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 CHAPTER ONE  

STATEMENT OF THE PROBLEM 

Heart Failure (HF) continues to be one of the main causes of mortality worldwide. 

It occurs due to an impairment in ventricular filling and/or contraction to pump sufficient 

blood to the body. HF is a complex disorder that involves many signs and symptoms 

such as shortness of breath, inability to exercise, fatigue, pulmonary edema, and many 

others. HF is classified by left ventricle ejection fraction (LVEF) as either heart failure 

with reduced ejection fraction (HFrEF), where LVEF ≤ 40%, or heart failure with 

preserved ejection fraction (HFpEF), where LVEF ≥ 50%.     

HFpEF is one of the most prevalent medical conditions in the United States, 

where it accounts for more than half of heart failure patients. HFpEF is a heterogenous 

disease in which multiple systems such as cardiac, pulmonary, and renal disorders 

contribute to its clinical pathophysiology. It evolves from different comorbidities such as 

hypertension, aging, obesity, and type 2 diabetes (T2D) which requires phenotype-

specific treatment strategy. The presence of a new pathological identity named “pre-

HFpEF” has been recently identified where patients have no signs and symptoms of 

heart failure, they have normal ejection fraction of >50%, however they show structural 

abnormalities to their hearts that are similar to those found in clinical HFpEF, such as 

cardiac hypertrophy. The need to understand and act on the early cardiac changes 
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observed in pre-HFpEF prior to transition to clinical HFpEF is very critical, therefore this 

dissertation focuses on investigating the pre-HFpEF stage. 

The epidemic of obesity continues to be one of the major health issues in the 

United States with over 40% of adults being obese. It is one of the key risk factors that 

contribute to the development of pre-HFpEF and is one of the main comorbidities seen 

in HFpEF patients with more than 80% of HFpEF patients being obese. Giving rise to a 

specific pathological entity of obesity associated HFpEF. The physio pathological  

processes of obesity associated HFpEF involve obesity induced systemic inflammation, 

cardiomyocyte hypertrophy, oxidative and nitrosative stress, and mitochondrial and 

metabolic dysfunction all of which contribute to HFpEF’s complex clinical 

pathophysiology. Therefore, the work in this dissertation focuses on obesity associated 

pre-HFpEF.   

An emerging area of research on the link between obesity and cardiovascular 

diseases (CVDs) is the modulation of gut microbiome and its metabolites. Obesity is 

known to cause gut microbiome imbalance in which beneficial bacteria is decreased 

and harmful bacteria is increased. Gut microbiome imbalance has been linked to the 

development of many CVDs such as hypertension and heart failure with reduced 

ejection fraction (HFrEF), which has been attributed to the changes in the production of 

short chain fatty acids (SCFAs). Gut microbiome produces SCFAs mainly butyrate, 

propionate, and acetate through fermentation of dietary fibers. The supplementation of 

SCFAs was found to be beneficial in several CVDs through reducing inflammation and 

oxidative stress, improving metabolic regulation, glucose homeostasis, and lipid 

metabolism.   
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The association between gut microbiome and HFpEF development has only 

recently been explored where gut microbiome composition was found to be significantly 

altered in HFpEF patients compared to control groups. In addition, there was a 

significant decrease in the SCFAs producing bacteria in HFpEF patients. However, the 

molecular mechanisms on the link between gut microbiome modulation, short chain 

fatty acids reduction and the development of obesity associated HFpEF has yet to be 

investigated. A recent study by our collaborators showed obese mice (WD-fed mice) to 

have a significant decrease in their gut bacterial diversity, and that to be improved with 

fecal microbiome transplantation (FMT) from lean mice, which is used to reconstruct the 

normal composition and function of gut microbiome. In addition to significant reduction 

in microbial diversity, they found a significant reduction in butyrate producing bacteria, 

Lactobacillus, in obese mice. As well as a significant increase in butyrate serum levels 

in obese mice after FMT treatment. Taken together, these data indicate gut microbiome 

and its metabolite butyrate to be associated with obesity progression and that in turn 

might play a role in the development of obesity associated HFpEF. Since our main goal 

is to test whether obesity associated HFpEF progression can be prevented by looking at 

early changes to the heart in the pre-HFpEF stage and target those for treatment, the 

central hypothesis for this dissertation is that gut microbiome imbalance plays a 

significant role in the development and progression of obesity associated pre-HFpEF 

through changes in the short chain fatty acid butyrate. The goals of this dissertation 

were to: 1. Determine the effect of gut microbiome modulation by FMT on early cardiac 

dysfunction in obese pre-HFpEF mice, 2. Determine the effect of the SCFA Butyrate 

supplementation on early cardiac dysfunction in obesity associated pre-HFpEF,             
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3. Identify the molecular mechanism(s) by which gut microbiome modulation and 

butyrate affect cardiac function.  

We have developed a diet-induced obesity pre-HFpEF mouse model where mice 

had normal systolic and diastolic function. However, they developed early cardiac 

dysfunction and LV hypertrophy that is consistent with pre-HFpEF phenotype. Using this 

model, we modulated gut microbiome composition with FMT treatment from lean mice 

and found that to improve gut microbiome diversity, and to significantly improve early 

cardiac dysfunction and LV hypertrophy. In addition, FMT treatment increased the 

production of butyrate-producing bacteria of the Lactobacillus genera. Therefore, we 

treated mice with butyrate supplementation and found it to replicate FMT’s effects on 

cardiac function and hypertrophy. We used a combination of molecular biology, cell 

culture, and transcriptomic approaches and identified the branched chain amino acids 

(BCAAs) catabolic pathway as a potential molecular mechanism involved in butyrate’s 

improvement of early cardiac dysfunction in obesity associated pre-HFpEF. Defects in 

BCAAs degradation has been identified as a metabolic contributor to cardiac 

dysfunction, and that was attributed to increases in reactive oxygen species (ROS) and 

inflammation.  

Our studies reveal a novel molecular mechanism on the connection between gut 

microbiome modulation, the SCFA butyrate, and defects in BCAAs catabolism. As well 

as their role in the development of obesity associated pre-HFpEF. We believe our 

studies will uncover new preventative therapeutics to halt the evolvement and transition 

of obesity associated pre-HFpEF to clinical HFpEF.  
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CHAPTER TWO 

LITERATURE REVIEW 

Heart Failure with Preserved Ejection Fraction 

Cardiovascular diseases (CVDs) are the main cause of death worldwide with 

heart failure (HF) being one of the main disorders associated with CVDs related 

mortality (WHO, 2021). The ACC/AHA identified four stages of HF that are used for 

diagnosis, prevention of HF progression, and the development of therapeutics 

strategies (Table 1).  

Table 1. The ACC/AHA Stages of HF  
 

Stages of HF Definition 
Stage A: At risk for HF Patients have hypertension, obesity, 

diabetes without structural changes to 
their heart of HF symptoms 

Stage B: Pre-HF Structural changes to the heart. No signs 
and symptoms of HF 

Stage C: Symptomatic HF Structural changes to the heart with 
symptoms of HF  

Stage D: Advanced HF HF symptoms that hinder everyday life 
with repeated hospitalization even with 

medical therapy   
 

Heart failure with reduced ejection fraction (HFrEF)/systolic HF, where left 

ventricle ejection fraction (LVEF) is ≤40% due to its inability to properly contract and 

supply the body with blood, was the main type of heart failure until the 1970s where a 
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group of patients with symptoms of HF and normal LVEF of ≥50% were identified(1-4). 

This condition was initially termed diastolic HF; however, it was found to involve both 

systolic and diastolic dysfunction which led to a change in its name to heart failure with 

preserved ejection fraction (HFpEF) (5-7). HFpEF currently accounts for more than 50% 

of HF patients, and its prevalence continues to rise due to insufficient understanding of 

its complex pathophysiology that hinders the ability to find and develop effective 

therapies(8-10). It is characterized by impaired left ventricle (LV) relaxation during 

diastole due to stiffness of the LV and reduced compliance that requires higher filling 

pressure during diastole, LV hypertrophy, inflammation, endothelial dysfunction, and 

elevated natriuretic peptides (11-17).  Furthermore, HFpEF is a heterogenous disease 

where dysfunctions in multiple different organs, in addition to cardiac abnormalities, 

contribute to its clinical pathophysiology and give rise to different symptoms and 

outcomes. This includes pulmonary and renal failure, skeletal muscle abnormalities, 

vascular insufficiency, and immune and metabolic dysfunctions(13, 18-23).  

The Paradigm and Mechanisms of HFpEF Pathophysiology  

The paradigm of HFpEF pathophysiology starts with the presence of different 

comorbidities such as obesity, type 2 diabetes (T2D), hypertension, chronic obstructive 

pulmonary disease (COPD), and chronic kidney disease (CKD) that induce systemic 

inflammation(4, 9, 11-13, 19, 24, 25). The intracardiac mechanisms involve chronic 

inflammation that leads to myocardial remodeling and cardiac fibrosis by interfering in 

the endothelium-cardiomyocyte signaling process. This is manifested by the increase in 

the endothelial expression of adhesion molecules such as vascular cell adhesion 

molecule (VCAM) and E-Selectin. These molecules allow the infiltration of leukocytes 
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into the interstitial space between the endothelium and cardiomyocytes. Leukocytes 

then secrete transforming growth factor β (TGF-β), which converts fibroblasts into 

myofibroblasts that increase the production of extracellular matrix (ECM) components 

such as collagen(26-30). In addition to myocardial remodeling and fibrosis, cardiac 

inflammation leads to cardiac hypertrophy by interfering with the NO–cGMP–PKG 

pathway. This occurs through increase in the production of reactive oxygen species 

(ROS) that in turn decrease the production of nitric oxide (NO), cyclic guanosine 

monophosphate (cGMP) content, and protein kinase G (PKG) activity in 

cardiomyocytes. This causes hypo-phosphorylation and stiffening of titin, the sarcomere 

protein responsible for muscle elasticity, which in turn contributes to the reduction of LV 

compliance in diastole(14, 31, 32). The increase in oxidative and nitrosative stress is 

also seen in HFpEF hearts due to systemic inflammation and mitochondrial 

dysfunction(21, 28, 33-36). Increase in nitrosative stress is linked to dysfunction in the 

IRE1α–XBP1 signaling pathway which in turn decreases the unfolded protein response 

(UPR), increases the accumulation of unfolded proteins and endoplasmic reticulum 

(ER) stress(33, 37-41).  

Extracardiac comorbidities play a significant role in HFpEF development(1, 19, 

20). This includes:  

• Obesity and T2D causing mitochondrial metabolic defects, inflammation, 

oxidative stress, lipotoxicity, and exercise intolerance(42-47)   

• Skeletal muscle metabolic dysfunction due to reduction in skeletal muscle 

oxidative capacity reduces ATP production needed for muscle contraction, which 

causes exercise intolerance(48-52) 
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• Hypertension, which contributes to increase inflammation, oxidative stress, 

cardiac hypertrophy, and fibrosis(53-56).  

• Pulmonary hypertension and renal failure(57-62).  

HFpEF Animal Models and Therapies 

This clinical paradigm of HFpEF is significantly different from that of HFrEF which 

explains the inability of conventional heart failure therapeutics in treating HFpEF(11, 20, 

42, 63). The management of associated chronic diseases using a combination of 

exercise, caloric restriction, diuretics, and beta blockers have been proposed as a 

strategy to attenuate HFpEF progression(13, 19, 64-66). However, this approach has 

shown no significant success in reducing HFpEF progression and mortality rates(13, 

67). In addition to its complex clinical pathophysiology, a major challenge in the 

development of successful treatments for HFpEF was the absence of animal models 

that recapitulates its complexity(19, 68). More recently, three mice models were shown 

to resemble human clinical HFpEF (Table 2).  

The HFD+L-NAME model induced metabolic (obesity) stress with a diet that consisted 

of >60% fat, and mechanical (hypertension) stress using the inhibition of nitric oxide 

synthase (NOS)(41).  

The HFD+aging+AngII model added the aging element, where mice were 18-22 

months of age, to the metabolic stress (obesity induced by high fat diet >60% fat) and 

mechanical stress (hypertension induced by AngII infusion for chronic stimulation of 

AngII receptor)(69).  

The HFD+aging+DOCP model used 16 months aging mice in addition to high fat diet 

>60% fat, and desoxycorticosterone pivalate to induce hypertension(70). 
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Table 2. HFpEF Mouse Models. Current mouse models that recapitulate signs and 
symptoms of clinical human HFpEF. HFD, high fat diet; L-NAME, Nω-nitro- l-arginine 
methyl ester; AngII, Angiotensin II; DOCP, desoxycorticosterone pivalate, T2D; type 2 
diabetes 
 

Model EF  Comorbidities Exercise 
Intolerance 

Diastolic 
Dysfunction 

Lung 
Congestion 

Renal 
Failure  

HFD+L-NAME Normal Hypertension, 
Obesity, T2D 

Yes Yes Yes N/A 

HFD+Aging+AngII Normal Hypertension, 
Obesity, T2D 

Yes Yes Yes N/A 

HFD+Aging+DOCP Normal Hypertension, 
Obesity, T2D 

Yes Yes Yes N/A 

 

The presence of HFpEF mice models provides a great avenue for understanding 

the molecular mechanisms as well as testing potential therapeutics of HFpEF. However, 

many aspects must be taken into consideration when using these models such as the 

differences in the physiology between the mouse and human heart, and the disease’s 

heterogeneity with other comorbidities that give rise to distinct clinical symptoms which 

requires the development of phenotype-specific treatments(13, 65). Recently, the use of 

sodium-glucose cotransporter 2 (SGLT2) inhibitors has shown promising results in 

alleviating HFpEF symptoms using randomized clinical trials(71). SGLT2 inhibitors are 

used for the treatment of T2D(72-75), they lower blood sugar levels by blocking the 

kidney’s reuptake of glucose and increasing its excretion in the proximal renal 

tubule(76). The EMPEROR-Preserved trial provided a positive outcome in reducing the 

risk of mortality and hospitalization of HFpEF patients after treatment with the sodium-

glucose cotransporter 2 (SGLT2) inhibitor empagliflozin(77). These results were 

confirmed by the PRESERVED-HF trial. HFpEF patients were given the SGLT2 inhibitor 

dapagliflozin and had significant improvement in heart failure symptoms as well as 

exercise capacity(78). The molecular mechanisms involved in SGLT2 inhibitors 
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beneficial effects on HFpEF are still under investigations. Some of the proposed 

mechanisms of SGLT2i are increasing in myocardial energy production, reducing 

systemic inflammation and oxidative stress, improving insulin resistance, and activating 

fatty acid oxidation(79-84). However, more studies need to be performed to further 

confirm these suggested mechanisms.  

Despite these positive findings, another possible approach to better understand 

and halt the pathogenesis of clinical HFpEF is focusing on the asymptomatic pre-

HFpEF stage were patients have no sign and symptoms of HF but have structural 

abnormalities to their heart that are similar to those in clinical HFpEF patients, as well 

as an increase in cardiac dysfunction biomarkers(19, 85-87). Some of the proposed 

main abnormalities involved in the transition from pre-HFpEF to clinical HFpEF are 

pulmonary hypertension, atrial failure, kidney dysfunction, and systemic 

inflammation(88). Addressing and targeting these abnormalities in the pre-HFpEF stage 

might provide a better therapeutic approach that prevents further HFpEF progression. 

Obesity Associated HFpEF 

 Obesity and T2D are two of the main drivers of HFpEF development where 

more than 80% of HFpEF are obese/overweight giving rise to a distinct phenotype 

called “obesity associated HFpEF”(89-94). The pathophysiology of obesity associated 

HFpEF include hemodynamic effects, neurohormonal effects and inflammatory effects. 

The hemodynamic effects include increase in plasma volume, LV mass, LV 

hypertrophy, and LV filling pressure(46, 91, 95-98). The neurohormonal effects include 

the increase in sympathetic nervous system activity, renin-angiotensin-aldosterone 

system (RAAS) activation, sodium retention, and hypertension(89, 93, 99). 
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The inflammatory effects occur due to visceral adiposity’s increase in 

proinflammatory cytokines like tumor necrosis factor- α (TNF- α) and interleukin-6 (IL-6) 

which leads to chronic systemic inflammation. In addition, epicardial adiposity increases 

proinflammatory cytokines such as IL-1 β, IL-6, and TNF-α leading to cardiac 

inflammation(89, 100-106). As discussed previously, chronic inflammation leads to 

endothelial dysfunction, cardiac fibrosis, and decrees in NO availability in HFpEF 

patients. There are many promising potential therapeutics for obesity associated HFpEF 

including weight loss via caloric restrictions and exercise, as well as SGLT2 inhibitors 

and anti-inflammatory medications. However, due to HFpEF’s heterogeneity more 

studies are required to investigate whether targeting obesity alone is enough to alleviate 

the many dysfunctions seen in obese HFpEF patients.  

Gut Microbiome and Short Chain Fatty Acids 

One of the main effects of obesity and T2D is gut dysbiosis, an imbalance in the 

gut microbiome composition and diversity which occur either due to loss of good 

bacteria, having too much growth of harmful bacteria in the stomach, or loss of overall 

gut microbiome diversity (both good and bad bacteria are lost)(107-110). The gut 

microbiome consists of trillions of micro-organisms present in the gastrointestinal (GI) 

tract that play an important role in metabolism and immune function(111-113). It 

includes five phyla (Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria and 

Cerrucomicrobia), where Bacteroidetes and Firmicutes make up about 90% of healthy 

gut microbiome(114).  The Firmicutes/Bacteroidetes ratio is a known marker of gut 

dysbiosis, and it had been shown to be significantly higher in obese patients due to 

increase in the levels of Firmicutes and a decrease in the levels of 
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Bacteroidetes(107, 108, 115-117). Interestingly, calorie-restricted diet (low fat, low 

carbohydrate diets) normalized the Firmicutes/Bacteroidetes ratio in addition to weight 

loss in obese individuals(108, 117-119). Gut dysbiosis has been associated with many 

diseases in addition to obesity and T2D such as irritable bowel syndrome (IBS), 

inflammatory bowel diseases (IBD), multiple sclerosis (MS), Alzheimer’s and 

Parkinson’s diseases, as well as cardiovascular diseases(112, 120-126).  

Gut microbiota produces its metabolites the short chain fatty acids (SCFAs), 

small monocarboxylic acids made of up to six carbons, in the large intestines through 

anaerobic fermentation of indigestible food such as dietary fibers(127-129). The main 

SCFAs produced are butyrate (C4), propionate (C3), and acetate (C2) (Figure 1)(127-

132). Their main function, in particular butyrate, is to provide energy for epithelial cells 

and maintain gut integrity(133-136) through their absorption by the colonocytes via non-

ionic diffusion, H+-dependent monocarboxylate transporters (MCTs), or sodium-

dependent monocarboxylate transporters (SMCTs)(137-139) (Figure 2). SCFAs that are 

not metabolized in colonocytes are used as energy sources for hepatocytes after being 

transported through the portal vein into the liver. SCFAs can reach the systemic 

circulation directly by being absorbed into the inferior vena cava (132, 136, 140) (the 

largest vein in the human body which carries venous blood from the lower limbs and 

abdominopelvic regions to the heart). The systemic concentration of SCFAs relies 

largely on diet patterns which affects their production and absorption rates. A diet rich in 

fiber increases SCFAs production. Meanwhile, westernized diet consisting of high 

saturated fats, refined grains, high sugar, and high salt lead to gut dysbiosis and 

decrease in SCFAs production(141-145).  
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Figure 1. The Chemical Structure of the Most Abundant SCFAs Butyrate, 
Propionate, and Acetate. 

 
SCFAs signaling occurs through multiple pathways such as binding to G protein-

coupled receptors (GPCRs), GPR43 and GPR41 also called free fatty acid receptors 

FFAR2 and FFAR3, respectively (Figure 2). These receptors were found to be 

expressed in many tissues including the colon, white adipose tissue (WAT), skeletal 

muscles, and the liver(146-150). Butyrate is shown to bind to GPR109a/HCAR2 

(hydrocarboxylic acid receptor) which is expressed in gut epithelial cells, immune cells, 

and adipocytes(151-154). Additionally, acetate and propionate bind to olfactory receptor 

(Olfr) 78 which is mainly found in the kidneys and blood vessels(155-157). 

In addition to binding to GPCRs, SCFAs play a role in epigenetic regulation 

through inhibition of histone deacetylation (HDAC)(158-160). This increases the 

acetylation of lysine residues and transforms the chromatin from condensed to relaxed 

state, and in turn increases gene transcription (Figure 2). Among the SCFAs, butyrate is 

most known for its HDAC inhibition activity. It has been shown to change the expression 

of many genes involved in cell proliferation, differentiation, apoptosis, and 

inflammation(161-165). 
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 Figure 2. SCFAs Molecular Mechanisms and Functions. Dietary fibers are 
fermented in the intestines by the gut microbiome to produce the metabolites SCFAs 
(Butyrate, propionate, and acetate). SCFAs enter the cells through monocarboxylate 
transporters (MCTs), or sodium-dependent monocarboxylate transporters (SMCTs). In 
the nucleus they act as HDAC inhibitors to increase gene transcription and expression. 
In the mitochondrial, they participate in metabolism by undergoing β-oxidation and 
generating acetyl coA that enters the TCA cycle and produce energy (ATP). SCFAs 
bind to several GPCRs (GPR41/43, HCAR2, and Olfr78) with specific affinity leading to 
the activation of many intracellular signaling pathways.   
 
 Studies have shown that alterations in gut microbiome and SCFAs is involved in 

the development of many diseases such as metabolic syndrome (obesity, T2D, and 

dyslipidemia)(136, 166-169) and cardiovascular diseases including hypertension, 

atherosclerosis, coronary artery disease, myocardial infarction, and heart failure(123-

126, 129, 170-180).   
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Therapeutic Interventions for Gut Dysbiosis 

 There are several therapeutic interventions to modulate and reconstruct the 

normal composition and function of gut microbiome including: 1) fecal microbiome 

transplantation (FMT); the introduction of fecal contents from healthy donors into the GI 

tract of patients. In obese/overweight individuals, FMT from lean donors led to 

significant decrease in insulin sensitivity and improved glucose homeostasis(167, 168).                 

2) Probiotics, prebiotics, and antibiotics supplementation(122, 177, 181); probiotics are 

live bacteria isolated from humans and cultured in a lab, while prebiotics are non-

bacterial compounds that stimulate the growth and activity of ‘good’ bacteria. 

Administration of probiotics were shown to alleviate HFD-induced obesity, insulin 

resistance and liver lipid accumulation in mice(182). Prebiotics administrations were 

shown to improve gut permeability, reduce inflammation and improve glucose 

intolerance(183). Antibiotics are used to eliminate harmful bacteria allowing the increase 

of good bacteria. The use of antibiotics has been shown to reduce gut permeability, 

metabolic endotoxemia, and inflammation(166). However, the use of antibiotics to 

modulate the gut microbiome can be tricky due to inability of these antibiotics to be 

specific in eliminating only “bad” bacteria without affecting other types of microbiomes. 

Therefore, this type of intervention should be used as a last resort to other therapeutics. 

3) Dietary changes; this includes the implementation of fiber-rich diet to increase the 

production of beneficial bacteria. A high fiber diet was shown to be beneficial by 

lowering blood pressure and decreasing cardiac fibrosis and hypertrophy, as well as 

improving insulin sensitivity(174).  
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Gut Microbiome and Metabolic Disorders 

Metabolic syndrome (MetS) refers to a group of conditions including abdominal 

obesity, high blood sugar levels, and dyslipidemia (high blood triglycerides (TGs) and 

low high-density lipoprotein (HDL) “good” cholesterol levels). These conditions increase 

the risk of development coronary artery disease, stroke, and diabetes(184). A study by 

Vrieze A. et al, altered the gut microbiome composition by performing intestinal 

microbiota infusion from lean donors to patients with metabolic syndrome. They found 

that after 6 weeks of microbial infusion, patients with MetS had significant improvement 

in their insulin sensitivity (Higher insulin sensitivity permits the body reduce blood sugar 

levels by using blood glucose more effectively). This was associated with increase in 

microbial diversity and butyrate producing bacteria, which pointed to an important role 

for gut microbiome derived butyrate in metabolic regulation and insulin sensitivity(168).  

 Several studies confirmed an association between gut microbiome, diet changes, 

and obesity. Obese individuals were found to have significant increase in the levels of 

Firmicutes and a decrease in Bacteroidetes compared to lean controls(107, 108). In 

support of these findings, mice that developed obesity due to HFD or leptin (the 

hormone responsible for appetite control) deficiency (ob/ob) had a gut microbiome 

depleted of Bacteroidetes and enriched in Firmicutes(116). However, when obese mice 

were placed on calorie-restricted (fat-restricted or carbohydrates-restricted) diets, their 

Firmicutes gut microbiome levels were significantly decreased while Bacteroidetes were 

increased(118).  

Interestingly, MetS associated gut microbiome alterations were correlated with 

increased inflammation and inflammatory markers. Cani et al. were first to investigate 
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the association between gut microbiome and metabolic endotoxemia-induced 

inflammation(166). Metabolic endotoxemia is known to induce systemic inflammation in 

HFD and ob/ob induced obesity due to structural changes in the intestinal epithelium 

that acts as a barrier to prevent the release of lipopolysaccharides (LPS) into the 

bloodstream(185). LPS activates Toll-like receptor 4 (TLR4) which increases the 

production of pro-inflammatory cytokines(186). They found HFD and ob/ob mice to have 

increase in gut permeability, LPS plasma levels, pro-inflammatory cytokines levels, and 

oxidative stress in visceral adipose tissue. In addition, glucose-induced insulin 

secretion, insulin resistance, body weight gain, total energy intake, and visceral and 

subcutaneous adipose weight were significantly increased in obese mice. However, 

they found that gut microbiome modulation with antibiotics (Ampicillin and neomycin), 

an approach to eliminate diseases-causing bacteria and increase “beneficial” bacteria, 

were able to reverse all these parameters in obese mice(185).  

Another MetS condition that has been associated with gut microbiome 

modulation is dyslipidemia. This condition is manifested by the increase of circulating 

TGs, low-density lipoprotein (LDL) “bad” cholesterol, and decrease in HDL “good” 

cholesterol plasma levels(187). Zhang P. et al, studied the association between gut 

microbiome modulation and lipid metabolism in db/db mice, a common mouse model 

used to study diabetic dyslipidemia, using FMT from individuals with normal glucose 

tolerance (NGT). They found FMT-treated db/db mice to have significant changes in 

their phenotypes where they had a significant decrease in fasting blood glucose, 

postprandial glucose, total cholesterol, TGs, and LDL levels. Whereas there was a 

significant increase in HDL levels(167).   
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In summation, many human and animal studies show a correlation between 

MetS and gut microbiome composition. This includes a positive correlation between 

increase in gut microbiome diversity and richness and a decrease in metabolic induced 

inflammation, dyslipidemia, insulin resistance, weight gain and many other metabolic 

effects.   

SCFAs and Metabolic Syndrome 

One of the main proposed mechanisms on the association of gut microbiome 

modulation with MetS is changes in levels of the metabolites SCFAs (butyrate, 

propionate, and acetate). SCFAs were shown to protect against DIO by promoting 

weight loss through decreasing food intake, increasing fatty acid oxidation and energy 

expenditure(136, 188-190)(the amount of energy required to perform essential body 

function such as breathing, digestion, and circulation).  

Butyrate acts as the main source of energy for intestinal epithelia cells which 

maintains the gut barrier integrity, controls gut permeability, and in turn helps in 

preventing the release of LPS into the circulation and decreases inflammation. In 

addition, butyrate has been shown to decrease the levels of pro-inflammatory markers 

such as VCAM, E-selectin, TNF-α as well as the expression of proinflammatory 

cytokines through its HDAC inhibition activity(133, 191-195). A study by Gao Z. et al, 

showed that butyrate supplementation of HFD fed mice increased their insulin 

sensitivity, decreased adiposity, and improved energy expenditure. This occurred 

through improvement in mitochondrial function due to induction of peroxisome 

proliferator–activated receptor (PPAR)-γ coactivator PGC-1 activity in skeletal muscle, 

brown fat, and liver(196).  
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Badejogbin C. et al. found that Wistar female rats fed high fat diet developed 

metabolic disorders indicated by dysregulation in glucose metabolism, increased levels 

of triglycerides, cholesterol, corticosterone, malondialdehyde (MDA), plasma and 

cardiac Uric Acid (UA), and lactate dehydrogenase (LDH). They also had significant 

increase in cardiac tissue infiltration and fibrosis. However, sodium butyrate treatment 

protected against the development of cardiometabolic disorders. The group identified 

the inhibition of UA as a possible mechanism involved in butyrate’s effects on 

cardiometabolic changes, which in turn led to significant decrease in oxidative stress in 

obese Wistar female rats(197).   

Propionate was found to reduce obesity-related inflammation and improve 

glucose uptake and lipid metabolism in visceral adipose tissue. Al-Lahham S. et al, 

show that propionate treatment of omental adipose tissue explants from obese 

individuals significantly decreased the levels of pro-inflammatory cytokines such as 

TNF-α, and reduced chemokines levels which leads to the decrease in the infiltration of 

immune cells into adipose tissue and inhibits inflammation. In addition, they found 

propionate to be involved in lipid and glucose metabolism where propionate treatment 

led to increase in lipoprotein lipase (LPL), the enzyme that degrades TGs in the blood, 

and Glucose transporter type 4 (GLUT4), the transporter that is responsible for insulin-

regulated glucose uptake(198).  

Lin H. et al, found both butyrate and propionate to reduce food intake and protect 

against weight gain and glucose intolerance in HFD-fed mice. These effects were 

independent of binding to the GPCR FFAR3 in the gut. They found butyrate and 

propionate supplementations to significantly increase the levels of gut hormones 
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Glucagon-like peptide-1 (GLP-1) and Glucose-dependent insulinotropic polypeptide 

(GIP), that play a key role in regulating energy and glucose metabolism(199). However, 

the mechanisms involved in SCFAs regulating gut hormones was dependent on FFAR3. 

Therefore, other signaling mechanisms might be involved in butyrate and propionate’s 

beneficial effects such as binding to FFAR2 or HDAC inhibition activity.  

In summary, many studies show positive effects of SCFAs on MetS such as 

obesity and T2D that occur through several mechanisms such as improvement in 

glucose homeostasis, lipid metabolism, energy expenditure, tissue inflammation, and 

skeletal muscle and liver function.  

Gut Microbiome, SCFAs, and Cardiovascular Diseases 

The combination of MetS (insulin resistance, impaired glucose tolerance, 

dyslipidemia, hypertension, and central adiposity) increase the risk of cardiovascular 

disease (CVD) (hypertension, atherosclerosis, myocardial infarction, and heart failure) 

and leads to the development of cardiometabolic disease (CMD)(200-202). Therefore, 

the association between gut microbiome imbalance, SCFAs, and cardiovascular 

disease has been an active area of research. 

Gut Microbiome and SCFAs in Hypertension and Atherosclerosis 

A study by Li et al. showed a direct correlation between gut microbiome and 

hypertension. By performing 16S sequencing analysis they found gut microbiome 

composition and diversity to be significantly altered in hypertensive and pre-

hypertensive patients compared to control groups. In addition, they performed gut 

microbiome transplantation from either control or hypertensive patients into germ free 

mice and found hypertension recipient mice to have significant increases in their systolic 
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blood pressure, diastolic blood pressure and mean blood pressure compared to control 

recipient mice. These findings were associated with increase in inflammation, and a 

decrease in fatty acid oxidation and energy production(172). Similarly, a study by Yang 

et al. found hypertensive mice to develop gut dysbiosis where they had a decrease in 

microbial richness and diversity, an increase in the Firmicutes/Bacteroidetes ratio, and a 

decrease in acetate- and butyrate-producing bacteria. In addition, they found treatment 

of hypertensive mice with the anti-hypertension medication minocycline to lower blood 

pressure and reduce the Firmicutes/Bacteroidetes ratio. Indicating a clear direct 

association between gut dysbiosis and hypertension(176).  

Marques F. et al, showed high fiber diet and acetate supplementation in 

deoxycorticosterone acetate (DOCA)–salt hypertensive mice led to significant 

decreases in Firmicutes/Bacteroidetes ratio, systolic and diastolic blood pressure, 

cardiac fibrosis, and left ventricle hypertrophy. Since SCFAs have a role in regulating 

gene expression, they investigated whether these improvements occurred through 

regulation of hypertension-causing gene transcription in the heart and kidneys. They 

performed RNA sequencing on cardiac and renal transcriptomes of mice fed control 

diet, high-fiber diet, or acetate. In the kidneys, both high fiber and acetate diets increase 

the expression of renin-angiotensin system protein activator-like 1 (Rasal1), associated 

with renal fibrosis, cytochrome P450 family 4 subfamily α polypeptide 14 (Cyp4a14), 

associated with regulation of fluid absorption via sodium channels, and the anti-

inflammatory cholecystokinin (Cck) gene. In the heart, high fiber and acetate diets 

decreased the expression of early growth response-1 (egr1), which is involved in 

cardiovascular pathology including cardiac and renal fibrosis, cardiac hypertrophy, and 
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inflammation. This study shows a key role of gut microbiome and its metabolites in 

transcript regulation and hypertension development, through crosstalk between the gut, 

heart, and kidneys(174).  

Alteration in autonomic nervous system (ANS) activity is one of the causes of 

hypertension development. This occurs due to overactivity of the sympathetic nervous 

system (SNS) and/or augmented parasympathetic nervous system (PNS) activity(203-

208). In addition, the gut is known to be innervated by sympathetic nerves, which 

indicates an association between gut function and hypertension development due to 

SNS activity(173, 209-211). Santisteban et al. showed that both spontaneously 

hypertensive rats (SHR) and AngII-infused hypertensive rats had increased in gut 

permeability compared to controls. In addition, SHR and Ang-II infused mice had 

significant increase in Firmicutes, and significant decrease in Bacteroidetes indicating 

gut dysbiosis. To further confirm the association between gut permeability and 

hypertension they treated hypertensive rats with the anti-hypertension medication ACE 

inhibitor and found it to reduce blood pressure and gut permeability. This association 

between increase in gut permeability and hypertension was due to increase in the 

activity of the splanchnic sympathetic nerve innervating the gut in hypertensive 

animals(173).   

In another mechanistic study on the link between gut microbiome metabolites 

SCFAs and blood pressure regulation, Natarajan N. et al show that SCFAs regulate 

blood pressure by binding to GPR41/FFAR3 located in the vascular endothelium. In 

another study by the same group, they found GPR41−/− knockout mice to have 

significantly higher blood pressure compared to control mice. Additionally, when they 
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added propionate supplementation, they found propionate’s effect on lowering bloop 

pressure to be eliminated in GPR41−/− and not GPR41+/−(178). 

Furthermore, Pluznick J. et al, show that SCFAs can directly regulate blood 

pressure by binding to GPR41/GPR43, activating Gαi and/or Gαo and decreasing cyclic 

adenosine monophosphate (cAMP), thereby inducing vasodilation, and lowering blood 

pressure. Interestingly, SCFAs can increase blood pressure by binding to olfr78 

receptors, which when activated it activates adenylate cyclase type 3 (AC3) and Golf to 

induce cAMP production(155, 156). This opposite effect of SCFAs on blood pressure 

could be explained by their different affinities to different receptors based on their body 

levels. For example, basal concentrations of SCFAs could activate GPR41 to induce 

vasodilation and lower blood pressure; contrarily, higher concentrations of SCFAs could 

activate Olfr78 to increase renin release, induce vasoconstriction and blood pressure. 

However, more studies are needed to confirm these effects and to investigate whether 

these receptors act differently depending on the tissue type.  

Another potential mechanism for SCFAs effects on blood pressure is through 

anti-inflammation. Bartolomaeus H. et al, showed propionate to protect against cardiac 

damage in hypertensive and atherosclerotic mice. Hypertension was induced in WT 

mice with Angiotensin II infusion while apolipoprotein E KO mice (ApoE–/–) infused with 

Angiotensin II were used to develop atherosclerosis. They found propionate to decrease 

cardiac hypertrophy, hypertension, cardiac fibrosis, and cardiac dysfunction in both 

mice models. In addition, propionate reduced the atherosclerotic regions in ApoE–/– 

mice. They concluded that propionate’s beneficial effects were due to its inhibition of 
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systemic inflammation, vascular inflammation, and reduction of immune cells infiltration 

in the heart(175). 

Aguilar E.C. et al, looked at a direct role of SCFAs on atherosclerosis 

development using ApoE–/– mice. they found butyrate supplementation to reduce 

atherosclerosis in the heart by 50%. This was associated with inhibition of endothelial 

cells activation by decreasing proinflammatory cytokines production (TNF-α, IL-1β and 

IL-6) due to inhibiting the activation of nuclear factor kappa B (NF-κB). Additionally, they 

found butyrate supplementation to decrease the infiltration and migration of 

macrophages in the atherosclerotic regions by decreasing the levels of adhesion 

molecules VCAM-1 and chemokine (C-C motif) ligand 2 (CCL2)(195).  

These studies provide insight on the association between gut microbiome and 

SCFAs and the development of hypertension and atherosclerosis, they also support a 

possible role for gut microbiome modulation and SCFAs supplementation as anti-

hypertensive and atherosclerosis therapeutic agents.   

Gut Microbiome and SCFAs in Postinfarction Cardiac Repair  

Battson M. et al, used the ob/ob genetic model of obesity which has a 

homozygous mutation in leptin, the hormone responsible for appetite control, to 

investigate the association between gut microbiome composition and cardiovascular 

dysfunction. ob/ob mice were shown to have significant alterations in their gut 

microbiome composition compared to lean control mice. They showed a significant 

attenuation of infarct size in ob/ob mice after myocardial ischemia reperfusion injury 

following cecal microbial transplantation (CMT) from lean mice. Whereas they found 

microbial transplantation from obese mice to lean control mice to increase infarct size. 
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This indicates that the tendency to develop injury after ischemia reperfusion is affected 

by gut microbiome composition. In addition, they found aortic stiffness to be significantly 

reduced in ob/ob mice after CMT from lean mice. These cardiovascular beneficial 

effects after CMT were also associated with changes in the levels of SCFAs, which 

were increased in ob/ob mice after control CMT(179).  

In another study by Tang W.H. et al, gut microbiome and its metabolites SCFAs 

were found to be associated with cardiac repair and survival rate after myocardial 

infarction (MI). They treated mice with antibiotic to deplete their gut microbiome prior to 

MI induction with left anterior descending coronary artery (LAD) ligation. They found 

depletion of gut microbiome to increase mortality after MI, and reconstitution of gut 

microbiome with fecal microbiome transplantation to improve survival rates in mice after 

MI by 67%. The group proposed that this effect of gut microbiome on cardiac repair and 

survival rate was through modulation of immune cells including myeloid cells and 

neutrophils, which were reduced in MI mice treated with antibiotics but restored after gut 

microbiome transplantation. The group found that depletion of gut microbiota decreased 

the levels of SCFAs acetate, butyrate, and propionate in serum and fecal samples. By 

supplementing mice with these SCFAs before MI, they found them to be effective in 

increasing the survival rate in mice by 50%. Like findings with gut microbiome depletion, 

SCFAs supplementation modulated immune response post-MI(180).  

Gut Microbiome and SCFAs in Heart Failure 

Due to the involvement of gut microbiome and SCFAs in hypertension, 

atherosclerosis, and MI, researchers have investigated the association of gut dysbiosis 

in the development of heart failure which led to the formation of “gut hypothesis of heart 
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failure”(212). Luedde M. et al, investigated changes in gut microbiome of HFrEF 

patients using 16S rRNA sequencing. They found HFrEF patients to have significant 

decrease in their gut microbiome diversity compared to control group(213). Cui X. et al, 

performed a combination of fecal and plasma metagenomic analyses from chronic heart 

failure (CHF) [composed of ischemic cardiomyopathy (ICM) and dilated cardiomyopathy 

(DCM)] and control patients. They found gut microbe composition to be significantly 

different between CHF patients and control groups, while being very similar between 

CHF subgroups. Interestingly, they found a significant reduction in butyrate producing 

bacteria and butyrate-acetoacetate CoA transferase, the main enzyme responsible for 

the generation of butyrate, in the CHF groups(214). In support of these findings, 

Kummen M. et al, performed 16S rRNA microbiome gene sequencing and found a 

significant decrease in gut microbiome diversity and richness in HF patients compared 

to controls. In addition, they found a significant depletion in the butyrate producing-

bacteria, the Lachnospiraceae family(215).   

Effect of SCFAs on Gut Permeability and Inflammation in Heart Failure   

 Many studies showed heart failure patients to have disruption in their intestinal 

epithelia barrier which leads to the formation of “leaky gut” that allows endotoxins and 

inflammatory cytokines to enter the circulation and in turn contributing to the 

progression of heart failure(216-219). As mentioned before, butyrate is used as a main 

energy for gut epithelial cells, maintaining gut integrity and promoting the intestinal 

barrier function. Therefore, one of the proposed mechanisms on the beneficial effects of 

butyrate in heart failure is its prevention of leaky gut formation and thus preventing 

toxins and inflammatory cytokines from entering the circulation. In addition to its effects 
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on gut epithelial cells, Wang Y. et al. found butyrate to suppresses inflammation by 

inhibiting the formation and recruitment of adhesion of monocytes VCAM-1 and E-

selectin on endothelial cells by suppressing TNF-α. Which in turn reduced inflammation 

and oxidative stress indicated by decrease in proinflammatory cytokines IL-8 and MCP-

1, and 4-hydroxynonenal (4-HNE) which is produced in oxidative stress conditions(191).  

Butyrate can also act directly on macrophages, the main immune cells involved in 

inflammation. Activated macrophages release proinflammatory cytokines (TNF-α, IL-1β 

and IL-6), chemokines, and nitric oxide (NO). Several studies found that incubation of 

macrophages with butyrate reduced the levels of TNF-α, IL-1β, IL-6, and NO(192, 193).  

 The main mechanism for these beneficial effects of butyrate on inflammation were 

due to its HDAC inhibition activity, where it modulates the expression of genes involved 

in many inflammatory pathways such as NF-κB(164, 220-222).  

Effect of SCFAs on Cardiac Metabolism in the Failing Heart  

One of the proposed mechanisms on the beneficial effects of SCFAs on the 

failing heart is their effects on cardiac metabolism. It is known that the heart can use 

many resources to produce energy (ATP), such as fatty acids (FAs), glucose, ketone 

bodies, and amino acids(223-226). In the normal heart, long chain fatty acids (LCFAs) 

are the primary metabolic substrates, providing ∼60–90% of myocardial ATPs, through 

the process of fatty acid oxidation (FAO)(226-228). However, in heart failure FAO is 

significantly reduced due to impaired activity of the carnitine palmitoyltransferase 

(CPT1), the enzyme responsible for LCFAs entry into the mitochondria to initiate the 

process of FAO and ATP production, which results in an energy starved heart and 

cardiac dysfunction(229-233).  
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Studies have shown that ketone bodies, such as β-hydroxybutyrate (BHB), can 

be used as an alternative energy source to FAO in heart failure since they don’t rely on 

CPT1 to enter the mitochondria but rather does so through free diffusion(234-237). 

However, a recent study by Carley A.N. et al, compared the efficiency of the ketone 

body BHB and the SCFA butyrate, which also enters the mitochondria through free 

diffusion bypassing CPT1, as energy substrates in a transverse aortic constriction 

(TAC) mouse model of heart failure. They found butyrate to be preferentially used over 

BHB as an energy source in the heart. When provided separately, Butyrate contributed 

15% more acetyl-coA entering the tricarboxylic acid (TCA) cycle to produce energy than 

BHB did. In addition, when they provided a mix of butyrate and BHB, butyrate 

contributed 75% more acetyl-coA than BHB did(238). These findings offer a key role for 

butyrate as an alternative energy substrate for ketone bodies oxidation in the failing 

heart, and a potential therapeutic agent for cardiac dysfunctions associated with cardiac 

metabolism alterations and decrease in ATP production.  

Gut Microbiome and SCFAs in HFpEF 

Since research shows a strong correlation between gut microbiome composition, 

SCFAs and the development of HFpEF risk factors (obesity, T2D, MetS, and 

hypertension). Recent studies investigated the direct association between gut 

microbiome, SCFAs and HFpEF progression. Beale A.L. et al, performed bacterial 16S 

rRNA sequencing of HFpEF patients and control groups. They found gut microbiome 

diversity and richness to be significantly lower in patients with HFpEF compared to 

controls. As well as Firmicutes/Bacteroidetes ratio to be reduced in the HFpEF group. 

Additionally, SCFAs producing bacteria, particularly of the genus Ruminococcus, were 
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depleted in HFpEF compared with control groups(239). In support of these findings, 

Huan Z. et al. found the gut composition of HFpEF patients to be significantly different 

than that of control participants, with reduction in microbiome diversity and richness in 

the HFpEF group. They also identified low abundance of several bacterial at the genus 

level including Butyricicoccus, Sutterella, Lachnospira, and Ruminiclostridium in HFpEF 

patients(240). These studies provide an association between HFpEF development and 

gut microbiome composition, as well as an in-depth insight into which bacteria are 

associated with HFpEF.  

As mentioned previously, HFpEF is characterized by the presence of impaired 

relaxation of the LV during diastole due to LV stiffness, hypertrophy, and cardiac 

inflammation that causes endothelial dysfunction and interstitial fibrosis. Some of the 

proposed mechanisms of SCFAs effects in HFpEF include: 1) Attenuating LV 

hypertrophy and fibrosis by inhibiting inflammation, regulating immune cells infiltration 

and migration, and decreasing the levels and release of proinflammatory cytokines. 2) 

Effects on hypertension by modulation of blood pressure via regulation of vascular tone 

(vasoconstriction and vasodilation of blood vessels). In addition, SCFAs can modulate 

the renin-angiotensin-aldosterone system (RAAS) which in turn indirectly regulate blood 

pressure. 3) Improvement in MetS (obesity, T2D and dyslipidemia). These effects are 

likely mediated either through binding to GPCRs (FFAR2/3, olfr78, and HCAR2), or 

through HDAC inhibition property.  

Gap in Knowledge 

Several reviews hypothesized SCFAs could play a key role in alleviating HFpEF 

symptoms and halt its progression. However, the direct effect of gut microbiome 
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modulation and SCFAs on HFpEF development and the molecular mechanisms 

involved are yet to be investigated. Studies are needed to test the outcome of gut 

microbiome modulation and/or SCFAs supplementation and the underlying mechanisms 

in HFpEF patients. In addition, one of the major gaps in knowledge is the potential 

therapeutic role of microbiome modulation and SCFAs supplementation in the “pre-

HFpEF” stage. The previously mentioned beneficial effects of gut microbiome 

modulation and SCFAs in reducing obesity, T2D, dyslipidemia, inflammation, cardiac 

fibrosis, cardiac hypertrophy, hypertension, and improving cardiac metabolism in the 

failing heart, indicate their potential therapeutic role in the “pre-HFpEF” stage to prevent 

further progression to clinical HFpEF. Investigating the role of gut microbiome and 

SCFAs in “pre-HFpEF” is very important to our understanding of the disease 

pathophysiology and will help facilitate the development of preventative and novel 

therapeutics of HFpEF. In our study we focus on addressing this gap and we do so 

through the following approaches:   

1) Development of obesity associated pre-HFpEF model of early cardiac 

dysfunction  

2) Investigating the effect of gut microbiome modulation on microbiome 

composition, SCFA producing bacteria, and early cardiac dysfunction in 

obese pre-HFpEF mice  

3) Investigating the effects of SCFA supplementation on early cardiac 

dysfunction in obese pre-HFpEF mice and the molecular mechanisms 

involved  

 



 

 31 

CHAPTER THREE 

GUT MICROBIOME MODULATION BY FMT IMPROVED EARLY CARDIAC 

DYSFUNCTION AND CARDIAC HYPERTROPHY IN OBESE PRE-HFPEF MICE 

Introduction 

 The connection between gut microbiome and heart health has been a promising 

area of research where many investigators show patients with CVDs to have poor gut 

health(123-126, 177). This is mostly attributed to bad dietary habits that includes 

excessive consumption of foods high in fat and sugar and/or not enough consumption of 

fiber rich foods(109). Obesity is the number one cause of gut microbiome imbalance 

(gut dysbiosis), where many studies have established a strong association between 

obesity and disruption in gut health(107, 108, 116). These studies included diet induced 

obesity (DIO) models such as high-fat diet (HFD) and Western diet (WD) feeding, as 

well as genetic models of obesity such as ob/ob and db/db mice(116, 118, 119).  

 Since obesity is a major risk factor for many CVDs including HFpEF(1, 11, 35, 89-

91, 241), defects in gut microbiome have been recently investigated as a contributor in 

diseases progression. Beale L.A. et al, analyzed the gut microbiome of 26 HFpEF 

patients and 67 controls using 16s rRNA sequencing. HFpEF patients included both 

men and women between 40-70 years old, with body mass index (BMI) of 19 to 30.5 

kg/m2 and did not take antihypertensive medications. Control participants were excluded 

if they had any type of gastrointestinal disease, type 1 or 2 diabetes, or chronic kidney 

disease. They found HFpEF patients to have significant decrease in the number of 



 

 

32 

microbes and the type and abundance of microbes compared to controls. HFpEF group 

also had a significant depletion in their SCFA producing bacteria. These results were 

associated with dietary and exercise habits, which showed HFpEF patients to have 

significantly lower dietary fiber consumption compared to controls. In addition, 73% of 

HFpEF patients did not perform any moderate or vigorous exercise while 75% of control 

did (239).  

In line with these findings, Huang Z. et al. performed high-throughput DNA 

sequencing of stool samples from 30 HFpEF patients and 30 controls to investigate 

their gut microbiome composition (Table 3). They found HFpEF patients to have lower 

microbiome diversity compared to controls. Interestingly, they found gut microbiome 

composition and diversity to be altered based on different HFpEF etiologies (240).  

Table 3. Demographics of HFpEF and Control Groups. Data are provided as 
Mean±SD or number (percentage). HFpEF; Heart failure with preserved ejection 
fraction, BMI; body mass index.  
 

Characteristics HFpEF group Control group 
Age (year) 71.20±9.36 67.03±7.43 

BMI (kg/m2) 23.83±3.04 23.85±2.95 
Chronic Heart Disease 15 (50%) - 

Hypertension 25 (83.33%) - 
Hypertrophic 

Cardiomyopathy 
6 (20%) - 

 
These studies provide a link between gut microbiome health and HFpEF that is 

associated with overweight/obesity, and unhealthy lifestyle. However, the mechanisms 

involved are still not know. In addition, it is still not known whether gut dysbiosis is a 

result of obesity and T2D that contribute to disease development, or whether gut 

microbiome imbalance plays a causative role in HFpEF progression. Therefore, our 
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study focused on understanding the role of gut microbiome imbalance caused by diet 

induced obesity on the progression of HFpEF. To address these questions, we 

developed an obesity associated pre-HFpEF mouse model that had normal systolic and 

diastolic function indicated by LVEF and E/A ratio measurements. LVEF refers to the 

percentage of blood leaving the left ventricle with each contraction (systole), normal 

LVEF is >50%. E/A ratio represents the LV relaxation during diastole where E wave 

represents the rapid passive filling of the LV while A wave represents the emptying of 

the LA into the LV due to atrial contraction. E>A indicates normal diastolic function and 

E<A means impaired relaxation of the LV to fill with blood properly. However, our pre-

HFpEF mice had cardiac structural abnormalities similar to HFpEF that signify early 

asymptomatic changes in cardiac mechanics that occur in the absence of increased 

intracardiac pressure. These early changes were detected with global longitudinal strain 

(%GLS) measurement, which evaluates the myocardium shortening of the LV and 

reflects the functionality of the LV wall during systole. Previous clinical studies show 

GLS as a reliable measurement to detect early LV impairment (242-246). Normal %GLS 

in adults is >18%, where GLS<16% is considered abnormal and between 16-18% is 

borderline (246). Another evaluation to detect early LV dysfunction is Longitudinal strain 

rate reverse peak (LSRr s-1), which measures the speed of myocardium deformation 

over time during diastole (247). GLS and LSRr evaluate early impairments of LV 

myocardium/wall by revealing how well it is extending to fill with blood during diastole 

and how well it is contracting to eject blood during systole before reaching diastolic and 

systolic dysfunctions (248). In addition, our obese pre-HFpEF mice LV showed cardiac 

hypertrophy/thickened LV muscle by our measurement of LV posterior wall thickness 
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during diastole (LVPWd mm) (249). Normal LVPWd measurements in mice is 0.64 ± 

0.13 (mm) (250).  

We further tested two of the key markers of HFpEF development, cardiac 

nitrosative stress and fibrosis. It is known that alteration in nitric oxide synthase (NOS) 

activity reduces nitric oxide (NO) availability and in turn leads to nitrosative stress 

development in human HFpEF hearts (11, 41, 251). The presence of cardiac fibrosis is 

another marker of HFpEF due to increase inflammatory cytokines infiltration causing 

increased deposition of collagen into the myocardial interstitial space(11, 29, 30, 252). 

We found no significant increase in either nitrosative stress or fibrosis markers in the 

heart of our obese mice further confirming our model as “pre-HFpEF”.  

In this study we used our obese pre-HFpEF mice to test whether improving gut 

microbiome health will influence these cardiac structural changes and we provide 

evidence for the protective and preventative role of gut microbiome in HFpEF 

development. Therefore, implementing strategies to improve gut microbiome 

composition is an important therapeutic approach to eliminate early cardiac 

abnormalities and prevent further progression to systolic and diastolic dysfunctions.  

Results  

Diet-Induced Obesity (DIO) Leads to the Development of Early Cardiac 

Dysfunction and Cardiac Hypertrophy in the Absence of Cardiac Nitrosative 

Stress and Cardiac Fibrosis, that is Consistent with Obesity Associated  

Pre-HFpEF Phenotype 

The epidemic of obesity in the Western World is highly driven from the excessive 

consumption of foods that has high saturated and trans-unsaturated fatty acids, high 
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sugar, and low consumption of fibers from fruits and vegetables. Therefore, the diet-

induced obesity (DIO) mouse model is an essential model in studying the association 

between high fat/high sugar diets and the development of obesity. To induce obesity in 

our mice we used the Envigo Teklad (TD.88137) western diet that contains high 

saturated fats (61.8%) and sucrose (34% by weight), with 0.2% total cholesterol and 

32% unsaturated fats. Seven-week-old male and female C57BL/6J mice were placed on 

Normal Chow (NC, Teklad LM-485; 17% kcal from fat, 44.3% carbohydrates by weight) 

or Western Diet (WD, TD88137, Teklad Diets; 42%kcal from fat, 34% sucrose by 

weight, and 0.2% cholesterol total) for fourteen weeks (Figure 3A). This duration of WD 

exposure has been previously shown to induce weight gain and insulin resistance in 

mice (189, 253) which are key features of diet induced obesity. Then we performed 

echocardiography to measure cardiac function differences between NC and WD fed 

mice. We evaluated systolic function by measuring LVEF and diastolic function by 

measuring E/A ratio. We found no alteration in either LVEF or E/A in WD fed mice 

compared to their NC littermates (Figures 3B, C respectively). Indicating no systolic or 

diastolic failure. We further evaluated systolic and diastolic functions using strain 

analysis by speckle-tracking echocardiography. We measured global longitudinal strain 

(%GLS), and longitudinal strain rate reverse (LSRr s-1). Both GLS and LSRr were 

significantly reduced by 3.2% ± 0.99 and -2.4 s-1 ± 0.62 respectively in WD fed mice 

compared to NC (Figures 3D, E respectively). This indicates structural changes to the 

heart that are associated with early systolic and diastolic dysfunction. In order to 

evaluate cardiac hypertrophy, we measured LV posterior wall thickness in diastole 

(LVPWd) and found it to be significantly increased by 0.14 mm ± 0.03 in the WD group 
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the WD group (Figure 3F). These data indicate that obese mice had abnormal cardiac 

mechanical properties presented by early cardiac dysfunction and cardiac hypertrophy 

that has not yet escalated to clinical heart failure. Which in turn is consistent with pre-

clinical HFpEF/“pre-HFpEF” phenotype.  

 

 

 
 
 
 
 
 

Figure 3. Mice Fed Western Diet (WD) Developed Early Cardiac Dysfunction and 
Cardiac Hypertrophy. A) experimental paradigm. Normal chow group was fed NC 
(Teklad LM-485), while the western diet group was fed WD (TD88137, Teklad Diets; 
42% kcal from fat, 34% sucrose by weight, and 0.2% cholesterol total; Envigo) for 14 
weeks, starting at 7 weeks of age. Echocardiography measurements were performed at 
21 weeks of age, B) echocardiography measurement of left ventricle ejection fraction 
(LVEF), C) ratio between early to atrial diastolic trans mitral flow velocity (E/A), D) global 
longitudinal strain (%GLS), E) longitudinal strain rate reverse (LSRr) (s-1), F) left 
ventricle posterior wall diameter during diastole (mm). Statistical analysis was done 
using unpaired student’s t-test. Data are mean ± S.E.M. (*p<0.05, **p<0.005, 
***P<0.0005). 
 

To further validate the pre-HFpEF phenotype, we performed qPCR analysis on 

mice hearts to measure the gene levels of nos2 and col1a2, the indicators of nitrosative 
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stress and fibrosis development which are in turn the two distinctive HFpEF markers. 

We found no changes in the levels of either nos2 or col1a2 between WD and NC fed 

mice (Figure 4A, B respectively). Indicating no development of nitrostive stress or 

fibrosis at that time point. Overall, this data confirms that WD fed mice developed LV 

remodeling and abnormalities that are consistent with obesity associated pre-HFpEF 

phenotype but not a complete HFpEF phenotype.  

 

 

 

 
 
 
Figure 4. Mice Fed Western Diet (WD) had not Developed Nitrosative Stress                     
or Fibrosis. mRNA levels of A) nos2 and B) col1a2 in hearts of mice treated with NC or 
WD. Statistical analysis was done using unpaired student’s t-test.  
 
Fecal Microbiome Transplantation of Obese Pre-HFpEF from Lean Mice 

Significantly Altered Their Gut Microbiome Composition  

It has previously been shown that western diet leads to gut dysbiosis where 

beneficial bacteria is decreased, and harmful bacteria is increased (107, 118). Which is 

why obesity and T2D are both associated with the development of gut microbiome 

imbalance. In support of these findings, previous research has shown that mice fed WD 

following the previous experimental paradigm (Figure 3A) had significant decrease in 

their gut microbiome diversity and composition, as well as a reduction in SCFA butyrate-

producing bacteria of the genera Lactobacillus (189, 253). In addition, recent 

microbiome analysis showed HFpEF patients to have significant decrease in their gut 
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microbiome diversity and SCFAs producing bacteria compared to control groups. 

Therefore, we sought to investigate the effect of gut microbiome alteration on obese 

pre-HFpEF mice. We used fecal microbiome transplantation (FMT) strategy to modulate 

the gut microbiome composition(167, 168, 253). C57BL/6J mice were given WD for 12 

weeks, followed by three-days antibiotics treatment to deplete their gut microbiome and 

a diet switch to NC to help colonize the gut with bacteria that grows in NC conditions. 

Then we subjected the mice to fecal microbiome transplantation of fecal slurry from 

obese mice (Sham FMT) or from lean mice (FMT) for two weeks (Figure 5A). To 

characterize the gut microbiome composition of these mice, we collected their cecal 

contents and performed 16S rRNA sequencing. We found obese mice gavaged with 

FMT from lean mice to have significant increase in their microbiome diversity by 39.76 ± 

12.48 compared to those gavaged with FMT from obese mice (Figure 5B). In addition, 

we identified butyrate-producing bacteria ‘Lactobacillus’ as one of the main SCFA 

producing bacteria to be significantly increased with lean FMT treatment (Figure 5C,  

D). In addition, we performed Sparse Correlations for Compositional data (SparCC) 

network analysis and identified Lactobacillus as a key marker of the FMT microbiome 

landscape as its presence was correlated with other genera that were significantly 

altered with FMT treatment compared to sham FMT (Figure 5E). These data reflect the 

beneficial effects of FMT from lean mice on gut bacteria composition and specifically 

butyrate producing bacteria Lactobacillus in WD-fed mice. 
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Figure 5. FMT Treatment from Lean Mice Altered Gut Microbiome Composition in 
Obese Pre-HFpEF Mice. A) Experimental paradigm, C57BL/6J mice fed WD for 12 
weeks, followed by broad-spectrum antibiotic treatment for 3 days, brief diet switch to 
NC, then gavage daily for 2 weeks with fecal slurry either from obese mice (sham FMT 
group) or from lean mice (FMT group). 16S rRNA microbiome gene sequencing from 
cecal contents where B) alpha diversity index (Chao1), C) Lactobacillus relative 
abundance (%), D) Log-transformed Lactobacillus relative abundance (count), E) 
SparCC analysis between sham FMT and Lean FMT group (correlation threshold > 0.5, 
p <0.05)  
 

Gut Microbiome Modulation with Fecal Microbiome Transplantation (FMT) from 

Lean Mice Improved Cardiac Dysfunction and Cardiac Hypertrophy in Obese 

Pre-HFpEF Mice 
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  To investigate the association between FMT’s improvement in microbiome 

composition and cardiac mechanics, we performed echocardiography measurements at 

the end of the experimental paradigm (Figure 5A). We found no significant changes in 

either LVEF or E/A between sham FMT and FMT groups (Figure 6A, B respectively). 

However, strain analysis measurement GLS was significantly increased by -2.1% ± 0.92 

with FMT compared to sham FMT treatment (Figure 6C). LSRr measurement had a 

trend towards improvement with FMT treatment compared to sham FMT however it did 

not reach statistical significance (P=0.1075, Figure 6D). Additionally, LVPWd 

measurement was significantly decreased with FMT treatment by -0.12 mm ± 0.04 in 

obese pre-HFpEF mice (Figure 6E). These data indicate the ability of FMT treatment 

from lean mice to improve early cardiac dysfunction and LV hypertrophy observed in 

obesity associated pre-HFpEF. Looking at the levels of nos2 and col1a2 in the hearts of 

sham FMT and FMT treated mice, we found no significant changes in the levels of both 

genes between the different groups (Figure 6F, G respectively). This indicates that 

FMT’s effect on cardiac dysfunction and hypertrophy is independent of nitrosative stress 

and fibrosis.  
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Figure 6. FMT from Lean Mice Improved Early Cardiac Dysfunction and LV 
Hypertrophy with No Changes in Cardiac Nitrosative Stress and Fibrosis in Obese 
Pre-HFpeF Mice. Representative Echocardiography measurements of sham FMT and 
FMT treated obese pre-HFpEF mice. A) LV ejection fraction (%LVEF), B) E/A ratio, C) 
Global longitudinal strain (%GLS), D) longitudinal strain rate reverse (LSRr, s-1), E) left 
ventricle posterior wall diameter during diastole (LVPWd, mm). mRNA expression levels 
of F) nos2 and G) col1a2 in the hearts of sham FMT and FMT treated mice. Statistical 
analysis was done using unpaired student’s t-test. Data are mean ± S.E.M. (*p<0.05).  
 

Overall, these data show that diet induced obesity leads to the development of 

preclinical-HFpEF phenotype represented by early dysfunction in cardiac mechanics 

and structure that has not progressed to clinical HFpEF. DIO caused gut microbiome 

imbalance and reduced production of SCFA producing bacteria. However, this was 

reversed with FMT treatment from lean mice. Additionally, lean FMT was able to 

improve early cardiac dysfunction and hypertrophy in obese pre-HFpEF mice. 

Therefore, our data indicate that correction of gut microbiome imbalance improves 

Sham 
FMT

FMT
0

20

40

60

LV
E

F 
%

Sham 
FMT

FMT
0

1

2

3

4

E
/A

 

Sham 
FMT

FMT
-25

-20

-15

-10

-5

0

G
LS

 %

✱

A. B. C.

Sham 
FMT

FMT
0

5

10

15

 L
S

R
r 

(s
-1

)

Sham 
FMT

FMT
0.0

0.5

1.0

1.5

LV
P

W
d 

(m
m

)

✱

D.

E.

Sham 
FMT

FMT
0.0

0.5

1.0

1.5

2.0

2.5
no

s2
 m

R
N

A
 

(F
ol

d 
C

ha
ng

e)

Sham 
FMT

FMT
0.0

0.5

1.0

1.5

2.0

2.5

C
ol

1a
2 

m
R

N
A

(F
ol

d 
C

ha
ng

e)

F. G.



 

 

42 

cardiac mechanics and can be used as a potential preventative treatment strategy that 

can halt obesity associated pre-HFpEF progression to clinical HFpEF.  

Discussion 

 Gut microbiome imbalance/dysbiosis is a hallmark of obesity. The association 

between gut microbiome imbalance and the development of cardiovascular diseases 

has been an active area of research with many studies focusing on microbiome 

composition in patients with CVDs such as hypertension and HFrEF(172-174, 176, 213, 

214). Only recently were there a couple of studies that looked at gut microbiome 

composition in HFpEF patients. They found significant alterations in gut microbiome 

composition and a decrease in its diversity in HFpEF patients compared to control 

groups, as well as a decrease in the SCFAs producing bacteria(239, 240). These 

studies provide a connection between HFpEF and gut microbiome composition. 

However, mechanistic studies on the effect of gut microbiome imbalance and HFpEF 

progression are still lacking. In this study, we investigated the direct association 

between gut microbiome imbalance, caused by obesity, and cardiac dysfunction in 

obese pre-HFpEF mice and asked whether improving gut microbiome in the pre-HFpEF 

stage would improve cardiac dysfunction and prevent further progression to clinical 

HFpEF. We developed an obesity associated pre-HFpEF mouse model that had early 

cardiac dysfunction in the absence of systolic and diastolic dysfunction. In addition, the 

mice developed cardiac hypertrophy (Figure 3). This occurred in the absence of the two 

key markers of HFpEF development, nitrosative stress and cardiac fibrosis (Figure 4). 

This data led us to believe that these mice are in the preclinical stage of HFpEF. To 

confirm that these mice will develop HFpEF, they would need to have another 
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comorbidity in addition to obesity. For example, the aging factor can be included where 

mice would be left on WD until they reach an old age of >24 months, which equals to 

>70 years old in humans.  Another comorbidity that can be included is the induction of 

hypertension using the NO synthase inhibitor L-NAME as shown in Schiattarella G.G. et 

al. HFpEF mouse model (41). Another model of HFpEF that can be used is the 3-hit 

mouse model developed by Deng Y. et al. which includes aging, obesity, and 

hypertension (70). However, since our main goal is to test whether targeting cardiac 

changes in the preclinical HFpEF stage can prevent the progression to clinical HFpEF, 

we performed our studies using the pre-HFpEF model.  

 Previous work, following the same experimental paradigm in figure 3, has shown 

that mice after 14 weeks of WD feeding developed gut microbiome imbalance and had 

significant reduction in their butyrate producing bacteria (253) .Therefore, we asked 

whether this obesity induced microbiome imbalance is directly linked to early cardiac 

dysfunction and hypertrophy seen in obese pre-HFpEF mice. We used FMT from lean 

mice to treat gut microbiome imbalance where mice had significant improvement in 

microbial diversity and increase in butyrate producing bacteria.  In addition, we found 

lean FMT treated mice to have significant improvements in their early cardiac 

dysfunction and hypertrophy compared to their littermates treated with FMT from obese 

mice. These data show that improving gut health can reverse heart dysfunction, 

indicating that gut microbiome plays a causative role in disease development and 

worsening of disease outcomes rather than being a consequence of cardiac 

dysfunction.  
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Our studies were performed using only male mice because it was previously 

shown that female mice are resistant to metabolic changes induced by WD (such as 

insulin resistance and glucose intolerance). However, future studies must include both 

male and female mice to better understand any sex differences that might arise with gut 

microbiome modulation.  
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CHAPTER FOUR 

GUT MICROBIOME MODULATION IMPROVEMENTS OF EARLY CARDIAC 

DYSFUNCTION AND CARDIAC HYPERTROPHY WAS INDEPENDENT OF 

AUTONOMIC REGULATION   

Introduction 

Gastrointestinal (GI) function is controlled by the autonomic nervous system 

(ANS) which includes sympathetic nervous system (SNS), parasympathetic nervous 

system (PNS), and enteric nervous system (ENS) regulation(254). The sympathetic 

nervous system is responsible for the body’s “fight or flight” response. The signals 

transmitted through the SNS require preganglionic and postganglionic neurons. The 

preganglionic neurons arise from the thoracolumbar region while the postganglionic 

neurons will synapse at the target organ. Preganglionic neurons release the 

neurotransmitter acetylcholine (ACh) that activates the nicotinic acetylcholine receptors 

(nAChRs) on postganglionic neurons which in response will release the 

neurotransmitter norepinephrine (NE) that activates the adrenergic receptors on target 

organs. This regulation occurs in collaboration with the parasympathetic nervous 

system (PNS) which is responsible for the body’s “rest and digest” response. The 

preganglionic neurons of the PNS arise from the brain stem or sacral spinal cord and 

they release acetylcholine (ACh) that activates the nicotinic acetylcholine receptors 

(nAChRs) on postganglionic neurons which in response will release ACh to stimulate   

the muscarinic receptors (mAChRs) on target organs (255). PNS and SNS work 
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opposite each other to regulate many functions in several different organs (Table 4).  

Table 4. Effects on Parasympathetic and Sympathetic Nervous System on the 
Function of Different Organs.  
 

Target Organ  Parasympathetic Regulation Sympathetic Regulation 
Heart Decreases heart rate 

(negative chronotropy) and  

myocardial contractility 

(negative inotropy), accelerate 

cardiac relaxation (negative 

lusitropy), accelerate 

atrioventricular conduction 

(negative dromotropy) 

Increases heart rate 

(positive chronotropy), 

increase myocardial 

contractility (positive 

inotropy), accelerate 

cardiac relaxation (positive 

lusitropy), accelerate 

atrioventricular conduction 

(positive dromotropy) 

GI Tract Increases GI activity by 

increasing peristalsis and 

gastrointestinal secretion 

Decreases GI activity by 

inhibition of gastrointestinal 

secretion and motor 

activity 

Blood Vessels Increases blood vessels 

dilation; lowers BP 

Increases blood vessels 

constriction; Increases BP 

Lungs Increases bronchioles 

constriction 

Increases bronchioles 

dilation 

 

The enteric nervous system’s (ENS) main function is the regulation of the GI tract 

either dependently or independently of the PNS and the SNS regulation. ENS contains 

a combination of sensory and motor neurons that innervate the wall of the GI tract. It 

mainly senses chemical and mechanical changes in the gut, where it regulates the GI 

hormone secretion, like gastrin and secretin through the vagus nerve activity, and 

peristalsis (the contraction and relaxation of GI tract muscles) (211).  

 The connection between ENS and CNS also known as the gut-brain axis refers   

to the communication between the brain and the GI tract which occurs mainly through  

the vague nerve(256). It carries afferent signals from different organs such as gut, heart,  
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liver, and lungs to the brain and efferent signals from the brain to different organs to 

generate a specific response(257-259). The vagus nerve has a parasympathetic effect 

where in the gut that leads to increase in GI activity by increasing motility and secretion. 

It also affects many intestinal cells such as immune cells, epithelial cells, enteric 

neurons, smooth muscle cells, and enterochromaffin cell(260). The gut-brain 

communication is evident in several studies investigating the effects of gut microbiome 

alterations on the brain and mood disorders like depression and anxiety(261, 262). 

Studies have shown an association between GI disorders like IBS and IBD and the 

development of mood disorders(263), where it was shown that probiotics treatment led 

to reduction in anxiety and stress in IBS and IBD disorders(264, 265). This occurs either 

through a decrease in the levels of BDNF(Brain-derived neurotrophic factor), shown to 

be involved in depression and anxiety(266), or through alteration in GABAA and GABAB 

receptors that are also associate with mood disorders development(267).  

In addition to their effects on mood and behavior, gut microbiome and their 

metabolites SCFAs were shown to be responsible for regulating feeding behavior, food 

intake, energy balance, and glucose homeostasis through the vagus nerve(268-271). 

Butyrate was shown to control appetite and reduce food intake that prevented diet-

induced obesity, hyperinsulinemia, hypertriglyceridemia, and hepatic steatosis through 

increasing fatty acid oxidation in brown adipose tissue (BAT) due to vagal nerve 

activation(271). Additionally, both butyrate and propionate supplementation were found 

to protect against diet induced obesity, improve glucose tolerance and insulin sensitivity 

in HFD-fed mice. This occurred due to increase in the release of the gut hormones 

glucagon-like peptide-1(GLP-1) and peptide tyrosine tyrosine (PYY) that are associated 
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with reduced food intake. However, these effects were independent of FFAR3 

activation(199). In contrast, other studies have shown that FFAR3 whole body KO 

reduced energy expenditure and increased their body fat content(272, 273). More 

specifically, FFAR3 KO in vagal sensory neurons increased food intake and body 

weight. It also eliminated the positive effects of the SCFA propionate on reducing food 

intake(189). These conflicting findings indicate the presence of different mechanisms by 

which gut microbiome and SCFAs supplementation regulate feeding behavior and 

energy homeostasis. These might include the activation of other receptors like FFAR2, 

HCAR2, and Olf78.  

The autonomic nervous system is known to play a key role in regulating heart 

function through balanced activities of SNS and PNS. The SNS is responsible for 

increasing myocardial contractility, heart rate and vasoconstriction to raise blood 

pressure(274, 275). While the PNS slows heart rate, decrease cardiac contractility, and 

vasodilation to lower blood pressure via the vagal nerve(276). The SNS releases 

norepinephrine and epinephrine that binds to adrenergic receptors (ARs), this includes 

α- and β-receptors(274, 277). Among the β-receptors, β1 is the most involved in cardiac 

activity. When activated it leads to increase in cardiac output by increasing heart rate 

(positive chronotropic effect) and heart muscle contraction (positive inotropic effect). 

The PNS release acetylcholine that binds to muscarinic receptors (mAChRs), this 

includes M1-M5 receptors. The predominant muscarinic receptors in the heart are M2 

and M3 where they act after SNS activation to bring the heart function back to normal 

and reduce heart rate and cardiac muscle contractility(278).  
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Disruption in the homeostasis between SNS and PNS contributes to the 

development of cardiac dysfunction and heart disease(279). For example, autonomic 

dysfunction is known to be involved in the development of hypertension due to increase 

in sympathetic activity and decrease in parasympathetic vagal cardiac tone(203, 280-

282). Increase in sympathetic activity is indicated by increase in norepinephrine plasma 

levels and muscular sympathetic tone(283, 284). Whereas parasympathetic vagal tone 

reduction can be measured by change in heart rate variability (HRV) and heart rate 

recovery (HRR) measurements(284, 285). Disruption in SNS and PNS activity has also 

been implicated in heart failure, where it is characterized by hyperactivity of the SNS 

and decrease in responsiveness of the PNS(274, 277, 278). Studies in HFrEF show 

overactivation of SNS to increase in epinephrine and norepinephrine levels that leads to 

chronic activation of β-receptors, and in turn causing cardiomyocyte remodeling, 

hypertrophy, and LV enlargement(286). It has been shown that HF patients have 

significant reduction in β1-receptors and uncoupling of both β1 and β2 -receptors(287-

289). In addition to changes in β-receptors, G-protein–coupled receptor kinases GRK2 

and GRK5 were elevated in HF(290-292). In HFpEF, autonomic regulation is still under 

investigation. Some studies demonstrate HFpEF to show similar autonomic 

dysregulation as HFrEF where hyperactivity of the SNS and downregulation of PNS 

contribute to LV diastolic dysfunction(293-295). Although the use of β-blockers, the 

therapeutic strategy used for HFrEF and hypertension(296-298), has shown no 

improvement in HFpEF.   

Autonomic regulation therapy (ART) in heart failure has been proposed to 

improve cardiac function and reduce disease progression using vagal nerve stimulation, 
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that  increases parasympathetic tone and reduces sympathetic overactivity. Increase in 

vagal nerve stimulation leads to activation of muscarinic receptors in cardiomyocytes 

which in turn improves muscle contraction and relaxation(299, 300). The effect of ART 

has been studied in HFrEF and HFpEF patients in the ANTHEM-HFrEF and ANTHEM-

HFpEF randomized clinical studies. However, results were inconclusive on whether 

ART can be used as a therapeutic for HF(301, 302).  

 Autonomic dysregulation has been involved in the development of chronotropic 

incompetence (CI), the inability to increase heart rate during exercise and high energy 

demand, causing exercise intolerance which is common in patients with HF(303, 304). 

Exercise intolerance is a decrease in cardiac output (CO), decrease in blood volume 

pumped from the heart that does not meet the body’s needs during exercise. This is 

assessed by measuring oxygen consumption rate at peak exercise (pVO2), the 

maximum rate of oxygen consumption during exercise where oxygen uptake increases 

to meet energy demands(305). pVO2 is dependent on increase in CO during 

exercise(306). pVO2 has been shown to be significantly decreased in HF patients 

compared to control groups(307, 308). In HFpEF patients, decrease in exercise 

capacity and pVO2 are very common due to chronotropic incompetence observed 

through decrease in contractility, impaired vasodilation, and lower heart rate during 

exercise compared to controls(7, 309). HFpEF patients also had decrease in their 

cardiac β-receptors responsiveness compared to controls which may be a contributor to 

chronotropic incompetence and exercise intolerance(310).  

These findings show an association between the brain, gut, and heart function 

which led to the development of the gut-brain-heart axis that refers to the effects of the 
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gut on autonomic regulation of the heart, and in turn its contribution to the development 

of CVDs. Therefore, in this study we hypothesize that FMT’s improvement of early 

cardiac dysfunction in our obese pre-HFpEF (Ch.3, Fig.6) might be due to alterations in 

autonomic function. To test this hypothesis, we measured changes in HR, CO and the 

levels of β- and muscarinic receptors in the heart to see whether there are any changes 

in SNS and PNS activity with FMT treatment. 

Results 

Muscarinic Receptors Expression Levels were not Altered in Obesity Associated 

Pre-HFpEF Mice.  

 Our previous results have shown WD fed mice to have early cardiac dysfunction 

and cardiac hypertrophy that has yet to progress to systolic and diastolic dysfunction. 

Impairment in parasympathetic activity (decrease in vagal tone) is involved in the 

development of CVDs including hypertension and heart failure that is associated with 

decrease in the expression of cardiac muscarinic receptors. Activation of these 

receptors by acetylcholine leads to muscle relaxation, and defects in their expression 

and activity might be a main contributor to impaired LV relaxation seen in HFpEF. 

Therefore, detecting and targeting PNS dysfunction in preclinical HFpEF might present 

a therapeutic approach to prevent further progression to systolic and diastolic 

dysfunction and HFpEF development. Using the obese pre-HFpEF mouse model 

developed in Ch.3 Fig.3 we measured the levels of muscarinic receptors that are known 

to be expressed in the heart M1, M2, and M3 using RT-qPCR analysis. We found no 

significant changes in the gene expression levels of M1, M2 and M3 in the heart of 

obese pre-HFpEF mice compared to NC fed mice (Figure 7). This indicates that the 
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development of early cardiac dysfunction was independent of changes to muscarinic 

receptors expression.  

 
Figure 7. mRNA Gene Expression of Muscarinic Receptors in the Heart was not 
Changed Between NC and WD Fed Mice. mRNA expression levels of A) M1, B) M2 , 
C) M3 in the hearts of NC and WD fed mice. Statistical analysis was done using 
unpaired student’s t-test. Data are mean ± S.E.M. 
 
Muscarinic Receptors Expression Levels were not Altered with Lean FMT 

Treatment.  

 The gut-brain axis role in autonomic regulation suggests a potential role for the gut 

microbiome to modulate autonomic regulation of the heart by affecting the PNS activity. 

Therefore, we measured the levels of muscarinic receptors in the heart of obese pre-

HFpEF following FMT treatment (Ch.3, Fig.5) using RT-qPCR analysis. We found no 

changes in the levels of M1, M2, and M3 in the heart in mice treated with lean FMT 

compared to sham FMT treatment (Figure 8). This further indicates that improvement in 

early cardiac dysfunction and hypertrophy in obese pre-HFpEF mice due to gut 

microbiome modulation was independent of changes to muscarinic receptors and PNS 

activity. 



 

 

53 

 
Figure 8. mRNA Gene Expression of Muscarinic Receptors in the Heart was not 
Changed Between Lean FMT and Sham FMT Treated Obese Pre-Hfpef Mice. 
mRNA expression levels of A) M1, B) M2, C) M3 in the hearts of obese mice treated 
with FMT or sham FMT. Statistical analysis was done using unpaired student’s t-test. 
Data are mean ± S.E.M 
 
β2 but not β1-Adrenergic Receptor Gene Expression was Altered in the Hearts of 

Obese Pre-HFpEF Mice.  

 Dysfunction in autonomic regulation is caused by impaired activity of the 

parasympathetic nervous system (PNS) and hyperactivity of the sympathetic nervous 

system (SNS). We have previously shown that early cardiac dysfunction in obese pre-

HFpEF mice and improvements seen with FMT treatment were independent of changes 

to muscarinic receptor expression. Therefore, we investigated whether SNS activity was 

involved in these improvements by measuring changes in the expression levels of 

cardiac β-adrenergic receptors (β1 and β2) using RT-qPCR analysis. We found no 

changes in the gene levels of β1 receptor between NC and WD fed mice (Figure 9A). 

However, β2 receptor levels were significantly upregulated in WD fed mice compared to 

NC fed mice (Figure 9B).  
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Figure 9. β1 mRNA Gene Expression was not Changed Between NC and WD Fed 
Mice while β2 Gene Expression was Significantly Increased in Obese Mice. mRNA 
expression levels of A) β1, B) β2  in the hearts of obese mice. Statistical analysis was 
done using unpaired student’s t-test. Data are mean ± S.E.M. (*p<0.05) 
 
β-Receptors Expression Levels were not Changed with Lean FMT Treatment.  

To test whether improving gut microbiome improves SNS activity by altering the 

expression of β-adrenergic receptors in the heart (β1 and β2), we measured their 

expression levels in obese pre-HFpEF mice following FMT treatment using RT-qPCR 

analysis. We found no significant changes in the levels of either β1- or β2- receptors in 

the hearts of obese pre-HFpEF mice treated with lean FMT compared to sham FMT 

(Figure 10). This indicates that improvement in early cardiac dysfunction and 

hypertrophy seen in obese pre-HFpEF mice with FMT treatment was independent of 

changes in β-adrenergic receptors and in turn SNS activity in the heart.  
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Figure 10. β-Adrenergic Receptors Gene Expression was not Changed in the 
Hearts of Obesity Associated Pre-HFpEF Mice Following FMT Treatment. mRNA 

expression levels of A) β1, B) β2  in the hearts of obese mice treated with FMT or sham 

FMT. Statistical analysis was done using unpaired student’s t-test. Data are mean ± 

S.E.M. 

 

Obese Pre-HFpEF Mice and Those Treated with FMT had No Changes in Their 

Cardiac Output and Heart Rate Measurements.  

  Parasympathetic and sympathetic nervous branches of the autonomic nervous 

system are responsible for regulating heart rate (HR) and cardiac output (CO) and 

maintaining normal cardiac function (Cardiac Output=Heart Rate x Stroke Volume). 

Therefore, to further investigate the role of autonomic regulation in the development og 

early cardiac dysfunction in our obese pre-HFpEF mice, and whether gut microbiome 

dysbiosis leads to autonomic dysfunction, we measured HR and CO using M-mode 

echocardiography. We found no significant changes in either CO or HR in obese pre-

HFpEF mice compared to the control NC fed mice (Figure 11A, B respectively). 

Similarly, we found no significant difference in CO and HR measurements between 

sham FMT and lean FMT obese pre-HFpEF mice (Figure 11C, D respectively). This 

further indicate that early cardiac dysfunction seen in obese pre-HFpEF mice and its 
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improvement following gut microbiome modulation with lean FMT treatment is 

independent of changes in autonomic system regulation.    

 
Figure 11. Early Cardiac Dysfunction in Obese Pre-HFpEF and its Improvement 
with FMT Treatment is Independent of Changes to Autonomic Regulation. M-mode 
echocardiography measurements of A) cardiac output and B) heart rate in obese pre-
HFpEF mice compared to their littermates fed NC diet. M-mode echocardiography 
measurements of C) cardiac output and D) heart rate in obese pre-HFpEF mice treated 
with sham FMT or FMT. Statistical analysis was done using unpaired student’s t-test. 
Data are mean ± S.E.M.  
 

Discussion 
 

Autonomic regulation involves sympathetic, parasympathetic, and enteric nervous 

systems (SNS, PNS, ENS). Sympathetic and parasympathetic systems counteract each 

other in their regulation of many cardiac responses. For example, sympathetic nervous 

system increases heart rate and contractility of cardiac muscle, while parasympathetic 
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nervous system decreases heart rate and cardiac contractility. The sympathetic system 

effects occur through activation of β-adrenergic receptors via 

epinephrine/norepinephrine neurotransmitter. While parasympathetic system effects 

occur through activation of muscarinic receptors via the neurotransmitter acetylcholine. 

Impairment in the sympathetic-parasympathetic (hyperactivity of SNS and deficiency in 

PNS activity) homeostasis is involved in the development of many CVDs including 

hypertension and heart failure.   

The enteric nervous system is responsible for regulation of GI functions including GI 

hormones secretion and peristalsis either independently or in association with central 

nervous system (CNS) through the gut-brain axis. The association between the gut and 

the brain is shown in gut microbiome’s effects on mood disorders and feeding behavior. 

Disruption in gut microbiome composition and diversity as well as its metabolites SCFAs 

has been shown to be associated with increase anxiety, depression, food intake, and 

disruption in glucose homeostasis and energy balance.  

To determine whether improvements in early cardiac dysfunction and cardiac 

hypertrophy in obese pre-HFpEF mice after gut microbiome modulation with FMT was 

due to changes in autonomic regulation, we measured the levels of muscarinic and β-

adrenergic receptors in the heart. We found no changes in the gene expression levels 

of muscarinic receptor M1, M2, and M3 in the hearts of obese pre-HFpEF mice as well 

as no changes in their expression between sham FMT and lean FMT treated mice. This 

indicates that parasympathetic activity was not affected in the pre-HFpEF stage and that 

improvement in cardiac function was independent of PNS. Similarly, we found no 

changes in the gene expression levels of β1-receptors in obese pre-HFpEF mice 
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compared to NC fed mice, and no changes in its levels after sham FMT or FMT 

treatments. β2-receptor levels, which increases cardiac muscles contraction and heart 

rate, were significantly upregulated in the obese pre-HFpEF mice. However, there was 

no significant changes in β2-receptor levels after FMT treatment compared to sham 

FMT. In addition, we measured CO and HR which are used to test the autonomic 

system regulation of cardiac function and we found them to be unchanged between NC 

and WD-fed pre-HFpEF mice as well as unaltered between sham FMT and FMT treated 

mice. This indicates that PNS and SNS activity were not responsible for early cardiac 

dysfunction detected at that specific pre-HFpEF stage. However, we must take into 

consideration that these measurements were recorded when the mice were under 

anesthesia which is known to suppress heart rate and cardiac output based on the type, 

duration, and the level of anesthetic exposure(311, 312). Therefore, other methods to 

record HR and CO in conscious mice might provide a more accurate representation. 

This includes the use of implanted PA-C10 pressure transmitter device that measures 

HR(313) or ETA F-10 transmitter for ECG and HR recordings(314). However, these 

require the mice to undergo surgery for device implantation and a recovery period 

afterwards before taking any recordings. Other methods can include non-invasive ECG 

but it requires the mice to be restrained, or tethered ECG in conscious mice which gives 

the mice more freedom to move around but the wires can be detached with increased 

movement(314). Additionally, protein levels of each receptor must be measured since 

RNA expression does not always reflect protein levels in the tissue.   
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CHAPTER FIVE 

TRIBUTYRIN TREATMENT REPLICATES FMT’S IMPROVEMENTS IN EARLY 

DYSFUNCTIONS IN CARDIAC MECHANICS AND STRUCTURE IN OBESE PRE-

HFPEF MICE 

Introduction 

 Gut microbiome produces metabolites short chain fatty acids (SCFAs) from the 

fermentation of dietary fibers in the GI tract(315). The most abundant SCFAs produced 

acetate, propionate, and butyrate are present in the colon in a 60:20:20 ratio(132, 316, 

317). Excess SCFAs get transported by the portal vein to the liver and get released into 

the circulation(132). SCFAs have been shown to be involved in improving CVDs such 

as atherosclerosis, hypertension, and heart failure. These effects are mediated either 

through binding to GPCRs to activate downstream signaling pathways, regulating gene 

expression through HDAC inhibition, or improving cellular metabolism (Figure 2). 

Among the three SCFAs, butyrate was shown to have many physiological effects, it 

plays an essential role in preventing leaky gut development by being the main fuel 

source for colonocytes and maintaining the gut barrier integrity(133, 134, 136, 192, 194, 

222). Indicating a crucial role for butyrate in gut microbiome health.  

 By preserving the gut barrier, butyrate prevents the entry of endotoxins such as 

Lipopolysaccharide (LPS) and the infiltration of proinflammatory cells and cytokines into 

the system. A study by Wang F. et al. found butyrate to protect the heart in an 

endotoxemia (sepsis) mouse model induced by LPS injection. They found butyrate 
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treatment to improve LV function and attenuate myocardial injury after LPS injection.  

This was associated with butyrate’s inhibition of inflammation and oxidative stress in the 

myocardium(194). In addition, gut barrier dysfunction has been linked to the 

development of hypertension. Kim S. et al. performed taxonomic analysis of gut 

microbiome in hypertensive patients where they found an increase in the abundance of 

species linked to gut barrier dysfunction and inflammation. This was associated with 

reduction in butyrate producing bacteria and plasma butyrate levels in hypertensive 

groups. Treating AngII induced hypertensive mice with butyrate led to significant 

improvement in gut barrier function and decreased inflammation. Butyrate also 

improved cardiac function in hypertensive mice that was associated with decrease in 

cardiac oxidative stress and inflammation(133). These data support the importance of 

maintaining gut barrier integrity by butyrate on cardiac health.   

Another potential mechanism by which SCFAs were shown to improve blood 

pressure is through binding to GPCRs. Natarajan N. et al. studied the effect of  

FFAR3(GPR41) KO in mice on blood pressure. They found GPR41 KO mice to have 

significant increase in their systolic blood pressure compared to their WT littermates.  

Several studies also showed SCFAs to regulate appetite and energy expenditure 

through binding to FFAR2/3. SCFAs can activate their receptors in peripheral organs 

(adipose tissues, gut, and pancreas) to modulate CVDs indirectly, and/or can directly 

activate receptors on cardiac cells to modulate cardiovascular function(178).  

Butyrate also improves metabolism by being utilized in the mitochondria to 

produce energy through β-oxidation. Panagia M. et al. showed mice fed high fat high 

sucrose diet (HFHS) to have improved ATP synthesis rate after butyrate
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supplementation(318). Carley N.A. et al. also showed butyrate to be a preferred source 

of energy over the ketone body B-hydroxybutyrate in the failing heart(238). Butyrate 

also has been shown to have many beneficial effects on cardiac function, Patel M. B. 

showed sodium butyrate (NaB) treatment to reduce LV wall thickness, collagen levels, 

and oxidative stress in a partial abdominal aorta constriction (PAAC)-induced cardiac 

hypertrophy rat model(319). This was supported by the work of Zhang L. et al. where 

they found NaB to reduce AngII induced hypertension and cardiac hypertrophy(320). As 

well as the work of Chen Y. et al. where Streptozotocin (STZ)-induced diabetic mice 

treated with NaB had improved cardiac function and hypertrophy(321). The main 

molecular mechanisms of butyrate’s beneficial effects in these studies were attributed to 

butyrate’s HDAC inhibition activity. Alternative to HDAC inhibition, a recent study by 

Thomas P.S. and Denu M.J. showed butyrate to affect gene transcription through 

increasing histone acetylation (HATs). They found butyrate to metabolize into acyl-coA 

(butyryl-coA) which in turn activates acetyltransferase p300 and increases histone 

acetylation(322).   

The role of butyrate was explored in heart failure, where several studies 

conducted 16s rRNA sequencing analysis on HF patients and found butyrate producing 

bacteria of the genera F. prausnitzii (214) and of the genera Lachnospiraceae (215) to 

be significantly reduced compared to control groups. Furthermore, butyrate producing 

bacteria of the genera Lachnospiraceae and Lactobacillus were significantly decreased 

in WD-fed mice, meanwhile butyrate serum levels were significantly increased with lean 

FMT treatment (189, 253). Moreover, our data show that FMT’s improvement in cardiac 

mechanics and structure in obese pre-HFpEF mice to be associated with improving gut 
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microbiome composition and the increase in butyrate producing bacteria Lactobacillus 

(Figures 5C, D). 

Collectively, these findings provide strong evidence for the involvement of 

butyrate in FMT’s improvements. Therefore, we hypothesized that FMT’s improvement 

in early cardiac dysfunction and hypertrophy in obese pre-HFpEF mice was due to the 

SCFA butyrate. We tested this hypothesis by treating obese pre-HFpEF mice with 

butyrate’s prodrug, tributyrin, which consists of 3 butyrate molecules linked to a glycerol 

backbone. Tributyrin has slower metabolization rate compared to sodium butyrate 

(NaB), which allows butyrate to be absorbed easily, increasing its concentration in the 

circulation. Following tributyrin administration, we performed echocardiography 

measurement to test its effects on cardiac function. We predicted tributyrin to replicate 

FMT’s improvements in cardiac dysfunction and hypertrophy. 

Results 

Tributyrin Treatment Improved Early Systolic and Diastolic Dysfunction, and LV 

Hypertrophy in Obese Pre-HFpEF Similar to FMT Treatment  

We placed seven-weeks old C57BL/6J mice on either NC or WD for fifteen 

weeks to develop pre-HFpEF. Then we treated them with tributyrin using oral gavage 

(needle feeding) following a two-days on, two-days off strategy for two weeks (Figure 

12A). To confirm that WD-fed mice had developed pre-HFpEF prior to the tributyrin 

treatment, we performed echocardiography at week fifteen of WD feeding.    

Similar to our previous data (Ch.3, Fig.3) we found WD fed to develop early 

cardiac dysfunction and cardiac hypertrophy that is consistent with obese pre-HFpEF 

phenotype. WD-fed mice had no changes in their LVEF, and E/A compared to NC fed 
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mice (Figure 12B, C respectively). However, they had significant decrease in their early 

systolic and diastolic functions indicated by GLS and LSRr measurements, where GLS 

was decreased by 3% ± 0.97 and LSRr was decreased by -1.8 s-1 ± 0.62 in WD fed 

mice compared to NC fed control mice (Figure 12D, E respectively). In addition, mice on 

WD developed cardiac hypertrophy shown by increase in LVPWd by 0.14 mm ± 0.04 

compared to mice on NC (Figure 12F).   

 

 
Figure 12. Mice Fed WD Prior to Tributyrin Treatment Developed Early Cardiac 
Dysfunction and Cardiac Hypertrophy that is Consistent with Obesity Associated 
Pre-HFpEF Phenotype. A) Experimental paradigm of mice fed WD, or NC for fifteen 
weeks followed by echocardiography measurements of B) %LVEF, C) E/A ratio, D) 
%GLS, E) LSRr (s-1), F) LVPWd (mm), prior to Tributyrin administration. (n=20 per 
group). Statistical analysis was done using unpaired student’s t-test. Data are mean ± 
S.E.M. (*p<0.05, **p<0.005). 
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Following the confirmation that WD-fed mice had developed obesity associated 

pre-HFpEF, we treated them with tributyrin (5g/kg dose) or vehicle for two weeks, while 

treating NC-fed mice with vehicle. Then we performed echocardiography measurements 

to assess changes to their cardiac function (Figure 13A).  We found no changes in 

either LVEF and E/A between NC+Vehicle, WD+Vehicle, and WD+Tributyrin treated 

mice (13B, C respectively). However, we found tributyrin treatment to significantly 

improve GLS by -10.4% ± 1.9 and LSRr by 4 s-1 ± 1.6 in WD fed mice compared to 

vehicle treatment (Figure 13D, E respectively). Similarly, we found the increase in 

LVPWd by -0.13 mm ± 0.05 in WD-fed mice to be obliterated after tributyrin treatment 

(Figure 13F). Additionally, to make sure our tributyrin treatment was administered 

correctly and that the specific dose was able to sustain the levels of butyrate in 

circulation, we measure butyrate serum levels of tributyrin treated mice with mass 

spectrometry. We found butyrate levels to be significantly increased in tributyrin treated 

mice compared to vehicle treatment by 228.5 µM ± 55.1 (Figure 13G). This data show 

that butyrate’s prodrug, tributyrin, was able to replicate FMT’s improvements in early 

systolic and diastolic dysfunction and cardiac hypertrophy seen in obese pre-HFpEF 

mice. Which in turn points to changes in the SCFA butyrate as a potential mechanism 

by which FMT improves cardiac mechanics in obesity associated pre-HFpEF.  
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Figure 13. Obese Pre-HFpEF had Significant Improvement in Early Cardiac 
Dysfunction and Cardiac Hypertrophy After Tributyrin Treatment. A) Experimental 
paradigm continuation of figure 12A, where NC-fed mice were treated with vehicle while 
WD-fed mice were treated with either vehicle or Tributyrin (5g/kg body weight) for two 
weeks followed by echocardiography measurements of B) %LVEF, C) E/A ratio, D) 
%GLS, E) LSRr (s-1), F) LVPWd (mm). G) levels of butyrate in the serum measure by 
mass spectrometry(µM). (n=8-12 per group). Statistical analysis was done using one-
way ANOVA followed by Tukey’s multiple comparison test. Data are mean ± S.E.M. 
(*p<0.05, **p<0.005). 
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Tributyrin Improves Exercise Capacity Independently of Effects on Heart Rate and 

Cardiac Output 

As mentioned previously, exercise intolerance due to chronotropic incompetence 

(CI) is very common in HFpEF patients and is one of the main symptoms that correlates 

with HFpEF severity and progression. Exercise training was shown to have improve 

autonomic dysfunction in both HFpEF and HFrEF patients with CI, where it led to 

significant improvement in their HR recovery (improved vagal tone), peak HR, and pVO2 

(323-326). However, the molecular mechanism involved in this improvement is still not 

know. Interestingly, exercise training has also been shown to improve gut microbiome 

diversity and composition and was associated with increase in the levels of SCFA 

producing bacteria(327, 328). In particular, the SCFA butyrate levels and butyrate 

producing bacteria were shown to be increased in individuals that exercise 

regularly(329). This improvement was also associated with reduced gut permeability, 

preventing toxins from entering the gut and causing inflammation(330). Gut microbiome 

modulation also influenced exercise capacity. Fecal microbiome transplantation from 

normal fed mice to HFD obese mice led to significant improvement in their exercise 

capacity as well as a decrease in fasting glucose levels and inflammatory cytokines 

levels(331). Gut microbiome modulation improvement of exercise capacity was also 

associated with effects on skeletal muscle function. It was shown that depletion of gut 

microbiome with antibiotics led to reduction in running capacity and skeletal muscle 

contraction. These changes were associated with increase inflammation and decrease 

in glucose homeostasis (332). A reduction in exercise capacity, especially in obese 

HFpEF patients, can reduce the beneficial effects of using exercise training as a 
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preventative/treatment strategy to improve quality of life. It is still not known whether 

exercise intolerance is a consequence of cardiac dysfunction in heart failure or 

secondary to obesity and increase in body weight. In our obese pre-HFpEF mice we 

saw a significant reduction in their exercise capacity by 87.5 m ± 31.6 compared to NC-

fed mice, indicated by decrease in running distance. However, this decrease was 

eliminated after tributyrin treatment (Figure 14A). As expected, mice fed WD had 

significant increase in their body weight compared to NC-fed mice (p<0.0001, Figure 

14B). However, obese mice treated with tributyrin had no significant change in their 

body weight compared to WD treated with vehicle (p=0.2296) but were still significantly 

higher compared to NC group (p<0.0001, Figure 14C). Therefore, the improvement in 

exercise capacity was independent of body weight or weight loss. Exercise intolerance 

in HFpEF patients is associated with reduction in cardiac output (CO), and chronotropic 

incompetence (CI), that is related to decrease in cardiac β–receptors. From our 

echocardiography measurements, we found no significant changes in CO or heart rate 

(HR) between NC, WD and WD+Tributyrin mice (Figure 14D, E respectively). In 

addition, we performed cardiac RNA sequencing analysis, and we found no alteration in 

genes involved in autonomic nervous system regulation such as adrenergic or 

muscarinic receptors (Figure 14F). These data indicate that tributyrin’s effect on 

exercise capacity is independent of effects on autonomic regulation of CO and HR.  
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Figure 14. Tributyrin’s Improvement in Exercise Capacity in Obese Pre-HFpEF 
Mice is Independent of Weight Loss, and Autonomic Regulation of Cardiac 
Output and Heart Rate. A) Running distance during exercise exhaustion test (m). Body 
weight measured weekly of B) NC and WD fed mice before tributyrin treatment and C) 
after vehicle or tributyrin treatment. Echocardiography measurements of D) cardiac 
output (mL/min) and E) heart rate (Bpm) between NC+vehicle, WD+vehicle and 
WD+Tributyrin groups. F) Volcano plot showing significantly altered genes in the heart 
of WD fed mice with vehicle or tributyrin. Statistical analysis was done using one-way 
ANOVA followed by Tukey’s multiple comparison test. Data are mean ± S.E.M. 
(*p<0.05).  
 
Tributyrin’s Improvement in Exercise Capacity is Likely Independent of Changes 

in Mitochondrial Fatty Acid Oxidation in Muscle Cells 

Another proposed mechanism for improvement in exercise capacity is the 

increase in skeletal muscles’ fatty acid oxidation (FAO). It has been shown that skeletal 

muscle biopsies from HFpEF patients displayed mitochondrial dysfunction due to 



 

 

70 

deficiency in muscle oxidation and energy production. Therefore, we investigated 

whether butyrate’s increase in exercise capacity is due to increase in FAO and 

mitochondrial function by measuring oxygen consumption rate (OCR) with the Seahorse 

XF assay, utilizing C2C12 (mouse myoblast) cells in-vitro approach.  We treated C2C12 

with sodium butyrate (NaB) or vehicle for 24 hours in low glucose media. Then we 

treated the cells with palmitate (LCFA) to further push the cells into utilizing FAO over 

glycolysis for energy production. We found significant decrease in the respiration rate 

(OCR) in response to the LCFA oxidation inhibitor etomoxir compared to media 

injection. This suggests that C2C12 cells preferred the utilization and oxidation of fatty 

acids under these experimental conditions. However, we found no significant changes 

in OCR with butyrate treatment compared to vehicle in either basal respiration (no 

changes in oxygen consumption to meet ATP demands under baseline conditions), or 

maximal respiration (no changes in oxygen consumption after adding FCCP which 

mimics physiological energy demand) (Figures 15A, B). In addition, we found no 

changes in spare respiratory capacity between vehicle and NaB treated cells indicating 

no changes in the cells’ flexibility and the ability to respond to increase energy demand 

with butyrate (Figure 15C).  These data show that butyrate’s effects on increase in 

exercise capacity in mice is likely independent of its effects on mitochondrial function 

and fatty acid oxidation.  
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Figure 15. Butyrate does not Affect Mitochondrial Respiration and Fatty Acid 
Oxidation in C2C12 Cells. A) Basal mitochondrial respiration, B) Maximal 
mitochondrial respiration, C) Spare capacity (maximal - basal) mitochondrial respiration 
of OCR in C2C12 cells treated with palmitate and either vehicle or NaB. OCR readings 
were normalized to total protein concentration in each well after assay run. Statistical 
analysis was done using two-way ANOVA followed by Tukey’s multiple comparison test. 
Data are mean ± S.E.M. (*p<0.05, **p<0.005, ***p<0.0005). 

 

Discussion 

Gut microbiome imbalance and changes in its composition has recently gained 

attention in HFpEF. A couple of studies show gut diversity and composition to be altered 

in HFpEF patients with decrease in the SCFA producing bacteria compared to control 

groups (239, 240). However, the mechanisms involved and whether reversing these 

changes will affect HFpEF progression is still not known. We have shown that gut 

microbiome modulation using FMT from lean mice into obese pre-HFpEF mice 

improved early cardiac dysfunction and hypertrophy. Additionally, obese mice show 

imbalance in their gut microbiome diversity and composition that is accompanied with 

decrease in butyrate producing bacteria. However, lean FMT intervention in obese mice 

led to significant increase in the circulating levels of the SCFA butyrate(253). 

Furthermore, our results showed that lean FMT treatment of obese pre-HFpEF mice 
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significantly improved their gut microbiome diversity and increased the abundance of 

butyrate producing bacteria. Our results demonstrated a preventative therapeutic role 

for gut microbiome in HFpEF progression and point to the SCFA butyrate as the 

potential mechanistic link between gut microbiome caused by diet induced obesity and 

cardiac changes seen in the pre-HFpEF stage.  

Butyrate has been extensively studied in CVDs such as hypertension, myocardial 

infarction, and HFrEF. Where studies demonstrate its effectiveness in eliminating gut 

dysbiosis and improving cardiac function. However, to this day the effect of butyrate in 

HFpEF is not investigated. In this study, we aimed to test whether butyrate 

supplementation will replicate FMT’s improvements in obese pre-HFpEF mice. Our 

results showed tributyrin treatment to have the same improvements of GLS, LSRr and 

LVPWd as lean FMT treatment. Unlike FMT study that included only male mice, we 

included both male and female mice in this study to investigate whether there are any 

sex differences in butyrate’s effects on cardiac function and hypertrophy. We found no 

differences in tributyrin treatment’s effects on GLS, LSRr and LVPWd between male 

and female obese pre-HFpEF mice. Butyrate treatment was able to better improve GLS 

and LSRr compared to FMT’s improvements. For example, FMT improved GLS by         

-2.1% ± 0.92 compared to sham FMT. While tributyrin improved GLS by -10.4% ± 1.928 

compared to vehicle treatment. FMT improved LSRr by 1.04 s-1 ± 0.62, whereas 

tributyrin improved LSRr by 4 s-1 ± 1.6. These data suggest that a more concentrated 

supplementation of Butyrate rather than FMT treatment provides better improvements in 

cardiac function.  
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In our tributyrin study we included both male and female mice to investigate 

whether there are any sex differences in tributyrin’s effects on early cardiac dysfunction 

and cardiac hypertrophy. Even though male mice were more prone to body weight 

increase with WD than female mice, there were no significant differences in the effects 

of tributyrin between male and female obese pre-HFpEF mice.  

Additionally, we found tributyrin to improve exercise capacity in obese pre-

HFpEF that was independent of changes on heart rate (HR) or cardiac output (CO). The 

decrease in running distance correlated with an increase in body weights, however the 

improvement seen with tributyrin treatment was independent of changes in body weight. 

The effect of tributyrin on exercise capacity was also not different between male and 

female mice. Future studies should include further measurements of CO and HR in 

conscious mice during and immediately after exercise training such as heart rate 

recovery (which indicates how well the heart recovers after exercise/stress). Methods 

that could be used include those mentioned in chapter four discussion. Additionally, 

extracardiac effects on exercise capacity must also be considered such as 

cardiopulmonary changes which can be measured by assessing pVO2.   

Studies show butyrate to affect exercise capacity via improving mitochondrial 

metabolism and fatty acid oxidation in skeletal muscles(333, 334). Therefore, we 

analyzed the effect of butyrate supplementation on a mitochondrial function in-vitro 

using Seahorse XF assay. However, we found no changes in mitochondrial function 

(indicated by oxygen consumption rate) after butyrate treatment. Additionally, in the 

presence of the carnitine palmitoyltransferase-1 (CPT-1) inhibitor Etomoxir, butyrate 

supplementation was not efficient in increasing mitochondrial function and energy 
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production. However, more experiments must be performed in order to conclude the 

effect of butyrate on mitochondrial oxidation and metabolism. For example, other cell 

types must be considered in these measurements such as isolated mitochondria from 

mice skeletal muscle tissue, or a more human relative cells such as primary human 

skeletal muscle cells (HSkMC) or iPSC (induced pluripotent stem cells) differentiated 

skeletal muscle cells. In addition, the effect of butyrate on cardiac metabolism must also 

be tested to investigate whether butyrate affects cardiac mitochondrial function. This 

can be done using isolated cardiomyocytes from treated mice, iPSC differentiated 

cardiomyocytes, or mitochondria isolated from treated mice heart tissue. Exercise 

intolerance is a key clinical feature of HFpEF development. Understanding the 

physiology involved and targeting the specific abnormalities is critical for developing 

effective therapies that will help improve patient outcomes.  

Collectively, these data indicate butyrate as a better alternative to FMT treatment 

in improving early cardiac dysfunction and cardiac hypertrophy. In addition, butyrate 

was also efficient in improving exercise capacity in obese pre-HFpEF mice. Finally, the 

advantage of using butyrate supplementation over FMT helps avoid the risk of infection, 

endotoxin transfer and rejection risks that are associated with FMT.   
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CHAPTER SIX 

TRIBUTYRIN IMPROVES BRANCHED CHAIN AMINO ACIDS METABOLIC 

PATHWAY IN THE HEART  

Introduction 

 In our previous data we show that improving gut microbiome health by FMT and 

tributyrin supplementation have similar effects on early cardiac dysfunction and cardiac 

hypertrophy in obese pre-HFpEF mice. However, the molecular mechanisms involved 

are still not known. It is critical to identify the molecular mechanisms involved in pre-

HFpEF progression in order to develop targeted and preventative therapeutic strategies. 

Therefore, we sought to identify the molecular pathways that are altered in the heart 

and might be contributing to these effects by performing cardiac RNA sequencing 

analysis. This technique helped us identify several genes that are being 

upregulated/downregulated in the heart due to butyrate. By analyzing these genes and 

the molecular pathways they are involved in, we were able to identify the branched 

chain amino acids (BCAAs) catabolism pathway that is involved in obesity, metabolism, 

and heart function. 

  BCAAs include Valine, Leucine, and Isoleucine. They are essential amino acids 

that are not synthesized in the body but are obtained from diet, and they provide 

building blocks for protein synthesis(335-338). In addition to being involved in protein 

synthesis and turnover, they are involved in many metabolic processes such as glucose  
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metabolism and energy production via TCA cycle, and physiological processes like 

insulin signaling, cell growth regulation and apoptosis(339-345). BCAAs bypass the liver 

and are oxidized in peripheral tissues like skeletal muscles, heart, adipose tissue, and 

other organs(336, 339, 346-349). Their uptake into cells occur through L-type amino 

acid transporter 1 (LAT1) and/or L-type amino acid transporter 2 (LAT2) also known as 

SLC7A5 and SLC7A8 respectively(350-352) (Figure 16).  

BCAAs metabolism begins with the reversible transamination reaction by 

branched-chain amino acid transferase (BCAT) to produce branched-chain α-keto acid 

(BCKA)(336). Valine is converted to α-ketoisovaleric acid (KIV), Leucine is converted to 

α-ketoisocaproic acid (KIC), and Isoleucine is converted to 3-methyl-2-oxovaleric acid 

(KMV)(353). BCKAs are then irreversibly catabolized by the rate limiting enzyme BCKA 

dehydrogenase complex (BCKDH) to produce final metabolites(354-356). Valine 

metabolism yields succinyl-CoA, leucine yields acetoacetate and acetyl-CoA, while 

isoleucine yields propionyl-CoA and acetyl-CoA. All of which contribute to energy 

production(336, 352, 357). The rate limiting enzyme BCKDH is regulated by the activity 

of the protein phosphatase (PP2Cm) and kinase (BDK) When BCKDH is 

phosphorylated by BDK it becomes inactive, meanwhile it gets activated when 

dephosphorylated by PP2Cm(354, 356, 358) (Figure 16). The PP2Cm/BDK regulation 

of BCKDH is what controls the catabolism of BCAAs.  
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Figure 16. BCAAs Catabolic Pathway. BCAT; branched-chain amino acid transferase. 
BCKAs; branched-chain α-keto acid. BCKDH; BCKA dehydrogenase complex. KIV; α-
ketoisovaleric acid. KMV; 3-methyl-2-oxovaleric acid. KIC; α-ketoisocaproic acid. 
PP2Cm; protein phosphatase 2Cm. BDK; branched-chain α-ketoacid dehydrogenase 
kinase 

 

PP2Cm was identified by Lu G. et al. (2007) as a protein of the Serine/Threonine 

phosphatase (PP2C) family that was exclusively located in the mitochondria. They 

found it to be highly expressed in the heart and further determined its expression profile 

in TAC induced heart failure in mice where it was significantly reduced compared to 

control hearts. This indicates a potential role for PP2Cm in cardiac function(359). 

Furthermore, Lu G. et al. (2009) performed biochemical purification and identified 

BCKDH as the protein substrate of PP2Cm. Using both in-vitro and in-vivo models they 

demonstrate the importance of PP2Cm in dephosphorylating and activating BCKDH 

enzyme and in turn activating BCAA catabolism. They show PP2Cm KO (PP2Cm-/-) 



 

 

78 

mice to have significant upregulation in BCAA and BCKA levels compared to WT mice. 

In addition, loss of PP2Cm led to increase in reactive oxygen species (ROS) levels 

indicating a direct link between PP2Cm activity and oxidative stress. This data further 

confirms the importance of protein phosphatase 2Cm (PP2Cm) as a key regulator of 

BCAAs catabolism, oxidative stress, and cardiac dysfunction(360).  

Since dietary food is the main source for BCAAs production and gut microbiome 

plays a key role in food digestion to produce important metabolites, several studies 

have suggested a role for gut microbiome in the synthesis of BCAAs. Studies have 

reported an association between gut microbiota composition alteration and 

biosynthesis/degradation of BCAAs in both human and animal models of obesity/T2D. 

Liu R. et al. performed metagenomic and metabolomic analysis of obese and lean 

individuals and found gut microbiome of obese individuals to have microbiome species 

associated with increased production of BCAAs and decrease in their degradation(361).  

Pedersen K.H. et al. investigated gut microbiome composition in patients with insulin 

resistance and metabolic syndrome and they identified a positive correlation between 

Prevotella Copri (p.copri) and increasing levels of BCAAs. They validated these findings 

experimentally by placing mice on HFD and oral gavage with either p.copri or sham (1% 

glycerol in PBS). obese mice with p.copri gavage had significant increase in their 

BCAAs levels compared to sham gavaged mice. In addition, p.copri treated mice 

developed insulin resistance and glucose intolerance compared to sham mice. 

Indicating a direct effect of gut microbiome on BCAAs metabolism and the development 

of metabolic syndrome(362). Several other groups investigated the association between 

gut microbiome and BCAAs in animal models of obesity (HFD fed mice) (363) and 



 

 

79 

diabetes (HFD+STZ injection)(364). Researchers found serum levels of BCAAs to be 

upregulated in both animal models in addition to gut dysbiosis. Based on gut 

microbiome changes, pathway analysis identified BCAAs synthesis pathway to be 

increased in obese mice(363) while their degradation pathway was 

decreased(365).These data indicate that gut microbiome modulation provide a 

promising therapeutic target for obesity associated defects in BCAAs catabolism and 

the effects of their accumulation in the body on cardiac function.  

Defects in BCAA catabolism causes accumulation of circulating BCAAs levels 

and has been shown to be associated with development of metabolic syndrome like 

obesity, T2D, insulin resistance as well as CVDs including heart failure. Sun H. et al. 

performed transcriptomic and metabolomic analysis on TAC induced HF in mice and 

found the BCAA catabolic enzymes (BCAT, BCKDH, and PP2Cm) to be significantly 

reduced. This was accompanied with significant increase in the levels of BCKAs (KIV, 

KIC, and KMV) but not BCAAs in the failing hearts. They observed similar results in 

failing human hearts where BCAT, BCKDH, and PP2Cm were significantly reduced, 

while BCKAs but not BCAAs were increased in HF patients compared to controls. To 

test a direct association between BCAA catabolism and heart function, they performed 

PP2Cm KO (PP2Cm-/-) that led to significant accumulation in cardiac BCAAs and 

BCKAs, as well as impairment in cardiac function indicated by a decrease in LV ejection 

fraction and cardiac contractility accompanied with elevated wet lung weights 

(pulmonary congestion). These data further show an association between BCAAs 

catabolism defects and the development of heart failure. To investigate the upstream 

molecular mechanisms involved in the regulation of BCAAs catabolism, they performed 
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regulator analysis and identified Krüppel-like factor 15 (KLF15) transcription factor as a 

main regulator of BCAA catabolism. Overexpressing KLF15 in cultured cardiomyocytes 

led to upregulation in BCAT, BCKDH, and PP2Cm. Meanwhile, KLF15 KO (KLF15-/-) in 

the heart reduced the expression of BCAT, BCKDH and PP2Cm. They also investigated 

the possible mechanisms involved in BCAAs and BCKAs accumulation effects on 

cardiac function and found their accumulation to increase the production of superoxide 

that is associated with increased oxidative stress in the failing hearts. Therefore, they 

conclude that deficiency in BCAAs catabolism due to deficiency in the upstream 

transcriptional regulator KLF15 leads to cardiac dysfunction and heart failure due to 

their downstream effects on superoxide production and oxidative stress(366).  

Similarly, Uddin M.G. et al. studied BCAAs metabolism in dilated cardiomyopathy 

patients (DCM) and TAC induced heart failure mouse model. In DCM patients they 

found cardiac PP2Cm and BCAT levels to be significantly reduced, and this was 

associated with significant increase in p-BCKDH and cardiac BCAAs levels. Similarly, 

they found cardiac BCAAs and p-BCKDH to be significantly increased in TAC mice. 

However, treating TAC mice with BT2 (pharmacological inhibitor of BDK) significantly 

improved BCAAs catabolism indicated by decreased in cardiac BCAAs and p-BCKDH 

levels. This improvement was associated with improved LV ejection fraction and 

attenuation of cardiac hypertrophy seen in TAC mice indicating an association between 

BCAAs catabolism impairment and the development of cardiac dysfunction. Like 

previous findings, they found the decrease in BCAA catabolism to be associated with 

decrease in KLF15 expression. However, they further identified upstream regulation of 

KLF15 where they found its downregulation to be due to increase in the activation of 
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TAK1 and p38MAPK. Furthermore, they identified the activation of mTOR pathway and 

its subsequent impairment in insulin signaling as a potential mechanism by which 

BCAAs catabolism defects contribute to cardiac dysfunction in the failing heart(367).  

 Wang W. et al. found BDK, inactive p-BCKDH, and cardiac BCAAs levels to be 

significantly upregulated, while PP2Cm levels were significantly reduced in MI mice 

hearts. This was associated with increased inflammation, fibrosis, and cardiac 

remodeling due to activation of mTOR signaling(368). Similarly, Lian K. et al. found 

PP2Cm to be significantly reduced but p-BCKDH, cardiac BCKAs and BCAAs to be 

significantly increased in diabetic mice (HFD+STZ injection) compared to WT mice. 

Overexpression of PP2Cm (using PP2Cm-expressing adenovirus injection) in diabetic 

mice followed by MI induction led to significant decrease in infarct size, while PP2Cm 

whole body KO (PP2Cm-/-) significantly increased infarct size in MI mice compared to 

sham mice indicating an association between BCAA catabolism and myocardial injury. 

To investigate this association further, they treated diabetic + MI mice with BT2 (a 

pharmacological inhibitor of BDK), which significantly reduced cardiac BCKAs, BCAAs, 

and p-BCKDH levels. BT2 treatment also reduced myocardial infarct size in both 

diabetic + MI mice and PP2Cm-/- +MI mice. These data confirm that improving BCAAs 

catabolism, either by activating PP2Cm or inhibiting BDK, attenuates myocardial injury 

in diabetic mice. Similar to Sun H. et al, they found the association between BCAAs 

catabolism defects and cardiac dysfunction to be mediated through increase in oxidative 

stress(369).   

 Furthermore, the association between BCAAs catabolism defects and oxidative 

stress were directly studied by Zhenyukh O. et al. using an in-vitro cell model. They 
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found cultured human peripheral blood mononuclear cells (PBMC) and endothelial cells 

(ECs) treated with high BCAAs to increase oxidative stress and inflammation through 

the activation of the mTOR pathway(370). These data indicate that defective BCAAs 

catabolism pathway is involved in both metabolic and cardiac dysfunctions, and the 

associated mechanisms include transcriptional regulation by KLF15 and increase in 

oxidative stress, inflammation, fibrosis, and cardiac remodeling that occurs through 

activation of many downstream signaling pathways such as mTOR signaling. 

 Several research papers show BCAAs to be accumulated in HF patients and 

animal models of HFrEF due to defects in the catabolic enzymes PP2Cm and active 

BCKDH(366-368, 371). Meanwhile, increasing BCAAs oxidation/metabolism in HFrEF 

animal models led to significant improvements in cardiac dysfunctions(369). 

Additionally, recent transcriptomic analysis by Gibb A.A. et al. on early and late HFpEF 

cat model showed elevated BCAAs levels and defects in its catabolic pathway in both 

stages(224). These findings indicate a potential role for BCAAs in HFpEF development, 

and improving their metabolism provides a promising preventative therapeutic for 

HFpEF progression. However, studies that address these concepts are still lacking.  

Our study shows defects in BCAAs catabolism in the early stage of obesity 

associated HFpEF and provides for the first time a role for gut microbiome metabolites 

in improving BCAAs metabolism that is linked to improvements in early cardiac changes 

at the pre-HFpEF stage. These results present a novel molecular mechanism involved 

in obesity associated HFpEF and open new avenues for the development of 

preventative therapeutics involving the gut microbiome.    
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Results 

Tributyrin Treatment Altered Gene Expression in the Heart.  

 To investigate the molecular mechanisms by which butyrate improves cardiac 

function and hypertrophy in obese pre-HFpEF, we turned to metagenomic analysis to 

identify changes in cardiac gene expression of WD-fed mice treated with vehicle or 

tributyrin (Chapter five). By performing RNA sequencing analysis, we identified 23,564 

transcripts in the heart. Using a 5% false discovery rate (FDR) we found sixteen genes 

to be significantly changed with tributyrin treatment (Figure 17A). Out of the sixteen 

altered genes, nine were significantly downregulated while seven were significantly 

upregulated with tributyrin (Figure 17B). Of the nine downregulated genes many are 

involved in collagen formation and extracellular matrix (ECM) which in turn is involved in 

cardiac fibrosis and hypertrophy. For example, Loxl2 (encodes lysyl oxidase homolog 2) 

is involved in collagen crosslinks formation and increase in fibrosis(372-374). 

Col16a1(encodes collagen type XVI alpha 1 chain) which is associated with the 

formation of collagen type I and type II(375). Thbs1 (encodes thrombospondin 1) is 

involved in cell adhesion, and ECM expression where it activates TGF- β (which is 

involved in fibrosis by activating myofibroblasts activation and increases collagen 

secretion and deposition into the ECM) in multiple cell types like endothelial cells and 

cardiac fibroblasts(376, 377). Nfasc (encodes Neurofascin) is involved in the formation 

of cell adhesion molecules that in turn induces fibrosis (increase in cell adhesion 

molecules is known to increase inflammatory cell recruitment and infiltration)(378, 379).  

On the other hand, the upregulated genes are involved in the regulation of 

cellular and metabolic processes (Figure 17C) such as mgst1 (Microsomal glutathione 
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S-transferase 1) which plays a role in the protection of mitochondria from oxidative 

stress(380). Ppm1k (protein phosphatase Mg2+/Mn2+ Dependent 1K) encodes PP2Cm 

(protein phosphatase 2Cm) which is involved in activation of branched chain amino 

acids (BCAAs) catabolic pathway(359, 360). Aqp4 (Aquaporin 4) which is involved in 

cardiac contractility through regulation of SERCA pump (sarco-/endoplasmic reticulum 

Ca2+ ATPase)(381, 382), a regulator of muscle relaxation by facilitating calcium 

transport from the cytosol into the sarcoplasmic reticulum (SR) during diastole(383, 

384). It was shown that Aqp4-KO mice had SERCA downregulation, resulting in 

increased diastolic [Ca2+] i, and in turn increased risk in cardiac arrhythmias and heart 

failure(385). Cacng6 (Calcium Voltage-Gated Channel Auxiliary Subunit Gamma 6) 

encodes voltage gated calcium channels gamma subunit which in turn stabilizes 

calcium channels in the closed (inactive) state giving muscle cells enough time to relax 

properly before the next contraction(386). Igtp (interferon-gamma induced GTPase) 

which is involved in the protection from bacterial infections(387). Egln3, a member of 

the alpha-ketoglutarate-dependent hydroxylases that have several roles including 

biosynthesis, post-translational modifications, epigenetic regulation, and cell energy 

metabolism(388). CenpF (encodes Centromere protein F) which plays a role in proper 

mitosis and cell division(389, 390).  
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Figure 17. Tributyrin Treatment Altered Gene Expression in the Hearts of Obese 
pre-HFpEF Mice. A) heat map showing topmost regulated transcripts after tributyrin or 
vehicle treatment in the hearts of obese pre-HFpEF mice (5% FDR-adjusted P<0.05), B) 
Normalized gene count of downregulated genes after tributyrin compared to vehicle 
treatment, C) Normalized gene count of upregulated genes after tributyrin compared to 
vehicle treatment.  

 

Tributyrin Modulates the Expression of Enzymes Involved in Branched Chain 

Amino Acids Catabolic Pathway 

 Of the 16 significantly altered genes with tributyrin treatment, ppm1k was of 

particular interest to us because it is highly involved in metabolism, mitochondrial 

function, obesity, and CVDs. As indicated from the previous RNAseq data (Figures 17A, 

C), tributyrin significantly upregulates the expression of ppm1k in the heart, which 

encodes the enzyme PP2Cm that dephosphorylates and activates the rate limiting 

enzyme, branched-chain α-keto acid dehydrogenase (BCKDH), in the BCAAs catabolic 

pathway. Therefore, we investigated whether tributyrin affects BCAAs catabolism by 

altering the expression of the enzymes PP2Cm and BCKDH. By performing western 

blot analysis, we measured the protein levels of PP2Cm in the hearts of obese pre-

HFpEF mice after vehicle or tributyrin treatments. We found tributyrin to significantly 
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increase the levels of PP2Cm compared to vehicle treatment (Figure 18A, B). From this 

result we expected the increase in PP2Cm levels to cause a decrease in the levels of 

the inactive p-BCKDH. Therefore, we measure the levels of p-BCKDH in the hearts and 

we found it to be significantly decrease after tributyrin treatment (Figure 18C, D). This 

data indicate that butyrate plays a role in enhancing the catabolism of BCAAs in the 

heart through modulation of the metabolic enzymes involved. Therefore, we measured 

the serum and cardiac BCAAs levels. However, we found no significant changes in 

either measurement between tributyrin and vehicle treated obese mice (Figure 18E, F).   

In addition, since BCKDH is directly involved in the catabolism of BCKAs (KIV, KMV, 

KIC) we measured serum levels of BCKAs in our tributyrin treated mice. However, we 

found no significant difference in either BCKA between WD+Vehicle and WD+Tributyrin 

treated mice. 
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Figure 18. Tributyrin Alters Protein Expression of BCAAs Catabolic Enzymes 
PP2Cm and p-BCKDH. A) Immunoblot images of PP2Cm protein and total protein 
staining (ponceau) from WD-fed mice treated with Tributyrin or vehicle, B) Densitometric 
analysis of the ratio of PP2Cm to total protein staining (ponceau) bands, C) Immunoblot 
images of p-BCKDH and total BCKDH from hearts of WD-fed mice treated with 
Tributyrin or vehicle, D) Densitometric analysis of the ratio of p-BCKDH/BCKDH protein 
bands, E) Concentration of combined and separate BCAAs in serum of WD+vehicle and 
WD+Tributyrin treated mice, F) Cardiac BCAAs levels in WD vehicle and WD+Tributyrin 
treated mice normalized to total protein concentration, G) BCKAs serum concentration 
levels. Statistical analysis was done using unpaired student’s t-test. Data are mean ± 
S.E.M. (*p<0.05).  
 
Fecal Microbiome Transplantation and Tributyrin Treatments Share Similar 

Effects on BCAAs Catabolic Pathway in the Heart of Obese Pre-HFpEF Mice  

 The data in chapter three showed tributyrin treatment to replicate FMT’s effects on 

early cardiac dysfunction and cardiac hypertrophy in obese pre-HFpEF mice. Therefore, 

we sought to investigate whether FMT has similar effects as tributyrin on BCAAs 

catabolic enzymes PP2Cm and p-BCKDH. We measure the levels of pp1mk gene 

expression in the heart using RT-qPCR. In WD-fed mice we found ppm1k levels to have 

a trend towards decreasing compared to NC-fed mice (Figure 19A), while ppm1k 

showed opposite trend towards increasing in mice treated with FMT compared to sham 
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FMT (Figure 19B). However, these results did not reach statistical significance. 

Furthermore, we measured the levels of PP2Cm protein expression by western blot 

analysis. Similar to ppm1k results, we found PP2Cm protein levels to trend towards 

decrease in WD-fed mice compared to NC-fed mice (Figures 19C, D), while PP2Cm 

had a trend towards increase with FMT compared to sham FMT treated obese mice 

(Figures 19E, F). For further analysis of FMT’s effect on BCAA catabolism pathway, we 

measured the levels of p-BCKDH protein, and we found it to be significantly increased 

in WD-fed mice (Figures 19G, H), and that to be significantly decreased with lean FMT 

treatment (Figures 19I, J). These data further confirm that tributyrin and FMT share 

common molecular mechanism in improving cardiac dysfunction and hypertrophy in 

obese pre-HFpEF, and that is likely through the modulation of enzymes involved in 

BCAAs metabolic pathway.  
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Figure 19. FMT Treatment has Similar Effects as Tributyrin on BCAAs Catabolism 
Enzymes. mRNA levels of ppm1k using RT-qPCR analysis from A) NC and WD fed 
mice, B) sham FMT and FMT treated obese mice, C) Immunoblot images of PP2Cm 
and total protein staining from NC and WD fed mice, D) Densitometric analysis of the 
ratio of PP2Cm to total protein staining (ponceau) bands, E) Immunoblot images of 
PP2Cm and total protein staining from FMT and sham FMT treated mice,                      
F) Densitometric analysis of the ratio of PP2Cm to total protein staining (ponceau) 
bands, G) Immunoblot images of p-BCKDH and total BCKDH from hearts of NC and 
WD fed mice. H) Densitometric analysis of the ratio of p-BCKDH/BCKDH protein bands, 
I) Immunoblot images of p-BCKDH and total BCKDH from hearts of WD fed mice 
treated with sham FMT or FMT, J) Densitometric analysis of the ratio of p-
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BCKDH/BCKDH protein bands. Statistical analysis was done using unpaired student’s t-
test. Data are mean ± S.E.M. (*p<0.05, ****p<0.00005). 
 
Tributyrin’s Increase in ppm1k Gene Expression was in Part Due to its Histone 

Deacetylase Inhibition (HDACi) Activity 

 Following butyrate’s increase in ppm1k gene expression and the encoded protein 

PP2Cm in the heart, which in turn decreased the phosphorylated (inactive) rate limiting 

enzyme p-BCKDH, we wanted to investigate the molecular mechanisms by which 

butyrate caused these effects. As mentioned previously in chapter two (Figure 2), 

SCFAs effects are mediated either by binding to their GPCRs, participating in 

mitochondrial metabolism and ATP generation, inhibiting HDAC/increasing HAT activity 

that leads to upregulation in gene expression. In order to test whether butyrate 

increases ppm1k by binding to its GPCRs, we performed in-situ hybridization of 

FFAR2/3 in heart tissue sections. We found both receptors to have very low expression 

in the heart (Figure 20A, B) compared to positive control tissue nodos ganglia, which is 

known to have very high expression of FFAR2/3 (Figure 20C). Which indicates that 

butyrate’s effects in the heart are independent of binding to GPCRs and the subsequent 

activation of intracellular signaling pathways. From our results in chapter five (Figure 

15), we saw that butyrate does not affect mitochondrial respiration or energy production 

therefore, butyrate’s effects on BCAAs catabolism are independent of its effects on 

mitochondrial metabolism. Lastly, we tested whether butyrate’s effects were mediated 

by its HDAC inhibition activity using in-vitro assay. We treated C2C12 mouse myoblasts 

with NaB or vehicle followed by RT-qPCR to make sure we see similar effects on 

ppm1k gene expression in-vitro. We saw significant increase in ppm1k gene expression 

with NaB treatment as early as six hours of treatment (Figure 21A). After this 
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confirmation, we treated C2C12 cells with the pharmacological HDAC inhibitor, 

Trichostatin A (TSA), or vehicle followed by RT-qPCR to test for ppm1k gene 

expression. Similar to our findings with NaB treatment, we found ppm1k expression to 

be significantly increased with TSA compared to vehicle treatment (Figure 21B). 

Therefore, this indicates that butyrate’s increase in ppm1k levels and BCAA metabolic 

pathway is due to its HDAC inhibition activity. 
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Figure 20. Tributyrin’s Effects on ppm1k is Independent of Binding to its GPCRS 
FFAR2/3. Chromogenic in-situ hybridization staining of A) ffar2 mRNA (green) and B) 
ffar3 mRNA (green) in heart sections. C) Chromogenic in-situ hybridization staining of 
ffar3 mRNA (green) in nodose ganglia (NG) (positive control). 
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Figure 21. Tributyrin’s Increase in ppm1k Gene Expression is Due to its HDAC 
Inhibition Activity. A) mRNA levels of ppm1k in C2C12 treated with 5mM sodium 
butyrate (NaB) or vehicle for 6 hours. b) mRNA levels of ppm1k in C2C12 cells treated 
with 1µM HDAC inhibitor Trichostatin A (TSA) or vehicle for 6 hours. ppm1k gene 
expression is normalized to β-actin levels. Statistical analysis was done using unpaired 
student’s t-test. Data are mean ± S.E.M. (**p<0.005, ***p<0.0005). 
 
Tributyrin Treatment Reduced Oxidative Stress in the Hearts of Obese Pre-HFpEF 

Mice.  

 Defects in BCAAs catabolism due to deficiency in catabolic enzymes PP2Cm and 

BCKDH lead to the accumulation of BCAAs which has been associated with increase in 

superoxide production and increase in oxidative stress(25,31,34,35). Additionally, 

oxidative stress is known to be increased in CVDs such as hypertension, , HFrEF, and 

HFpEF(53, 54, 88, 391, 392). Therefore, we tested whether butyrate decreases 

oxidative stress in the hearts. We measured the levels of oxidative stress marker 4-

hydroxynonenal (4-HNE), the product of lipid peroxidation and an oxidative stress 

marker (36, 393), in the hearts of obese pre-HFpEF mice before and after tributyrin 

treatment. We found 4-HNE levels to be significantly reduced in the hearts of obese pre-

HFpEF mice after tributyrin treatment compared to vehicle treatment (Figure 22).  
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Figure 22. Tributyrin Reduced the Levels of Oxidative Stress Marker 4-HNE in the 
Hearts of Obese Pre-HFpEF Mice. A) Immunoblot images of 4-HNE and total protein 
staining from hearts of obese pre-HFpEF mice treated with Tributyrin or vehicle, B) 
Densitometric analysis of the ratio of 4-HNE/total protein bands. Statistical analysis was 
done using unpaired student’s t-test. Data are mean ± S.E.M. (*p<0.05) 
 

Discussion 

 Studies have shown an association between gut microbiome modulation in obesity 

and deficiency in BCAAs degradation. In addition, defects in BCAAs catabolism have 

been linked to cardiac dysfunction and hypertrophy in many cardiovascular diseases 

including heart failure. In agreement with these findings, our data indicate a decrease in 

BCAAs catabolic pathway in obese pre-HFpEF mice that is improved with gut 

microbiome modulation using FMT and the SCFA butyrate supplementation. In obese 

pre-HFpEF mice hearts we show a decreasing trend in ppm1k and its encoded protein 

PP2Cm, while FMT treatment from lean mice showed an increasing trend in ppm1k and 
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PP2Cm expression compared to sham FMT treatment. Additionally, we found the 

inactive rate limiting enzyme p-BCKDH to be significantly increased in obese pre-

HFpEF mice, while lean FMT treatment significantly reduced its levels compared to 

obese FMT. In correspondence with these findings, we show an improvement in BCAAs 

catabolic enzymes after tributyrin in obese pre-HFpEF mice hearts. This was shown by 

cardiac RNAseq analysis which revealed an increase in ppm1k gene after tributyrin 

treatment. This increase was also associated with increase in the levels of the encoded 

protein PP2Cm as well as a decrease in the levels of the inactive p-BCKDH enzyme.  

However, improvements in BCAAs catabolic enzymes were not associated with 

decrease in either serum BCAAs, serum BCKAs, or cardiac BCAAs levels. This inability 

to detect any changes in BCAAs and BCKAs levels could be attributed to the treatment 

does/duration we used, which might have resulted in small differences that could not be 

accurately measured in circulating or whole organ. Another possible explanation is that 

BCAAs and BCKAs changes could be occurring in a cell specific manner. Therefore, 

further experiments must be performed to measure the levels of BCAAs and BCKAs in 

certain cell types such as cardiomyocytes. Additionally, dose-response studies should 

be done to identify the best tributyrin dose and treatment duration that will induce 

changes in the circulatory BCAAs and BCKAs levels. Alternatively, BCAAs 

supplementation can be included in the experimental strategy prior to tributyrin 

treatment. This will further help test the direct effect of butyrate on BCAAs circulating 

levels.  

We sought to determine butyrate’s mechanisms of action that are contributing to 

its effects on ppmk1. We excluded butyrate’s binding to its GPCRs ffar2/3 and activation 
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of intracellular signaling pathways using in-situ hybridization in heart sections, where we 

found both ffar2/3 to be very lowly expressed. However, we identified butyrate’s 

epigenetic regulation through its HDAC inhibition activity as a possible mechanism. 

Using in-vitro treatment we found both butyrate and the HDAC inhibitor TSA to 

significantly upregulate ppm1k expression levels. In addition to its HDAC inhibition 

activity, butyrate can also increase histone acetylation (HATs) by activating the 

acetyltransferase p300(322). Therefore, future work should also investigate whether 

butyrate’s increase in ppm1k is due to its increase in HAT activation.  

One of the potential beneficial effects of tributyrin’s activation of BCAAs catabolic 

enzymes is the decrease in oxidative stress. We found the oxidative stress marker 4-

hydroxynonenal (4-HNE) to be significantly decreased in obese pre-HFpEF hearts 

following tributyrin treatment indicating an effective role for butyrate in decreasing 

cardiac oxidative stress associated with obesity and cardiac dysfunction. The decrease 

in 4-HNE could be due to butyrate’s effect on BCAAs catabolism since defects in this 

pathway has been associated with increase oxidative stress. However, further studies 

must be done to test this direct association. This can be done using in-vitro treatment 

with BCAAs followed by NaB/vehicle treatment and ROS levels can be measured using 

MitoSOX live-cell imaging assay. In addition, since BCAAs accumulation contributes to 

mitochondrial dysfunction through increasing oxidative stress, in-vitro studies following 

the previously proposed experimental conditions can be used to identify the effect of 

butyrate’s reduction of oxidative stress on mitochondrial function using the Seahorse 

Mitostress assay. Furthermore, as seen in Figure 17A, butyrate upregulates the 

expression of mgst1 which plays a role in the protection of mitochondria from oxidative 
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stress(47). Therefore, future studies should investigate whether this decrease in 

oxidative stress by butyrate is through the upregulation of mgst1.   

Finally, in our tributyrin study we included both male and female mice to 

investigate whether there are any sex differences in our results. However, we found no 

significant differences in catabolic enzyme levels PP2Cm and p-BCKDH, plasma and 

cardiac BCAAs levels, or 4-HNE levels between males and females.  

Identifying the molecular mechanisms involved in tributyrin’s improvement of 

cardiac dysfunction and hypertrophy in pre-HFpEF is paramount to understanding the 

role of gut microbiome and its metabolite butyrate in HFpEF development. In this study, 

we identified the BCAAs catabolic pathway and cardiac oxidative stress as a potential 

molecular mechanism involved in tributyrin’s improvements, that occurred due to its 

HDAC inhibition property. Future studies should investigate the effect of using butyrate 

supplementation on obesity associated HFpEF animal models to test whether it would 

have similar beneficial effects in improving cardiac dysfunction, and whether that is 

mediated through BCAAs metabolism and oxidative stress reduction. This will give 

insight on whether tributyrin can be used as a therapeutic agent to treat HFpEF in 

addition to being able to halt the progression of pre-HFpEF to clinical HFpEF. 

Furthermore, future studies should investigate whether improving BCAAs catabolism 

can be used to treat cardiac dysfunction in HFpEF mice besides being a preventative 

therapeutic.  

 



 

 100 

CHAPTER SEVEN 

SUMMARY & FUTURE DIRECTIONS 

Summary of Thesis Work 

 HFpEF remains one of the most critical cardiovascular diseases that requires 

extensive research and studies to understand its complex pathophysiology(8-10). Its 

heterogeneity gives rise to several specific disease phenotypes that require different 

treatment approaches(9, 13). This hindered the efficacy of many therapeutic 

approaches and conventional medications that are used in improving HFrEF patient 

outcomes such as b-blockers and ACE inhibitors(11, 20, 42, 63). Recent clinical 

research showed the effectiveness of SGLT2 inhibitors in reducing the risk of 

hospitalization of HFpEF patients, but more studies are needed to understand the 

mechanisms involved in these improvements (77, 78, 83). The progression of HFpEF 

involves many comorbidities such as obesity, T2D, hypertension, aging, pulmonary and 

kidney failure(4, 9, 11-13, 19, 24, 25). However, the two main comorbidities seen in 

patients are obesity and T2D(89-94). This led to the identification of a separate group 

called obesity associated HFpEF (91) in which obesity induces systemic inflammation, 

increases the infiltration of immune cells, and collagen production in the interstitial 

space between the endothelium and cardiomyocytes. Additionally, systemic 

inflammation increases ROS production, reduces NO and PKG(11, 106). These lead to 

the development of cardiac fibrosis and hypertrophy which in turn contributes to the 

decrease in LV relaxation and stiffness that is seen in HFpEF(11, 106).
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Obesity remains a global epidemic that evolves from excess consumption of 

westernized diets that are composed of processed foods high in fat and sugar, 

decrease intake of food rich in fibers, and decrease in physical activity which reduces 

quality of life and present a significant risk for development of several CVDs including 

HFpEF(47, 89, 92, 394). More than 80% of HFpEF patients are obese, thus it is critical 

to focus on and target mechanisms involved in obesity associated HFpEF to reduce 

morbidity and mortality of patients(89-94).   

One possible approach to reduce morbidity and mortality of advanced HFpEF is 

developing preventative therapies that halts the progression of the disease by targeting 

early pathophysiological alterations in the pre-clinical stage of HFpEF that are involved 

in the transition to advanced HFpEF. This stage was recently identified as a new 

pathological entity where patients present with no symptoms of HF like shortness of 

breath, fatigue, pulmonary edema, and many others. However, these patients have 

changes to their heart structure that resemble those found in advanced HFpEF(19, 85). 

Studies investigating the transition from preclinical to advanced HFpEF stage are still 

lacking, thus the need to focus on them and the mechanisms involved are crucial to halt 

further progression of HFpEF.  

In chapter three, we developed an obesity associated pre-HFpEF mouse model 

where mice had reduction in GLS and LSRr measurements that point to decreased 

relaxation of the LV to properly fill with blood in diastole and decrease in the rate of 

contraction to pump blood during systole. However, the mice had normal LVEF and E/A 

ratio indicating what they have is early systolic and diastolic dysfunction that hasn’t yet 

evolved to advanced cardiac dysfunction. We further confirmed the model as pre-
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HFpEF by detecting no development of nitrosative stress or cardiac fibrosis , which are 

two key markers of HFpEF development(41).  

Obesity due to excess consumption of westernized diets is associated with the 

development of gut dysbiosis which decreases the production of beneficial microbiome, 

increases harmful bacteria, and reduced gut microbiome diversity(107, 108, 115). This 

modulation of gut microbiome has been associated with the development of many 

CVDs including hypertension(172, 173, 176), HFrEF(213-215), and atherosclerosis 

(124, 126)where many studies attributed it to the decrease in the production of gut 

microbiome metabolites SCFAs (Acetate, Butyrate, Propionate)(174, 175, 178, 395). 

Only recently was gut microbiome composition investigated in HFpEF patients, where 

studies performed 16S rRNA sequencing and identified a difference in gut microbiome 

composition between HFpEF and control groups(239, 240). Interestingly, studies also 

found a significant reduction in butyrate-producing bacteria in HFpEF patients which 

points to a potential connection between the SCFA butyrate and HFpEF 

development(239, 240). However, no mechanistic links were investigated.  

In line with these findings, we found significant reduction in microbiome diversity 

in our obese pre-HFpEF mice (chapter three) as well as a reduction in the butyrate-

producing bacteria Lactobacillus. Therefore, we sought to investigate the effect of 

improving gut microbiome composition using FMT and butyrate supplementation in our 

obesity associated pre-HFpEF mice. By treating obese pre-HFpEF mice with FMT from 

lean NC-fed mice we found a significant improvement in early cardiac dysfunction, 

which further reinforced the potential association between gut microbiome and cardiac 

function in the pre-HFpEF stage.  In chapter five, we treated obese pre-HFpEF mice 
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with tributyrin, butyrate prodrug, and we found it to recapitulate FMT’s amelioration of 

early cardiac dysfunction which suggested that FMT’s improvements are due to 

butyrate. tributyrin supplementation was able to better improve GLS and LSRr 

compared to FMT thus further supporting the fact that butyrate is mainly responsible for 

augmentation of early cardiac dysfunction in obese pre-HFpEF mice.  

In chapter six, we further explored the molecular mechanisms involved in 

butyrate’s effects on cardiac function by performing cardiac RNA sequencing analysis. 

We identified 16 genes to be significantly altered with tributyrin treatment in obese pre-

HFpEF mice. Among the altered genes we focused on ppm1k since it was associated 

with obesity and CVDs. ppm1k encodes PP2Cm, the main regulator of the rate limiting 

enzyme BCKDH that is involved in the catabolism of BCAAs. Accumulation of BCAAs 

occurs due to deficiency in the catabolic enzymes PP2Cm and BCKDH which was 

shown to be associated with the development of many pathologies including obesity 

and heart failure(366, 367, 371). We found tributyrin to increase ppm1k , PP2Cm , and 

decrease the inactive p-BCKDH  in the hearts of obese pre-HFpEF mice. Indicating the 

efficiency of butyrate in improving the catabolic activity of BCAAs in the heart. 

Furthermore, we measure the levels of BCAAs and BCKAs, but we found them to be 

unaltered with tributyrin treatment. This might be due to the short duration of tributyrin 

treatment and/or the dose used. Furthermore, the change in BCAAs and BCKAs levels 

could occurring in cell specific manner thus future measurements should take that into 

consideration.  

Next, we investigate butyrate’s mechanisms of action that could be involved in 

butyrate’s upregulation of ppm1k including binding to GPCRs or HDAC inhibition. We 
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confirmed that butyrate’s receptors FFAR2/FFAR3 have very low expression in the 

heart using RNAscope analysis which means that butyrate’s increase of ppm1k is 

independent of binding to tis GPCRs. Then, we found treatment with pharmacological 

HDAC inhibitor TSA to increase ppm1k levels in-vitro using RT-qPCR similarly to NaB 

treatment. This implies that butyrate increases ppm1k likely through its HDAC inhibition 

activity. However, further studies must be done to further explore how HDAC inhibition 

is leading to gene expression regulation.  

One of the main effects of BCAAs accumulation on cardiac function is increasing 

oxidative stress and ROS production(369, 396). Therefore, we measured the levels of 

oxidative stress marker 4-HNE in the heart and found it to be significantly reduced with 

tributyrin treatment. However, this could also be due to increase in the levels of mgst1, 

one of the genes that is upregulated with tributyrin and has a role in mitochondrial 

protection from oxidative stress. Therefore, future studies should be performed to 

determine whether tributyrin’s effects on oxidative stress are directly related to increase 

in BCAAs catabolism or through other mechanisms. 

Contraction and relaxation of the LV are known to be controlled by the ANS 

through a balance between the functions of parasympathetic and sympathetic nervous 

systems. The PNS is responsible for “rest and digest” while the SNS is responsible for 

“fight and flight” response. Dysregulation/imbalance between PNS and SNS is known to 

be associated with development of heart failure, hypertension, and chronotropic 

incompetence (274- 279). Moreover, ANS controls gastrointestinal function and activity 

through the PNS, SNS and enteric nervous system which led to the formation of gut-

brain-heart axis(254). Therefore, in chapter four we sought to determine whether early 
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cardiac dysfunction in obese pre-HFpEF and improvements seen after gut microbiome 

modulation with FMT occurs via autonomic regulation. However, we detected no 

changes in either HR or CO in obese pre-HFpEF compared to NC controls, or in those 

treated with lean FMT compared to FMT from obese mice. Furthermore, we detected no 

changes in the levels of GPCRs of the PNS and SNS, muscarinic and b-adrenergic 

receptors between different treatment groups. Therefore, the effects of gut microbiome 

on cardiac function in obese pre-HFpEF mice is independent of changes to autonomic 

regulation.  

Tributyrin’s effects on obese pre-HFpEF included improvements in exercise 

capacity in addition to cardiac function. First, we thought this occurred due to 

enhancement in cardiac function. However, we found no alteration in either CO or HR 

after tributyrin treatment. Next, we speculated that the increase in exercise capacity was 

due to decrease in body weights, however tributyrin treated mice had no changes in the 

body weights compared to their vehicle treated littermates. Lastly, we tested whether 

tributyrin’s amelioration of exercise intolerance was due to improvements in 

mitochondrial metabolism. By performing seahorse analysis, we measured changes in 

mitochondrial metabolism after butyrate treatment in mouse myoblasts cell line. We 

detected no changes in mitochondrial oxygen consumption rate after butyrate treatment. 

However, to further confirm these results future seahorse measurements should be 

done using other relevant cell types such as IPSC derived cardiomyocytes, isolated 

skeletal muscle cells, isolated adult cardiomyocytes.  

Sex differences is a critical component in obesity and HFpEF research. Several 

studies indicate that women are more prone to developing HFpEF and obesity than 
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men(397-400). However, in mice studies females are more resistant to developing 

cardiometabolic changes with WD feeding than males(401, 402). Therefore, we 

included both males and females in our tributyrin study and analysis. We found no 

difference in any of the measurements between male and female obese pre-HFpEF 

mice.  The only difference we noticed was that males were gaining weight at a higher 

rate than females on the WD.  

 Future Directions 

 Our data indicate an association between the gut microbiome, its metabolite 

butyrate, and the development of obesity associated pre-HFpEF. In our results, we 

identify improving gut microbiome composition, and more directly butyrate 

supplementation to be able to reverse early cardiac dysfunction indicated by decrease 

relaxation and contraction efficiency of the LV in obese pre-HFpEF mice. This points to 

a causative role of gut microbiome imbalance in HFpEF development, rather than a side 

effect of disease progression. Our findings in turn open new avenue of preventative 

therapeutics that can be applied during the preclinical stage of HFpEF prior to 

progression to advanced HFpEF. In addition to its preventative role, the use of butyrate 

supplementation could provide further improvement in obesity associated HFpEF. 

Therefore, future studies investigating the role of tributyrin on cardiac function using a 

HFpEF mouse model such as the HFD+L-NAME model (41) would provide further 

insights on the potential therapeutic role of butyrate in advanced HFpEF. Important 

molecular mechanisms that could be involved are butyrate’s effects on cardiac fibrosis, 

inflammation, and oxidative stress. 
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Our study mainly focused on the role of gut microbiome and butyrate in the heart. 

However, since HFpEF is a heterogenous diseases that include extra-cardiac 

abnormalities, it would be interesting to further explore the effect of butyrate on skeletal 

muscle function especially after our findings of improved exercise capacity with butyrate 

treatment, as well as effects on vascular system/hypertension, adipose tissue, kidney 

and pulmonary functions.  

 Moreover, the direct association between BCAAs catabolism, oxidative stress, 

and cardiac function in HFpEF should also be investigated using a pharmacological 

activator of BCAAs catabolism in HFpEF mouse models followed by echocardiography 

and oxidative stress measurements. This will allow for further understanding of the role 

of BCAAs metabolism in obesity associated HFpEF and whether it can be used as a 

potential therapeutic target. We identified HDAC inhibition as a potential mechanism by 

which butyrate upregulates ppm1k gene expression, but more studies should 

investigate how this HDAC inhibition activity occurs such as through the recruitment of 

butyrate by a specific transcription factor on ppm1k promoter region. Additionally, 

further experiments should investigate butyrate’s increase in gene expression through 

the increase in the acetylation of a specific histone on ppm1k promoter region. Another 

potential mechanism in which butyrate can be improving the catabolic pathway of 

BCAAs is through the activation of the transcription factor KLF15 that is an upstream 

regulator of BCAAs metabolism(366). This can be done in-vitro by KD of KLF15 using 

siRNA followed by NaB or vehicle treatment and RT-qPCR to measure the changes in 

ppm1k expression levels. As well as western blot analysis to measure the levels of 

PP2Cm, p-BCKDH expression after KLF15 with and without butyrate treatment.  



 

 

108 

Lastly, in our studies we focused on the effect of Tributyrin on ppm1k and its 

associated pathway. However, our RNA sequencing results reveal other genes that are 

being altered (upregulated or downregulated) with butyrate. Therefore, future studies 

should also consider mgst1 which has a protective role against mitochondrial oxidative 

stress, Aqp4 which regulates cardiac contractility through regulation of SERCA pump, 

Loxl2 and Col16a1 which are involved in cardiac fibrosis and hypertrophy by increasing 

collage formation and deposition in the interstitial space, Thbs1 and Nfasc that are 

involved in increased immune cells infiltration and inflammation. These 

pathophysiological effects have all been described as part of obesity associated HFpEF 

paradigm and the proposed molecular mechanisms for the development of therapeutic 

targets. 

Concluding Remarks 

 This dissertation explored the effect of gut microbiome modulation and butyrate 

supplementation on cardiac function in obesity associated pre-HFpEF progression and 

the molecular mechanisms involved. We knew from previous research and studies that 

obesity is linked to the development of gut microbiome imbalance, and the reduction of 

SCFA producing bacteria(107, 108, 166). Additionally, we knew that gut imbalance is 

linked to cardiac dysfunction in many CVDs(123, 124, 126, 170-172, 176). Most 

importantly, we knew that HFpEF patients display a significant reduction in gut 

microbiome diversity and butyrate-producing bacteria compared to controls (239, 

240).Therefore, we hypothesized that gut microbiome and SCFA butyrate play a key role 

in the development of obesity associate HFpEF, and we focused on studying the pre-

HFpEF stage to explore the avenue of preventative therapeutics to halt further 
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progression to advanced HFpEF. To explore these hypotheses, we began testing the 

effect of FMT treatment and butyrate supplementation on cardiac function in diet induced 

obese mice, and to determine the molecular mechanisms involved. Upon completion of 

our studies, we conclude that improving gut microbiome composition as a successful 

approach to improve early cardiac dysfunction and hypertrophy. Moreover, we conclude 

that butyrate supplementation provided a similar but a better improvement in early cardiac 

dysfunction and hypertrophy than FMT. Additionally, we identified BCAAs catabolism as 

a novel molecular mechanism that links obesity to cardiac dysfunction in pre-HFpEF. A 

more detailed understanding of this association between obesity, butyrate, BCAA 

catabolism and cardiac dysfunction in HFpEF might lead to the development of not only 

for prevention of disease progression but also a potential therapeutic target for advanced 

obesity associated HFpEF. 
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CHAPTER EIGHT 

GENERAL METHODS 

Animals 

Animal experiments were conducted in accordance with the guidelines set by the 

Loyola University Chicago Institutional Animal Care and Use Committee (IACUC), and 

in adherence with the recommendations set in the Guide for Care and Use of 

Laboratory Animals of the US National Institutes of Health. Experimental protocols were 

approved by the Loyola University Chicago Health Science Division IACUC, and all 

proper actions were taken to minimize pain and suffering. Mice were kept in 12:12 hour 

light/dark cycles and had unrestrained access to food and water.  

Diet-Induced Obesity (DIO) 

Wild type C57BL/6J (#000664) mice were obtained from Jackson Laboratories 

(Maine, USA). Mice were placed on Normal Chow (NC) diet (Teklad LM-485) or 

Western Diet (WD) (TD88137, Teklad Diets; 42% kcal from fat, 34% sucrose by weight, 

and 0.2% cholesterol total; Envigo) starting at 7 weeks of age for 14 weeks. Body 

weights were collected weekly. 

Fecal Microbiome Transplantation (FMT) 

 For the FMT study, Wild type C57BL/6J mice were place on WD (TD88137, 

Teklad Diets; 42% kcal from fat, 34% sucrose by weight, and 0.2% cholesterol total; 

Envigo) for 12 weeks, starting at 7 weeks of age. At the end of week of 12 on WD, mice 



 

 

111 

Life  Technologies) for 3 days in drinking water. Mice were then subjected to diet switch 

and placed on NC (Teklad LM-485) diet for 5 days. Then they were switched back to 

were given antibiotic mixture of penicillin (2,000U/Kg) and streptomycin (2mg/kg: Gibco, 

WD and were orally gavaged with feces from NC-fed mice or with feces from WD-fed 

mice (Bacterial load in all mice: 0.04 mg/mL in 0.9% saline solution). The gavage was 

done daily for 2 weeks with 2-day breaks between each week (5 days on, 2 days off, 5 

days on).  

Echocardiography 

Echocardiography was performed using a Visual Sonics Vevo 3100 system 

equipped with MX550D transducer (Visual Sonics). Anesthesia was induced by 

isoflurane and measurements were obtained from short-axis M-mode scans. 

Parameters collected include heart rate, stroke volume, LVEF, left ventricular fractional 

shortening, left ventricular end-diastolic diameter, left ventricular end-systolic diameter, 

left ventricular end-diastolic posterior wall, peak Doppler blood inflow velocity across the 

mitral valve during early diastole. In addition, B-mode traces were acquired and used to 

calculate global longitudinal strain and longitudinal strain rate reverse peak using Vevo 

Strain software (Visual Sonics) and a speckle-tracking algorithm. At the end of the 

procedures all mice recovered from anesthesia without difficulties.  

16S Sequencing and Microbiome Diversity Analysis 

Cecal content was collected, and equal amounts were homogenized, and DNA 

isolated using the QIAamp Powerfecal DNA Kit (Qiagen) as described previously(189, 

253).  qPCR was performed with universal 16S primers. The Loyola Genomic Core     

performed PCR of 16S rRNA V4-5 regions sequenced by the Illumina HiSeq4500 
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platform, as done previously(403);16S sequences were aligned using the Silva 

Taxonomy Annotation, and files were uploaded to Microbiome Analyst for analysis(404). 

(https://www.microbiomeanalyst.ca/). 

RNA Extraction and cDNA Synthesis 

Total RNA was extracted from mice hearts and C2C12 cells using TRIzol reagent 

(Invitrogen). A total of 1ug was used for reverse transcription using the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems), according to manufacturer 

instructions.  

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 

Quantitative PCR (qPCR) was performed in triplicate for each sample using 

diluted cDNA (1:10), SYBR Green (Roche, Cat.04913850001), and 10µM of forward 

and reverse primers specific for each gene of interest. The 2−ΔΔCt relative quantification 

method was used to estimate the amount of target mRNA in samples, using 18S for 

normalization, and fold ratios were calculated relative to mRNA expressions levels from 

control samples. Samples were cycled 50 times as following (95°C 15 sec, 60°C 1 min, 

measure fluorescence), using CFX96 Real-Time System (Bio-Rad, Cat.1855196). PCR 

amplification was followed by a melt curve analysis to verify uniformity of amplicon 

product. The following PCR primer list includes primer sequences including forward and 

reverse sequences used for each gene: 
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Gene Name Forwards Sequence Reverse Sequence 
18S mouse AGGACCGCGGTTCTATTTTGT

TGG 

ATGCTTTCGCTCTGGTCCGTCT

TG 

Nos2 mouse GAGACAGGGAAGTCTGAAGC

A 

CCAGCAGTAGTTGCTCCTCTTC 

Col1a2 
mouse 

TTCTGTGGGTCCTGCTGGGAA

A 

TTGTCACCTCGGATGCCTTGA

G 

M1 mouse TCAGGACTCCTCTGGCTTC CCGGGTTTCACTCTCTGTCT 

M2 mouse CCGGTGTCTCCCAGTCTAGT CAGACGTGGAGTCATTGGAG 

M3 mouse ACCAAGCTACCCTCCTCAGA GACAGTTGTCACGGTCATCC 

β1 mouse CTCATCGTGGTGGGTAACGTG ACACACAGCACATCTACCGAA 

β2 mouse GGTTATGGTCCTGGCCATCGT

GTTTG 

TGGTTCGTGAAGAAGTCACAG

CAAGTCTC 

β-actin 

mouse 
ACCTTCTACAATGAGCTGCG CTGGATGGCTACGTACATGC 

ppm1k 

mouse 
GAGTTATGCCCACCTGTCTGC

A 

CTGTCTCCAACACTGGCTACCA 

 

Tributyrin Treatment  

Male and Female mice were fed NC (Teklad LM-485) or WD (TD88137, Teklad 

Diets; 42% kcal from fat, 34% sucrose by weight, and 0.2% cholesterol total; Envigo) for 

15 weeks. WD-fed mice were treated with Tributyrin (Sigma-Aldrich) or Vehicle, while 

NC-fed mice were treated with Vehicle, for 3 weeks (2 days on/2 days off) at a dose of 

5g/kg of mice body weight. Body weights were measured weekly.  

Butyrate and BCAAs Serum Measurement 

After decapitation under anesthesia, blood was isolated from mice and collected 

in Sarstedt microvette blood collection tubes, and centrifuged at 2,000xg for 10 min for 

serum collection. The quantification and analysis of serum butyrate and BCAAs was 

performed by the Mass Spectrometry Core in Research Resources Center of University 

of Illinois at Chicago. Serum samples were stored in the -80 °C freezer prior to use and 

were thawed in water bath for 30 sec. 10ul of serum sample was taken for 

deproteinization and 40 µl methanol (MeOH) was added before vortexing for 2 min. The 
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samples were incubated at 4°C for 30 min and vortexed again thoroughly. The samples 

were then centrifuged at 14000rpm for 10 min and 30 µl of the supernatant was taken 

for derivatization. For derivatization, 30ul of each standard solution or sample 

supernatant was mixed with 15 µl of 200mM 3-NPH in 50% aqueous MeOH and 15 µl of 

120mM EDC in the same solution. The reaction was allowed to proceed for 30 min at 40 

°C. The reaction mix was then diluted with 350 µl of 10% MeOH. LC/MS analysis was 

performed on AB SCIEX 6500 QTRAP coupled with Agilent 1290 UPLC system.  

The LC/MS data files were processed using the AB Sciex MultiQuant software.  

Exercise Exhaustion Test 

After three days of pre-training for adjustment to the treadmill exercise, the 

exhaustion test was performed in all the experimental groups of mice. Mice ran on the 

treadmill starting at a speed of 5 m min-1 for 5 minutes. The treadmill speed was then 

increased by 1m min-1 every minute until the mouse was exhausted. Continuation of 

running was encouraged by delivering a mild shock using an electric-stimulus grid. 

Exhaustion was defined as the inability of the mouse to return to running after 10 

seconds of shock delivery. Running time was measured and calculated as total minutes 

ran by each mouse prior to exhaustion and running distance was calculated 

accordingly. 

RNA Isolation, cDNA Library Construction, and Illumina Sequencing.  

Total RNA was extracted from mice hearts using the RNAeasy isolation kit 

(Qiagen). The stranded mRNA-seq was conducted in the Northwestern University 

NUSeq Core Facility. Briefly, total RNA examples were checked for quality using RINs 

generated from Agilent Bioanalyzer 2100. RNA quantity was determined with Qubit 
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fluorometer. The Illumina Stranded mRNA Library Preparation Kit was used to prepare 

sequencing libraries from high-quality RNA samples (RIN>7). The Kit procedure was 

performed without modifications. This procedure includes mRNA purification and 

fragmentation, cDNA synthesis, 3’ end adenylation, Illumina adapter ligation, library, 

PCR amplification and validation. Lllumina HiSeq 4000 sequencer was used to 

sequence the libraries with the production of single-end, 50 bp reads at the depth of 20-

25 M reads per sample. The quality of DNA reads, in FASTQ format, was evaluated 

using FastQC.  Adapters were trimmed and reads of poor quality or aligning to rRNA 

sequences were filtered.  The cleaned reads were aligned to the reference genome 

using STAR (Dobin et al, 2013).  Read counts for each gene were calculated using 

htseq-count (Anders et al, 2015).  Normalization and differential expression were 

determined using DESeq2 (Love et al, 2014).  The cutoff for determining significantly 

differentially expressed genes was an FDR-adjusted p-value less than 0.05.  A pathway 

analysis was performed on both gene lists using GeneCoDis (Tabas-Madrid et al, 2012; 

Nogales-Cadenas et al, 2009; Carmona-Saez et al, 2007) to identify pathways that are 

enriched with genes that are upregulated and downregulated. 

Isolation of Mice Hearts and Tissue Preparation 

At the endpoint of the experimental paradigm, mice were sacrificed and whole 

heart was isolated, washed with Phosphate Buffer Saline (PBS) to remove all blood 

contamination, and flash frozen with dry ice then were later stored at -80°C. Flash 

frozen hearts were obtained and powderized in liquid nitrogen using mortar and pestle.  

Powderized heart tissue was then used for RNA isolation using the protocol mentioned 

above (for qPCR analysis), and protein isolation for (for western blot analysis).  
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Protein Isolation from Frozen Heart Tissue 

Protein from powdered frozen mouse hearts was extracted using ice-cold RIPA 

lysis buffer (ThermoFisher) containing protease and phosphatase inhibitor 

(ThermoFisher). Tissue was homogenized using bullet blender bead lysis kit (Next 

Advance), and protein concentrations were determined with Pierce BCA Protein Assay 

Kit (Thermofisher). 10 or 25 µg protein was boiled with 2x Laemmli buffer (BioRad) at 

95°C for 5 minutes before electrophoresis.  

Western Blot Analysis 

Proteins were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) on 4-15% gradient gel (Bio-Rad) and transferred to PVDF 

membrane using iBlot 2 transfer system (ThermoFisher). Membranes were incubated 

with ponceau stain for total protein normalization and imaged with ChemiDoc imaging 

system (Bio-Rad), then washed with water to remove the stain. Membranes were 

blocked with 3%BSA+PBST solution for 1 hour at room temperature, followed by 

incubation with primary antibody (1:1000-1:2000) overnight with constant shaking at 

4°C. Membranes were then incubated with secondary antibody (1:4000) for 1 hour at 

room temperature. Protein expression was visualized by chemiluminescence using 

ChemiDoc imaging system (Bio-Rad) and analyzed with ImageJ software. Proteins 

were detected with the following primary antibodies: BCKDH (ThermoFisher, cat.PA5-

97248), phospho-BCKDH (S293) (abcam, ab200577), PP2Cm (abcam, ab135286), 4-

hydroxynonenal (abcam, ab46545).  
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Cell Culture 

C2C12 cells, mouse myoblasts cell line, were grown to 80-90% confluency in 

Dulbecco’s Minimum Essential Medium (DMEM) media containing glucose, L-

glutamine, sodium pyruvate, supplemented with 10% fetal bovine serum (FBS) and 1% 

pen/strep (Mixture of Penicillin-Streptomycin) in a humidified 5% CO2 atmosphere at  

37°C 

Sodium Butyrate (NaB) and Trichostatin A (TSA) Treatments 

C2C12 cells were treated with 5mM sodium butyrate (NaB) dissolved in 

RNAse/DNAase free water for 6 hours. Then cells were lysed, and RNA was isolated 

using the protocol described above. C2C12 cells were treated with Trichostatin A (TSA) 

at a final concentration of 1µM for 6 hours. TSA was diluted with Dimethylsulfoxide 

(DMSO) for a stock concentration of 1mM prior to addition to the cells.   

Cardiac BCAA Measurements 

Branched Chain Amino Acid (Leu, Ile, Val) Colorimetric Assay Kit (Biovision) was 

used for the measurements of BCAAs concentrations in the heart. The kit uses an 

enzyme assay in which BCAAs are oxidatively deaminated, producing NADH, reducing 

the probe, and generating a colored product. Reaction mixture was prepared following 

the kit instructions and absorbance was measured at 450nM using a microplate reader. 

A standard curve was plotted, and the samples readings were applied to the curve.  

BCAAs concentrations were calculated using the following equation:  

C = Sa/Sv (nmol/μl, or mM) 

Where: Sa = BCAA content of unknown samples (nmol) from standard curve,  

Sv = sample volume (μl) added into the assay wells. 
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Seahorse Palmitate Oxidation Stress Assay 

C2C12 cells were cultured in growth media (DMEM containing glucose, L-

glutamine, sodium pyruvate, supplemented with 10% fetal bovine serum (FBS) and 1% 

pen/strep) in a humidified 5% CO2 atmosphere at 37°C (two days prior to running 

assay). Cells were then switched to substrate limited growth media (DMEM (no glucose, 

no pyruvate, no glutamine) + 0.5mM glucose + 1mM glutamine + 1%FBS + 0.5mM L-

carnitine) and treated with 0.5mM NaB or vehicle overnight (day prior to assay). Day of 

assay the cells were switched to seahorse assay media (without NaB) and incubated at 

37°C no CO2 for 1 hour. Immediately prior to running the assay, palmitate or BSA were 

added to the cells to further push the cells to utilizing FAO. The assay was run with the 

following final well concentrations for each reagent: Etomoxir 4μM, Oligomycin 1.5μM, 

FCCP 2μM, and Rotenone + antimycin A 0.5 μM. Data were analyzed using seahorse 

Wave software and normalized to protein concentration in each well obtained using 

BCA assay.  

Statistics 

Results are presented as mean ± SEM and were analyzed using GraphPad 

Prism 8.0. For comparison of two groups, data were analyzed using two-tailed unpaired 

student’s t-test. For analysis of three groups, data were analyzed using one-way 

ANOVA followed by Tukey’s post hoc test to determine statistically significant 

differences between group means. For comparison of groups with two variables, data 

were analyzed suing two-way ANOVA followed by Tukey’s post hoc test to determine 

statistically significant differences between group means. Data are presented as mean ± 

S.E.M. and are considered significant when p value < 0.05
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