using a BioTek Synergy 2 plate reader (BioTek Instruments Inc., Winooski, VT, USA).

Endpoint titers were calculated using the ELISA-R pipeline **,

Spleen and Lung Immune Cell Isolation and Flow Cytometry on Single Cell Suspensions

In SC2-infected mice, spleens were homogenized using a syringe plunger and passed through a 70
um filter to prepare a single-cell suspension. The left lobe of the lung was isolated, lightly scored with a
sterile razor, and treated with digestion solution (RPMI-1640 medium with DNase IV (500 units/mL,
D5025) and Liberase (0.5 mg/mL, 5401127001)) for 30 min at 37°C to dissociate and digest pulmonary
collagen. The tissue was then homogenized and passed through a 70 um filter. Erythrocytes were lysed
using ACK Lysis Buffer (A1049201). Spleen and lung single cell suspensions were seeded into 96-well V-
bottom plates, washed, and stained with Zombie NIR live/dead stain (Biolegend, 423105) for 15 minutes
at room temperature in the dark. Cells were washed and incubated with Fc block solution (Biolegend,
101319) at 4°C for 20 min, protected from light, and then further stained with optimal titrations of specific
surface antibodies at 4°C for 30 min, protected from light. The antibodies (catalog number regarding
antibody clone, titration) used to identify broad lung and spleen immune cells subset at 3- and 7 DPI were
as follows (Table 4.S4): Brilliant Violet 570™ anti-mouse CD45 (103136, 1:200); PE anti-mouse CD335
(NKp46), (137604, 1:400); Alexa Fluor® 532 Anti-Mouse CD3 (58-0032-82, 1:100); Brilliant Violet
605™ anti-mouse CDI19 (115539, 1:200); PE/Dazzle™ 594 anti-mouse CD62L (104447, 1:400);
PE/Cyanine7 anti-mouse CD86 (105013, 1:200); Pacific Blue™ anti-mouse/human CD11b (101224,
1:200); Brilliant Violet 785™ anti-mouse CD11c (117335, 1:400); PerCP anti-mouse Ly-6G (127653,
1:100); and BD Horizon™ BV480 Rat Anti-Mouse [-A/I-E (566088, 1:600). After staining, cells were fixed
with 4% paraformaldehyde (J61899.AP) at room temperature for 20 min, protected from light. Cells were

washed and left at 4°C overnight in FACS buffer (00-4222-26). Cell counts were acquired the following
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day using a Cytek®™ Aurora 4L flow cytometer. Splenocyte and lung immune cell subpopulations were

identified by a pre-determined gating strategy (Figure 4.S1) on Flowjo (version 10.9).

Sample Collection, Processing, and Analyses of 16s rRNA Amplicon Sequencing Data

Stool samples from all mice were collected fresh, immediately placed on ice, and then stored at -80°C
until DNA extraction. Fecal DNA extraction was completed using the FastDNA® Kit (MP Biomedicals,
116540400) per the manufacturer’s protocol. Quantitative PCR was used to quantify total fecal 16srRNA
DNA. Reactions were optimized for the 16s TRNA gene using universal bacterial primers (forward 5'-
AAACTCAAAKGAATTGACGG-3', reverse 5'-CTCACRRCACGAGCTGAC-3'). Cycling conditions
using the Bio-Rad C1000 Touch thermal cycler were as follows: 95°C for 3 min and then 40 cycles of 95°C
15s,61°C 15, 72°C 10 s, 85°C 5 s followed by fluorescence detection. To calculate total fecal 16sTRNA
DNA, quantified amounts (ng) of 16s rRNA amplicons generated from DNA obtained from pooled fecal
samples from experimental mice were serially diluted to create standard curves.

Amplification of the V4 region of the 16S rRNA gene was carried out following the Earth Microbiome
Project protocol using the 515F-806R primer set ** containing a unique Golay 12bp error-correcting barcode
included on the forward primer. Cycling and sequencing conditions were carried out as previously
described”®. DNA extraction controls, no template PCR controls, and the Zymo mock community (Zymo
Research, D6305) were included on each sequencing plate. Sequence reads were imported into QIIME2
(version 2023.5) for quality filtering *. Briefly, sequence reads were demultiplexed and examined for
quality filtering utilizing a Phred score cutoff of 30. All analyses proceeded with single-end forward read
sequences. Fecal sequences from the SC2 study were truncated to 157 base pairs. All reads were binned
into sub-OTUs (sOTUs) using the Deblur pipeline implementation in QIIME2%’. Taxonomic assignments
were made using Silva (version 13.8) %*. Samples with low reads or suspected contamination were removed,
and mitochondrial and chloroplast sequences were filtered from the remaining samples.

The resulting feature tables and taxonomy files were combined and imported with corresponding

metadata into MicrobiomeAnalyst for secondary workflow %°. Based on sample prevalence, the minimum
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count filter was set at 4, and the low count filter was set at 10%. Data normalization was performed based
on total sum scaling. Alpha diversity was examined utilizing the Shannon diversity index at the genus

taxonomic level, and beta diversity was calculated using Bray-Curtis distances at the genus taxonomic level.

Statistical Analyses

Data are presented as either mean + standard error of the mean (SEM), mean with individual values
(scatterpoints), or the log2 fold change between groups. Data analyses and visualizations were conducted
in GraphPad Prism (version 9) or Rstudio (2024.04.1+748) using the ggplot2 package. One-way ANOVAs
followed by Tukey’s multiple comparisons test examined differences between groups. If the data violated
the assumption of homoscedasticity, a Welch ANOVA followed by Dunnett’s T3 multiple comparisons test
was used instead of the one-way ANOVA. Two-way ANOVAs (Type I SS’s) followed by Tukey’s multiple
comparisons test were used to analyze interactions between group and time (DPI). Mixed effect linear
regression models with a Kenward-Roger’s degrees of freedom approximation and Type II analyses of
variance table output were used for repeated measures data. In these models, group and time points were
fixed effects, and individual mouse ID was the random effect. If data were heteroscedastic, robust standard
errors were used for the two-way ANOVAs or mixed effect models. Beta diversity was analyzed using
permutational multivariate analysis of variance (PERMANOVA) and community dispersion was assessed
by permutational multivariate analysis of dispersion (PERMDISP). Differences in microbial features
between groups were examined via a consensus analysis, which included Mann-Whitney (FDR adjusted p-
value=0.05), negative binomial (EdgeR, FDR adjusted p-value=0.05), and linear discriminant analysis
effect size (LEfSe, FDR adjusted p-value=0.1, fold change cutoff=2.0) tests. A p-value < 0.05 was

considered statistically significant unless otherwise indicated.

93



RESULTS
Repeated Bouts of Once-Weekly 24-Hour Intermittent Fasting Reduced Obesity-Related Arterial
Stiffness Without Substantially Impacting Acute SARS-CoV-2 Infection

The experimental design is presented in Figure 4.1A. As previously reported, once-weekly 24-hour
IF reduced obesity-related related arterial stiffness without impacting body weight or food intake (Figure
4.1B). As in our previous results, this indicates that the arterial de-stiffening effects of once-weekly 24-hour
IF are not due to weight loss in obese mice.

During acute SC2 infection, no changes in body weight were observed between WT groups (Figure
4.1C). Similarly, no differences in body weight were observed between Ob+AL+SC2 and Ob+IF+SC2 mice
(Figure 4.1C). However, at 3 DPI, body weight of the Ob+AL controls was significantly lower than the
Ob+IF+SC2 mice (59.1 + 1.3g vs. 55.3 + 1.7g, p=0.03), likely due to an acute dip in Ob+AL body weight
after mock infection (week 12 vs 3 DPI in Ob+AL mice: 59.1 + 1.3g vs. 55.3 £ 1.7g, p=0.03). We found no
significant differences in body weight between Ob+AL mice and the infected groups at 7 DPI (Figure
4.1C), suggesting that this dip in Ob+AL body weight was transient. These unsubstantial changes in body
weight during infection correspond to previous results, suggesting that at least 10* PFU of SC2 MA10 is
needed to observe significant weight loss in mice®™*!. Moreover, we observed reductions in food intake in
all SC2 infected groups (Figure 4.1C), which is common during infection®.

Compared to AL controls, IF did not differentially impact surface body temperature during
infection in either WT or Ob mice (Pintcraciion=0.12) (Figure 4.1D). We did observe lower temperatures 3
DPI compared to 7 DPI (pime=0.02); however, this was probably driven by Ob mice as their temperature
changes between 3 and 7 DPI were more robust (Ob+AL+SC2 mice: 29.8 + 0.2°C vs. 32.0 + 0.40 °C;
Ob+IF+SC2 mice 29.2 £ 0.1°C vs. 31.5 £ 0.1°C) than WT mice (WT+AL+SC2 mice: 31.8 £ 0.6°C vs. 31.7
+ 0.2 °C; WTHIF+SC2 mice 31.0 £ 0.2°C vs. 31.2 + 0.2°C). There were no significant differences in
temperature between 0 and 7 DPI in any of the groups.

There were no differences in lung SARS-CoV-2 titers at 3 DPI (Figure 4.1E). Virus was not

detected in the lungs in any infected group at 7 DPI (data not shown), suggesting SC2 clearance at 7 DPI,
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Figure 4.1. Once-weekly 24-hour intermittent fasting reduced obesity-related arterial stiffness without
substantially impacting SARS-CoV-2 infection. A) Schematic of experimental design. Created at
Biorender.com. B) Pre-inoculation pulse wave velocity (left), changes in body weight (middle), and changes in
food intake (left). N=6-10 mice per group. C) Changes in body weight pre- and post-inoculation (left) and
changes in food intake post-SARS-CoV-2 inoculation (right). N=9-10 mice per group per week (pre-infection),
4-5 mice per group per DPI, and N=4-5 cages per group, respectively. D) Changes in body surface temperature
during SARS-CoV-2 infection. N=5-10 mice per group per DPI. E) Lung SARS-CoV-2 titers (burden) at 3 days
post-inoculation. N=3-4 mice per group. Incomplete media and Wuhan strain (provided by Dr. Richard Bowen)
were used as positive and negative controls, respectively. F) Changes in plasma S1- (left) and S2- (right) IgG
endpoint titers during SARS-CoV-2 infection. N=3-5 mice per group per DPI. WT=lean; Ob=obese; AL=ad
libitum feeding; IF=once-weekly 24-hour intermittent fasting; SC2=SARS-CoV-2 (MA10) infection; DPI= days
post-inoculation. Different letters indicate significant differences between groups.* indicates a p-value less than
0.05 between Ob+AL vs Ob+IF+SC2.
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as previously reported®’. These results also indicate a similar time-course of acute SC2 infection between
AL and IF mice, regardless of genotype. Spike 1 (S1) IgG endpoint titers were significantly elevated at 7
dpi compared to 3 DPI in all groups except for WT+IF+SC2 mice in which titers were still elevated but did
not reach statistical significance (1587.0 £ 872.3 vs. 17.9 = 10.3, p=0.12) (Figure 4.1F). However, this
result is likely due to the large variability in S1 IgG titers at 7 DPI, and on average, this group seemed to
manifest an appropriate antibody response towards acute SC2 infection. Furthermore, pairwise comparisons
revealed no significant differences in S1 IgG endpoint titers between WT+AL+SC2 and WT+IF+SC2 mice
(3 DPI: 33.3 £ 19.3 vs. 17.9 + 10.3, p=0.93) (7 DPIL: 1738.7 + 225.5 vs. 1587.0 = 872.3, p=0.99) or
Ob+AL+SC2 and Ob+IF+SC2 mice (3 DPIL: 71.9 + 9.9 vs. 46.1 = 7.7, p=0.31) (7 DPI: 981.2 &+ 283.4 vs.
501.05 £ 74.9, p=0.47) (Figure 4.1F). Although Ob+IF+SC2 mice appeared to exhibit a diminished S1 IgG
antibody response, this is likely not the case, as Ob+AL+SC2 mice had greater heterogeneity (range: 213.9-
1954.8) compared to Ob+IF+SC2 mice (265.1-733.7). Similar overall results were found for Spike 2 (S2)
IgG endpoint titers, as after adjusting for group, titers were significantly elevated at 7 DPI compared to 3
DPI (364.2 £ 66.4 vs. 89.3 £ 10.0, p<0.01). We found nonsignificant pairwise differences between
WT+AL+SC2 and WT+IF+SC2 mice (3 DPI: 91.3 £ 18.5 vs. 65.8 + 27.8, p=0.91; 7 DPI: 326.6 + 136.5
vs. 482.7 + 195.3, p=0.94) or Ob+AL+SC2 and Ob+IF+SC2 (3 DPI: 112.6 + 17.6 vs. 81.6+ 13.8, p=0.62;
7 DPI: 428.2 + 128.0 vs. 219.3 £ 20.0, p=0.48) at either 3- or 7 DPI (Figure 4.1F). Taken together, these
data provide evidence that once-weekly 24-hour fasting reduces obesity-related arterial stiffness without
substantially exacerbating acute SARS-CoV-2 infection severity or antibody responses in lean or obese

mice.

Effect of Intermittent Fasting on Immune Cell Responses in the Lungs and Spleen During SARS-
CoV-2 Infection

Next, we investigated whether IF mice had altered lung and spleen immune cell frequencies
during SC2 infection (Figure 4.S1A-4.S1B). Overall, these results were heterogeneous, making it

challenging to decipher whether IF altered immune cell frequencies during SC2 infection. During flow
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cytometry analysis, we noticed that several spleen samples, particularly within AL+SC2 groups at 7 DPI,
had an overabundance of dead immune cells (=50% of singlets in 3/5 mice in both genotypes). Because of
this heterogeneity, there were no significant pairwise differences in dead splenocytes between any of the
infected groups at 7 DPI. Additionally, within the same group, mice with a high proportion of dead
splenocytes had noticeably different frequencies of live splenocyte subsets compared to those with a low
proportion of dead splenocytes. Although including these samples would have increased our sample size,
it would have confounded our results and likely limited our power to detect meaningful differences in live
immune cell proportions. Thus, we proceeded with a sample size of 2-5 mice per group per DPI for spleen
and 3-5 mice per group per DPI for lung.

In both WT and Ob mice, IF did not substantially alter the proportion of major lung and spleen
immune cell populations during SC2 infection, including CD3" cells (T cells) and NKp46™ cells (NK
cells), Ly6G" cells (neutrophils), and CD11b” CD11c" cells (Figure 4.2A-4.2D). IF did not impact lung or
spleen CD11b" CD11c" or CD11b" CD11¢ cell frequencies in WT mice (Figure 4.2E-4.2F). However,
lung CD11b" CD11¢" and CD11b" CD11c frequencies were significantly increased at 7 DPI compared to
3 DPI in Ob+AL+SC2 mice, whereas they were stable in Ob+IF+SC2 mice (Figure 4.2E-4.2F).
Furthermore, the CD11b" CD11c¢ subset was significantly higher in Ob+IF+SC2 mice compared to
Ob+AL+SC2 mice at 3 DPI (p<0.01), but not 7 DPI (p=0.97) (Figure 4.2F). Gating of lung CD11b"
CDl11c"and CD11b" CD11c cells by MHCII identified these subsets as CD11b" CD11¢” MHCII™ and
CD11b" CD11¢” MHCIT cells, respectively (Figure 4.S2A-4.S2D).

Finally, although the proportion of lung CD19" cells (B cells) did not change over the course of
infection between groups (Pinteraction=0.74), their frequency was suppressed in Ob+IF+SC2 mice compared
to Ob+AL+SC2 mice throughout infection (0.42 £ 0.03 vs. 0.33 £ 0.04, p=0.06) (Figure 4.2G). When
gating on lung B cells by their expression of CD62L and CD86, we observed less lung CD62L" CD86" B
cells (p=0.01) and CD62L"CD86" B cells (p<0.01) at 3 DPI in Ob+IF+SC2 mice compared to
Ob+AL+SC2 mice (Figure 4.S2E-4.S2F). No differences were found at 7 DPI. IF did not impact

CD62L" CD86 or CD62L CD86 B cell frequencies during infection (Figure 4.2S2G-4.S2H).
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Figure 4.2. Effect of intermittent fasting on immune cell proportions during SARS-CoV-2 infection.
Proportion of CD3*A) NKp46* B) Ly6G* C) CD11b" CD11c" D) CD11b* CDl11c' E) CD11b" CD11c¢ F) and
CD19* G) cells in lung (left) and spleen (right) during SARS-CoV-2 infection. N=2-5 mice per group per DPL.
WT=lean; Ob=obese; AL=ad libitum feeding; [F=once-weekly 24-hour intermittent fasting; SC2=SARS-CoV-2
(MA10) infection; DPI= days post-inoculation. ¥ indicates a p-value of less than 0.05 between Ob+AL+SC2 vs
WT+AL+SC2 and WT+IF+SC2. * indicates a p-value of less than 0.05 between 3- and 7 DPI in Ob+AL+SC2
mice. # indicates a p-value of less than 0.05 between Ob+IF+SC2 and WT+IF+SC2. @ indicates a p-value of less
than 0.05 between Ob+IF+SC2 vs WT+AL+SC2 and WT+IF+SC2.*indicates a p-value of 0.06 between
Ob+AL+SC2 vs Ob+IF+SC2. & indicates a p-value of less than 0.05 between Ob+AL+SC2 vs WT+AL+SC2.
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Ad libitum and Intermittent Fasting Mice Have Similar Gut Microbial Profiles Following SARS-
CoV-2 Infection

IF can impact the gut microbiota and changes to the gut microbiota during SARS-CoV-2
infection can influence infection severity ', Thus, we also assessed whether IF impacted gut microbial
responses towards SC2 infection and whether responses differed between WT and Ob mice. Shannon’s
index (alpha diversity) was similar between AL and IF infected mice, regardless of genotype (Figure
4.3A). However, after adjusting for time, alpha diversity was overall greater in Ob+IF+SC2 mice
compared to Ob+AL controls (p<0.01) (Figure 4.3A). Total fecal microbial load (16s rRNA DNA) was
similar between AL and IF infected mice, regardless of genotype (Figure 4.3B). Principal Coordinates
Analyses of Bray-Curtis distances revealed substantial clustering of gut microbial composition between
mice inoculated with PBS and SC2. Clustering was particularly evident along PCoA axis 1 in WT mice
and PCoA axis 2 in Ob mice (after accounting for time) (Figure 4.3C-4.3D).

When stratified by time (DPI), there were no differences in gut microbial beta diversity within
WT mice. However, pairwise PERMANOVA analyses revealed differences in Ob+AL and Ob+AL+SC2
mice at 3 DPI (FDR-adjusted p=0.04) as well as Ob+AL and Ob+IF+SC2 mice at 7 DPI (FDR-adjusted
p=0.04) (Table 4.S1). To further characterize these differences, the differential relative abundance of
feature-level sOTUs were determined by identifying consensus sOTUs across different algorithms.
Compared to PBS-inoculated controls, the EdgeR algorithm identified relative increases in
Muribaculaceae 159 and relative decreases in Marvinbryantia 34 in Ob+AL+SC2 mice at 3 DPI and
Ob+IF+SC2 mice at 7 DPI (Tables 4.S2-4.S3). However, EdgeR was the only algorithm out of three to
identify any differential abundances. Thus, the consensus analysis failed to robustly identify microbes
differentially abundant between Ob+AL and Ob+AL+SC2 mice at 3 DPI or Ob+AL and Ob+IF+SC2
mice at 7 DPI. As expected, the consensus analysis also failed to identify differentially abundant microbes
between PBS- and SC2- inoculated WT mice at 3- and 7 DPI. Taken together, these results suggest that IF

does not significantly impact gut microbial responses towards SC2 infection in either lean or obese mice.
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Figure 4.3. Effect of intermittent fasting on gut microbial composition during SARS-CoV-2 infection. A)
Changes in gut microbiota alpha diversity (Shannon’s index) at the genus level between mock (PBS)- and SARS-
CoV-2-inoculated mice. N=3-5 mice per group per DPI. B) Differences in total fecal 16s rRNA DNA in WT
(left) and Ob (right) mice at termination. N=3-5 mice per group per DPI. C-D) Principal Coordinates Analysis of
Bray-Curtis distances at the genus level between WT C) and Ob D) mock- and SARS-CoV-2 inoculated mice.
N=3-5 mice per group per DPI. Principal Coordinates Analysis axes 1 and 2 represent the principal coordinates
(new uncorrelated variables that are constructed as linear combinations or mixtures of the initial variables) that
explain the largest and second largest variability, respectively, in gut microbial composition. WT=lean;
Ob=obese; AL=ad libitum feeding; IF=once-weekly 24-hour intermittent fasting; SC2=SARS-CoV-2 (MA10)
infection; DPI= days post-inoculation. *indicates a p-value of less than 0.05 between Ob+AL vs. Ob+IF+SC2
mice. * indicates a p-value of less than 0.05 between PBS- and SC2 inoculated groups.
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DISCUSSION

Our data suggest that I[F improves cardiovascular health via reducing obesity-related arterial
stiffness, at least partially through suppressing pro-inflammatory immune responses. However, as a
dietary strategy that has sustained considerable popularity for its purported health benefits, it is necessary
to identify whether IF possesses any adverse effects. Specifically, a robust and active immune response is
critical to ward off invading pathogens, and our data, along with other work ®*, suggests that IF may
affect immune response. Thus, we hypothesized that IF exacerbates acute infection.

SARS-COV-2, the culprit of the COVID-19 pandemic, is still a prominent pathogen®* that can
cause acute and long-term health complications. To uncover whether IF improved cardiovascular health
but exacerbated SARS-COV-2 infection severity, we confirmed that once-weekly 24-hour intermittent
fasting attenuated obesity-related arterial stiffness. In the same cohort of mice, we then addressed whether
IF worsens SARS-COV-2 infection severity as well as immune and gut microbial responses towards
SARS-COV-2. Assessing the potential differences in how IF impacts infection in lean and obese mice is
critical, since obesity is a risk factor for more severe SARS-COV-2 outcomes, including death, regardless
of multiple COVID-19 vaccine doses *. In general, we show that IF does not substantially impact SARS-
COV-2 infection responses in lean or obese mice, highlighted by no differences in infection-associated
body weight, food intake, lung SARS-COV-2 burden, or circulating S1- and S2- antibodies.

To date, only a few studies have assessed links between IF and SARS-COV-2 severity in humans

with obesity 7183

and none have used well-controlled rodent experimental models. Observational data
from Horne and colleagues '’ found that in the pre-vaccine era, periodic self-reported fasting increased
hospitalization-free survival rates in COVID-19 patients (HR=0.61;CI 0.42 to 0.90; p=0.013). The
positive effects of fasting remained significant in all multivariable analyses, with a HR range of 0.61-0.64
depending upon the fitted covariables (p=0.015-0.036). In a more recent study, Horne et al. included
vaccination as a covariate and reported similar results'®, as periodic fasting was associated with reduced

rates of heart failure hospitalization (HR=0.57;CI 0.37 to 0.90; p=0.015) and major adverse

cardiovascular events (MACE) (HR=0.59;CI 0.40 to 0.87; p=0.008). These analyses included
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cardiovascular events that occurred during acute COVID-19 (0-30 days after diagnosis) and post-acute
phases (>30 days after diagnosis), suggesting that IF could impede both acute and post-COVID-19
cardiovascular sequelac. However, these were observational studies in free-living populations, and Horne
and colleagues state that their statistical approaches do not completely control for all
covariates/confounders *'. This potential concern is highlighted by the fact that there was no standardized
format for fasting, so their dataset likely included many different types of IF protocols which were not
accounted for in their statistical analyses ***. In addition, the non-fasting group included a significantly
higher proportion of smokers (prior or current) and higher levels of diabetes, COPD and asthma®**,
which are significant risk factors for severe SARS-COV-2 and long-term COVID-19 complications.
Finally, a case report of a 36-year-old obese patient found that 9 months of 18:6 time-restricted eating
(fasting for 18 hours a day and ad libitum eating for 6 hours a day) coupled with a 3-month refeeding
phase improved cardiometabolic parameters (blood glucose, testosterone, LDL-C) and reduced systemic
inflammation (C-reactive protein), but did not impact antibody responses towards SARS-COV-2 *¢, which
is in line with our results.

Along with the negligible effects of IF on SARS-COV-2 infection severity and antibody
responses, we also show no significant changes most lung and spleen immune cell populations. However,
we did observe increased CD11b" CD11¢” MHCII- cells (innate immune cells, likely monocytes or
eosinophils®”) and reduced CD62L" CD86" and CD62L" CD86" B cells in the lungs of Ob+IF+SC2 mice
at 3 DP1. Why we observed these alterations only at 3 DPI is unclear, although the proportional
differences detected may not correspond to changes in absolute numbers of these cells within the lung.
This is supported by the limited impact of IF on all other lung and spleen immune cell subsets, coupled
with the lack of significant alterations in S1- and S2-antibody responses.

Lung B cells are an integral component of the immune response towards SARS-COV-2 infection,
as mice deficient in B lymphocytes have substantially delayed SARS-COV-2 clearance®®. Thus, although
39.40

a heightened innate immune response during SARS-COV-2 might not always be advantageous *™, it is

possible that the acute surge in CD11b" CD11¢” MHCII- cells in Ob+IF+SC2 mice at 3 DPI may have
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been essential to compensate for the absence of lung CD62L+ CD86+ and CD62L- CD86+ B cells. This
hypothesis loosely aligns with data supporting the benefits of an active innate immune response during
SARS-COV-2 infection. For example, Imbiakha et al.*! showed that lung monocyte-derived macrophages
accrued within the lung at 3 DPI (high viral load) followed by a decrease at 14 DPI (viral clearance).
Nelson et al. *' also showed that rhesus macaques infected with SARS-COV-2 exhibited decreased viral
loads before the infiltration of T and B cells, further supporting the significant role of innate immunity in
limiting SARS-COV-2 infection. In contrast, the lack of lung B cells at 3 DPI does not necessarily mean
that Ob+IF+SC2 had a diminished adaptive immune response towards SARS-COV-2. CD86 and CD62L
are markers of activation and migration, respectively *****. Thus, the proportional loss of these B cell
subsets within the lung at 3 DPI could also mean that IF enhanced their flux into the lung-draining lymph
nodes early in infection, propagating the adaptive immune responses in obese mice. However, since we
found no differences in these immune cell subsets at 7 DPI, these effects were likely transient and did not
impact overall immune responses towards SARS-COV-2 infection in obese mice.

Alterations to the gut microbiota are a critical determinant of SARS-COV-2 infection severity in

1."* found that Faecalibacterium

both humans and pre-clinical animal models. Yeoh et a
prausnitzii, Eubacterium rectale and Bifidobacteria were reduced in COVID-19 patients, which
corresponded with elevated inflammation including increased C-reactive protein (CRP) and inflammatory
cytokines. In hamsters, SARS-COV-2 infection increased Enterobacteriaceae and Desulfovibrionaceae
while reducing the short-chain fatty acid (SCFA) producers Ruminococcaceae and Lachnospiraceae .
Interestingly, SCFA supplementation did not impact infection outcomes'?. Severe SARS-COV-2 infection
reduced Lachnospiraceae and Oscillospiraceae and increased Akkermansiaceae in K18-hACE2 mice *.
In this study, SARS-COV-2 infection altered the gut microbiota of both ad /ibitum- and IF-infected mice
compared to mock-infected controls. However, we did not observe substantial differences in alpha or beta
diversity between ad libitum- and IF-infected mice, suggesting that SARS-COV-2 may have a more

pronounced impact on the gut microbiota compared to IF. To confirm this, a non-infected IF group would

be necessary. Nevertheless, in contrast to other studies, we could not identify differentially abundant
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microbes between mock- and SC2-inoculated groups, regardless of genotype. A potential reason for the
differential effects on the gut microbiota could be that the impact of SARS-COV-2 MA10 on the gut
microbiota differs from other SARS-COV-2 strains previously used, such as the hCoV-19 IPL France
strain'? and USA-WA1/2020%. Specifically, SARS-COV-2 MA10 might slightly alter the relative
abundance of many gut microbes rather than substantially affecting the relative abundance of a few
keystone taxa. This provides valuable information, as changes to the gut microbiota following SARS-
COV-2 MA10 infection does not seem to be well-characterized *°. In general, future studies might want
to refrain from using SARS-COV-2 MA10 when investigating links between SARS-COV-2 and the gut
microbiota.

Importantly, our findings contribute to the growing body of literature investigating whether IF
should be considered an overall healthy diet. Previous research has begun investigating these
simultaneous effects due to IF’s potential immunosuppressive effects with regard to cardiometabolic and
autoimmune disorders but minimal impact on acute infections. Similar to our results, Jordan et al. /
found that alternate-day fasting (ADF) reduced experimental autoimmune encephalomyelitis (EAE;
model for multiple sclerosis) but did not affect immune responses towards Listeria monocytogenes (L.
monocytogenes) infection. Data from Janssen et al.® indicated that a potential benefit of IF is immune cell
redistribution, reducing clonal hematopoiesis and clonal expansion of extramedullary leukocytes which is
associated with poor cardiovascular health ***°, In contrast, the same study reported that a single fasting-
refeeding cycle increased myeloid cell recruitment to the lung parenchyma, elevated circulating
cytokines, and accelerated death after Pseudomonas aeruginosa (PAE) inoculation ®. Further analyses
found that a single fasting-refeeding cycle -increased Ly6C™ monocytes, TNF* Ly6C™ monocytes, and
transcriptionally “old” monocyte recruitment to the lung parenchyma after LPS challenge®. The effects of
IF on infection are only beginning to be understood; however, it seems as if infection responses might be
largely dictated by the type of IF, with chronic IF (recurrent fasting-refeeding cycles) potentially being

overall beneficial. Nevertheless, since this study solely focused on the effects of chronic IF on SARS-
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CoV-2 infection, future research should explore the impact of chronic IF on other prevalent infectious
diseases.

This study has some limitations. First, to infect mice from a C57 genetic background, we had to
use the SARS-COV-2 MA10 strain as ancestral SARS-COV-2 strains are incapable of binding to the
murine ACE2 ortholog *°. Although SARS-COV-2 MA10 does stably infect C57BL/6J mice (the genetic
background of our lean and obese mice), it induces a relatively mild infection *°. The virulence of SARS-
COV-2 MA10 compared to circulating SARS-COV-2 strains could be a major reason why our results
differed from those of Horne et al. (especially their pre-vaccine era data) '”'*. Therefore, other pre-
clinical models, such as hamsters®' and diet-induced obese transgenic hACE2 mouse lines®’, in
combination with a more virulent strain of SARS-COV-2 could have yielded results more similar to the
human observational studies. However, some studies caution against using hACE2 mice for obesity
studies due to the hACE2 transgene being expressed at vastly different levels than in humans, obesity
altering ACE2 expression, and adenovirus hACE2 inoculation promoting weight loss in obese mice
independent of SARS-COV-2 infection’**. Furthermore, we inoculated mice with 5 x 10° PFU of SARS-
COV-2 MA10. Although higher PFUs of MA 10 do not kill WT C57 mice™, we settled on 5 x 10° PFU to
ensure this dose would be tolerable in leptin-deficient obese mice. Moreover, we wanted to observe
whether IF impacted host responses over the course of infection (7 days) and did not want mice to die
early on during infection. Our results indicate that a more infectious dose of SARS-COV-2 MA10 (greater
than or equal to 10* PFU) could be used when inoculating leptin-deficient obese mice. Similarly, leptin is
a potent immunomodulator that increases activation and survival of many different immune cells **°.
Thus, using a leptin-deficient obese model could have altered the immune response towards SARS-COV-
2, even further constraining the translational potential of this study. Finally, all animals were infected
during ad libitum feeding and no IF was conducted during SARS-COV-2 infection. It would be intriguing
to examine potential differences in SARS-COV-2 infection severity between mice who were subjected to

IF before infection and those who were subjected to IF after infection.
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In conclusion, once-weekly 24-hour IF attenuated arterial stiffness in obese mice while having
minimal impact on SARS-COV-2 infection severity in lean or obese mice. This is the first study to
directly investigate the simultaneous effects of this widely adopted dietary strategy on cardiovascular
health and SARS-CoV-2 infection, offering preliminary evidence of its safety even with the ongoing
prevalence of COVID-19. These findings further contribute to the accumulating body of literature
indicating that chronic IF is a generally healthy diet that reduces chronic inflammation and without

substantially impacting immune responses during acute infections.
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CHAPTER 5: CONCLUSION

Summary

This dissertation had two primary objectives. The first objective was to answer fundamental
questions regarding the impact of intermittent fasting (IF) on cardiovascular health (Chapter 3).
Specifically, Chapter 3 addressed the following questions: 1) What are the impacts of [F on arterial
stiffness? 2) Are there differences in how acute IF (a single fasting-refeeding cycle) and chronic IF
(recurrent fasting-refeeding bouts) impact arterial stiffness? 3) Do IF-induced cardiovascular benefits
persist beyond the refeeding period and does persistence differ between acute and chronic I[F? 4) Do IF-
induced changes to the gut microbiota and immune system mediate potential improvements in arterial
stiffness? The second objective was to investigate whether fasting-induced immune modifications
impacted acute infection in a SARS-CoV-2 infection model (Chapter 4).

The first major finding from Chapter 3 was how differently acute versus chronic IF impacted
arterial stiffness and the potential mechanisms governing these differences. We found that a single 24-
hour fast acutely increased arterial stiffness in lean mice but had no effect on arterial stiffness in
genetically obese mice. Additionally, gut microbial composition and circulating cytokines/chemokines,
remained relatively stable throughout the single fasting-refeeding cycle in lean animals. This suggests that
other factors not measured, such as blood pressure changes, might be implicated in the acute arterial
stiffening. In contrast, once-weekly 24-hour IF (chronic IF) attenuated arterial stiffness in obese mice in
as little as five weeks. Subsequent analyses found that these reductions were independent of weight loss,
which can occur during IF and contribute to reduced arterial stiffness '*. Instead, our findings align with
the emerging hypothesis of weight-independent benefits of IF on cardiovascular health. * Chronic IF
profoundly altered the gut microbiota, immune system, and aberrant interactions between the two, which
may precede arterial de-stiffening. Ancillary analyses identified two distinct gut microbe-cytokine
interactions in obese mice (Clostridia_186-CCL2/CXCL1 and Lachnospiraceae 436-CCL2/CXCLI)

that were suppressed by IF to reduce arterial stiffness.
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Taken together, Chapter 3 convincingly shows that chronic IF is far more effective in reducing
arterial stiffness in genetically obese mice than acute IF. We also discovered that I[F’s effects on the
microbiota and immune system coincide with reduced arterial stiffness. This finding aligns with our
previous research indicating that changes to the gut microbiota can reduce inflammation and impede
arterial stiffness *°. In addition, we identified CCL2 and CXCLI as two pro-inflammatory cytokines that
may mediate the detrimental effects of the obese gut microbiota on vascular health. Identifying these
cytokines as mediators of arterial stiffness was crucial for three reasons: 1) few have addressed how IF
regulates interactions between the gut microbiota, inflammation, and arterial stiffness; 2) the links
between these cytokines and arterial stiffness are limited, but our findings incentivize further research to
investigate the causal role of these cytokines in the development of arterial stiffness; 3) fasting-related
reductions in CCL2 impede leukocyte egress from the bone marrow to the blood °, further suggesting that
immune cell redistribution could be a key biological process regulating vascular health.

The second major finding from this study was that the persistence of arterial effects differed
between acute and chronic IF. We found that the increase in arterial stiffness in lean mice was only
transient, as stiffness was diminished following 24 hours of refeeding and is thus unlikely to affect long-
term cardiovascular health. However, chronic IF-induced arterial de-stiffening in obese mice persisted for
at least 5 days following ad libitum refeeding. Since all gut microbiota and immune parameters were
measured following a 24-hour refeeding period, arterial de-stiffening likely occurred through sustained
alterations to the gut microbiota and immune system. When compared to acute IF, these results indicate a
potential “training effect” that occurs with repeated fasting, resulting in prolonged vascular benefits in
obese mice and stable pulse wave velocity measures in lean mice. These novel findings add to the existing
data, as others have either measured the impacts of IF on cardiovascular health within one day after
fasting 7 or do not explicitly state how long after the fasting period parameters were measured '*''. Most
importantly, Chapter 3 shows that chronic IF is a durable dietary strategy for long-term, sustained

vascular health.
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Despite the cardiovascular benefits of IF, its impact on the immune system could influence
responses to infection. One particular pathogen of interest is SARS-CoV-2, since it is still a common
pathogen that impacts multiple organs systems both acutely and longitudinally'?. The gut microbiota and
an active immune system are also critical determinants of SARS-COV-2 infection severity and symptom
resolution ">, Thus, the primary objective of Chapter 4 was to assess whether chronic IF improved
vascular health but altered responses to SARS-COV-2 infection in mice. Specifically, we hypothesized
that IF-induced immune modulation would result in worsened outcomes in a SARS-COV-2 infection
model. However, our results show that chronic IF simultaneously improved arterial stiffness in obese
mice without impacting SARS-COV-2 severity or infection responses. Indeed, we show that 10-weeks of
once-weekly 24-hour IF attenuated arterial stiffness in obese mice. However, IF did not predispose either
lean or obese to worse SARS-COV-2 infection, as there were no substantial differences in lung SARS-
CoV-2 viral titers, body weight, food intake, or SARS-COV-2 -specific antibody titers between infected
ad libitum and IF mice. Furthermore, there were no profound differences in gut microbial composition or
spleen and lung immune cell proportions between infected ad libitum and IF mice.

A particularly novel aspect of this chapter was that it was the first well-controlled pre-clinical
study to directly evaluate the effects of [F on SARS-CoV-2 severity. Only a few other studies have
investigated the impact of IF on SARS-CoV-2 infection, yet these were observational and case studies

17719 Moreover, this chapter contributes significantly to the growing

with many potential confounders
literature examining whether IF should be considered an overall healthy diet and suggests that chronic IF

is probably the most net-beneficial in improving health without impacting infection responses.

Delimitations and Limitations

Chapters 3 and 4 possess methodological and experimental strengths and provide novel findings that
make substantial contributions to the fields of cardiovascular health and infectious disease. In addition to
the strengths discussed within each chapter, all experimental mice in Chapters 3 and 4 were of the same

age, sex, and genetic background. Controlling these factors allowed us to directly assess the effects of IF
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on multiple physiological parameters, mainly arterial stiffness and gut microbe-immune interactions, in
Chapter 3. This highlights the importance of including age- and sex-matched controls in prospective IF
and arterial stiffness clinical trials. These delimitations also carry over to Chapter 4, and it was necessary
to complete this chapter in a pre-clinical model. Additionally, the same personnel carried out all
physiological parameters throughout Chapters 3 and 4. This reduced inter-researcher variability, human
error, and the potential confounder of the mice being handled or experimented on by a new person in the
middle of a study, which could induce unwanted stress. Furthermore, the names of all personnel who
worked with the mice and their responsibilities were always written down. This ensured that we could
statistically account for inter-researcher variability if ever needed.

Some limitations not mentioned in Chapters 3 and 4 could have further confounded our results and
interpretations. First, besides glucose tolerance testing which requires a 6-hour fast, all other primary
outcomes were measured at least 24 hours after ad libitum feeding. Since mice were co-housed in both
chapters, we could not accurately calculate how much food each mouse ate during the pre-measurement
period (which varied from 24-hours to 5 days). This potential concern is highlighted by the fact that IF

might lead to acute overconsumption on non-fasting days ***!

. Furthermore, we did not precisely
measure nutrient absorption (i.e., fecal bomb calorimetry) and thus, differences in food intake and nutrient
absorption could have confounded some of our interpretations. Similarly, we did not measure water intake
in either chapter, which may affect arterial stiftness by altering blood volume or osmolarity. However,
we must reiterate that body weight and food intake throughout the entire dietary protocol were stable, and
we did not observe a concerning amount of variability in our outcome measurements (PWV, gut
microbiota data, circulating cytokines/chemokines, splenocyte populations, etc.). This suggests that ad
libitum food and water intake before data collection likely had little effect on our data. Moreover, to
identify the persistent rather than transient de-stiffening effects of IF, we purposefully wanted mice to eat
ad libitum before measurements. This decision also made our data more translatable to human health, as

humans tend to follow IF regimens that allow for ad libitum eating following fasting. Furthermore,

employing a once-weekly 24-hour fasting protocol diminished the potential confound of altered light/dark
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cycles and circadian misalignment that could arise with time-restricted feeding studies. Nevertheless, pre-
measurement food intake, nutrient absorption, and water intake can and should be accounted for in future
IF studies.

Secondly, we did not measure [F-related blood pressure changes in obese mice, which could have
impacted arterial stiffness measurements. Blood pressure and arterial stiffness are bidirectionally related,
as increased arterial stiffness leads to systemic peripheral resistance and augments blood pressure %,
while increased blood pressure causes vascular injury, arterial remodeling, and the transfer of load-
bearing to collagen fibers, increasing arterial stiffness 2. Since we measured arterial stiffness via the foot-
to-foot method, any alterations in diastolic pressure could have impacted pulse wave velocity **.

2527 and a

Intermittent fasting has been shown to reduce both systolic and diastolic blood pressure
potential mechanism for reduced blood pressure is alterations to the gut microbiota™?. Thus, it is possible
that changes in blood pressure may be contributing to the observed arterial de-stiffening. Leptin-deficient
obese mice are unique in that they are typically normotensive and tightly regulate blood pressure 2*~°.
Therefore, this limitation may not have substantially impacted our results. Nevertheless, to ensure that [F
reduces arterial stiffness independent of blood pressure, it will be crucial to measure blood pressure in
future clinical trials or pre-clinical studies that do not use leptin-deficient obese mice.

Finally, a specific limitation in Chapter 4 was that we did not relocate the PBS-inoculated control
mice to BSL3 laboratories. Therefore, these mice might not have experienced the same relocation stress
as those randomized to SARS-CoV-2 infection, which could have acutely impacted eating behaviors. Our
reasoning for this decision was that not enough people in the Gentile and Weir laboratories had access to

the BSL3 facilities, and thus did not have the manpower to care for, infect, or euthanize these mice in the

BSL3 laboratories.

Future Directions
The results from this dissertation provide several directions for further research. The first

direction would uncover the mechanisms of how gut-immune interactions regulate obesity-related arterial
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stiffness. The second direction would be to translate our findings to human health by running randomized
clinical trials.

Regarding the first direction, future research should aim to determine a causal relationship
between gut-immune signaling during obesity and arterial stiffness. A starting point for this research
could be to inoculate germ-free or antibiotic-suppressed mice with either obese ad libitum or obese IF
microbiotas. Following stabilization, we could quantify arterial stiffness, circulating cytokine levels, and
perivascular adipose tissue lymphocytes. Ultimately, this preliminary study would indicate whether
fasting-induced changes to the gut microbiota are sufficient to reduce arterial stiffness, and whether the
gut microbiota drives the inflammation that provokes arterial stiffness in obese mice.

Chapter 3 identifies Clostridia 186 and Lachnospiraceae 436 as obesogenic microbes that
augment arterial stiffness. We also provide evidence that the obese gut microbiota harbors “beneficial”
microbes that were inversely associated with arterial stiffness. These data reveal a distinct possibility that
specific microbes within the obese mouse gut, yet not the obese microbiota as a whole, determine arterial
stiffness. To address whether Clostridia 186 and Lachnospiraceae 436 are independently impacting
inflammation and arterial stiffness, we would need to more accurately identify both microbes. Next, to
determine causality, we could isolate of Clostridia 186 from obese ad libitum mice, inoculate lean
specific pathogen free (SPF) or germ-free mice, and measure changes in cytokines (CCL2, CXCL1) and
arterial stiffness. In contrast, Lachnospiraceae 436 relative abundance was unchanged between obese ad
libitum and IF mice even though its positive relationship with arterial stiffness was abolished, indicating
that something other than its relative abundance regulates arterial stiffness (i.e., inflammatory metabolite
production). Thus, transcriptomics on isolated Lachnospiraceae 436, as well as cecal and blood
metabolomics in obese ad libitum and IF mice, would help determine whether Lachnospiraceae 436
metabolite production changes in response to IF in obese mice. A potential next step would be to
collaborate with industry partners who specialize in developing drugs to alter the gut microbiota.

Although technically challenging, these collaborations could help to develop drugs that either reduce the

117



relative abundance (bacteriophage) or alter the metabolism (plasmid that suppresses “obesogenic” gene
expression identified via transcriptomics) of Clostridia 186 and Lachnospiraceae 436, respectively.

Additionally, Chapter 3 reported striking reductions in the pro-inflammatory cytokines CCL2
and CXCLI. Studies determining the causal effects of these two cytokines on arterial stiffness would be
valuable. Specifically, injecting increasing dosages of recombinant CCL2 and/or CXCL1 into lean SPF
mice would validate their causality in increasing arterial stiffness. To control for the confounding effects
of the already-established gut microbiota in SPF mice, we could inject these recombinant cytokines in
antibiotic-suppressed or germ-free mice. This would allow us to define the role of CCL2 and CXCL1 in
arterial stiffness independent of the gut microbiota. We could also inject anti-CCL2 or anti-CXCL1
antibodies into obese SPF or germ-free mice to corroborate that inhibiting CCL2 and CXCL1 is arterial
de-stiffening. Finally, we show that CCL2 expression in adipose tissue, predominantly the subcutaneous
adipose tissue, was reduced in obese IF mice. Identifying whether adipocytes or leukocytes within the
subcutaneous adipose tissue produce CCL2 and/or CXCLI1 could lead to enhanced inhibition of
CCL2/CXCLI during obesity.

To translate our findings to human health (direction 2), we could begin a randomized clinical trial
to determine if once-weekly 24-hour IF reduces obesity-related arterial stiffness in humans. Blood and
fecal samples could be obtained to determine whether similar gut microbiota and inflammation changes
observed in mice during IF also occur in humans. Additionally, addressing the persistence of de-stiffening
could be easily included in this clinical trial by following a similar protocol as in Chapter 3. It would be
interesting to observe whether a training effect occurs in humans, whereby the rate of arterial de-
stiffening is greater in those who have previously completed IF compared to those who have not. Indeed,
high fat/high cholesterol yo-yo-like diets accelerate vascular inflammation and atherosclerosis compared
to continuous eating in mice *'*2. Thus, the opposite may also be true; restarting IF might lead to greater
rates of arterial de-stiffening. Whether this phenomenon is from gut microbial or immune “training” or

“memory” should be further explored.
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Finally, regarding the clinical application for Chapter 4, arterial stiffness can remain elevated for
up to a year after infection '?, while other post-COVID-19 cardiovascular sequelae (myocardial infarction,
ischemic cardiomyopathy, atrial fibrillation, dysrhythmias, coagulation disorders) can remain elevated for
up to two years after hospitalization from COVID-19 '2. Consequently, it would be particularly intriguing
to explore whether IF resolves post-COVID-19 cardiovascular sequelae in humans.

Overall, this dissertation provides many avenues of further exploration. Investigating these
various avenues could result in a more comprehensive understanding of how IF leads to arterial de-
stiffening. It could also lead to future clinical trials determining whether once-weekly 24-hour IF reduces

arterial stiffness in humans with obesity or with post-COVID-19 cardiovascular sequelae.
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Figure 3.S1. A single fasting-refeeding cycle did not affect the gut microbiota in lean and obese mice. A-B)
Total fecal 16s RNA DNA (left), gut microbial alpha diversity (middle) and gut microbiota beta diversity
(right) diversity analyses at the genus level throughout a single fast-refeeding cycle in lean A) and obese B)
mice. N=4-8 mice per group. WT=lean; OB=obese. AL=ad [libitum fed; Fast=fasted for 24 hours;
Refeed(Day)=mice that were fasted for 24 hours then refed for 24 hours; Refeed(Week)=mice that were fasted
for 24 hours then refed for one week.
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Figure 3.S2. Effects of a single fasting-refeeding cycle on plasma cytokine/chemokine levels in lean and obese mice. A-P)
Changes in cytokine/chemokine levels between all respective time points in lean and obese mice. N=2-8 mice per group per
cytokine/chemokine. WT=lean; Ob=obese; AL=ad libitum fed; Fast=fasted for 24 hours; Refeed(Day)=mice that were fasted for
24 hours then refed for 24 hours; Refeed(Week)=mice that were fasted for 24 hours then refed for one week.
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Figure 3.S3. A single fasting-refeeding cycle impacted splenocyte counts in lean and obese mice. A-J)
Changes in absolute counts of spleen A) NKp46" (NK cell), B) CD3" (T cell), C) CD19" (B cell), D) Ly6G*
(neutrophil), E) CD11b" MHCII Ly6G CD11¢, F) CD11b" MHCII' Ly6G CD11c¢*, G) CD11b" MHCII* CD1 1¢
, H) CD11b" MHCII* CD11c¢*, I) CD11b-MHCII' CD11c*, and J) CD11b- MHCII* CD11c¢" populations between
all respective time points in lean and obese mice. N=3-7 mice per group per subpopulation. WT=lean; Ob=obese;
AL=ad libitum fed; Fast=fasted for 24 hours; Refeed(Day)=mice that were fasted for 24 hours then refed for 24
hours; Refeed(Week)=mice that were fasted for 24 hours then refed for one week.
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Figure 3.S4. Once-weekly 24-hour intermittent fasting reduced arterial stiffness in obese mice independent
of changes in body weight and vascular remodeling. A-D) Scatterplot and Pearson correlations between pulse
wave velocity and body weight changes from weeks 1-9 A), week 9 pulse wave velocity and week 9 body weight
B), week 6 pulse wave velocity and week 6 body weight C), and pulse wave velocity and body weight changes
from weeks 1-6 D). N=10-12 mice per group. E) Changes in thoracic aorta total wall thickness (left) and intima-
media wall thickness (right) between groups. N=8-12 mice per group. F) Changes in small intestine villous height
(left), crypt depth (middle), and the ratio between the two (right) between groups. N=11-12 mice per group.
WT=lean; Ob=obese; AL=ad libitum feeding; [F=once-weekly 24-hour intermittent fasting; PWV=pulse wave
velocity. Different letters indicate significant differences between groups.
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Figure 3.S5. Links Between Clostridia_186, Bacteroides_304, and Lachnospiraceae_436 relative abundances
and cecal short chain fatty acid levels in obese mice. A) Scatterplot and Pearson correlations between
Clostridia 186 and Bacteroides 304 in obese mice. N=11 mice per group. B) Scatterplot and Pearson correlations
between cecal butyrate concentrations and Clostridia_186 (left) and Bacteroides 304 (right) relative abuncances.
N=11 mice per group. C) Scatterplot and Pearson correlations between cecal butyrate concentrations and cecal
acetate (left) and propionate (right) concentrations. N=12 mice per group. D) Scatterplot and Pearson correlations
between cecal acetate ceoncentrations and Bacteroides 304 relative abundance. N=11 mice per group. E) The top
10 most positively (teal) and negatively (magenta) associated taxa with Bacteroides 304 in obese mice.
Correlations were identified using the pattern search function in MicrobiomeAnalyst. All of the positively-
associated microbes were elevated in Ob+IF mice compared to Ob+AL mice (FDR-adjusted p-value=0.16). F)
Scatterplot and Pearson correlations between Lachnospiraceae 436 relative abundance and cecal acetate (left)
and butyrate (right) concentrations. N=11 mice per group. Ob=obese; AL=ad libitum feeding; IF=once-weekly
24-hour intermittent fasting.
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Figure 3.S6. Once-weekly 24-hour intermittent fasting did not affect splenocyte populations in lean and
obese mice. A-J) Terminal differences in distinct splenocyte populations between groups. An identical gating
strategy, as shown in Figure S2, was used to identify subpopulations. N=6-10 mice per group per subpopulation.
WT=lean; Ob=obese; AL=ad libitum feeding; IF=once-weekly 24-hour intermittent fasting. Different letters
indicate significant differences between groups.
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Figure 3.S7. Once-weekly 24-hour intermittent fasting reduced plasma cytokine/chemokine levels in obese
mice. A-I) Differences in plasma cytokine/chemokines between groups. N=4-9 mice per group per
cytokine/chemokine. WT=lean; Ob=obese; AL=ad libitum feeding; IF=once-weekly 24-hour intermittent fasting.
Different letters indicate significant differences between groups.
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Figure 3.S8. Representative gating strategy for splenocyte populations. Intact, single, live, CD45" cells were initially gated off of their expression of
NKp46. NKp46- cells were subsequentially gated for expression of CD3 or CD19. CD3" CD19" cells were then gated for MHCII and CD11b expression.
CD11b" MHCII*, CD11b- MHCII*, and CD11b” MHCII cells were then gated for CD11¢ expression. CD11b* MHCII cells were gated for CD11c¢ and
Ly6G expression.
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CHAPTER 3 SUPPLEMENTAL TABLES

Table 3.S1. Changes in Pulse Wave Velocity Over the Acute Fasting-Refeeding Cycle in Lean and Obese Mice.

AL Fast Refeed (Day) Refeed (Week)
WT 431.7+£11.9° 508.5+17.0° 441.0 £25.6%° 455.6 £ 14.3%°
Ob 470.7+12.0° 460.2 £20.0* 471.8 £25.6% 482.7+£19.2%

N=6-8 mice per group. Data are presented as mean + SEM. Analysis was performed using one-way ANOVA
with robust standard errors followed by Tukey’s multiple comparisons test. Different letters indicate
significant differences between groups (p<0.05). WT=lean; Ob=obese; AL=ad libitum fed; Fast=fasted for 24
hours; Refeed(Day)=mice that were fasted for 24 hours then refed for 24 hours; Refeed(Week)=mice that
were fasted for 24 hours then refed for one week.
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Table 3.S2. Termination Body- and Tissue Weights of Mice Subjected to Once-Weekly 24-Hour Intermittent Fasting Protocol.

WT+AL WTHIF Ob+AL Ob+IF
Body Weight (g)* 31.4+£0.9° 31.4+0.8° 59.3+£0.8 54.6 +1.4°
Liver Weight (mg) 1450.0 + 86.7* 1523.0+£91.6*°  4017.0+93.9° 3212.0 £ 180.3°
Relative Liver Weight (mg/Termination BW) 458+ 1.9° 483 £2.4° 67.1+1.3° 58.5+24°
Spleen Weight (mg) 83.0£4.1*¢ 80.3 £5.9*¢ 90.5+2.9°* 74.4 £4.3¢
Relative Spleen Weight (mg/Termination BW) 2.6+0.1° 2.5+0.2° 1.5+0.1° 1.4+0.1°
Lung Weight (mg) 171.7+ 8.7 173.7 + 8.3* 154.5£3.3° 154.0 £ 4.7
Relative Lung Weight (mg/Termination BW) 55+04° 5.5+0.2° 26£0.1° 2.8+0.1°
Heart Weight (mg)* 136.3 +4.5° 136.7 +4.9* 153.3+3.2° 141.5 3.8
Relative Heart Weight (mg/Termination BW) 44+0.2° 44+0.1° 26£0.1° 26£0.1°
Cecum Weight (mg) 648.6 +33.6° 633.2 £ 33.3% 842.1 + 82.7° 746.9 + 48.9°
Relative Cecum Weight (mg/Termination BW)* 20.6 £0.8° 20.2+£0.9° 14.1+1.4° 13.4+0.8
Colon Length (cm)* 5.7+0.2% 5.5+£0.2° 6.4+0.3° 6.2 £0.2%°
Relative Colon Length (cm/Termination BW)* 0.18 +£0.01° 0.17+0.01° 0.11 £0.00° 0.11 £0.01°

N= 9-12 mice per group. Data is presented as mean + SEM. Analysis was performed using Welch ANOVA followed by Dunnett’s T3
multiple comparisons test. *Analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons test. Different
letters indicate significant differences between groups (p<0.05). WT=lean; Ob=obese.
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Table 3.S3. Relative Abundance Differences in Gut Microbe Features Between Ad [ibitum and Once-
Weekly 24-Hour Intermittent Fasting Obese Mice at Termination.

Comparison Test Microbe (Feature) Score FDR-
Adjusted P-
Value
Ob+IF vs. Mann- +/- Threshold

Ob+AL Whitney Change <0.05
g Bacteroides 304 + <0.01

g Muribaculaceae 200 - <0.01

Clostridia UCG _014_186 - <0.01

Ob+IF vs. Negative log2FC Threshold
Ob+AL Binomial <0.05
(EdgeR)

g  Muribaculaceae 619 10.93 <0.01

g  Muribaculaceae 22 9.88 <0.01

g Lachnospiraceae NK44136 group 156 -6.40 <0.01

g Lachnospiraceae NK44136 group 132 6.91 <0.01

Clostridia UCG 014 _78 -5.01 <0.01

g Lachnospiraceae NK44136 group 1 5.65 <0.01

g  Muribaculaceae 609 5.30 <0.01

f Lachnospiraceae 280 3.36 <0.01

g Ruminococcus 52 -4.38 <0.01

g Lachnospiraceae UCG-001 284 -4.19 <0.01

f Lachnospiraceae 495 4.44 <0.01

' Blautia 477 3.88 <0.01

Clostridia UCG_014_168 4.03 <0.01

[ Lachnospiraceae 112 2.53 <0.01

Clostridia UCG _014_186 -2.25 <0.01

g [Eubacterium] ventriosum_group 282 3.42 <0.01

g  Muribaculaceae 375 -3.03 <0.01

f Oscillospiraceae 40 2.97 <0.01

g Erysipelatoclostridiaceae 487 3.21 <0.01

Clostridia UCG_014_306 3.14 <0.01

g Ruminococcus_ 719 -2.97 <0.01

g Erysipelatoclostridium 388 3.47 <0.01

g Romboutsia_726 -2.61 <0.01

g Monoglobus 149 -2.15 <0.01

fLachnospiraceae 233 -2.05 0.01

g Lachnospiraceae NK44136 group 671 2.52 0.01

f Lachnospiraceae 451 2.81 0.02

g Akkermansia 690 -2.45 0.02

g Bacteroides 304 1.92 0.02

g Clostridia UCG _014_553 -2.57 0.02

f Lachnospiraceae 612 2.10 0.03

g Roseburia_448 2.35 0.03

fLachnospiraceae 4 2.12 0.03
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fLachnospiraceae 486 -2.75 0.03

f Oscillospiraceae 318 1.67 0.04
f_Oscillospiraceae 511 2.23 0.04
g Tyzzerella 327 -1.99 0.04
f Lachnospiraceae 266 1.68 0.04
Ob+IF vs. LEfSe LDAscore  Threshold
Ob+AL <0.1
Clostridia UCG_014_186 -2.47 0.04
g Bacteroides 304 4.31 0.04
g  Muribaculaceae 200 -4.47 0.04
g Akkermansia 690 -4.52 0.07
f Lachnospiraceae 612 2.5 0.07
f Oscillospiraceae 245 3.14 0.07
g  Muribaculaceae 619 4.72 0.07
g Parasutterella 311 -3.37 0.08
g  Muribaculaceae 375 -4.27 0.09
g Monoglobus 149 -2.62 0.09
g  Muribaculaceae 645 4.35 0.09
f_ Ruminococcaceae 228 1.91 0.09
fLachnospiraceae 260 2.58 0.09

N=11 mice per group. EdgeR= R package that utilizes negative binomial models to analyze the differential
analysis of sequence read count data; LEfSe= linear discriminant analysis effect size; Log2FC=log2 fold change;
LDAscore=linear discriminant analysis score; FDR=false discovery rate. Underscore indicates the specific
feature out of 733 distinct features. Red indicates the same bacteria in all three analyses. Blue indicates the same
bacteria in two out of the three analyses.
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Table 3.S4. Differences in Gut Microbe-PWYV Relationships in Obese Ad libitum and Intermittent Fasting Mice.

Microbe Arterial Stiffness Measure Adjusted pSLOPEs; pSLOPE PSLOPE g ;ero
R? (Direction  (Direction
of of
Association) Association)

Ruminococcaceae.g Incertae Sedis 577 Week 9 PWV 0.39 <0.01(-) 0.05 (-) 0.98
Peptococcales.f Peptococcaceae 618 0.31 0.01 (-) 0.05 (+) 0.33
Lachnospirales.f Lachnospiraceae 414  Change in PWV (Week 1-9) 0.48 <0.01(-) 0.04 (-) 0.52
Monoglobaceae.g Monoglobus 149 0.41 0.02 (-) 0.05 (+) 0.30
Lactobacillaceae.g Lactobacillus 209 0.33 0.04 (-) 0.05 (+) 0.51
Lachnospirales.f Lachnospiraceae 436 0.33 0.04 (+) 0.04 (-) 0.52

N=10-11 mice per group. pSLOPE1=p-value of default regression coefficient (is the slope in Ob+AL mice not equal to 0) with corresponding
direction of association (positive (+) or negative (-)); pPSLOPE=p-value of default regression coefficient (is the slope in Ob+IF mice not equal
to pSLOPEAr) with corresponding direction of association (positive (+) or negative (-));pSLOPEr.cro- p-value of whether pSLOPEr is
significantly different than 0.
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Table 3.S5. Significant Results from Mediation Analysis in Obese Mice.

Microbe Chemokine (Mediator) Outcome PACME
Clostridia UCG 014 186 CXCL1 Change in PWV (Week 1-9)  0.02
Muribaculaceae 200 CCL7 0.02
Clostridia UCG 014 186 CCL2 0.04
Clostridia UCG 014 186 CXCL1 Week 9 PWV 0.03
Muribaculaceae 200 CCL7 0.03

N=11 obese mice. 95% CI= 95 percent confidence interval; p-value=p-value of the average causal

mediated effect (ACME); PWV= pulse wave velocity.
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Table 3.S6. Flow Cytometry Panel Information.

Marker Fluor Dilution Company Catalog #

CD45 Brilliant Violet 1:200 Biolegend 103136
570

NKp46 PE 1:400 Biolegend 137604

CD3 Alexa Fluor 532 1:100 eBioscience 58-0032-82

CD19 Brilliant Violet 1:200 Biolegend 115539
605

CDl11b Pacific Blue 1:200 Biolegend 101224

CDl1l1c Brilliant Violet 1:400 Biolegend 117335
785

Ly6G PerCP 1:100 Biolegend 127653

MHCII Brilliant Violet 1:600 BD Biosciences 566088
480

Zombie NIR 1:2000 Biolegend 423105
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CHAPTER 3 SUPPLEMENTAL RESULTS

The Observed Effects of a Single Fasting-Refeeding Cycle Are Transient
The single fasting-refeeding cycle did not affect total microbial load (16s TRNA DNA),

Shannon’s index (alpha diversity) or Bray-Curtis distances (beta diversity) diversity in WT or Ob mice
(Figure 3.S1A-3.S1B). We also saw no differences in community dispersion over the acute fasting-
refeeding cycle in either genotype (WT PERMDISP p-value=0.11, Ob PERMDISP p-value=0.30).

Over the single cycle, there was considerable heterogeneity in plasma cytokine/chemokine levels
(Figure 3.S2). Yet, the acute fasting-refeeding cycle seemed to most strongly affect plasma levels of
CCL4 (MIP-1B), IL12p70 (IL-12), and CXCL1 in Ob mice compared to WT mice. Specifically, CCL4 (a
mediator of leukocyte chemotaxis ") was increased in Ob+Refeed (Week) mice compared to Ob+AL
(p=0.01) (Figure 3.S2C). IL12p70, which aids in polarizing naive CD4+ T cells into type 1 helper T cells
(Th1) cells as well as activates natural killer (NK) cells ”°, was significantly decreased in Ob+Refeed
(Day) mice (p<0.01) and then rebounded to levels higher than Ob+AL in Ob+Refeed(Week) mice
(p=0.04) (Figure 3.S2H). Importantly, there were no significant differences in these two cytokines
between AL and Fast time points, suggesting the refeeding period and not the 24-hour fast itself impacted
the circulating levels of these cytokines. CXCLI1 (a neutrophil chemoattractant shown to regulate vascular
health through the CXCL1-CXCR2 pathway ) was significantly increased in Ob+Fast mice (p<0.01) but
rebounded to normal levels upon refeeding (Ob+AL vs. Ob+Refeed(Day) p-value= 0.99; Ob+AL vs.
Ob+Refeed(Week) p-value= 0.99) (Figure 3.S2J). In contrast, when compared to WT+AL mice,
concentrations for all three of these cytokines remained stable throughout the fasting-refeeding cycle in
WT mice.

Acute fasting also affected immune responses in the spleen. After adjusting for genotype,
NKp46" cells (natural killer cells) (p<0.01) (Figure 3.S3A), CD3" cells (T cells) (p<0.01) (Figure
3.83B), CD19" cells (B cells) (p<0.01) (Figure 3.S3C), Ly6G" cells (neutrophils) (p<0.01) (Figure
3.83D), CD11b" MHCII' Ly6G CD11c" cells (p<0.01) (Figure 3.S3E), CD11b" MHCII' Ly6G CD11c"

Cells (p=0.01) (Figure 3.S3F), CD11b" MHCII" CDl11¢ (p=0.02) (Figure 3.S3G), CD11b" MHCIT"
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CDl11c¢" cells (p=0.01) (Figure 3.S3H), CD11b- MHCII' CD11c" (p<0.01) (Figure 3.S3I), and CD11b
MHCII" CD11¢" cells (p=0.01) (Figure 3.S3J) were decreased following the 24-hour refeed. These
reductions were mostly temporary, as counts (except for neutrophils cells and CD11b" MHCII" CD11c¢"
cells) reverted to values not significantly different from AL controls after a week of refeeding. Similarly,
the 24-hour fast significantly reduced spleen weight in both WT and Ob mice, yet weight was stabilized
after a day of refeeding (data not shown).

Next, we leveraged the VOLARE pipeline to observe whether the acute increase in PWV in
WT+Fast mice was associated with changes in “Clinical Data”, “Microbes”, or “Splenocyte and Plasma
Cytokines” analytes (see “bins” discussed in VOLARE Methods section for further clarification). This
analysis revealed no linear relationships between PWV and other analytes that differed between WT+AL
and WT+Fast mice. This finding suggests that the acute increase in PWV in WT+Fast animals is not
associated with changes to the gut microbiota, immune system, or other measured physiological
parameters.

We then investigated whether the acute fasting-refeeding cycle differentially impacted linear
relationships between any two analytes within “Clinical Data”, “Microbes”, and/or “Splenocyte and
Plasma Cytokines” bins in WT and Ob mice. Within WT and Ob mice, the VOLARE network revealed 13
and 56 analyte pairs, respectively, with a significant relationship at any time point during the fasting-
refeeding cycle (AL, Fast, Refeed(Day), Refeed(Week). Of these significant analyte pairs, 6 in WT mice
and 19 in Ob mice significantly differed between AL and Fast time points. This indicates that the 24-hour
fast significantly altered several analyte relationships in both WT and Ob mice. Of the six altered
relationships observed in WT+Fast Mice, 5/6 (83%) were not significantly different between WT+AL and
WT+Refeed(Day). A similar trend was seen in Ob mice, as 12/19 (63%) relationships reverted to the
relationship observed in Ob+AL mice after the 24-hour refeed (data not shown). Taken together, these
results suggest that although the 24-hour fast differentially altered analyte relationships in WT and Ob

mice, most of these relationships reverted to baseline after 24 hours of ad libitum feeding.
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CHAPTER 4 SUPPLEMENTAL FIGURES
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Figure 4.S1. Gating strategies to identify lung and spleen immune cell counts in lean and obese
mice. A-B) Representative gating strategy for identifying lung A) and spleen B) immune cells during
SC2 infection. Intact, single, live CD45" cells were initially gated from their expression of CD3 or
CD19. CD3" CD19 cells were gated for Ly6G or NKp46 expression. Ly6G- NKp46° cells were then
gated for CD11b and CD11c expression. To further investigate changes in distinct B cell and innate

immune cell populations in the lung, CD19" cells were then gated for CD62L and CD86 expression, and
CD11b/CD11c cells were gated for MHCILI.
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Figure 4.S2. Differences in lung innate immune cell and B cell populations following intermittent
fasting and SARS-CoV-2 infection in lean and obese mice. Proportion of lung CD11b* CD11c*
MHCII" A) CD11b" CD11¢* MHCIT" B) CD11b* CD11¢" MHCII' C) CD11b" CD11¢c” MHCII” D)
CD62L" CD86" B cells E) CD62L CD86" B cells F) CD62L* CD86 B cells G) and CD62L CD86™ B
cells H) during SARS-CoV-2 infection. N=3-5 mice per group per DPI. WT=lean; Ob=obese; AL=ad
libitum feeding; IF=once-weekly 24-hour intermittent fasting; SC2=SARS-CoV-2 (MA10) infection;
DPI= days post-inoculation. * indicates a p-value of less than 0.05 between 3- and 7 DPI in Ob+AL+SC2

mice.
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CHAPTER 4 SUPPLEMENTAL TABLES

Table 4.S1. Pairwise PERMANOVA Analyses Between PBS- and SARS-CoV-2-Inoculated Lean and Obese Mice.

Comparison Genotype DPI F-Value FDR-Adjusted P-Value
WT 3vs.7 Threshold <0.05
AL 1.19 0.30
AL+SC2 1.44 0.30
IF+SC2 1.60 0.29
3
AL vs. AL+SC2 3.62 0.12
AL vs. IF+SC2 2.50 0.21
ALA+SC2 vs. IF+SC2 0.55 0.90
7
AL vs. AL+SC2 2.02 0.12
AL vs. IF+SC2 1.81 0.21
ALA+SC2 vs. IF+SC2 0.41 0.94
Ob 3vs.7
AL 0.50 0.78
AL+SC2 0.93 0.62
IF+SC2 0.26 0.98
3
AL vs. AL+SC2 6.04 0.04
AL vs. IF+SC2 4.12 0.10
ALA+SC2 vs. IF+SC2 1.25 0.48
7
AL vs. AL+SC2 0.91 0.64
AL vs. IF+SC2 3.74 0.04
ALA+SC2 vs. IF+SC2 0.68 0.78

N=3-5 per group. FDR=false discovery rate. WT=lean; Ob=obese; AL=ad libitum feeding; SC2=SARS-CoV-2 (MA10) infection; DPI= days post-
inoculation. Red indiicates significant FDR-adjusted p-value (<0.05).
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Table 4.S2. Differences in Gut Microbe Relative Abundances Between PBS- and SARS-CoV-2-Inoculated Ad /ibitum Obese Mice at 3 Days Post-
Inoculation

Comparison Test Microbe (Feature) Score FDR-Adjusted P-Value
Ob+AL+SC2 (3 DPI) vs. Mann-Whitney +/- Change Threshold <0.05
Ob+AL (3 DPI)
NA NA NA
Ob+AL+SC2 (3 DPI) vs.  Negative Binomial (EdgeR) log2FC Threshold <0.05
Ob+AL (3 DPI)
g  Muribaculaceae 159 8.16 <0.01
Monoglobus 170 -3.96 <0.01
s Dubosiella newyorkensis 96 5.22 <0.01
g Marvinbryantia_34 -5.22 <0.01
s [Clostridium] cocleatum_ 112 -3.41 0.02
Ob+AL+SC2 (3 DPI) vs. LEfSe LDAscore Threshold <0.1
Ob+AL (3 DPI)
NA NA NA

N=3-5 per group. EdgeR= R package that utilizes negative binomial models to analyze the differential analysis of sequence read count data; LEfSe= linear
discriminant analysis effect size; Log2FC=log2 fold change; LDAscore=linear discriminant analysis score; FDR=false discovery rate. Ob=obese; AL=ad

libitum feeding; SC2=SARS-CoV-2 (MA10) infection; DPI= days post-inoculation. Underscore in Microbe (Feature) indicates the specific feature out of 198
distinct features.
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Table 4.S3. Differences in Gut Microbe Relative Abundances Between PBS- Inoculated Ad Libitum Obese Mice and SARS-CoV-2-
Inoculated Intermittent Fasted Obese Mice at 7 Days Post-Inoculation

Comparison Test Microbe (Feature) Score FDR-Adjusted P-Value
Ob+IF+SC2 (7 DPI) Mann-Whitney +/- Change Threshold <0.05
vs. Ob+AL (7 DPI)

NA NA NA
Ob+IF+SC2 (7 DPI) Negative Binomial (EdgeR) log2FC Threshold <0.05
vs. Ob+AL (7 DPI)
g Coriobacteriaceae UCG-002 179 -6.42 <0.01
g Lachnospiraceae NK4A4136 group 103 -7.55 <0.01
g  Muribaculaceae 159 8.12 <0.01
g  Marvinbryantia 34 -4.46 0.03
g Acetatifactor 144 4.02 0.04
Ob+IF+SC2 (7 DPI) LEfSe LDAscore Threshold <0.1
vs. Ob+AL (7 DPI)
NA NA NA

N=4-5 per group. EdgeR= R package that utilizes negative binomial models to analyze the differential analysis of sequence read count data;
LEfSe= linear discriminant analysis effect size; Log2FC=log2 fold change; LDAscore=linear discriminant analysis score; FDR=false discovery
rate. Ob=obese; AL=ad libitum feeding; SC2=SARS-CoV-2 (MA10) infection; DPI= days post-inoculation. Underscore in Microbe (Feature)

indicates the specific feature out of 198 distinct features.

144



Table 4.54. Flow Cytometry Panel Information.

Marker Fluor Dilution Company Catalog #
CD45 Brilliant Violet 570 1:200 Biolegend 103136
NKp46 PE 1:400 Biolegend 137604

CD3 Alexa Fluor 532 1:100 eBioscience 58-0032-82

CD19 Brilliant Violet 605 1:200 Biolegend 115539
CD62L PE/Dazzle 594 1:400 Biolegend 104447
CD86 PE/Cyanine7 1:200 Biolegend 105013
CDl11b Pacific Blue 1:200 Biolegend 101224
CDl1l1c Brilliant Violet 785 1:400 Biolegend 117335
Ly6G PerCP 1:100 Biolegend 127653
MHCII Brilliant Violet 480 1:600 BD Biosciences 566088
Zombie NIR 1:2000 Biolegend 423105
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