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ABSTRACT 

Cardiovascular disease has continued to be the leading cause of death globally, and 
females are prone to an increased risk due to the transition to menopause. Menopause effects 
female physiology systemically and in this study, we aimed to better understand the changes 
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associated with menopause in the gut microbiome and the difference in cardiac protection 
following the onset of menopause. Additionally, we analyzed the effects of a prebiotic, 
Oligofructose (OFS), on female mice as they transitioned to menopause, in effort to mitigate 
the negative effects associated with menopause. Using proteomic analysis and 
immunohistochemical staining of gut tissue from four mice groups we found that menopause 
changes the gut microbiome and diminishes certain bacterial colonies involved in suppressing 
inflammation. Moreover, we found that OFS helps mitigate this change and promotes the 
growth of other bacterial colonies that suppress inflammation locally and systemically. Through 
immunohistochemical staining of the murine cardiac tissue after undergoing a controlled 
myocardial infarction (MI) and subsequent ischemic reperfusion we found similar results. 
Menopausal mice had increased ischemic damage following 3-day MI compared to 
premenopausal mice. Additionally, OFS treatment was shown to mitigate this increased 
damage likely due to suppressing inflammatory pathways in the heart. Overall, we elucidated 
that menopause increases infarct size and that in the presence of OFS infarct size is comparable 
to premenopausal models and heart inflammation is decreased.  
 

Chapter 1: Introduction 
 
General Myocardial Infarction Background 
 

There are approximately 1.5 million MIs annually in the United States and over 32 
million worldwide.1 Since MI first became diagnosable via the invention of the 
electrocardiogram in 1902 it has continued to be the leading cause of death globally.2–4 MI 
results from occlusion of a coronary artery and the successive ischemic reperfusion leads to 
rapid cell death causing inflammation and eventually scar tissue proliferation.5 Reperfusion of 
the infarcted tissue is needed to mitigate cell death because it returns essential nutrients and 
oxygen back to the starved cells. However, it has been shown that reperfusion to ischemic 
areas contributes up to an additional 40% of cardiac cell death and further cell damage to the 
once infarcted area, this phenomenon is known as ischemic reperfusion injury (IRI).6 Reactive 
oxidative species (ROS) can cause cell death during reoxygenation, and elevated levels of ROS 
also contribute to mitochondrial dysfunction. A healthy cell can sequester ROS via antioxidants, 
but during the ischemic and reperfusion processes the volume of ROS overwhelms the tissue6. 
While reperfusion is a necessity for the cardiac tissue, matrix fragments and damage-associated 
molecular patterns (DAMP) are released from necrotic and damaged cells into circulation, 
which elicits an inflammatory cascade.7 Damaged cardiomyocytes are activated by interleukin1 
(IL-1), toll like receptors (TLRs), and ROS which go on to release proinflammatory cytokines such 
as tumor necrosis factor-alpha (TNF-α) and Interleukin6 (IL-6).8 These cytokines exaggerate the 
inflammatory response via membrane activated protein kinase (MAPK) and nuclear factor-κB 
(NF-κB).8 Monocyte recruitment and differentiation also promotes inflammation. TNF-α and 
DAMPs signal proinflammatory Ly6Chi monocytes to differentiate into M1 macrophages.  M1 
macrophages aid in debris cleanup via phagocytosis of necrotic cells and debris, however they 
also release more proinflammatory cytokines such as TNF- α which can stimulate apoptosis in 
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cardiomyocytes.8–10  After IRI, M2 macrophages are selectively recruited for their anti-
inflammatory properties, but the shift from M1 to M2 macrophages can be dysregulated by 
proinflammatory cytokines.9 Cardiac complications such as these are not only common but life 
threatening, and research suggests that menopause could be putting females at a greater risk 
for cardiovascular disease (CVD) that once thought.   
 
Menopausal Implications 
 

According to the CDC, in the last 20-25 years there have been more deaths due to heart 
disease by women than men. However, premenopausal women have been proven to have 
lower rates of heart disease than men comparatively.11 In response to disorders such as 
hypertension or congestive heart failure premenopausal women have a superior prognosis in 
comparison to men. Men demonstrate more severe symptoms such as cardiac wall thinning or 
chamber dilation which contribute to poor contractability and lower rates of survival.12 
Menopause typically arises in females at age 50-60 and the average life expectancy of females 
is 82 years. This means that about 40% of their life is spent in menopause. Once menopause 
begins there is a drastic increase in relative risk for cardiovascular disease compared to men.13 
 

As women transition to menopause many risk factors such as hypertension, 
dyslipidemia, sleeping disorders, weight gain, depression, and stress can all become prevalent. 
Lower levels of female steroids due to menopause are a contributing factor in blood pressure 
elevation and eventually hypertension.14 Premature ovarian failure leads to a shift in the female 
lipid profile towards elevated triglyceride levels and higher cholesterol. Chronic stress affects 
the hypothalamic-pituitary and ovarian axis and proinflammatory cytokine secretion leading to 
increased inflammation in and around many body tissues.14,15 These factors contribute to an 
increase risk of cardiovascular disease.  
 

Estrogen withdrawal is a key component of menopause that contributes to increased 
risk of cardiovascular disease because of the negative effects it has on cardiovascular function 
and metabolism.13 Previous research in our lab has explored the changes in gut metabolism due 
to menopause, specifically dysbiosis, and has found significant correlation to heart disease 
relating to inflammation. 

 
Gut Microbiome Background and Dysbiosis 

The gut microbiome is made up of a plethora of bacteria that benefit the host given they 
are in a homeostatic state. With the correct number of microbial communities and activity 
being stimulated, healthy gut microbiota can regulate the cardiovascular system, inflammation, 
and metabolism.16 These bacteria also have local benefits on gut health by fortifying epithelial 
barriers via tight junctions, productions of important metabolites, and the alteration of local 
and peripheral inflammation. Additionally, a healthy gut microbiome promotes selective active 
transport of nutrients and hinders the entrance of harmful bacteria and their substrates.17 Via 
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production of metabolites like short chain fatty acids (SCFAs) the gut epithelial barrier becomes 
more secure and displays immunomodulatory and anti-inflammatory properties.18  

The gut microbiome is composed of mainly four different bacterial phyla: Bacteroidetes, 
Proteobacteria, Actinobacteria, and Firmicutes. Within the gut 90% of the microbiome is 
composed of Bacteroidetes and Firmicutes.19 A study proved that mice lacking critical 
components of the gut microbiome, germ-free mice, display a 40% body weight disparity 
compared to normal mice, and in order to maintain a comparable weight, germ-free mice 
needed to consume 30% more calories than normal mice.20 Normal mouse microbial 
communities contribute to the body’s caloric need via mechanisms such as promoting the 
absorption of monosaccharides and producing SCFAs from longer indigestible polysaccharides 
.19,20 The weight disparity between normal and germ-free mice exemplifies the necessity of the 
gut microbiome and its effect on the host’s metabolism. SCFAs are a key player in the gut and 
have a wide range of effects. SCFAs locally provide the gut epithelial cells with energy while also 
having the ability to impact vasodilation and inflammation.21 Additionally, SCFAs peripherally 
affect the regulation of mechanisms such as metabolism, satiety, and inflammation.21 SCFAs 
accomplish this regulation of inflammation locally and peripherally via their influence on T-cell 
differentiation. SCFAs have the ability to direct T-cell differentiation via inhibition of histone 
deacetylase, binding to G protein-coupled receptors (GPCR), and by effecting cellular 
metabolism.16,22 One of the most prevalent SCFAs is butyrate.21 Butyrate not only provides 
energy for gut epithelial cells, but is imperative in the maintenance of the gut epithelial 
barrier.23,24  Additionally, butyrate promotes differentiation of naive T-cells into Treg cells. This 
is accomplished through GPR109A-dependent regulation of colonic macrophages and dendritic 
cells.25 In addition to regulating the T-cell ratio, butyrate is able to inhibit adipocyte-derived 
inflammatory cytokines such as IL-6 and TNF-α.25 

 
Dysbiosis in the gut is a consequence of a bacterial imbalance in quantity or function.16 

The gut epithelial barrier loses integrity as a result of dysbiosis, leading to local and peripheral 
inflammation as well as metabolic responses.  An increase in intestinal permeability permits 
bacterial and microbial product translocation into the blood and lymph.26–28 These microbial 
products include parts of the bacterial cell wall and bacterial DNA. Pathogenic associated 
molecules are recognized by TLRs and other pattern recognition receptors (PRRs) leading to an 
increase in inflammation. Lipopolysaccharide, found in gram negative bacterial cell walls, is 
sensed by TLR4 specifically and leads to the downstream activation of NF-κB .23,28,29 NF-κB 
stimulates the production of proinflammatory mediators such as: TNF-α, IL-6, and interferon-γ 
(IFN-γ).23,28,29 Furthermore, a dysbiosis gut can change the frequency, functioning, and 
trafficking of T-cells locally and peripherally as well as altering the balance of differentiation of 
naive T-cells into either Treg or Th17.16,30 Through dysbiosis the gut bacteria and bacterial 
product translocation upregulates inflammation and provokes inflammatory disease states.31 
For example many chronic inflammatory diseases are linked to gut dysbiosis including: obesity, 
inflammatory bowel disease (IBD), rheumatoid arthritis (RA), multiple sclerosis (MS), cardiac 
ischemic reperfusion injury, and type 1 diabetes (T1D). 16,22,32–35  
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Prebiotic Background 
 

Oligosaccharides in the diet have been used to impart health benefits, the prebiotic idea 
was first defined in 1995 as a “non-digestible food ingredient that beneficially affects the host 
by selectively stimulating the growth and/or activity of one or a limited number of bacteria 
already resident in the colon.”36 Probiotics involve consumption of live microorganisms, and 
prebiotics differ because they are non-living substrates that are used as nutrients for 
microorganisms already being harbored inside the host.36 Thus, prebiotics differ from most 
dietary fibers because of its specificness. General dietary fibers encourage growth of a wide 
variety of gut microorganisms, whereas prebiotics specifically have a metabolism biased 
towards health-promoting microorganisms inside the host.36 This led to the most recent 
definition of a prebiotic as “a non-digestible compound that, through its metabolization by 
microorganisms in the gut, modulates the composition and/or activity of the gut microbiota, 
thus, conferring a beneficial physiological effect on the host.”36 Previous studies done in mice 
models have revealed that a prebiotic, OFS, reduced detrimental factors such as diet-induced 
obesity, diabetes, and inflammation by mechanistic changes linked in particular gut 
microorganisms.36  
 
Specific Aim 
 

Menopause lacks many suitable ways in which to be studied in a lab setting. In order to 
induce menopause many studies have surgically removed ovaries from animal models; 
however, this surgery does not mimic the natural physiological transition to menopause. In this 
study we overcame this impediment through the use of the chemical 4-vinylcyclohexene 
diepoxide (VCD). This chemical has been shown to cause selective destruction of ovarian 
follicles and eventually ovarian failure.37 VCD better mimics the transition to menopause We 
predict that VCD induced menopausal C57BI/6J mice will have increased ischemic damage 
following a three-day myocardial infarct compared to their age matched pre-menopausal 
counterpart and that manipulation of the gut microbiome with prebiotic will help mitigate both 
high-fat diet (HFD) and menopause related increased in infarct size. 
 

Chapter 2: Materials and Methods 
 
Ethical Statement 
 

All procedures conducted follow protocols that adhered to the guidelines approved by 
the Institutional Animal Care and Use Committee at the University of Arizona and to the 2011 
NIH guidelines for care and use of laboratory animals.  
 
Animals 
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C57BI/6J female black mice (Jackson Laboratories, Bar Harbor, ME, USA) were used in 
this study. The mice were born on 10/1/19 and were tested about 7 weeks old. Mice were 
house two per cage. 
 
 

Pre-Menopausal+HFD Pre-Menopausal+OFS Menopausal+HFD Menopausal+OFS 

N=12, ~7 Weeks Old N=12, ~7 Weeks Old N=12, ~7 Weeks Old N=12, ~7 Weeks Old 

 
Facility 
 

Mice were held at the University of Arizona Health Science facility in cages that included 
a ventilated rack and microisolator. Mice adhered to a regulated day/night cycle during the 
study and fed high fat diet (45% fat, eighth with or without OFS). Air quality was contained via a 
high efficiency particulate air filter in conjunction with exhaust blowers.  
 
Diet 
 

All mice fed a HFD as libitum throughout the study that resembles a typical western diet 
(45% fat, 35% carbohydrate, 20% protein; Research Diets, Inc). Mice treated with OFS diet were 
substituted with OFS + HFD for the treatment portion of the study provided as libitum. 
 
Experimental Timeline and Grouping 
 

Figure 1 outlines the timeline of the study for the mice. Following three weeks of 
feeding the 48 mice on HFD were weight matched into four groups: n=12 Menopause (MENO), 
n=12 Menopause+OFS (MENO+OFS), n=12 Pre-menopause (PRE), n=12 Pre-menopause+OFS 
(PRE+OFS).  

Table 1: C57BI/6J Mouse Treatment Grouping depicts the different groups used in this study, how many mice were 
placed into each group, and their average age. 
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Surgical Procedures 
 

Mice were anesthetized with 250 mg/kg tribromoethanol (Sigma, St. Louis, MO, USA) 
injected intraperitoneally, intubated with 0.5%-2.0% isoflurane (Phoenix Pharmaceuticals, Inc., 
Burlingame, CA, USA), and injected with Buprenorphine-SR (Reckitt Benkiser Healthcare, 
Slough, UK) at 1 mg/kg body weight to provide analgesia for management of operative related 
pain. The ischemic reperfusion procedure consisted of an anterior thoracotomy exposing the 
heart for occlusion of the left coronary artery (LCA) via an 8-0 suture compressing on tubing 
(PE-10). Ligation was removed after 45 min of occlusion. Proper ligation of the cardiac tissue 
was confirmed due to blanching. Mice underwent a three day recovery period following surgical 
procedures and were monitored for distress and lethargy.38  Following this three day of period 
recovery time the mice were sacrificed. Five minutes before the mice were anesthetized via 
isoflurane inhalation they were injected with heparin. Once fully anesthetized mice were then 
sacrificed via left ventricular heart puncture followed by cervical dislocation.  
 
 
 

Figure 1: Experimental Timeline for C57BI/6J Mice displays female black mice were fed a high fat diet for 3 to 4 
weeks prior to the onset of the study.  At day 1 half of the mice were given a 20-day VCD treatment to induce 
menopause. Additionally, at day 60 half of the non-VCD mice and half of the VCD menopause induced mice were 
put onto an OFS diet. At day 102 mice underwent myocardial infarction and ischemic reperfusion surgery and 
were sacrificed three days later. 
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TTC 
 

Hearts were sectioned transversely into 1mm slices (ranging from 6-8 slices per heart) 
and immediately incubated in 1% 2,3,4-triphenyltetrazoliumchloride stain (TTC; Sigma) at 37 °C 
for 30 minutes. Necrotic areas of cardiac tissue appeared white in comparison to healthy 
oxidated cardiac tissue which is red in color. The left ventricle (LV), area of Infarct (AOI), and 
whole slice area were measured using image analysis software ImageJ (ImageJ, 
https://imagej.nih. gov/ij). Infarct size was reported as a relative percentage to LV and whole 
slice area. The outlining technique and areas can be seen in Figure 2.  
 

 

 
The heart sections were then fixed in 10% formalin overnight and embedded in paraffin for 
further immunohistochemical analysis. 
 
Histological Staining and Immunohistochemistry 
 

Sections (5μm) of formalin-fixed and paraffin-embedded hearts and intestines were 
sliced with a microtome and transferred onto microscope slides. They were then stained with 
hematoxylin and eosin (H&E). AOI of the heart was measured using image analysis software 
ImageJ. Histology was used in conjunction with TTC outlining to identify area of inflammatory 
infiltrates. Intestines were analyzed via ImageJ for goblet cell quantification, additionally 
proteomics was used to quantify the relative abundance of proteins in the gut.  
 
 
 
 
 
 
 
 

Figure 2: TTC Staining and Analysis via ImageJ of MI Post Morbidly depicts same image of a transverse section of the 
heart quantified in multiple ways. A Depicts using the software to outline the whole area of the heart while 
subtracting the empty space inside the LV. B Depicts the outlining of the LV while subtracting the empty space. C 
Depicts the outlining of the AOI which appears paler in comparison to oxygenated cardiac tissue.   

A B C 
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Calculations and Statistical Analysis 
 

To analyze and organize out data a combination of Excel and Prism GraphPad version 
9.1.2 was used in this study. Data sets were characterized in ± standard error of the mean 
(SEM). One-way ANOVA was used to calculate significance, and t-tests were used for paired 
comparisons. P values <0.05 were considered significant. 
 

Chapter 3: Results 
 
Gut Composition 
 
 Analysis of the gut via proteomics demonstrated the average relative abundances for 
the different microbiota genera that populate the intestines (Figure 4). When comparing all of 
the groups many of the relative abundances of each genera were similar and they were 
especially alike when compared between MENO & MENO+OFS as well as PRE & PRE+OFS. 
However, the Alistipes genus exhibits a significantly greater relative abundance in MENO+OFS 
mice compared to MENO mice (Figures 4 & 6). Also, when comparing the menopausal phases 
there is a significant difference in Alistipes abundance, the PRE & PRE+OFS groups contain a 
higher abundance than the MENO & MENO+OFS (Figure 4). Consequently, there is a positive 
logarithmic two-fold change seen in the Alistipes population for the MENO+OFS groups when 
using the MENO only group as a baseline (Figure 6B). Another genus, Bifidobacterium, displays 

Figure 3: H&E Staining and Analysis via ImageJ of Infiltrate Post Morbidly This is the same image of a transverse 
section of the heart being quantified. A Depicts using the software to outline the whole area of the slice 
excluding the background space, this is done by instructing the program to select a specific color range and then 
quantify the number of pixels inside the outlines area. B Depicts the outlining of the blue/purple (infarcted) area 
and when zoomed in it is clear that the program actively looks for the specified color and only includes that value 
when quantifying the number of pixels. This is the quantification of just one slice of cardiac tissue, but all of the 
values from one heart were summed together to find a total relative infarct size/the whole area of that heart. 

A B 
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a unique difference dependent on the menopausal phase as well. Bifidobacterium are detected 
at almost untraceable amounts in the two groups lacking OFS whereas the groups containing 
OFS have a distinguishable amount of relative abundance. This change is demonstrated in 
figure 5B where there is a positive logarithmic two-fold change when using the MENO group as 
assess the MENO+OFS group.  
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Figure 4: Relative Abundance of Bacterial Genus in Each Study Group presents the average relative abundances 
of different bacterial genera for the four experimental groups (MENO, PRE, MENO+OFS, and PRE+OFS) out of 
100%. Larger sized tiles correspond to greater average relative abundance and smaller tiles correspond to 
lower average relative abundance. 
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Figure 5: Relative Abundance of Gut Bacterial Genus through the Transition to Menopause shows a direct 
comparison of the two menopausal phases (pre-menopause, menopause) using proteomics. All genus that are 
represented in the sample are shown as a percentage of 100%.  
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Cardiac Infarct size  
 
 Using ImageJ relative infarct size was quantified for all four groups (PRE, PRE+OFS, 
MENO, and MENO+OFS). This was quantified using the whole heart slices stained with TTC 
(Figure 7) and confirmed with ImageJ on H&E-stained heart slices (Figure 8). Figure 7 compares 
infarct size as a percentage of the total area of the heart slices, while figure 8 quantifies the 
area of infiltrate relative to the whole cardiac tissue area. Indicated by Figure 7 and Figure 8 
although there was variation within the groups there is a significant difference of infarct size in 
menopausal mice when compared to premenopausal mice. The most abundant change is the 
difference of relative infarct size in the MENO groups when compared to the other three with 
analyzation the TTC data, and a significant difference between the MENO and PRE group. 
Moreover, with a closer look at the H&E analysis we see that the MENO group had highest 
concentration of infiltrated cardiac muscle followed by the PRE group and the two groups 
containing OFS were significantly lower in concentration of adverse tissue. However, when 
comparing the effects of OFS on the premenopausal and menopausal groups via TTC this is 
likely due to variation in the way each image was quantified by multiple individuals.  
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Chapter 4: Discussion 
 

Menopause is a condition that effects almost all women. Creating effective strategies to 
accurately study and test the effects of menopause on female physiology is important because 

Figure 7: TTC Quantification of Infarcted Murine Cardiac Tissue with ImageJ depicts A which quantifies the ratio of 
infarcted murine tissue as a ratio to the area of the whole cardiac tissue that was collected. We can see a 
significant difference in the relative amount of infarction when comparing the MENO and PRE groups. Additionally, 
there is a very near significant difference when comparing the MENO group to the MENO+OFS group. P-values less 
that 0.05 were considered significant. B is a representative image of a heart from the MENO group which depicts a 
high volume of pearly white infarcted tissue. C is a representative image of a heart from the PRE group in which 
there is nearly no pearly white infarcted tissue. 

Figure 8: H&E quantification of Infiltrate in Murine Cardiac Tissue with ImageJ depicts A which quantifies the area 
of infiltrate quantified via ImageJ as a ratio compared to the total heart area that was quantified. We see a 
significant difference in the two groups who contained the OFS treatment when compared to their same 
menopausal phase counterparts. P-values less that 0.05 were considered significant. B is a representative image 
of a heart from the MENO group which depicts a high-volume of blue/purple infiltrate area. C is a representative 
image of a heart from the PRE group in which there is much less blue/purple infiltrate. 
  

A B C 

C B A 
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in there are few suitable models available in translational research. Through the use of VCD we 
have effectively stimulated the transition into menopause in a mouse model and have been 
able to effectively observe differences in gut composition post morbidly. Using different groups 
allowed us to understand the differences between not only premenopausal mice and 
postmenopausal mice, but the effect of a prebiotic diet on each of these groups as well. This is 
important because there is a clear correlation between menopause and CVD. The number of 
women who have died from CVD is equal to the number who have died cancer, diabetes, and 
respiratory disease combined.39 We have gained a better understanding of what is leading to 
this lack of cardiac protection after the onset of menopause in this study through analysis of 
body weight disparity, gut composition, and cardiac infarct size of each mouse group.  
 
Gut Dysbiosis Implications 
 

Via proteomic analysis we can conclude that OFS can influence the gut microbiota in 
both menopausal and premenopausal mice. Dysbiosis in the gut can contribute to the intestinal 
inflammatory processes, however, individual bacterial populations play unique roles in the 
regulation of inflammation and metabolism. The bacterial genera Alistipes has been shown in 
previous studies to contribute to the suppression of inflammation in the intestines.40,41 The 
proteomics data we collected demonstrated a significant correlation between the use of OFS 
treatment and an elevated abundance of Alistipes. Menopausal mice who received OFS 
treatment exhibited increased abundance of Alistipes compared to the menopausal mice who 
did not, suggesting that prebiotic treatment can possibly preserve the gut microbiota following 
the transition to menopause. Additionally, this adds validity to the argument that a decrease in 
intestinal inflammation can be attributed to an elevated Alistipes presence.  
 

As females transition to menopause find a way to maintain normal metabolic processes 
is important, our data demonstrate that the two groups treated with OFS contained elevated 
levels of the bacteria Bifidobacterium. This is important because previous studies have shown 
that Bifidobacterium educe suppressive effects on inflammatory processes in the gut 
microbiome.42 Additionally, Bifidobacterium has also been shown to mediated increased levels 
of SCFAs, demonstrating second-hand anti-inflammatory effects. A study conducted by Horiuchi 
et. al. found that Bifidobacterium increases the production of the acetate, a SCFA which was 
linked decreased rates of local and systemic inflammation.43 The groups in our study lacking 
OFS treatment displayed near undectable amounts of Bifidobacterium when analyzed with 
proteomics leaving these groups more vulnerable to not only intestinal inflammation but 
systemic inflammation as well. Prebiotic treatment in menopausal models has proven to foster 
and/or propagate beneficial bacteria strands that are linked directly and indirectly to the 
inhibition of inflammatory processes. Consequently, there is great promise that using the 
prebiotic OFS as a way to promote and preserve the gut microbiome during the transition to 
menopause is a viable treatment option going forward. 
 
Cardiac Implications 
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 Through analysis of the TTC data there it shown that the prebiotic OFS has an effect on 
the relative infarct size after IRI, however via analysis it was not enough to be considered a truly 
significant result with a p-value of 0.06. This could be due to factors such as differences in 
ImageJ usage between users. However, although it cannot be considered significant comparing 
the MENO group to the MENO+OFS group in particular we saw a decrease in the relative infarct 
size. This is an indication that prebiotic treatment can help reduce the negative global 
inflammatory effects of menopause and aid in the immune response following a myocardial 
infarction. Comparing the PRE and PRE+OFS groups we didn’t see a significant change in relative 
infarct size likely due to the fact that before the onset of menopause females have stronger 
cardioprotection and the benefits of prebiotic treatment are minute in aiding the ischemic 
recovery following myocardial infarction. Furthermore, this fact is supported by comparing the 
MENO to the PRE group because there was significantly more damaged tissue seen in the 
MENO hearts post morbidly with a p-value of 0.008.  

 
Using immunohistochemistry was important to reinforce the TTC data. H&E has been 

shown to accurately depict infarct size by identifying areas lacking cardiomyocytes, containing 
atypical nuclei, and containing macrophages/neutrophils.44  Our H&E results supported these 
changes because we saw an increased abundance of infiltrated areas in the PRE and MENO 
groups when compared to the groups containing OFS. This was especially clear in the 
MENO+OFS group, we saw the most significant change when compared directly to the MENO 
group which had the highest relative abundance of irregular tissue. This date reaffirms our 
hypothesis that prebiotic treatment is beneficial in aiding female mice recover from myocardial 
infarction. Additionally, in conjunction with the proteomic gut data it can be inferred that 
beneficial gut microbial communities instigated by the prebiotic OFS can have a global impact 
of the hosts immune system especially relating to inflammation. 
 
Future Directions 
 
 Due to Covid-19 guidelines limiting the amount of time available to spend in lab there 
were a few analyses this lab plans to continue working on, but I was unable to include in my 
report such as additional immunohistochemical staining in the gut with TLR4/TLR5 which better 
quantifies inflammation in the gut and in turn systemically throughout the body and staining 
the cardiac tissue with IL-6 and connexin which would provide additional evidence into 
quantifying the inflammatory response to the myocardial infarction and analyze the 
functionality of the cardiac cell signaling respectively. This data will help develop a more 
complete picture of the implications of menopause on CVD and global inflammation.  
 
 With this information there are numerous studies that can be conducted in the future to 
further analyze the effects of menopause on female physiology. Estrogen loss is a major 
symptom of menopause and conducting a study in which careful hormonal analysis is done 
often in conjunction with fecal analysis during the duration of a similar study will potentially 
demonstrate a correlation between hormonal change and gut microbial composition. 
Additionally, conducting another study in which estrogen is supplemented after the onset of 
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menopause could reveal if this treatment method is effective at combating the negative effects 
of menopause as prebiotic treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



  Leber 17 

References 
 
1.  Rogers WJ, Frederick PD, Stoehr E, et al. Trends in presenting characteristics and hospital 

mortality among patients with ST elevation and non-ST elevation myocardial infarction in 
the National Registry of Myocardial Infarction from 1990 to 2006. Am Heart J. 2008. 
doi:10.1016/j.ahj.2008.07.030 

2.  Fye WB. A History of the origin, evolution, and impact of electrocardiography. Am J 
Cardiol. 1994. doi:10.1016/0002-9149(94)90135-X 

3.  Lozano R, Naghavi M, Foreman K, et al. Global and regional mortality from 235 causes of 
death for 20 age groups in 1990 and 2010: A systematic analysis for the Global Burden of 
Disease Study 2010. Lancet. 2012. doi:10.1016/S0140-6736(12)61728-0 

4.  Narayanan K, Chugh SS. The 12-lead electrocardiogram and risk of sudden death: Current 
utility and future prospects. Europace. 2015. doi:10.1093/europace/euv121 

5.  López E, Sánchez-Margallo FM, Álvarez V, et al. Identification of very early inflammatory 
markers in a porcine myocardial infarction model. BMC Vet Res. 2019. 
doi:10.1186/s12917-019-1837-5 

6.  Zhou T, Prather ER, Garrison DE, Zuo L. Interplay between ROS and antioxidants during 
ischemia-reperfusion injuries in cardiac and skeletal muscle. Int J Mol Sci. 2018;19(2). 
doi:10.3390/ijms19020417 

7.  Frangogiannis NG. Regulation of the inflammatory response in cardiac repair. 2013. 
doi:10.1161/CIRCRESAHA.111.243162 

8.  Prabhu S. The Biological Basis for Cardiac Repair After Myocardial Infarction. 2016. 
doi:10.1161/CIRCRESAHA.116.303577 

9.  Hesketh M, Sahin KB, West ZE, Murray RZ. Macrophage phenotypes regulate scar 
formation and chronic wound healing. Int J Mol Sci. 2017;18(7):1-10. 
doi:10.3390/ijms18071545 

10.  Schulz R, Heusch G. Tumor Necrosis Factor-and Its Receptors 1 and 2 Yin and Yang in 
Myocardial Infarction? 2009. doi:10.1161/CIRCULATIONAHA.108.846105 

11.  Dubey RK, Oparil S, Imthurn B, Jackson EK. Sex hormones and hypertension. Cardiovasc 
Res. 2002. doi:10.1016/S0008-6363(01)00527-2 

12.  Konhilas JP, Leinwand LA. The effects of biological sex and diet on the development of 
heart failure. Circulation. 2007. doi:10.1161/CIRCULATIONAHA.106.672006 

13.  Rosano GMC, Vitale C, Marazzi G, Volterrani M. Menopause and cardiovascular disease: 
The evidence. In: Climacteric. ; 2007. doi:10.1080/13697130601114917 

14.  Pérez-López FR, Chedraui P, Gilbert JJ, Pérez-Roncero G. Cardiovascular risk in 
menopausal women and prevalent related co-morbid conditions: facing the post-
Women’s Health Initiative era. Fertil Steril. 2009. doi:10.1016/j.fertnstert.2009.06.032 

15.  Christensen A, Pike CJ. Menopause, obesity and inflammation: Interactive risk factors for 
Alzheimer’s disease. Front Aging Neurosci. 2015. doi:10.3389/fnagi.2015.00130 

16.  Luo A, Leach ST, Barres R, Hesson LB, Grimm MC, Simar D. The microbiota and epigenetic 
regulation of t helper 17/regulatory T cells: In search of a balanced immune system. 
Front Immunol. 2017. doi:10.3389/fimmu.2017.00417 

17.  Wang J, Dong R, Zheng S. Roles of the inflammasome in the gut-liver axis (Review). Mol 



  Leber 18 

Med Rep. 2019. doi:10.3892/mmr.2018.9679 
18.  Tripathi A, Debelius J, Brenner DA, et al. The gut-liver axis and the intersection with the 

microbiome. Nat Rev Gastroenterol Hepatol. 2018. doi:10.1038/s41575-018-0011-z 
19.  Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-

associated gut microbiome with increased capacity for energy harvest. Nature. 2006. 
doi:10.1038/nature05414 

20.  Bäckhed F, Ding H, Wang T, et al. The gut microbiota as an environmental factor that 
regulates fat storage. Proc Natl Acad Sci U S A. 2004. doi:10.1073/pnas.0407076101 

21.  Newman MA, Petri RM, Grüll D, Zebeli Q, Metzler-Zebeli BU. Transglycosylated starch 
modulates the gut microbiome and expression of genes related to lipid synthesis in liver 
and adipose tissue of pigs. Front Microbiol. 2018. doi:10.3389/fmicb.2018.00224 

22.  Li B, Selmi C, Tang R, Gershwin ME, Ma X. The microbiome and autoimmunity: a 
paradigm from the gut–liver axis. Cell Mol Immunol. 2018;15(6):595-609. 
doi:10.1038/cmi.2018.7 

23.  Pant S, Sharma M, Patel K, Caplan S, M. Carr C, D. Grant B. The gut-liver axis and the 
intersection with the microbiome. HHS Public Access. 2019;5(6):1-8. doi:10.4172/2157-
7633.1000305.Improved 

24.  Rivière A, Selak M, Lantin D, Leroy F, De Vuyst L. Bifidobacteria and butyrate-producing 
colon bacteria: Importance and strategies for their stimulation in the human gut. Front 
Microbiol. 2016. doi:10.3389/fmicb.2016.00979 

25.  Ohira H, Fujioka Y, Katagiri C, et al. Butyrate attenuates inflammation and lipolysis 
generated by the interaction of adipocytes and macrophages. J Atheroscler Thromb. 
2013. doi:10.5551/jat.15065 

26.  Vieira AT, Castelo PM, Ribeiro DA, Ferreira CM. Influence of oral and gut microbiota in 
the health of menopausal women. Front Microbiol. 2017;8(SEP):1-7. 
doi:10.3389/fmicb.2017.01884 

27.  Chiu IM, Heesters BA, Ghasemlou N, et al. Sex steroid deficiency – associated bone loss is 
microbiota dependent and prevented by probiotics Find the latest version : Sex steroid 
deficiency – associated bone loss is microbiota dependent and prevented by probiotics. 
Nature. 2016;126(6):2049-2063. doi:10.1172/JCI86062.Postmenopausal 

28.  Fantuzzi G, De Punder K, Pruimboom L. stress induces endotoxemia and low-grade 
inflammation by increasing barrier permeability. 2015;6:15. 
doi:10.3389/fimmu.2015.00223 

29.  Maverakis E, Kim K, Shimoda M, et al. Glycans In The Immune system and The Altered 
Glycan Theory of Autoimmunity: A Critical Review Introduction and The Altered Glycan 
Theory of Autoimmunity. J Autoimmun. 2015;0:1-13. doi:10.1016/j.jaut.2014.12.002 

30.  Garidou L, Pomié C, Klopp P, et al. Clinical and Translational Report The Gut Microbiota 
Regulates Intestinal CD4 T Cells Expressing RORgt and Controls Metabolic Disease. 2015. 
doi:10.1016/j.cmet.2015.06.001 

31.  Baker JM, Al-Nakkash L, Herbst-Kralovetz MM. Estrogen–gut microbiome axis: 
Physiological and clinical implications. Maturitas. 2017;103(June):45-53. 
doi:10.1016/j.maturitas.2017.06.025 

32.  Dumas M-E, Barton RH, Toye A, et al. Metabolic profiling reveals a contribution of gut 
microbiota to fatty liver phenotype in insulin-resistant mice. Proc Natl Acad Sci. 



  Leber 19 

2006;103(33):12511-12516. doi:10.1073/pnas.0601056103 
33.  Spor A, Koren O, Ley R. Unravelling the effects of the environment and host genotype on 

the gut microbiome. Nat Rev Microbiol. 2011. doi:10.1038/nrmicro2540 
34.  Turnbaugh PJ, Hamady M, Yatsunenko T, et al. A core gut microbiome in obese and lean 

twins. Nature. 2012;486(32089):222-227. doi:10.1038/nature07540.A 
35.  Larsen N, Vogensen FK, Van Den Berg FWJ, et al. Gut microbiota in human adults with 

type 2 diabetes differs from non-diabetic adults. PLoS One. 2010;5(2). 
doi:10.1371/journal.pone.0009085 

36.  Gibson GR, Hutkins R, Sanders ME, et al. Expert consensus document: The International 
Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on the 
definition and scope of prebiotics. Nat Rev Gastroenterol Hepatol. 2017. 
doi:10.1038/nrgastro.2017.75 

37.  Kappeler CJ, Hoyer PB. 4-vinylcyclohexene diepoxide: A model chemical for ovotoxicity. 
In: Systems Biology in Reproductive Medicine. Vol 58. Syst Biol Reprod Med; 2012:57-62. 
doi:10.3109/19396368.2011.648820 

38.  Danilo CA, Constantopoulos E, McKee LA, et al. Bifidobacterium animalis subsp. lactis 420 
mitigates the pathological impact of myocardial infarction in the mouse. Benef Microbes. 
2017. doi:10.3920/BM2016.0119 

39.  Konhilas JPD. Konhilas Duca RDI Accelarate 2019_final minipause gut. (Cvd). 
40.  Parker BJ, Wearsch PA, Veloo ACM, Rodriguez-Palacios A. The Genus Alistipes: Gut 

Bacteria With Emerging Implications to Inflammation, Cancer, and Mental Health. Front 
Immunol. 2020;11:906. doi:10.3389/fimmu.2020.00906 

41.  Dziarski R, Park SY, Kashyap DR, Dowd SE, Gupta D. Pglyrp-Regulated gut microflora 
prevotella falsenii, parabacteroides distasonis and bacteroides eggerthii enhance and 
alistipes finegoldii attenuates colitis in mice. PLoS One. 2016;11(1):146162. 
doi:10.1371/journal.pone.0146162 

42.  O’Callaghan A, van Sinderen D. Bifidobacteria and their role as members of the human 
gut microbiota. Front Microbiol. 2016;7(JUN):925. doi:10.3389/fmicb.2016.00925 

43.  Horiuchi H, Kamikado K, Aoki R, et al. Bifidobacterium animalis subsp. lactis GCL2505 
modulates host energy metabolism via the short-chain fatty acid receptor GPR43. Sci 
Rep. 2020;10(1):1-8. doi:10.1038/s41598-020-60984-6 

44.  Ojha N, Roy S, Radtke J, et al. Characterization of the structural and functional changes in 
the myocardium following focal ischemia-reperfusion injury. Am J Physiol - Hear Circ 
Physiol. 2008;294(6):H2435. doi:10.1152/ajpheart.01190.2007 

 


