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ABSTRACT

Approximately 650,000 new cases of heart failure (HF) are diagnosed annually with a 50%
five-year mortality rate. HF is characterized by reduced left ventricular ejection fraction (EF) and
hypertrophy of the left ventricular wall. The pathophysiological remodeling of the heart is
mediated by increased oxidative stress and inflammation. Reactive oxygen species (ROS) derived
from NADPH-oxidases (NOX), xanthine oxidase (XO), and mitochondria are the primary drivers
of oxidative stress. In addition, damage associate molecular patterns (DAMPs) released from
apoptotic cells can trigger toll-like receptor (TLR)4 activation, leading to an inflammatory
response. Raspberries are rich in polyphenols which may favorably impact enzymes involved in
redox homeostasis while also targeting inflammatory signaling. To elucidate these effects, Sprague
Dawley rats consumed a 10% raspberry diet for seven weeks. At week three, HF was surgically
induced via coronary artery ligation. Hemodynamics and morphology of the heart were assessed,
and cardiac tissue was harvested at sacrifice from the rats following treatments. Expression of
cardiac proteins involved in oxidative stress, inflammation, apoptosis and remodeling were
assessed, and histological analysis was conducted. Additionally, human cardiomyocytes were
pretreated with isolated raspberry polyphenol extract followed by CoCl, treatment to chemically
induce hypoxia. Redox status, apoptosis and mitochondrial dysfunction were assessed.
Raspberries effectively preserve cardiac function and morphology, and this may be mediated by
reduced TLR4 signaling. This coincided with reduced oxidative stress, apoptosis, and remodeling
in vivo. In vitro, raspberry polyphenol extract attenuated CoClz-induced oxidative stress and
apoptosis in human cardiomyocytes despite pronounced hypoxia-inducible factor (HIF)-la
expression. In conclusion, these data indicate that the consumption of raspberries can reduce the

underlying molecular drivers of HF, thus, leading to the observed improvements in cardiac



functional capacity and morphology. This dietary strategy may be an effective alternative

treatment in treating HF. However, further investigation in alternative models of HF are warranted.
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underwent coronary artery ligation (RB-CHF). After four additional weeks, animals were
sacrificed. Hearts were excised and either immediately frozen in -80°C for protein
analysis or 10% formalin for immunohistological analysis. Protein expression of p53 (4,
B), BAX (4, C), BCL-xL (A4, D), cleaved caspase-9 (A, E) and cleaved caspase-3 (A, F)
were assessed by western blot and normalized to total lane protein followed by fold
change vs sham for each respective protein. (G) Tissue sections were stained with
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Histological images were taken at 20x magnification. Red labeling is indicative of
apoptosis. Data are expressed as means = SD. *P <0.05, **P <0.01, ***P <0.001,
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expression of cleaved caspase-3 and [-actin were qualitatively assessed by western blot.
(B) MTT assay was conducted to determine cell viability (n = 8 replicates). Data was
normalized to control. (C) Cell morphology and structure was assessed qualitatively by
light microscopy at 20x magnification. (D) Cells were treated with or without CoCl> (400
uM) for 24 h with RBE (400 ug/mL) or TAK242 (1 uM) for 1 h prior. Protein expression
of cleaved caspase-3 was assessed by western blot and normalized to [-actin followed by
fold change vs CoCl treatment alone (n = 3 experiments). (E) Annexin FIT-C staining
was also conducted in black 96-well plates following treatments (n = 6 replicates), and

data were read in a microplate reader (Ex/Em: 494/535). Data are expressed as mean +
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SD. Significance (P <0.05) is denoted (B, D & E) by # vs control and 1 vs CoCl> alone.

Figure 5.11 Effects of raspberry consumption in HF in vivo and raspberry polyphenol treatment
under hypoxia in vitro on mitochondria-related variables. Animals consumed a control
diet (AIN-93M) or a raspberry supplemented diet for three weeks. Animals consuming the
control diet underwent either a sham procedure or underwent coronary artery ligation
(CHF), while animals consuming the raspberry supplemented diet only underwent
coronary artery ligation (RB-CHF). After four additional weeks, animals were sacrificed.
Hearts were excised and immediately frozen in -80°C for protein analysis. Protein
expression of DRP1 (A, B) and OPAI (A, C) were assessed by western blot and
normalized to total lane protein followed by fold change vs sham for each respective
protein. (D) Total ATP content of the LV was quantified with luminescent detection from
a commercially available kit. (E) Cells were treated with or without CoCl> (400 uM) for
24 h with RBE (400 ug/mL) or TAK242 (1 uM) for 1 h prior followed by JC-10
fluorometric probe introduction via a commercially available kit. Cells were qualitatively
evaluated for JC-10 aggregation in the mitochondria as indicated by red fluorescence.

Data are expressed as means = SD. *P <(0.05, **P <0.01, ***P <0.001, ****P <

Figure 6.1 Molecular mechanisms by which raspberry polyphenols attenuate HF. A) under
ischemic conditions, apoptosis occurs, and apoptotic cells release a variety of damage
associated molecular patterns (DAMPs) which bind to toll-like receptor (TLR)4 of
neighboring cells triggering an inflammatory response. Raspberry polyphenols reduce

TLR4 protein expression. B) TLR4 signaling results in reactive oxygen species (ROS)
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production from xanthine oxidase (XO) and mitochondria which raspberries reduce. C)
excessive ROS can cause DNA breaks which triggers p53 phosphorylation. Additionally,
ROS can modify reactive cysteine residues on p53 creating disulfide bonds. TLR4 also
acts on p53 indirectly by inhibiting sirtuin (SIRT)2, a deacetylase, resulting in
accumulation of acetylated p53. These post-translational modifications all result in p53
cytosolic accumulation and eventual nuclear translocation binding to the region of DNA
encoding B-cell lymphoma (BCL)-2-associated X protein (BAX) synthesis. However,
raspberry polyphenols reduce p53 cytosolic accumulation likely due to a combination of
these mechanisms. D) BCL-extra-large (BCL-xL) can inhibit BAX activity and prevent
mitochondrial pore opening, which raspberries appeared to preserve the expression of.
Mitochondrial depolarization and pore opening results in the downstream cleavage of
caspase-9 followed by capase-3 leading to cellular apoptosis, all of which was attenuated
by raspberry polyphenols. E) TLR4 signaling leads to the downstream phosphorylation of
stress-activated protein kinases (SAPK)/Jun amino-terminal kinases (JNK) and activation
of transcription factor c-Jun and activator protein (AP)-1 in parallel to the
phosphorylation of the transcription factor nuclear factor-kB (NF-kB). This leads to
nuclear translocation, DNA transcriptional activity and an inflammatory response.
Raspberry polyphenols reduced activity of SAPK/JNK and NF-xB, likely due to initial
reduction of TLR4, overall reducing the inflammatory response. F) TLR4 activation also
leads to the phosphorylation of extracellular signal-regulated kinase (ERK)1/2, which
activates nuclear factor of activated T-cells (NF-AT) which then forms a complex with
NF-kB to bind to the region of DNA encoding fetal gene protein synthesis resulting in

hypertrophy. Raspberry polyphenols inhibited the phosphorylation of ERK1/2 attenuating
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the hypertrophic response. G) inflammatory signaling results in the synthesis of cytokines
and chemokines which attract leukocytes to infiltrate cardiac tissue, raspberry
polyphenols attenuated this infiltration due to reduction of inflammatory cytokines. H)
the inflammatory cytokine transforming growth factor (TGF)p1 released by both
infiltrating leukocytes as well as native cardiac tissue bind to resident cardiac fibroblasts
causing their differentiation into myofibroblasts. Myofibroblasts facilitate cardiac
remodeling by breaking down the extracellular matrix with matrix metalloproteinases
(MMPs) and by synthesizing collagen, disturbing the organized architecture of
cardiomyocytes and reducing the elasticity of the heart as a whole, contributing to
reduced cardiac function. Raspberry polyphenols reduced (TGF)B1 protein expression
and reduced MMP2 & MMP9, all of which reduced cardiac fibrosis and attenuated

1o Lo 7 USSR 60



1 INTRODUCTION

Heart failure (HF) affects approximately 5.1 million people in the United States (US), and
diagnoses have remained consistent with more than 650,000 new cases every year (1). The five-
year survival rate after diagnosis is approximately 50%. While HF primarily affects the elderly,
considering the growing age of the population, 1 in 33 individuals in the US will have HF by the
year 2030, leading to a near doubling in healthcare costs (2). HF is characterized by reduced EF
and increased left ventricular wall thickening due to structural and functional defects of the heart
(3). This can be initiated by ischemia or increased ventricular pressure due to hypertension. This
modified cardiac load increases stress of the ventricular wall, leading to structural remodeling due

to cardiomyocyte hypertrophy and apoptosis (3).

Inflammation and oxidative stress play integral roles in the development of HF (4).
Hypoxia alone can induce inflammation and cell death (5), causing release of damage associate
molecular patterns (DAMPs) which bind to toll-like receptor (TLR)4 in neighboring cells (6),
potentiating an inflammatory response. Reactive oxygen species (ROS) derived from NADPH-
oxidases (NOX), xanthine oxidase (XO) and mitochondria are the primary sources of ROS (7-9).
Both inflammation and ROS can promote cardiomyocyte apoptosis, fibrosis and cardiac
dysfunction (10, 11). TLR4 signaling activates inflammatory signaling pathways including
mitogen-activated protein kinases (MAPKs): p38MAPK, extracellular signal-regulated protein
kinase (ERK1/2) and stress-activated protein kinases (SAPK)/Jun amino-terminal kinases (JNK)
(12-15). This leads to phosphorylation and translocation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) (16) into the cell nucleus, leading to the transcription of
inflammatory cytokines including interleukin (IL)-6, IL-1p and tumor necrosis factor (TNF)-a (17,

18). Inflammation facilitates macrophage recruitment into the myocardium via chemoattractants



and also leads to differentiation of fibroblasts intro myofibroblasts, promoting fibrosis (19). Thus,
these inflammatory and redox pathways play key regulatory roles in the pathogenesis of HF and

their regulation is of clinical significance.

Plant-based diets, which are comprised of phytonutrient-rich foods, may reduce the risk of
HF by decreasing oxidative stress and inflammation (20, 21) in part due to their phytochemical
content. Indeed, raspberries are a rich source of polyphenols, and these secondary metabolites
produced by plants may target numerous molecular pathways involved in HF (22). Our preliminary
data suggest that raspberry consumption leads to the increased enzymatic antioxidant expression
in the hearts of mice treated with angiotensin (Ang) II. This corresponded with decreased IL-6
expression and cardiac fibrosis. Nonetheless, the ability of raspberry to modulate cardiac function,
inflammation and oxidative stress in a model of HF is not known. Thus, the main goal of this
proposed study is to determine whether raspberries can be used as a nutritional therapy in
the treatment of HF. The central hypothesis of this proposed study is that raspberries attenuate
the pathological characteristics of HF by reducing inflammation and oxidative stress, thus,

improving cardiac function.

Specific Aim 1. Determine whether raspberry consumption can improve functional
parameters and morphological characteristics of the heart in rats with HF. Raspberry
polyphenols in isolation have been shown to improve functional and morphological parameters in
acute HF models; however, whole raspberries have a diverse polyphenol profile and may be more
efficacious due to synergistic and/or additive effects. Rats will be fed a control diet or a 10%
raspberry diet for 7 weeks. At week 3, HF will be surgically induced via coronary artery ligation
(CAL). Hemodynamics and morphology of the heart will be assessed via echocardiography at

week 7. Cardiac tissue will be harvested at sacrifice to assess fibrosis and hypertrophy using



histological techniques. We hypothesize that raspberry consumption will improve cardiac function

and morphology in mice with HF.

Specific Aim 2. Determine whether raspberry polyphenols modulate molecular
pathways involved in HF. Raspberry polyphenols can attenuate inflammation and oxidative stress
based on preliminary data in a neurohumoral model of cardiac stress; however, it is not known
whether these effects translate to overt HF induced by ischemia. Cardiac tissue will be analyzed
for key proteins involved in inflammation, oxidative stress, apoptosis and remodeling using
western blot. Protein localization and cardiomyocyte apoptosis will be visualized with
immunohistochemistry. Additionally, human cardiomyocytes will be pretreated with raspberry

polyphenol extracts followed by chemically-induced hypoxia and analysis.

The proposed investigation will elucidate the ability of raspberry to mitigate cardiac
dysfunction both physiologically and at the cellular level. Raspberries may act in a targeted
approach and mitigate the mechanisms underlying the development and progression of HF. These
findings may lead to further investigation in alternative models of HF with potential introduction

of the intervention into clinical practice.



2 BACKGROUND

2.1 HF pathophysiology

In the clinical setting, HF is categorized as either HF with preserved EF (HFpEF) or HF
with reduced EF (HFrEF) (3). EF refers to the percent of blood by volume ejected by the left
ventricle (LV) of the heart during contraction. Both forms of HF are characterized by the inability
of the heart to adequately pump blood. In HFpEF, EF is normal; however, the walls of the LV are
thickened and thus, stiffer, leading to overall decreased functional capacity of the heart due to
reduced stroke volume (total volume measured in mL ejected from the ventricles of the heart)
leading to reduced cardiac output (amount of blood pumped through circulation per minute).
Approximately, half of patients diagnosed with HF have HFpEF (23). Causes for HFpEF and
HFrEF are very similar; however, how these underlying pathologies impact the heart is different.
Rather than being directly caused by underlying pathologies, HFpEF can be indirectly caused by
obesity, hypertension, diabetes, renal disease and other chronic conditions (24). These conditions
increase systemic inflammation and oxidative stress, which progressively damage the heart,

leading to hypertrophy of the LV and HF.

In contrast, HFrEF refers to an EF <40% and is typically directly caused by coronary artery
disease (CAD; direct damage to the heart due to hypoxia causing significant scaring) or
hypertension (LV enlarges to compensate increased blood pressure, leading to scarring) (25).
These causes are not exhaustive, as neurohormonal regulators, such as Ang II, can directly act on
the heart, and chronic Ang II signaling can independently promote HFrEF by promoting
cardiomyocyte ROS, apoptosis and scarring (26). Unlike HFpEF, patients who have HFrEF
respond favorably to pharmacological treatments (3). Moving forward, discussion of HF will refer

to HFTEF unless stated otherwise.



2.2 HF in clinical practice

The primary goal of pharmacological interventions to treat HF is to improve cardiac output
by reducing stress on the heart walls as well as modifying contractile signaling. A target for
pharmacological treatment includes the f-adrenergic receptor (B1AR) which is overstimulated by
epinephrine and norepinephrine during times of decreased cardiac output, a compensatory
mechanism to increase cardiomyocyte excitation and contraction (27). Overstimulation can cause
cardiomyocyte toxicity, and transgenic animal models in which B1AR is increased 15-fold causes
a progressive decline in heart function, reducing EF to 20% causing overt HF (28). B1AR blockers,

such as carvedilol, can improve EF, reduce arrhythmias and reduce mortality from HF (27).

Another target in treating HF is the renin-angiotensin-aldosterone system (RAAS) which
is involved in maintaining hemodynamics and fluid regulation via aldosterone and Ang II (29).
Renin produced by the kidneys acts on angiotensinogen produced by the liver to produce Ang I,
which is cleaved by angiotensin-converting enzyme (ACE) to yield the active Ang II peptide. Ang
IIis a ligand for Ang Il type 1 (ATiR) and type 2 receptor (AT2R) which have differing effects on
various tissue. ATR typically acts in a pathological manner while AT>R mitigates these effects
via negative feedback (30). ATR signaling in the proximal tubules of the kidneys increases Na-H
ion exchange which increases the osmolarity of the blood, leading to increased blood volume (30).
In vascular smooth muscle cells, ATiR signaling promotes vasoconstriction, whereas in
endothelial cell, this is potentiated by increased NOX expression, reducing nitric oxide (NO)
bioavailability due to direct NO interaction with ROS forming peroxynitrite (ONOQO"), a reactive
nitrogen species (RNS) (31). Combined, these effects increase blood pressure, attributable to

excessive RAAS activation due to low-grade inflammation in the kidney and liver (32).



In addition to B1AR blockers, targeting Ang II with either ACE inhibitors or angiotensin
receptor blocker (ARB) can improve vasodilation, reducing stress on the heart wall, and improving
EF (3). ACE inhibitors prevent the conversion of Ang I to Ang Il and ARB inhibits cellular Ang
I signaling by competitively binding to AT{R. ACE and ARB inhibitors also reduce aldosterone,
as Ang II signaling in the adrenal cortex stimulates its release. Thus, these drugs prevent multiple
outcomes: 1) reduced vasoconstriction which reduces blood pressure (33), 2) aldosterone increases
sodium reabsorption, increasing blood volume leading to increased blood pressure (34) and 3) Ang
IT and aldosterone are directly involved in cardiomyocyte signaling leading to hypertrophy,
apoptosis and fibrosis (35, 36). Other common pharmacological treatments include aldosterone
antagonists as an adjunct, diuretics to reduce blood volume (reduce blood pressure) as well as
digoxin which can improve cardiac output (3). Despite the efficacy of these treatments, HF still
comes with a 50% five-year mortality rate irrespective of HF categorization (37). Thus, other

therapeutic approaches are urgently needed to treat HF.

2.3 Animal models of HF

In pre-clinical models of HF, mice and rats are traditionally used. These HF models
typically mimic either a myocardial infarction (MI), such as a heart attack, in which blood flow to
the heart is restricted, or a hypertensive model in which the heart walls undergo chronic, excessive
pressure. These models are typically representative of HFrEF, not HFpEF. One of the most popular
models of HF is to induce MI in rats and mice by conducting a surgical procedure in which the left
coronary artery is permanently ligated, or closed off (38). Within four weeks, HF has fully
manifested. This model was initially used to test the efficacy of ACE inhibitors 35 years ago,
bringing them from preclinical studies to human interventions and clinical practice; thus this model

is highly translational (39). In the clinical setting however, when MI occurs due to atherosclerosis,



reperfusion of blood in the vessel is expected due to surgical intervention (angiogram) to open the
artery. This reperfusion itself, although necessary to prevent death, is injurious and leads to
significant cardiac injury independent of the prior hypoxic state of the heart, in part due to a surge
of ROS, intracellular Ca?" flux, inflammation and aberrant changes in pH (40). Mixed models exist
utilizing ischemia and reperfusion (I/R), in which the left anterior descending artery is briefly

ligated (30 to 60 min) and then perfused (41), although the surgeries are more complex and lengthy.

To induce pressure overload of the heart, a common procedure in rats is to restrict blood
flow of the ascending aorta known as ascending aortic banding (38). Blood is restricted from
leaving the heart, creating significant stress on the LV wall as observed in hypertension. Within
eight weeks significant left ventricular hypertrophy occurs and after 18 weeks, overt HF has
manifested (38). Thus, this procedure is typically conducted in younger animals (3-4 weeks old).
In mice, a similar procedure known as transverse aortic constriction (TAC) produces a far more
rapid response than the counterpart procedure in rats. Left ventricular mass increases 50% within
two weeks of banding, although there is less clinical relevance considering the acute nature of this
procedure (38). These are the most common modalities for inducing HF in pre-clinical models,
although numerous others exists, including drug induced cardiotoxicity (e.g., doxorubicin and
isoproterenol), Ang II infusion, diabetes, and transgenic lines, such as spontaneously hypertensive

rats (42).
2.4 Major molecular pathways involved in HF pathology

2.4.1 HIF-la
Due to the high oxygen demands of the heart to facilitate metabolism, hypoxic conditions
can be detrimental, and ischemia is caused by prolonged hypoxia leading to tissue injury. One of

the main proteins involved in mediating the hypoxic response is hypoxia-inducible factor (HIF)-



la. Under normoxic conditions, HIF-1a is continually synthesized, hydroxylated by oxygen-
dependent prolyl hydroxylase, a domain on HIF-1a, allowing polyubiquitination to occur (43, 44).
This then leads to proteasomal degradation preventing its transcriptional activity. Indeed, HIF-1a
has a <5 min half-life due to this constant cycle (45). However, under hypoxic conditions,
hydroxylation does not occur due to lack of substrate (oxygen), leading to HIF-1a accumulation,
nuclear translocation and transcriptional activity at the hypoxia-response element (HRE) DNA
binding site (46). HRE transcriptional activity is an adaptive pathway and leads to survival
mechanisms (47), such as greater reliance on the glycolytic pathway. Indeed, HIF-1a knockout is
detrimental in animal models of HF and exacerbates the disease (48, 49). However, prolonged
HIF-1a stabilization is also detrimental and can independently exacerbate HF (50), increasing

apoptosis and inflammation (50).

To mimic hypoxia in cell culture systems, the requirement of Fe?" in prolyl hydroxylase is
taken advantage of (51). CoCly causes stabilization of HIF-lo by replacing Fe** of prolyl
hydroxylase preventing oxygen transfer to proline (52, 53). Thus, CoCl> mimics a hypoxic
response without the need for an oxygen-depleted environment. In cardiomyocytes, HIF-1a
stabilization via CoCl; results in significantly increased ROS and apoptosis (54, 55) as well as

inflammation (56).

2.4.2 TLR4

TLR4 is a major receptor involved in innate immunity and is classically activated due to
exogenous factors, such as in response to lipopolysaccharides (LPS), a perceived bacterial threat.
However, TLR4 has numerous endogenous ligands as well, including DAMPs which are released
from necrotic cells (57). It is worth noting that TLR4 is found in greatest abundance in the human

heart compared with other TLR isoforms (58). TLR4 activation requires cytosolic adaptor proteins,



toll/interleukin-1 receptor (TIR)-domain-containing adaptor (TIRAP) and TIR domain-containing
adaptor inducing interferon (IFN)-B-related adaptor molecule (TRAM). Upon binding,
downstream signaling occurs in a myeloid differentiation primary response 88 (MYDS8S)-
dependent and independent manner with the same end result, that is activation of MAPK and NF-
kB signaling as well as inflammatory cytokine release. TLR4 is upregulated in humans with
reduced LV function and ischemic heart disease and TLR4 was reduced following coronary bypass
or stent placement (59). Under cardiac stress, blockade of TLR4 attenuates disease progression
(60, 61) while upregulated TLR4 exacerbates it (6). Thus, it is clear that TLR4 is critically involved

in mediating HF pathogenesis.

243 NOX

The NOX family of enzymes under normal physiological conditions produce low levels of
superoxide (O2"), which undergoes subsequent enzymatic or spontaneous dismutation to hydrogen
peroxide (H20z). These ROS molecules are involved in a variety of cellular processes (e.g., sulfide
bridge formation, cysteine oxidation, activation of transcription factors, etc.) vital for cell survival
and function (14, 62). However, insult to the heart results in excessive ROS via NOX, which
initiates a cascade of events, eliciting cardiomyocyte apoptosis and subsequent fibrosis at the organ
level, severely inhibiting the functional capacity of the heart leading to HF (63-65). Furthermore,
it is likely that ROS generation is increased in the failing heart rather than a detriment in the

antioxidant response (66); thus, increased ROS tends to overwhelm the antioxidant system.

A variety of NOX isoforms exists (Nox1-5) with various tissue distributions (7). In
cardiomyocytes, NOX2, NOX4 and NOX5 are the predominant isoforms, although NOX1 is also
found in lesser concentrations (10). In cardiomyocytes, NOX are likely localized on the plasma

membrane, endoplasmic reticulum, and the nuclear envelope (67, 68). A variety of stimuli can lead
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to NOX transcription and overexpression, including shear stress (69), Ang II (70), endothelin-1
(71), TNF-a (72) as well as a-adrenergic receptor agonists (73). Regardless of isoform, the role of
NOX is to abstract electrons from NADPH in the cytoplasm and reduce molecular oxygen to Oy,
which is either released into the lumen of organelles or extracellularly. NOX is bound to lipid
bilayers of organelles or the outer plasma membrane via 6 transmembrane a-helices. While O2~
cannot freely pass between lipid bilayers, HoO> can (74). The micro-environments within the
lumen of organelles are under reducing conditions resulting in the spontaneous conversion of Oz~
to HO,. Thus, cellular localization of each NOX determines whether O~ or H2O» will be the

predominant end-product, although some controversy exists as discussed later regarding NOX4.

NOX2 is highly expressed in cardiomyocytes and unlike in phagocytes, is constitutively
active and does not require cytosolic translocation or subunit assembly. All four of the NOX
isoforms in cardiomyocytes appear to have this constitutive feature, as under basal conditions,
NOX are likely highly involved in regulating cell-to-cell signaling (75), whereas in phagocytes,
OX is utilized as a defense mechanism in the presence of pathogens. In conjunction with a
membrane bound subunit critical to its function (p22P"¥), a unique feature of NOX2 is the p67°P"**,
p47P"% and p40P"°X cytosolic subunit complex which is required for its function (76). It has been
documented that in both humans (67) and animals (77), NOX2 expression is upregulated in the
heart after MI. Deletion of NOX2 in mice attenuates cardiac dysfunction, fibrosis and thickening

of the LV in mice with HF induced by CAL (77, 78).

NOXI is 60% identical to NOX2 and also requires cytosolic subunits to form a complex
to function. These subunits include NOX organizer 1 (NoxO1) and NOX activator 1 (NOXAI)
which are homologous to p47°* and p67°"* in NOX2, respectively (79). Interestingly, due to the

high similarity between NOX1 and NOX2, p47P™* and p67P"* can also bind to NOX1 leading to
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functional differences. For example, p47°"°* has an auto-inhibitory domain preventing assembly
of the complex due to conformational shifts in its structure reducing its affinity for binding (79).
However, NOXOI lacks this auto-inhibitory domain leading to constitutive activity of NOX1. This
varies by cell-type, but based on published data (80) and data generated in our lab using human
cardiomyocytes obtained from the LV of the adult human heart, it is suggestive that NOXO1 is
the predominant subunit that interacts with NOXI1 in cardiomyocytes, as constitutive expression
of NOXI is present regardless of treatment conditions. This is somewhat controversial however,
as NOXO1 binding reduces the affinity of NOX1 to p22P"*, although unlike NOX2, NOX1 is not
dependent upon p22P"** for its function (81). Very few investigations exist which have examined
the role of NOXI in cardiac tissue in the context of HF. In mice treated with high-dose
doxorubicin, a chemotherapy drug which is known to be cardio-toxic in 11% of subjects taking it
as prescribed (82), cardiac injury and fibrosis was attenuated in NOX1 knockout mice compared

to wild-type mice (83). Additionally, survival was significantly improved in knockout animals.

NOX4 is unique among the other NOX isoforms, as no cytosolic subunits are required for
its function, however, the trans-membrane bound p22P"* is requisite for its function similar to
NOX2 (7). Controversy exists regarding the type of ROS produced from NOX4. Unlike the other
NOX isoforms, NOX4 is thought to be H>O»-producing rather than O™ producing (84). It has been
suggested that NOX4 is actually O -producing but much of the O>~ would be produced within the
lumen of organelles (7). This reducing environment results in spontaneous dismutation to H>O»,
which can now pass through the lipid bilayer and be detected. However, compelling evidence
suggests that NOX4 may indeed produce H>O> preferentially (85). In a catalytic cell-free system,
90% of all oxygen uptake was converted to H2O> by NOX4 due to differing kinetics compared

with other NOX isoforms. This lends to its constitutive activity not just in cardiomyocytes, but
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ubiquitously in other tissue (86). Due to its high Km, (18% in NOX4 vs 2-3% in NOX2), it has a
lower binding affinity to oxygen, making it an oxygen sensor to respond to fluctuations within the
cell, such as during changes in altitude. Similar to the other NOX isoforms however, over-
expression can occur in vivo during HF (87) and due to inflammatory signaling in vitro (88).
Indeed, NOX4 knockout mice who underwent TAC to induce HF (pressure overload model)
demonstrated preserved cardiac function and reduced fibrosis compared to wild-type mice (87).
Interestingly, NOX2 knockout mice who underwent Ang II infusion did not develop cardiac
hypertrophy compared to wild-type mice, while in a pressure overload model using TAC, both
NOX2 knockout mice and wild-type mice developed hypertrophy (89). This was due to NOX4
being predominantly expressed in this pressure overload model rather than in Ang II-induced HF.
However, despite no effect on hypertrophy in NOX2 knockout mice during pressure overload,
cardiac function is preserved (90). Thus, these studies illustrate that these NOX isoforms have

independent effects within the same disease processes.

NOXS5 is the most recently discovered NOX isoform and appears in humans, but not
rodents (7). NOXS5 is unique to any other isoform in that no cytosolic subunits are required for its
function, and it is the only NOX that does not utilize p22P"°*. NOXS5 is a Ca®* sensitive enzyme,
and responds to intracellular increases in Ca®" (91). In the context of HF, NOX5 may be of
significant importance, since Ca?" leak from the sarcoplasmic reticulum (SR) due to SR stress in
cardiomyocytes is a common feature in the infarcted heart (92). In humans who have had a MI,
NOXS5 is highly expressed in cardiomyocytes, endothelial and vascular smooth muscle cells (93).
Disease stage and progression in diseased coronary arteries in humans also positively correlates
with NOX5 mRNA (94). Neurohormonal signaling, such as Ang II, can elicit intracellular

increases in Ca®" which leads to the activation of NOX5 (95). Because NOXS5 does not appear in
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rodents, it is more difficult to study its role in the pathogenesis of HF and other cardiac pathologies.
However, in mice that have NOXS5 genetically knocked-in in endothelial cells demonstrate that
increased NOXS5 expression results in hypertension (96). Nonetheless, it is clear that NOXS,
among the other NOX isoforms are significant sources of ROS which are of detrimental to normal

cardiac physiology.

2.4.4 Mitochondrial ROS

Mitochondria comprise 30% of total cardiomyocyte volume (97) and at the organ level,
energy demands of the heart are so high that 30 kg of ATP are consumed daily by the heart in
humans (98). ROS leak occurs in the mitochondria under normal physiological conditions due to
metabolism (99) which the antioxidant system is capable of neutralizing. Mitochondria undergo
regular fission and fusion and in healthy cardiomyocytes, this dynamic is at equilibrium (100). In
HF, this equilibrium is disrupted, and mitochondria undergo excessive fission, leading to
fragmented, dysfunctional mitochondria. This may be in part due to downregulation of fusion
promoting protein, optic atrophy (Opa)l and upregulation of fission proteins dynamin-related
protein (DRP)1 under conditions of HF (101). Fragmented mitochondria due to excessive fission
produce excessive ROS (100). Indeed, targeting mitochondrial ROS with mitochondrial
antioxidants, such as MitoQ, significantly attenuates the detriments of HF in a variety of preclinical
models by improving cardiac function, reducing cardiomyocyte apoptosis (102) reducing cardiac
hypertrophy and reducing fibrosis (103). In healthy older adults, supplementation with six weeks
of MitoQ (20 mg/d) significantly improved endothelium dependent vascular relaxation and arterial
stiffness (104). Thus, in the context of HF, mitochondria are a significant source of ROS which is

of clinical relevance.
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2.4.5 Xanthine oxidase

In urea metabolism, purines derived from nucleotides are converted to hypoxanthine
(derived from adenosine), which is then oxidized by XO to xanthine (derived from guanosine)
(105). Xanthine undergoes oxidation by XO to form uric acid. XO catalysis involves the reduction
of molecular oxygen followed by release of ROS in the form of either O2™ or H2O». In the context
of HF, upregulation of XO can occur due to hypoxia as well as inflammatory signaling (106).
Despite these observations, randomized trials have demonstrated weak evidence in reducing HF-
associated mortality with allopurinol, a XO inhibitor (107). However, there was a trend for reduced
hospitalizations and improved EF. Additionally, the trials were not long term, which may yield

alternative findings.

2.4.6 Apoptosis

A key feature of HF, especially from ischemic injury, is the induction of cardiomyocyte
apoptosis which results in a diminished capacity for cardiac contraction (108). Since
cardiomyocytes do not multiply and share the same lifespan as their host (109), apoptosis
ultimately drives diminished EF and remodeling observed in HF. In ischemia, cardiac tissue
undergoes various pathological stimuli, including hypoxia, excessive cytokine release and
oxidative stress, this can trigger the intrinsic apoptotic pathway which is mostly mediated by the
mitochondria (110). The activation of the transcription factor p53 due to these pathological stimuli
can lead to synthesis of B-cell lymphoma (BCL)-2-associated X protein (BAX) (111) which causes
mitochondrial transition pore opening. This leads to release of cytochrome ¢ and downstream
activation of caspase-9 and caspase-3 (110). Once these caspases are activated, cell death then
occurs; thus, targeting its upstream effectors are important to prevent this cascade. To that end,

BCL-extra-large (BCL-xL) can inhibit BAX activity and prevent mitochondrial pore opening.
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2.4.7 Inflammation and ROS in cardiac remodeling

Excessive activation of ROS-producing enzymes and mitochondrial ROS generation can
overload endogenous antioxidant defense leading to pathological changes of the heart at the
cellular and organ level. ROS can modify amino acid residues, such as cysteine, of kinases of
MAPK (e.g., MAP3Ks) which act as regulatory proteins just upstream from the MAPK family
(ERK1/2, p38MAPK and JNK) (112). Oxidative modification of these residues leads to their
activation. Furthermore, regulators of negative feedback from MAPK phosphatases may also be
modified, resulting in their inhibition preventing the de-phosphorylation of MAPKs. In adult rat
ventricular myocytes, MAPK phosphorylation is dose-dependent upon H>O» concentrations; 100
uM of H»O: significantly increased the phosphorylation of ERK1/2, p38MAPK and JNK
compared to control and 10 uM of H>O», whereas uM um only increased ERK1/2 compared to
control (113). The phosphorylation of the three aforementioned MAPKSs can have differing effects.
For example, ERK1/2 appears responsible for hypertrophic signaling via the nuclear translocation
of the transcription factor calcineurin—nuclear factor of activated T cells (NF-AT) (114). NF-AT
is required for cardiomyocyte hypertrophy to occur (115) and forms a complex with NF-xB to
potentiate hypertrophic signaling (116). Consequently, transcription of fetal genes occurs,
resulting in the synthesis of f-myosin heavy chain, a-skeletal muscle and a-smooth muscle actin
which increase cardiomyocyte cross-sectional area (117). On the other hand, p38MAPK activation
can lead to diminished cardiac functional performance and fibrosis of the heart, in part due to
apoptotic signaling via transforming growth factor (TGF)B-activated kinase (TAK1) independent
of hypertrophy (118, 119). Similarly, JNK may promote cardiomyocyte apoptosis (113)

independent of hypertrophy (120).
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Because the heart has limited healing capabilities, apoptotic cardiomyocytes are replaced
with fibrotic materials (e.g., collagen) to maintain organ structure. Following excessive ROS
production in cardiomyocytes due to pathologies leading to HF, NF-«kB nuclear translocation
occurs due to direct oxidative modifications just upstream from IxBa, leading to its ubiquitination,
freeing the p65 and p50 dimer (121). Upon nuclear translocation and binding to anchoring protein,
CREB-binding protein (CBP), binding to the kB regulatory region of DNA occurs leading to the
synthesis of a variety of inflammatory cytokines (e.g., TNF-a, IL-1B, IL-6) as well as
chemoattractants which guide leukocytes, such as monocytes and neutrophils, to infiltrate cardiac

tissue (122, 123).

Monocytes differentiate into macrophages to ingest apoptotic and necrotic cells and release
the cytokine TGFB1 (124). Cardiomyocytes also harbor the inactive form of TGF- which can be
activated by ROS (125, 126) independent of ischemia, as is the case in stress overload due to
hypertension (127). TGFp is a key initiator of the fibrotic process by acting on fibroblasts which
reside interstitially between cardiomyocytes, leading to their differentiation into myofibroblasts
(127). Myofibroblasts disrupt the delicate architecture of the extracellular matrix between
cardiomyocytes due to excessive collagen synthesis and deposition via matrix metalloproteinases
(MMPs), disrupting coordinated contraction between cells, severely diminishing the functional

capacity of the heart (128).

2.4.8 Endogenous antioxidant defense

To counteract the deleterious effects of excessive ROS, enzymatic antioxidants that
catalyze the dismutation of O2™ to H20O2 and further reduce H2O> to H20. Superoxide dismutase
(SOD)1 (a cytoplasmic enzyme) and SOD2 (a mitochondrial enzyme) convert O~ into H>O2 (129).

Subsequently, catalase and GPx1 (found in both the mitochondria and cytosol) reduce H»O; to
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H>0 (130, 131). While SOD is involved in H>O» signaling (132-134), it has a clear cytoprotective
role despite H>O> being a pro-oxidant, perhaps due to greater ROS availability towards catalase or
GPx. For example, both SOD1 and SOD2 upregulation in transgenic mice appear to offer cardio-
protective effects, including improved EF and reduced inflammatory cytokines compared to wild-
type mice (135, 136). Further, knocking out SOD2 resulted in reduced EF, hypertrophy and
fibrosis compared to wild-type mice (137). Similarly, GPx1 overexpression attenuates LV fibrosis,
hypertrophy and cardiac function compared to wild-type after HF induced by ischemia due to
coronary artery ligation (CAL) (138). Catalase overexpression was also beneficial, although less

impactful in improving cardiac function (139).

In addition, nuclear factor erythroid 2-related factor 2 (NRF2) is a key regulator of
glutathione synthesis and has involvement in transcriptional upregulation of heme oxygenase
(HO)-1 expression as well as NADPH quinone dehydrogenase (NQO)1, both of which have
antioxidant/cytoprotective functions (140). NRF2 is continually synthesized; however, it is
sequestered in the cytosol by the enzyme kelch-like ECH-associated protein (KEAP)1 which
undergoes continuous ubiquitination and degradation when the KEAP1-NRF2 complex is formed.
However, under conditions of oxidative stress, such as excessive H>O», reactive cysteine residues
on KEAP1 undergo reduction, leading to conformational shifts in KEAPI1, preventing NRF2
binding (141). As such, NRF2 is able to accumulate in the cytosol and translocate into the nucleus.
As with NF-kB, NRF2 binds to anchoring protein CBP allowing it to bind to the transcriptional
region of DNA encoding the antioxidant responsive element (ARE), leading to the transcription
and synthesis of glutathione (142). Because CBP can bind to both NF-xB and NRF2, these proteins
compete for binding (143). Under conditions of inflammation and oxidative stress however, NF-

kB appears to bind 10-fold greater to CBP than NRF2 as observed in HepG2 cells treated with 12-
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O-tetradecanoylphorbol-13-acetate, an inflammatory insult (144). Thus, under pathological
conditions observed in HF, it can be assumed that NRF2 would be deprived of CBP binding, and
under these circumstances, insufficient ARE transcription would occur in eliciting an
overwhelming enough antioxidant response to counteract ROS. Targeting NRF2 upregulation is
of major clinical importance as illustrated in a pressure-overload model of HF, cardio-specific
NRF2 overexpression attenuated the decline in heart function and reduced fibrosis (145).
Furthermore, knocking out NRF2 in this model led to a substantial decline in heart function
compared to wild-type mice (146). An overview of the interplay between pro-oxidant enzymes

and antioxidant enzymes is illustrated in Figure 2.1.
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Figure 2.1 Interplay between redox enzymes.
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2.5 Polyphenols in HF

Because inflammation and ROS are key pathological characteristics of HF and have
significant crosstalk, attenuating inflammation, oxidative stress and increasing the antioxidant
response is of significant therapeutic importance. Dietary phytonutrients may be able to modulate
these factors. In particular, polyphenols have gained significant attention due to their therapeutic
roles in a variety of cardiovascular-related disease states, including atherosclerosis (147) and
hypertension (148). Polyphenols structurally vary, but a common feature is at least one aromatic
ring with at least one hydroxyl group attached to it (149). Polyphenols are nearly ubiquitously

found in plants, and they have differing medicinal properties as determined by their structure (149).

Figure 2.2 illustrates the four most common classes of polyphenols consumed in the human
diet, which include flavonoids, phenolic acids, lignans, and stilbenes (150). Polymers and
derivatives of these polyphenols comprise the structure of many commonly consumed
polyphenols. Flavonoids, for example, are 15-carbon compounds with two benzene rings which
are further divided into six different groups based on B-ring positioning in relation to C-ring, as
well as the oxidative state of the C-ring. These include anthocyanins, flavanols, flavonols,
flavanones, flavones, isoflavones (151). Polymers of flavonoids comprise hydrolysable tannins,
which are hydrolysable by acids including those present during digestion, whereas condensed

tannins, also known as proanthocyanidins, are not readily hydrolysable.

Phenolic acids contain single aromatic rings, however, differing hydroxyl group and
extension of the carbon skeleton yielding differing classes of phenolic acids, including
hydroxybenzoic and hydroxycinnamic acids (Figure 2.2). Flavonoids and phenolic acids are the

dominant polyphenol classes found in berries.
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Figure 2.2 Common phenolic compounds found in consumable plant foods. Figure from Pathak et
al. (150).

In the context of cardiac protection, polyphenols may reduce cardiac inflammation and
oxidative stress, as well as improve cardiac morphological characteristics, and in some cases,
improve functional capacity of the heart. For example, luteolin (3.5 g/10 kg chow), a flavone
derived from green peppers, ameliorated Ang II-induced (0.7 pg/kg/min) increased NOX2, NOX4,
and TGFp in cardiac tissue of rats after three weeks of pre-treatment (152). While LV wall
thickness was decreased from luteolin, functional parameters were not significantly different
between groups. In TAC-induced HF, the stilbene resveratrol (320 mg/kg/day), a phenolic
compound found in the skin of grapes, decreased collagen deposition in mice hearts and decreased
expression of fibroblast derived MMPs (153). Reduced EF was not improved due to treatment;

however, possibly due to resveratrol being used three weeks post-surgery (once HF was
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established). In a type 1 diabetes model of cardiac dysfunction induced by streptozotocin
(pancreatic B-cell toxin), a purple rice extract of anthocyanins (250 mg/kg/day), containing
cyanidin-3-O-glucoside (a common berry anthocyanin), decreased cardiac fibrosis and
hypertrophy, as well as expression of TGFB and NF-«xB after four weeks (154). Additionally,
contractile function was improved. Rats consuming a diet enriched with 2% blueberry had
decreased MI size following HF induction via CAL after three months (155). In a separate
investigation, survival after MI was improved in rats consuming 2% blueberry diets after 12
months (156). These protective effects elicited by these phytonutrients likely stem from NRF2
upregulation. For example, in kaempferol-treated diabetic rats with isoproterenol-induced heart
failure, kaempferol treatment dose-dependently (10 and 20 mg/kg/day) increased NRF2, SOD and
GPx1 in addition to dose-dependently decreasing NF-kB and inflammatory cytokines including

TNF-a, IL-1p and IL-6 after seven weeks (157).

2.6 Raspberry polyphenols: metabolism and vascular effects

While polyphenols are nearly ubiquitously found throughout the plant kingdom (149),
raspberries have a particularly unique polyphenolic profile in which, unlike other berries, are the
richest source of the hydrolysable tannin, ellagitannins (~3 mg/g) compared to strawberries (0.25
mg/g) and blackberries (~1.7 mg/g) (158). Ellagitannins in raspberries primarily include sanguiin
H-6 and lambertianin C (Figure 2.3), which are essentially polymers of phenolic acids, ellagic and
gallic acid, covalently bound to glucose molecules (159). Ellagitannins cannot be directly absorbed

and are hydrolyzed to ellagic acid and gallic acid in the stomach and small intestine.
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Figure 2.3 Ellagitannins found in red raspberry and their metabolites. Adapted and modified
from Burton-Freeman et al. (159)

Polyphenols are poorly absorbed in the small intestine, with only 10-20% of polyphenols
estimated to be absorbed (150). The small intestine lacks the enzymatic machinery to perform
deglycosylation, dehydroxylation, and demethylation reactions needed to facilitate absorption. Gut
microbiota, however, have these enzymatic capabilities. For example, ellagic acid metabolism

yields urolithin A, urolithin B and other urolithin derivatives (158). In flavonoids, the C ring is
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degraded whereas the A and B ring are hydroxylated and modified (Figure 2.2). Further, the liver
can facilitate demethylation via cytochrome P450 and conjugation to glucuronic acid (a glycogenic

glucose derivative) via UDP-glucuronosyl transferase (160).

Table 2.1 Polyphenol profile of fresh red raspberry. Adapted from phenol explorer (161).

Flavonoids Polyphenols Mean content
Anthocyanins Cyanidin 0.53 mg/100 g FW
Cyanidin 3-O-glucoside 14.89 mg/100 g FW
Cyanidin 3-O-glucosyl-rutinoside 7.06 mg/100 g FW
Cyanidin 3-O-rutinoside 5.20 mg/100 g FW
Cyanidin 3-O-sophoroside 37.61 mg/100 g FW
Delphinidin 3-O-glucoside 0.21 mg/100 g FW
Malvidin 3-O-glucoside 0.62 mg/100 g FW
Pelargonidin 3-O-glucoside 1.65 mg/100 g FW
Pelargonidin 3-O-glucosyl-rutinoside 0.82 mg/100 g FW
Pelargonidin 3-O-rutinoside 0.42 mg/100 g FW
Pelargonidin 3-O-sophoroside 3.46 mg/100 g FW
Flavanols (+)-Catechin 0.58 mg/100 g FW
(-)-Epicatechin 5.05 mg/100 g FW
Procyanidin dimer B2 0.10 mg/100 g FW
Flavonols Kaempferol 3-O-glucoside 1.03 mg/100 g FW
Quercetin 0.02 mg/100 g FW
Quercetin 3-O-glucoside 3.58 mg/100 g FW
Quercetin 3-O-glucuronide 0.63 mg/100 g FW
Quercetin 3-O-rutinoside 11.00 mg/100 g FW
Phenolic acids
Hydroxybenzoic acids Ellagic acid 2.12 mg/100 g FW
Ellagic acid acetyl-arabinoside 0.20 mg/100 g FW
Ellagic acid acetyl-xyloside 0.36 mg/100 g FW
Ellagic acid arabinoside 2.27 mg/100 g FW
Lambertianin C 30.84 mg/100 g FW
Sanguiin H-6 76.10 mg/100 g FW
Hydroxycinnamic acids 5-Caffeoylquinic acid 0.57 mg/100 g FW
p-Coumaric acid 2.30e-04 mg/100 g FW
p-Coumaric acid 4-O-glucoside 0.32 mg/100 g FW

ustrating the effects of polyphenol metabolism, 29 different metabolites were identified

in serum from healthy males following the consumption of 500 mg '*C-labelled cyanidin-3-
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glucoside (162), an anthocyanin found in high concentrations in blackberries (163). Major peaks
were observed at 1, 6 and 24 h post-consumption with hippuric acid and vanillic acid as the primary
metabolites found in serum. In healthy older adults, 24 g/day of freeze-dried strawberry for 90
days significantly increased the anthocyanin pelargonidin glucuronide, as well as the ellagic acid
metabolites, urolithin A and B (164). In an exploratory study which comprehensively analyzed
both raspberry polyphenol content and the metabolic fate of raspberry consumption from
secondary analysis of two independent case studies (Case 1: n =2, 125 g/day fresh raspberry for
4 weeks; Case 2: n = 1, lactating woman consumed 125 g/day fresh raspberries for 1 week),
ellagitannins and ellagic acid comprised ~44% of all polyphenols found in red raspberry, followed
by ~31% anthocyanins (particularly cyanidin 3-O-sophoroside) and ~20% flavan-3-ols (primarily
procyanidin B) (165). In addition to Urolithin A and B being identified in human plasma samples,

parent anthocyanins, such as cyanidin 3-O-sophoroside were also found intact in plasma.

As discussed, polyphenols are of major clinical relevance in the context of HF as they can
attenuate oxidative stress and inflammation at the cellular level. This effect can be attributed to
potential binding to KEAP1, causing conformational shifts preventing NRF2 from binding to
KEAPI1, thus leading to increased NRF2 cytosolic concentration and subsequent nuclear
translocation (166). Computational studies revealed that kaempferol, found in negligible
concentrations in red raspberry, may directly bind to KEAP1 in this fashion, preventing NRF2
binding (167). However, in both human and rat-specific proteins, it was revealed that gallic and
ellagic acid were incapable of binding to KEAP1 in the domain associated with regulating binding
of NRF2. Although direct interactions of polyphenols with KEAP1 may alter its binding affinity
to NRF2, other interacting proteins which regulate KEAP1-NRF2 complex affinity are also of

relevance (168).
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For example, p62, a scaffolding protein involved in a variety of cellular processes such as
autophagy, can directly bind to the binding pocket of KEAP1 which associates with NRF2, thus,
preventing NRF2 from binding to KEAP1 (169). In an I/R model of HF in rats, urolithin B, a
downstream microbiome derived metabolite of ellagic acid metabolism, was injected into the
intraperitoneal cavity 0, 24 and 48 h prior to surgery in rats at a concentration of 0.7 mg/kg (170).
Concentrations of p62 in cardiac tissue were significantly decreased in I/R rats who did not receive
treatment however, urolithin B injection significantly abrogated reductions in p62 which was not
different than p62 in sham control. This preservation of p62 corresponded with a significant
reduction in MI size and improved cardiac hemodynamics compared to I/R controls. Further,
although nuclear NRF2 was increased in I/R control compared to sham, urolithin B treatment
elicited roughly 3-fold greater nuclear NRF2 compared to I/R control. Increased antioxidant
enzyme expression was also observed. In a separate model of high-fat induced atherosclerosis,
dietary ellagic acid (0.5 g/kg) in high-fat diet fed mice increased thoracic NRF2 and significantly

reduced atherosclerotic lesion area (171).

These raspberry-derived polyphenols may also regulate NOX expression. In rats with
spontaneous hypertension, gallic acid supplemented in the drinking water (1% concentration) from
week 8 to week 24 led to significant reductions in cardiac NOX2 expression. Although NOX4 and
NOX1 mRNA significantly decreased, this did not translate to reductions in their respective
protein (172). Left ventricular mass thickening was also attenuated due to gallic acid
supplementation. In a separate investigation, excised aortas of rats were treated in high glucose
conditions to induce oxidative stress (173). NOX4 expression significantly increased due to
treatment; however, ellagic acid inhibited the expression of NOX4. Lastly, ellagic and gallic acid

supplementation in a variety of HF models appear to independently suppress cardiac inflammation,
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including MAPK activation and NF-«xB nuclear translocation, hypertrophy, dysfunction and

fibrosis (174-178).

In addition to the phenolic acids discussed, the flavon-3-ol (—)-epicatechin is also found in
high concentrations unbound in raspberries (Figure 2.2). In Sprague-Dawley (SD) rats that
underwent I/R, a short-term and long-term (—)-epicatechin supplementation model (1 mg/kg/day)
was used (179). Short-term supplementation consisted of 2 days prior to I/R surgery and 48 h post,
whereas long-term supplementation consisted of 10 day prior to surgery and 3 weeks post. Infarct
size was significantly reduced in the long-term model whereas no changes were observed in the
short-term model in I/R control vs (—)-epicatechin. Collagen synthesis (MMP-9) and oxidative
stress biomarker myeloperoxidase were also significantly reduced in the long-term

supplementation group.

These data suggest that individual polyphenols may be of benefit; however, it is likely that
polyphenols act in an additive or synergistic manner. For example, resveratrol, quercetin, ethyl
gallate, and (+)-catechin were more effect in reducing vascular smooth muscle cell proliferation
(a feature of atherosclerosis) in combination rather than in isolation (180). In RAW 264.7
macrophages, the combination of lueteolin and chicoric acid were more effective in reducing

lipopolysaccharide-induced inflammation and NF-kB activation than in isolation (181).

Utilizing whole raspberries which have a unique polyphenolic profile may be an
efficacious strategy to reduce inflammation and oxidative stress in HF. Thus, the aim of the study
proposed herein is to 1) determine whether raspberry consumption can improve functional
parameters of the heart in rats with HF and improve morphological characteristics, and 2)

determine whether raspberry polyphenols target molecular pathways involved in HF.
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3  Preliminary data

3.1 Invitro data

Our research team has previously shown that raspberry polyphenol extract attenuates Ang
[I-induced O;~; (Figure. 3.1A) and H>O» (Figure. 3.1B) in rat aortic vascular smooth muscle cells
by upregulating the expression of detoxifying enzymes including SOD1, SOD2 and GPx1 (Figure.
3.1C-F) (182). Additionally, the expression of p38MAPK and ERK1/2, was attenuated by

raspberry treatment (Figure. 3.2A-C) in VSMCs.
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Figure 3.1 Raspberry polyphenol extract decrease ROS by increasing the expression of antioxidant
enzymes in Ang Il-induced vascular smooth muscle cells. Cells were incubated in media containing
0.5% FBS with and without 200 ug/ml of raspberry polyphenol extract for 24 h prior to stimulation
with Ang Il for 72 h. ROS levels were determined after 30-min incubation with (1) DHE and (B)
H2DCFDA; (C-D) SODI, (C-E) SOD2, and (C-F) GPxI protein expression was determined by
western blot. Data are presented as means = SD from three independent experiments. fP < (.05
compared to control and *compared to Ang II.
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Figure 3.2 Raspberry polyphenol extract inhibits Ang Il-induced MAPK signaling in vascular
smooth muscle cells. Cells were incubated in media containing 0.5% FBS with and without 200
ug/ml of raspberry polyphenol extract for 24 h prior to stimulation with Ang Il for 72 h. (4) Protein
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expression was determined by western blot and quantification of phospho-ERKI1/2 and (A-C)
phospho-p38MAPK was performed with Image J. Data are presented as means = SD from three
independent experiments. [P < 0.05 compared to control and *compared to Ang II.

Human cardiomycytes were treated with 100 uM palmitate, a saturated fatty acid, for 1 h
following pretreatment for 2 h with either 200 ug/mL raspberry polyphenol extract, 1 uM ML-090
and 1 uM VAS2870 (NOX inhibitors) or 100 uM MyD88 inhibitory peptide (Figure 3.3). Palmitate
treatment alone significantly increased the release of O,  compared to control. While raspberry
treatment did not significantly reduce O, production compared to palmitate treatment alone, it
was also not signficiantly different from control suggesting some attenuation. As expected, NOX
inhibition reduced O>~ compared to palmitate. However, MYDS88 inhibitory peptide operated in a
similar manner to raspberry treatment, suggesting that raspberry may be attenuating ROS via

reducing inflammation since effects of both treatments were similair.

Superoxide
{(normalized to control)

Figure 3.3 Raspberry attenuates cellular oxidative stress in human cardiomyocytes. Human
cardiomyocytes grown in vitro were pretreated with 200 ug/ml of raspberry (RB) extract or 1 uM
ML-090 + I uM VAS2870 for 2 h or 24 h with 100 uM MyD8S8 inhibitory peptide. Cells were then
treated with 100 uM sodium palmitate (PA) for 1 h and probed with DHE for 30 min. Intracellular
reactive oxygen species (ROS) was quantified using a fluorometric plate reader. Data are
expressed as mean * standard deviation. Significance (P < 0.05) is denoted by # vs control and 1
vs palmitate.
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3.2 Invivo data

Our in vivo preliminary data suggest that in Ang II-treated C57BL6/N male mice, a 10%
raspberry diet decreases cardiac fibrosis (Figure 3.4). In Ang Il-treated SD rats, trends towards
decreased LV mass were observed in animals fed a 10% raspberry diet compared to Ang II. (Figure
3.5). Additionally, in mice fed a high-fat, high-sucrose diet, cardiac inflammation was reduced and
antioxidant activity was increased as evidenced by decreased MYDS8S8 protein expression and

increased SOD2 protien expression. (Figure 3.6).

Control Angll Angli+ RB

Figure 3.4 Raspberry consumption reduces fibrosis of the heart in Ang Il-treated mice. Twelve-
week-old C57BL/6N male mice were fed either AIN-93M diet or 10% raspberry supplemented diet
for 8 weeks. At week 4, osmotic minipumps were implanted delivering 1,000 ng/kg body weight/day
of Ang Il or saline for control. Masson’s trichrome staining was performed on paraffinized heart
tissue. Arrows point to blue staining which indicates fibrosis. Images are 20x magnification.
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Figure 3.5 Raspberry consumption attenuates left ventricular hypertrophy in rat hearts. Sprague
Dawley rats (age six weeks) consumed either AIN-93M control diet or a 10% raspberry
supplemented diet for 8 weeks (n = 2/group). At week 4, osmotic minipumps were implanted
delivering 270 ng/kg body weight/day of Ang II or saline for control. Echocardiograms were



performed at week 8 to measure left ventricular mass
Significance (P < 0.05) is denoted by # vs control.
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. Data are presented as means + SD.
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Figure 3.6 Raspberry reduces in MYDS88 and increases SOD2 in high-fat, high-sucrose (HFHS)-
induced cardiac stress. Animals were fed a low-fat, low-sucrose (LFLS) diet with or without 10%
(RB) for four weeks. At week four, half of the animals consuming the LFLS diet without berry were
switched to a high-fat, high-sucrose (HFHS) diet without berry, while all animals consuming the
RB diet switched to a HFHS diet which was also supplemented with 10% RB. Data are expressed
as mean + 95% confidence interval (CI). Significance (P < 0.05) is denoted by #vs LFLS and 1 vs

HFHS alone.
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4 Methods

Reagents: Accutase solution (Cat #: 25-058-CI). Corning, Glendale, AZ). Horseradish
peroxidase (Cat #: 20-188) and radioimmunoprecipitation assay buffer (Cat #: 20-188) from EMD
Millipore, Burlington, MA. Phosphatase inhibitor cocktails 2 (Cat #: P5726), 3 (Cat #: P0044),
protease inhibitor cocktail (Cat #: P8340) and CoCl, (Cat #: C8661) from Sigma-Aldrich, St.
Louis, MO. TAK242 (Cat #: 13871) and NRF?2 transcription factor assay kit (Cat #:600590) from
Cayman Chemical, Ann Arbor, MI). Dihydroethidium (Cat #: D11347) and NucBlue (Cat #:
R37605) from Invitrogen, Waltham, MA. The following antibodies were utilized: a-tubulin (Cat
#: 2144), B-actin, (Cat #: 3700), BAX (Cat #: 2772), BCL-xL (Cat #: 2762), caspase-3 (Cat #:
9662), caspase-9 (Cat #: 9508), catalase (Cat #: 14097), DRP1 (Cat #: 8570), HO-1 (Cat #: 82206),
HIF-1a (Cat #: 36169), Lamin B1 (Cat #: 12586), MYD88 (Cat #: 4283), Mouse secondary (Cat
#: 7076S), phospho-NF-kB (Cat #: 3033), NF-xB (Cat #: 4764), OPA1 (Cat #: 80471), phospho-
p38MAPK (Cat #: 4511), p38MAPK (Cat #: 8690), phospho-ERK1/2 (Cat #: 9101), ERK1/2 (Cat
#:9102), p53 (Cat #: 2524), phospho-SAPK/JNK (Cat #: 4668), SAPK/INK (Cat #: 9252), SOD2
(Cat #: 13141) and Rabbit secondary (Cat #: 7074) from Cell Signaling Technology (Danvers,
MA); MMP-2 (Cat #: NB200-113), MMP-9 (Cat #: NBP2-13173), TLR4 (Cat #: NBP2-27149),
NQOI1 (Cat #: NB200-209) and SOD1 (Cat #: NBP2-24915) from Novus Biologicals (Centennial,
CO); 4-hydroxynonenal (Cat #: MAB3249), GPX-1 (Cat #: AF3798), GPX-3 (Cat #: AF4199-SP)
and GAPDH (Cat #: MAB5718) from R&D systems (Minneapolis, MN); 3-Nitrotyrosine (Cat #:
ab7048), IL-1p (Cat #: ab254360), IL-6 (Cat #: ab9324), NOX1 (Cat #: ab131088), NOX2 (Cat #:
ab180642), NOX4 (Cat #: ab133303), TGFB1 (Cat #: ab215715) and TNF-a (Cat #: ab205587)

from Abcam (Waltham, MA).
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4.1 In vivo experiments

Experimental plan: Eight-week-old male SD rats were purchased from Envigo
(Indianapolis, IN). Preliminary data from our previous work utilized male animals. Thus, male rats
were used for continuity. Upon arrival, rats were singly housed in an environmentally controlled
animal care facility and maintained on 12-hr light/dark cycles. Rats had free access to water and
were maintained on a semi-purified casein-based diet (AIN-93M). After seven days of acclimation,
rats were assigned one of three groups (n=8-16/group): 1) Control diet, sham surgery (Sham), 2)
control diet + left anterior descending CAL surgery (CHF) and 3) raspberry supplemented diet +
CHF surgery (RB-CHF) and started on their respective diets. Animals in Sham and CHF consumed
the control diet while animals in RB-CHF consumed a diet supplemented with 10% raspberry
freeze-dried powder for the entire duration of the study (seven weeks). The overall study design is
depicted in Figure 4.1. The 10% raspberry diet is equivalent to approximately 2.5 of fresh
raspberries per day for humans. This is based on body surface area and metabolic differences
between rats and humans (183). The control diet and raspberry supplemented diet were isocaloric
and matched for macronutrients, fiber, and micronutrients such as potassium and sodium. Food
intake and body weight was monitored weekly throughout the study. Echocardiograms were
conducted prior to sacrifice. Upon sacrifice, hearts were harvested from all rats for histological

analysis and protein expression.
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Dietary Intervention: (n=16/group)
Group 1: control diet (AIN-93M) + sham surgery
Group 2: control diet (AIN-93M) + HF surgery
Group 3: (AIN-93M + 10% raspberry) + HF surgery

Figure 4.1 Overall study design. Sprague Dawley rats consumed their respective diets for 7 weeks.
At week 3, coronary artery ligation surgery was conducted to induce left ventricle ischemia and
HF. At week 7, echocardiograms were conducted, followed by tissue harvesting.

Coronary artery ligation: At week 3, animals were anaesthetized with isoflurane (1-5%)
and intubated for mechanical ventilation. As described elsewhere, (184), a left thoracotomy was
performed, and the heart exteriorized. The ligation was placed on the main diagonal branch of the
left anterior descending coronary artery. Buprenorphine SR (1 mg/kg) was given prior to surgery
to minimize postsurgical pain. Sham animals underwent the same procedure; however, the

coronary artery was not occluded.

Echocardiography: Vevo® 3100 Imaging Platform (Fujifilm Visual Sonics; Toronto,
Canada) was used to measure functional and morphological parameters in M-mode with 4-wall

LV measurements. These measurements were performed at week 7.

Histological analysis: Following sacrifice, hearts were stored in 10% neutral-buffered
formalin for 24 h following sacrifice. Tissue samples were processed, embedded in paraffin, and
used for histological analysis. Left ventricle infarct site was utilized for all assessments.

Hematoxylin and eosin (H&E) staining was used to assess morphology. Trichrome staining was
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used to assess the extent of fibrosis. Heart sections were separately stained with antibodies against
4-hydroxynonenal (4-HNE) and 3-nitrotyrosine (NT) followed by chromogenic horseradish
peroxidase (HRP) staining to assess oxidative stress. Samples were counterstained with
hematoxylin. TUNEL staining was also conducted utilizing a commercially available kit (Cat #:

ab66110; Abcam, Waltham MA) to visualize apoptotic cardiomyocytes.

Protein expression analyses: Left ventricle cardiac tissue at the infarct site was
homogenized in radioimmunoprecipitation assay buffer (RIPA) supplemented with protease and
phosphatase inhibitor cocktail 2 and 3 by Dounce homogenization and lysates were then
centrifuged at 16,000 x g for 20 min. Alternatively, nuclear extraction was performed utilizing a
commercially available kit (Cat #: 10009277; Cayman Chemical Company, Ann Harbor MI).
Protein concentration of lysates was determined using the DC protein assay kit (BioRad
Laboratories, Hercules, CA). Next, lysates were separated in 8-15% SDS-PAGE gels and
transferred to polyvinylidene difluoride (PVDF) membranes (Thermo Fisher Scientific, Rockford,
IL) using Trans-Blot Turbo (BioRad Laboratories, Hercules, CA). Enhanced chemiluminescence
(Immobilon Forte Western HRP Substrate; EMD Millipore, Billerica, MA) was used to determine
protein expression of inflammation-associated proteins as well as redox enzymes, apoptotic
enzymes and enzymes involved in remodeling using the ChemiDoc Imaging Systems (BioRad
Laboratories, Hercules, CA). The density of protein bands was quantified using Image Lab 6.0
(BioRad Laboratories, Hercules, CA) which was normalized to total lane protein. Phosphorylated
proteins were normalized to their respective total protein. If phosphorylated and total proteins were
on different membranes, then each protein was first normalized to the total lane protein followed

by normalization of phosphorylated protein to total protein from each respective membrane.
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Total lane protein was utilized due to an inability to use common housekeeping proteins,
such as GAPDH or a-tubulin (Figure 4.2A-C) as in this model of HF they were either substantially
decreased or increased in CHF animals, respectively. Additionally, nuclear proteins, lamin B1 and
histone-3 (Figure 4.2D, E) were also significantly increased in CHF animals. Total lane protein
(Figure 4.2F) was not significantly different between groups however and was most appropriate

to utilize as also evidenced by other CHF models (185, 186).
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Figure 4.2 Differences in the expression of housekeeping proteins between groups. Animals
consumed a control diet (AIN-93M) or a raspberry supplemented diet for three weeks. Animals
consuming the control diet underwent either a sham procedure or underwent coronary artery
ligation (CHF), while animals consuming the raspberry supplemented diet only underwent
coronary artery ligation (RB-CHF). After four additional weeks, animals were sacrificed. Hearts
were excised and immediately frozen in -80 °C. Protein expression of GAPDH (A, B), a-tubulin
(4, C), lamin Bl (4, D), histone 3 (A, E) and total lane protein (A, F) were assessed by western
blot and converted to fold change vs sham for each respective protein. Data are expressed as
means £ SD. *P <0.05, **P <0.01, ***P <0.001, **** P <0.0001.

Serum antioxidant capacity: Blood was collected in 1.5 mL microcentrifuge tubes from

animals following decapitation and allowed to clot for 30 min at room temperature. Blood was



36

then centrifuged at 5,000 RPM for 10 min at 4 °C. Serum was then aliquoted from the upper phase
and stored at -80 °C until later use. To assess serum antioxidant capacity, the ferric reducing
antioxidant power (FRAP) assay was conducted which measures the reductive ability of serum
components to reduce ferric iron (Fe*") to the ferrous ion (Fe?") (187). Additionally, the oxygen
radical absorbance capacity (ORAC) assay was conducted, which measures the ability of serum

components to act as peroxyl radical scavengers (188).

For the FRAP assay, a master mix containing 300 mM acetate buffer (pH 3.6), 10 mM 2,3,5-
triphenyltetrazolium chloride (TPTZ) in 40 mM HCI, and 20 mM FeCl 6H>O at a final ratio of
10:1:1 was first prepared, and this master mix was combined with sample at a ratio of 9:1 in a 96-
well plate. FRAP values were calculated against a Fe?*SO4-7H,0 standard curve and absorbance
was measured at 593 nm with a microplate reader (Synergy HT; BioTek, Winooski, VT). For the
ORAC assay, serum samples were added to a 96-well black plate 5x diluted with PBS. A PBS
solution containing disodium fluorescein (120 nM) was added to each well and allowed to incubate
for 30 min at 37 °C. After which, a PBS solution containing 75 mM of 2'2'- azobis (2-
amidinopropane) dihydrochloride, the source of peroxyl radicals, was added to each well and

allowed to react for 2 h at 37 °C, with measurements at baseline and final (Ex/Em = 485/528).

Protein carbonylation assay: A commercially available kit (Cat #: ab178020; Abcam,
Waltham MA) was utilized to quantify protein carbonyl groups produced from protein oxidation
of LVs, a measure of oxidative stress. Western blot was performed on processed samples and

whole lanes were quantified on Image Lab.

ATP quantification: A commercially available kit (Cat #: ab113849; Abcam, Waltham,
MA) was utilized to detect ATP content of isolated LVs with luminescent detection in a 96-well

white plate with a microplate reader (Synergy HT; BioTek, Winooski, VT).
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4.2 In vitro experiments

Experimental plan: Human cardiomyocytes (C-12810; PromoCell, Heidelberg,
Germany) were cultured in Myocyte Growth Medium (C-22070; PromoCell, Heidelberg,
Germany) containing 5% FCS, EGF (0.5 ng/ml), FGR (2 ng/ml), insulin (Spg/ml), and 1%
antibiotics. These cells have a progenitor-like phenotype allowing proliferation unlike adult fully
differentiated cardiomyocytes. Media was changed every two days. When cells reached
approximately 70% confluency, they were detached with Accutase solution. Cells were then
seeded in complete media with a density of 10,000 cells per cm? and allowed to adhere and reach
80-90% confluency in 6-well for protein analyses or 96-well plates for cell viability and

fluorometric assays.

Polyphenol extraction: Polyphenol extraction and purification of red raspberry freeze-
dried powder was performed as described by Feresin et al. (189). Briefly, freeze-dried raspberry
powder was extracted with 80% ethanol in an ultrasonic bath under subdued light with nitrogen
purging to avoid oxidation. Solution was filtered, evaporated, and freeze-dried prior of removal of

organic molecules using chloroform. Samples were stored at —20 °C for later use.
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Table 4.1 Polyphenol profile and quantification of raspberry extract. Adapted from Feresin et al.
(182).

Phenolic acids Flavonoids

Gallic acid 74.6 Flavonols

p-Coumaric acid 27.9 Quercetin 26.7
Ferulic acid — Anthocyanins

Chlorogenic acids Cyanidin-3-glucoside 33.8

3-O-Caffeoylquinic acid 114.4  Cyanidin-3-galactoside 3.6
4-0O-Caffeoylquinic acid 10.4 Delphidin-3-O -glucoside 45

5-O -Caffeoylquinic acid — Flavan-3-ols
(—)-Epicatechin 478
(-)-Epigallocatechin 199

Note: anylates measured in parts per million

Protein analysis: Following confluency in 6-well plates, cells were placed in starvation
medium (0.5% FCS) and pretreated for 1 h with 400 pg/mL of raspberry polyphenol extract (RBE)
or 1 uM TAK242 an inhibitor of downstream TLR4 signaling (190), followed by 24 h incubation
with 400 uM of CoCl, to induce hypoxia. Protein expression of cleaved caspase-3 as well as HIF-

la was normalized to B-actin.

Cell viability: Following confluency in clear 96-well plates, cells were treated with either
CoCl> (200-800 uM), raspberry extract (200-800 pg/mL), or TAK242 (1-4 uM) for 24 h.
Following incubation, MTT reagent (Cat #: 10009365, Cayman Chemical, Ann Arbor, MI) was
added to each well (10% of volume) and was incubated for 3-4 h, followed by addition of SDS-
crystal dissolving solution for 24 h. Colorimetric absorbance was read at 570 on a Synergy HT

microplate reader (BioTek, Winooski, VT).

Apoptosis assay: Following confluency in black, clear-bottom 96-well plates, cells were
pretreated for 1 h with 400 pug/mL of raspberry polyphenol extract or 1 uM TAK?242 followed by

24 h incubation with 400 uM of CoCl>. Apoptosis was assessed fluorometrically with AnnexinV-
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FITC Apoptosis Detection Kit (Cat #: V13242; ThermoFisher Scientific, Waltham, MA) per

manufacturer instruction in a Synergy H1 microplate reader (BioTek, Winooski, VT).

Superoxide detection: In a black, clear-bottom 96-well plate following treatments as
described above in starvation medium, dihydroethidium (DHE) was dissolved in dimethyl
sulfoxide and added to wells (10 uM final concentration) followed by 30 min incubation (37 °C
and 5% CQOy). Cells were then gently washed with warm phosphate-buffered saline (PBS) twice,
and phenol red-free starvation medium supplemented with NucBlue™ (1 drop/mL) was added.
Fluorescence was read using a Synergy H1 microplate reader at the following Ex/Em (nm):
518/606 (DHE; O;") and 360/460 (Hoechst 33342 with NucBlue™). Additionally, cells were

visualized qualitatively with fluorescent microscopy.

Mitochondrial membrane potential: In a black, clear-bottom 96-well plate following
treatments as described above in starvation medium, mitochondrial membrane depolarization was
assessed with JC-10 fluorometric probe using a commercially available kit (Cat #: MAK159;
Sigma Aldrich, Saint Louis, MO) per manufactures instructions. JC-10 forms red-fluorescent
aggregates (Ex/Em 540/590) in the mitochondria of cells with a polarized mitochondrial

membrane. Cells were visualized qualitatively with fluorescent microscopy.

4.3 Statistical Analyses

Sample Size Calculation: The sample size calculations for these experiments are based
on our preliminary data and were obtained using a priori analyses (G*Power 3). In a two-group
comparison, considering a = 0.05, power = 0.80 and d (effect size) = 2.5, we estimated that 8

animals per group would be necessary to detect a significant difference in means using two-sided
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0.05-level hypothesis tests. To avoid compromising the data by random mortality, 16 rats per group

were studied to account for a potential 40% mortality rate.

Data Analyses: GraphPad Prism (San Diego, CA) was used for all statistical analyses. All
animal data were normalized to Sham, while cell culture data were normalized to control or CoClz
where indicated. Animal data were analyzed using one-way ANOVA followed by Tukey-Kramer
post-hoc multiple comparison analysis. Cell data were compared either to control or to CoCl, alone
using Dunnett’s multiple comparisons analysis. Values are represented as mean + standard

deviation (SD). Data were deemed significant if P < 0.05.
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S RESULTS

Body weight (Figure 5.1A) and food intake (Figure 5.1B) were similar between treatment
groups with no overall significant differences following area under the curve (AUC) analysis (data
not shown). As expected, following surgeries, all groups experienced a significant decline in food
intake and a slight, non-significant decline in body weight during week 4, both of which rebounded

during weeks 5-7.
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Figure 5.1 Body weight and food intake. Animals consumed a control diet (AIN-93M) or a
raspberry supplemented diet for three weeks. Animals consuming the control diet underwent either
a sham procedure or underwent coronary artery ligation (CHF), while animals consuming the
raspberry supplemented diet only underwent coronary artery ligation (RB-CHF). After four
additional weeks, animals were sacrificed. Body weight and food intake was monitored weekly.
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5.1 Raspberry consumption attenuates cardiac dysfunction and remodeling in HF.
Qualitatively, echocardiograms of the LV in M-mode in CHF animals revealed
significantly flattened LV contractions compared to Sham animals which had much greater
anterior and posterior wall peaks (Figure 5.2). This flattening observed in CHF animals was
attenuated in RB-CHF animals, with stronger contractions observed; however, not to the extent of
Sham. Quantification of echocardiograms are provided in Table 5.1. With respect to functional
parameters, a significant decline in EF and fractional shortening (FS) was observed in CHF
animals (EF: 39 + 6%; FS: 20 + 3%) and RB-CHF animals (EF: 51 = 3%; FS: 27 + 2%) following
CAL compared to sham (70 + 5% and 41 + 4%, P < 0.0001). Both EF and FS were significantly
greater in RB-CHF compared to CHF (P < 0.01); however, demonstrating an attenuation in the

decline of these parameters.

Cardiac output (CO) was significantly reduced in both CHF animals (70 = 14 mL/min) and
RB-CHF animals (69 £ 11 mL/min) compared to sham (86 + 7 mL/min, P < 0.05); however,
raspberry consumption did not attenuate these effects. Stroke volume (SV) was not significantly
different across groups. With respect to morphological echocardiographic parameters (Table 1),
LV mass was significantly increased in CHF animals (1670 + 683 mg) compared to sham (1066 +
140 mg, P =0.04). However, LV mass in RB-CHF animals (1405 + 285 mg) was not significantly
different from either Sham or CHF. Left ventricular internal diameter at end systole (LVIDs) and
at end diastole (LVIDd), a measure of the distance between the anterior and posterior wall of the
LV, was significantly increased in CHF animals (LVIDs: 7.6 & 0.5 mm; LVIDd 9.5 + 0.5 mm)
compared to sham animals (LVIDs: 4.6 = 0.5 mm, P <0.0001; LVIDd 7.9 £ 0.4 mm, P = 0.0005).

LVIDs in RB-CHF (6.1 + 0.5 mm) was significantly lower than CHF (P = 0.002) and sham (P =
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0.001), while LVIDd (8.4 £+ 0.7) was significantly lower than CHF (P = 0.02) but was not different

from sham.

Sham

CHF

Figure 5.2 Qualitative assessment of echocardiogram images in M-mode. Visualized are the
posterior and anterior walls of the cardiac left ventricle during systole and diastole as indicated
by the observed peaks and troughs, respectively.

Table 5.1 Functional and morphological echocardiographic parameters. #symbol denotes
significant vs sham, while fdenotes significance vs CHF. Abbreviations: heart rate, HR, ejection
fraction, EF; fractional shortening, FS; stroke volume, SV; cardiac output, CO; LV, left
ventricular internal diameter end systole, LVIDs, Left ventricular internal diameter end diastole,
LVIDd. Data are expressed as mean + SD.

Parameters Sham CHF CHF + RB
HR (BPM) 366 + 26 347 + 20 343 +21
EF (%) 70+ 5 39 + 6" 51 3%
FS (%) 41 +4 20 + 3* 27 +2#
SV (uL) 237+ 20 201 + 34 202 + 38
CO (mL/min) 86+7 70 + 147 69+ 117
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LV mass (mg) 1066 + 140 1670 + 683 * 1405 + 285
LVIDs (mm) 46+0.5 7.6+05"% 6.1 = 0.5
LVIDd (mm) 7.9+0.4 95+05" 8.4 +0.7F

Qualitative histological assessments with H&E staining (Figure 5.3A) at the infarct site
revealed disorganized cardiomyocytes with numerous sites of immune cell infiltration in CHF,
whereas the disorganization and frequency of immune cell infiltration was reduced in RB-CHF. In
the qualitative assessment of fibrosis at the infarct site utilizing trichrome staining, substantial
fibrosis was identified in CHF whereas this was attenuated in RB-CHF. Protein analysis revealed
that both the inactive and active (cleaved) form of TGFB1 (Figure 5.3B-D) were significantly
increased in CHF animals (12.2 + 3.4-fold and 3.5 + 0.9-fold, respectively) compared to Sham (P
<0.0001) and RB-CHF (1.7 £+ 0.5-fold, P <0.0001; 1.9 + 0.3-fold, P = 0.002). While the increase
in the active form of TGFB1 was attenuated in RB-CHF animals, it was also significantly greater
than sham (P = 0.04). In RB-CHF animals, MMP2 (2.1 £+ 0.5-fold) & MMP9 (1.4 + 0.3-fold) were
significantly attenuated (Figure 5.3B, E, F) compared to CHF animals (MMP2: 12.2 + 5.9-fold, P
=0.001; MMP9: 5.9 + 0.8-fold, P < 0.0001). Phosphorylation of ERK1/2, a MAPK involved in
hypertrophic signaling, was increased in both CHF (33.9 + 6.6-fold) and RB-CHF (7.4 + 5.0-fold)
compared to Sham (P < 0.04) (Figure 5.3B, G). However, ERK1/2 phosphorylation in RB-CHF

animals was significantly lower than CHF animals (P < 0.0001).
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Figure 5.3 Effects of raspberry consumption on cardiac remodeling and associated molecular
pathways in heart failure. Animals consumed a control diet (AIN-93M) or a raspberry
supplemented diet for three weeks. Animals consuming the control diet underwent either a sham
procedure or underwent coronary artery ligation (CHF), while animals consuming the raspberry
supplemented diet only underwent coronary artery ligation (RB-CHF). After four additional
weeks, animals were sacrificed. Hearts were excised and either stored in 10% formalin for
histological analysis or immediately frozen in -80 °C for protein analysis. (A) Images of H&E and
trichrome staining at 60x magnification (50 uM scale bar). Arrows in H&E stain are
representative of sites of immune cell infiltration. The blue color in the trichrome staining is
indicative of fibrosis. Protein expression of inactive or active TGFf1 (B-D), MMP2 & 9 (B, E, F)
and phosphorylation of ERK1/2 were assessed by western blot and normalized to total lane protein
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followed by fold change vs sham for each respective protein. Total lane protein blot is
representative. Data are expressed as means + SD. *P < 0.05, **P <0.01, ***P <0.001, **** P
<0.0001.

5.2 Raspberry consumption attenuates TLR4-mediated inflammatory signaling in HF.
Due to the involvement of TLR4 in HF pathophysiology, the protein expression of TLR4
and its downstream targets were evaluated (Figure 5.4). A significant increase in TLR4 protein
expression (Figure 5.4A, B) was observed in CHF animals (21.6 + 10.5-fold) compared with RB-
CHF and Sham (P <0.0005). The TLR4 adaptor protein, MYD88, was also significantly increased
(Figure 5.4A, C) in CHF animals (8.0 + 1.3-fold) compared to RB-CHF and Sham (P < 0.0001).
Consequently, the phosphorylation of NF-kB p65 subunit was significantly increased (Figure
5.4A, D) in CHF animals (3.4 £ 1.9-fold) compared to both RB-CHF and Sham (P < 0.02). To
confirm the nuclear translocation of NF-xB, nuclear isolation of the LV was also performed. Purity
was assessed by lack of a-tubulin, a cytosolic protein, in nuclear extracts. Indeed, nuclear extracts
were mostly free of a-tubulin when compared with the cytosolic fraction following 10-second
chemiluminescent exposure without any contrast modifications (Figure 5.4E, G). Cytosolic NF-
kB p65 trended towards being significantly lower (Figure 5.4E, F) in CHF animals (0.6 + 0.2-fold)
compared to Sham (P = 0.051). However, NF-kB p65 expression in the cytosol of RB-CHF
animals (0.7 £ 0.2-fold) was not significantly different from either Sham or CHF (P > 0.2). In the
nuclear fraction, NF-kB p65 was significantly greater (Figure 5.4G, H) in CHF animals (17.2 +

14.6-fold) compared to both Sham and RB-CHF (P <0.02).
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Figure 5.4 Effects of raspberry consumption on cardiac TLR4 signaling and NF-«kB nuclear
localization in HF. Animals consumed a control diet (AIN-93M) or a raspberry supplemented diet
for three weeks. Animals consuming the control diet underwent either a sham procedure or
underwent coronary artery ligation (CHF), while animals consuming the raspberry supplemented
diet only underwent coronary artery ligation (RB-CHF). After four additional weeks, animals were
sacrificed. Hearts were excised and immediately frozen in -80°C. Protein expression of TLR4 (A,
B), MYDS8 (A, C), p-p65 (A, D) cytosolic p65 (E, F) and nuclear p65 (G, H) were assessed by
western blot and normalized to total lane protein followed by fold change vs sham for each
respective protein. The arrow in panel G points to the bands of interest. Total lane protein blot (4)
is representative. Data are expressed as means = SD. *P < 0.05, **P < 0.01, ***P <0.001, ****
P <0.0001.

In parallel to NF-xB, TLR4 signaling also mediates p38MAPK and SAPK/JNK
phosphorylation. There were no significant differences in the phosphorylation of p38MAPK

between groups (Figure 5.5A, B). However, SAPK/JNK phosphorylation was significantly
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increased (Figure 5.5A, C) in CHF animals (3.7 + 1.3-fold) compared to RB-CHF (1.6 + 0.1-fold,
P =0.002) and Sham (P = 0.0003). SAPK/JNK and NF-kB are both involved in inflammatory
cytokine expression; thus, IL-6, IL-1p and TNF-a were assessed. IL-6 and IL-1p were increased
(Figure 5.5A, D, E) in CHF animals (IL-6: 3.1 = 0.7-fold; IL-1p: 15.3 &+ 7.8-fold) compared to RB-
CHF (IL-6: 0.9 + 0.4-fold, P < 0.0001; IL-1B: 3.3 £ 1.2-fold, P = 0.003) and Sham (P < 0.0009).

However, TNF-a protein expression (Figure 5.5A, F) was not significantly different between

groups.
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Figure 5.5 Effects of raspberry consumption on cardiac MAPKs and inflammatory cytokine
expression in HF. Animals consumed a control diet (AIN-93M) or a raspberry supplemented diet
for three weeks. Animals consuming the control diet underwent either a sham procedure or
underwent coronary artery ligation (CHF), while animals consuming the raspberry supplemented
diet only underwent coronary artery ligation (RB-CHF). After four additional weeks, animals were
sacrificed. Hearts were excised and immediately frozen in -80°C. Protein expression of p-
p38MAPK (A, B), p-SAPK/JNK (A4, C), IL-6 (4, D) IL-15 (4, E) and TNF-a (A, F) were assessed
by western blot and normalized to total lane protein followed by fold change vs sham for each

respective protein. Total lane protein blot is representative. Data are expressed as means + SD.
*P<0.05 **P <0.01, ¥**P <0.001, **** P <0.0001.
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5.3 Raspberry consumption favorably alters cardiac redox status in HF.

Due to the influence of oxidative stress in driving HF development, a thorough assessment
of cardiac redox status was evaluated. Contrary to expectations, the expression of pro-oxidant
NOXI1 (Figure 5.6A, B) was significantly reduced in CHF animals (0.17 £ 0.09-fold) compared to
RB-CHF (1.19 + 0.27-fold, P <0.0001) and Sham (P = 0.0003). No differences were observed in
the protein expression of NOX2 (Figure 5.6A. C); however, NOX4 protein expression (Figure
5.6A, D) was also significantly reduced in CHF animals (0.6 = 0.2) compared to RB-CHF (1.2 +
0.1-fold, P = 0.008), but not compared to Sham (P = 0.10). Unlike NOX proteins, XO protein
expression (Figure 5.6A, E) was significantly greater in CHF animals (131.6 + 72.3-fold)

compared to RB-CHF (8.2 + 6.7-fold, P = 0.001) and Sham (P = 0.0009).
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Figure 5.6. Effects of raspberry consumption on cardiac pro-oxidant enzymes in HF. Animals
consumed a control diet (AIN-93M) or a raspberry supplemented diet for three weeks. Animals
consuming the control diet underwent either a sham procedure or underwent coronary artery
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ligation (CHF), while animals consuming the raspberry supplemented diet only underwent
coronary artery ligation (RB-CHF). After four additional weeks, animals were sacrificed. Hearts
were excised and immediately frozen in -80°C. Protein expression of NOXI (4, B), NOX2 (4, C),
NOX4 (4, D) and XO (E, F) were assessed by western blot and normalized to total lane protein
followed by fold change vs sham for each respective protein. The arrow in panel A points to the
bands of interest. Total lane protein blot (A) is representative. Data are expressed as means + SD.
*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.

With respect to LV antioxidant enzyme expression, cytosolic SOD1 (Figure 5.7A, B) was
significantly increased in CHF animals (1.5 = 0.1-fold) compared to both RB-CHF (1.1 £ 0.1-fold,
P=0.01) and Sham (P =0.003). Mitochondrial SOD2 (Figure 5.7A, C) was significantly increased
in RB-CHF animals (1.1 + 0.1-fold) when compared to CHF (0.7 + 0.2-fold, P = 0.007) but not
Sham (P =0.27). Extracellular SOD3 (Figure 5.7A, D) was significantly increased in CHF animals
(60.5 £ 37.9-fold) compared to both RB-CHF (2.5 + 2.1-fold, P = 0.002) and Sham (P = 0.002).
NQOI1 (Figure 5.7A, E), an enzyme also involved in O™ neutralization, was significantly reduced
in CHF animals (0.5 # 0.3-fold) compared to both RB-CHF (1.4 + 0.1-fold, P = 0.0002) and Sham
(P=10.02). NQOI1 was also significantly increased in RB-CHF compared to Sham (P = 0.02). The
expression of the peroxidase, catalase (Figure 5.7A, F), was not significantly different between
groups. In contrast, cellular GPx1 (Figure 5.7A, G) and excretory GPx3 (Figure 5.7A, H) were
significantly increased in CHF animals (GPx1: 1.3 + 0.1-fold; GPx3: 2.7 & 0.2-fold) compared to
both RB-CHF (GPx1: 0.9 £+ 0.1-fold, P = 0.009; GPx3: 1.3 + 0.3-fold, P < 0.0001) and Sham (P
<0.02). HO-1 protein expression (Figure 6.7A, I) was significantly increased in CHF animals (3.6
+ (.7-fold) compared to both RB-CHF (1.3 + 0.2-fold, P < 0.0001) and Sham (P < 0.0001). To
determine whether NRF2 played a role in mediating antioxidant defense, NRF2 transcriptional
activity was assessed via ELISA (Figure 5.7A, J). NRF2-ARE binding activity was reduced in
both CHF animals (0.5 + 0.1-fold) and RB-CHF animals (0.4 + 0.1-fold) compared to Sham (P <

0.004).
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Figure 5.7 Effects of raspberry consumption on cardiac antioxidant enzymes in HF. Animals
consumed a control diet (AIN-93M) or a raspberry supplemented diet for three weeks. Animals
consuming the control diet underwent either a sham procedure or underwent coronary artery
ligation (CHF), while animals consuming the raspberry supplemented diet only underwent
coronary artery ligation (RB-CHF). After four additional weeks, animals were sacrificed. Hearts
were excised and immediately frozen in -80°C. Protein expression of SODI (4, B), SOD2 (4, C),
SOD3 (4, D), NOOI (E, F), Catalase (A, F), GPxI (A, G), GPx3 (A, H) and HO-1 (A, 1) were
assessed by western blot and normalized to total lane protein followed by fold change vs sham for
each respective protein. (J) Nuclear lysates of the LV were utilized for the assessment of NRF-ARE
binding using an ELISA. Total lane protein blot (A) is representative. Data are expressed as means
+SD. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.

Due to the diverging effects of pro-oxidant and antioxidant enzymes observed (Figures 5.6
and 5.7), cumulative redox status was assessed. The antioxidant activity of serum was quantified
by FRAP (Figure 5.8 A) and ORAC (Figure 5.8B) which were significantly elevated in RB-CHF
animals (FRAP: 1.09 = 0.08-fold; ORAC: 1.11 +0.11-fold) compared to CHF (FRAP: 0.94 +0.10-

fold, P=10.04; ORAC: 0.86 = 0.15-fold, P=0.02) but not Sham (P> 0.17). In the LV itself, protein
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carbonylation (Figure 5.8C) was significantly increased in CHF animals (2.9 + 0.3-fold) compared
to Sham (P = 0.01). However, this was not attenuated in RB-CHF animals (1.6 = 1.2-fold, P =
0.11), nor was protein carbonylation significantly increased compared to Sham (P = 0.46).
Additionally, qualitative assessment of 4-HNE and NT expression in the LV utilizing chromogenic
immunohistochemistry revealed more brown staining in CHF compared to both Sham and RB-
CHF (Figure 5.8D). Due to the ~21-fold increase in TLR4 protein expression observed in cardiac
LV in CHF animals and the significant attenuation observed with raspberry consumption (Figure
5.4A & B), human cardiomyocytes were co-cultured with 400 uM of CoCl» as well as TAK242,
an inhibitor of TLR4 signaling (190), to observe whether RBE could induce similar effects as
TLR4 inhibition. Hypoxia was confirmed in vitro with significantly increased HIF-1a protein
expression in CoCly-treated human cardiomyocytes irrespective of RBE and TAK?242 treatment
(Figure 5.8E). The detection of Oy in vitro with DHE (Figure 5.8F) revealed significantly
increased fluorescence in CoCl-treated cells (1.5 + 0.3-fold) compared to control (P = 0.006),
RBE pretreatment (1.1 + 0.2-fold, P = 0.04) and TAK242 pretreatment (1.0 + 0.2-fold, P = 0.01).
There were no significant differences compared to control and both RBE- and TAK242-
pretreatment (P >0.66). Qualitative assessments of DHE staining (Figure 5.8G) provided
confirmation of these findings under microscopy, with increased red fluorescence in cells treated

with CoCl, alone compared to other groups.
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Figure 5.8 Effects of raspberry consumption in HF in vivo and raspberry polyphenol treatment
under hypoxia in vitro on overall redox status. Animals consumed a control diet (AIN-93M) or a
raspberry supplemented diet for three weeks. Animals consuming the control diet underwent either
a sham procedure or underwent coronary artery ligation (CHF), while animals consuming the
raspberry supplemented diet only underwent coronary artery ligation (RB-CHF). After four
additional weeks, animals were sacrificed. Serum was obtained from whole blood for antioxidant
analysis via (A) FRAP or ORAC (B). Data are expressed as means + CI. Hearts were excised and
either immediately frozen in -80°C for (C) protein carbonylation analysis or (D) 10% formalin for
immunohistological analysis of 4-HNE and NT. Histological images were taken at 20x
magnification (50 uM scale bar). Brown staining is indicative of respective protein expression.
(E-G) Additionally, human cardiomyocytes of the left ventricle were cultured in starvation medium
at ~80% confluency and treated with or without CoCl> (400 uM) for 24 h with RBE (400 ug/mlL)
or TAK242 (1 uM) for 1 h prior. Protein expression of HIF-1a (E) was assessed by western blot
(n = 3 experiments) and normalized to f-actin followed by fold change vs CoCl; treatment alone.
(F, G) DHE was dissolved in dimethyl sulfoxide and added to wells (10 uM final concentration)
followed by 30 min incubation (37°C and 5% CO?2). Cells were washed in warm PBS and phenol
red-free starvation medium supplemented with NucBlue™ (2 drop/mL) was added. Fluorescence
was read at the following: 530/620 (DHE; O2—) and 360/460 (Hoechst 33342 with NucBlue™).
Fluorometric values for DHE were normalized to Hoechst 33342 then normalized to control (n =
6-8 replicates). Cell data are expressed as means £ SD. *P < (.05, **P < 0.01, ***P < 0.001,
*ExEDP <0.0001. Significance (P <0.05) is denoted (E, F) by # vs control and 1 vs CoCl> alone.
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5.4 Raspberry consumption reduces apoptosis in HF.

Excessive inflammation and oxidative stress can lead to an apoptotic environment; thus,
apoptotic pathways were assessed. The expression of the transcription factor, p53, was
significantly increased (Figure 5.9A, B) in CHF animals (22.8 & 12.4-fold) compared to RB-CHF
(2.4 £ 1.3-fold, P =0.001) and Sham (P = 0.001). The transcriptional activity of p53 can lead to
BAX synthesis which was also significantly increased (Figure 5.9A, C) in CHF animals (16.5 +
2.4-fold) compared to both RB-CHF (1.5 + 1.0-fold, P < 0.0001) and Sham (P < 0.0001). Inverse
results were observed for BCL-xL which was significantly reduced (Figure 5.9A, D) in CHF
animals (0.21 £ 0.27-fold) compared to both RB-CHF (1.0 + 0.1-fold, P < 0.0001) and Sham (P <
0.0001). Cleavage of caspase-9 and caspase-3 were significantly increased (Figure 5.9A, E, F) in
CHF animals (cleaved caspase-9: 135.7 + 79.8-fold; cleaved capsase-3: 3.5 + 0.9-fold) compared
to both RB-CHF animals (cleaved caspase-9: 5.9 + 6.0-fold, P = 0.002; cleaved caspase-3: 1.3 +
0.3-fold, P = 0.0004) and Sham (P < 0.001). To visualize apoptosis in the LV, TUNEL staining
was performed with BrdU red fluorescent dye (Figure 5.9G). Qualitatively, there was greater
apoptotic staining in CHF compared with RB-CHF and Sham; however, RB-CHF appeared to also

have greater apoptosis than Sham.
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Figure 5.9 Effects of raspberry consumption on apoptotic signaling in HF. Animals consumed a
control diet (AIN-93M) or a raspberry supplemented diet for three weeks. Animals consuming the
control diet underwent either a sham procedure or underwent coronary artery ligation (CHF),
while animals consuming the raspberry supplemented diet only underwent coronary artery
ligation (RB-CHF). After four additional weeks, animals were sacrificed. Hearts were excised and
either immediately frozen in -80°C for protein analysis or 10% formalin for immunohistological
analysis. Protein expression of p53 (4, B), BAX (4, C), BCL-xL (A, D), cleaved caspase-9 (A, E)
and cleaved caspase-3 (A, F) were assessed by western blot and normalized to total lane protein
followed by fold change vs sham for each respective protein. (G) Tissue sections were stained with
TUNEL staining using BrdU red fluorescent probe from a commercially available kit. Histological
images were taken at 20x magnification. Red labeling is indicative of apoptosis. Data are
expressed as means = SD. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.

In vitro in human cardiomyocytes, CoCl, treatment increased cleaved caspase-3 protein
expression in a dose-dependent manner (0-600 uM) (Figure 5.10A) and significantly reduced cell
viability by approximately 85-90% irrespective of CoCl, concentration utilized (Figure 5.10B).

Upon visualization with light microscopy (Figure 5.10C), cells had a normal spindle structure



56

under control conditions; however, hypertrophy became evident with 24 h treatment of 200-400
uM of CoClp, while cells at 600 uM appeared fully apoptotic with complete loss of normal
morphological characteristics featuring substantial rounding. RBE and TAK242 pretreatment
significantly reduced cleaved caspase-3 protein expression (P < 0.04) following 24 h with 400 uM
CoCl, (Figure 5.10D). Annexin FIT-C fluorescent probe revealed significantly increased apoptosis
(Figure 5.10E) in cells treated with CoCl> alone compared to control, RBE pretreatment and

TAK242 pretreatment (P < 0.008).
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Figure 5.10 Effects of raspberry polyphenols in CoClr>-induced apoptosis in human
cardiomyocytes. (A, B) Human cardiomyocytes of the left ventricle were cultured in starvation
medium at ~80% confluency for 24 h with CoClz (0-600 uM). (A) Protein expression of cleaved
caspase-3 and [-actin were qualitatively assessed by western blot. (B) MTT assay was conducted
to determine cell viability (n = 8 replicates). Data was normalized to control. (C) Cell morphology
and structure was assessed qualitatively by light microscopy at 20x magnification. (D) Cells were
treated with or without CoCl> (400 uM) for 24 h with RBE (400 ug/mL) or TAK242 (1 uM) for 1
h prior. Protein expression of cleaved caspase-3 was assessed by western blot and normalized to
p-actin followed by fold change vs CoCl> treatment alone (n = 3 experiments). (E) Annexin FIT-C
staining was also conducted in black 96-well plates following treatments (n = 6 replicates), and
data were read in a microplate reader (Ex/Em: 494/535). Data are expressed as mean + SD.
Significance (P < 0.05) is denoted (B, D & E) by # vs control and 1 vs CoCl> alone.
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Considering the involvement of mitochondria in apoptotic signaling and energetics in the
heart, these variables were assessed. Proteins involved in mitochondrial fission and fusion, DRP1
(Figure 5.11A, B) and OPAI1 (Figure 5.11A, C), respectively, were quantified in the LV. Both
DRPI1 and OPA1 were significantly decreased in CHF animals (DRP1: 0.6 = 0.1-fold; OPA1: 0.4
+ (.2-fold) compared to RB-CHF animals (DRP1: 1.0 + 0.1-fold, P=0.004; OPA1: 1.0 + 0.1-fold,
P =0.001) and Sham animals (P < 0.01) suggesting reduced mitochondria count/surface area in
CHF animals. However, when total ATP content of tissue was quantified (Figure 5.11D), RB-CHF
(0.44 £ 0.15) had significantly reduced ATP content compared to control (P < 0.01) while CHF
trended towards being significantly different from control (0.54 £ 0.05-fold, P = 0.052).
Mitochondrial depolarization was then qualitatively evaluated in vitro in human cardiomyocytes
utilizing JC-10 fluorescent probe (Figure 5.11E). CoCly treatment reduced mitochondrial
aggregation of JC-10 irrespective of treatment compared to control. However, there was a visual
increase in JC-10 aggregation in mitochondria in RBE and TAK242-pretreated cells compared to

CoCl; alone.
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Figure 5.11 Effects of raspberry consumption in HF in vivo and raspberry polyphenol treatment
under hypoxia in vitro on mitochondria-related variables. Animals consumed a control diet (AIN-
93M) or a raspberry supplemented diet for three weeks. Animals consuming the control diet
underwent either a sham procedure or underwent coronary artery ligation (CHF), while animals
consuming the raspberry supplemented diet only underwent coronary artery ligation (RB-CHF).
After four additional weeks, animals were sacrificed. Hearts were excised and immediately frozen
in -80°C for protein analysis. Protein expression of DRPI1 (4, B) and OPAI (A4, C) were assessed
by western blot and normalized to total lane protein followed by fold change vs sham for each
respective protein. (D) Total ATP content of the LV was quantified with luminescent detection from
a commercially available kit. (E) Cells were treated with or without CoCl> (400 uM) for 24 h with
RBE (400 ug/mL) or TAK242 (I uM) for 1 h prior followed by JC-10 fluorometric probe
introduction via a commercially available kit. Cells were qualitatively evaluated for JC-10
aggregation in the mitochondria as indicated by red fluorescence. Data are expressed as means +
SD. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001.
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6 DISCUSSION

These data demonstrate that raspberries attenuate reductions in EF and FS induced by
cardiac ischemia and attenuate pro-fibrotic signaling, improving cardiac morphology, via 1)
reduction in inflammation and oxidative stress, and 2) reduction in pro-apoptotic signaling, both
of which are likely mediated in a TLR4-dependant manner due to reduced DAMP signaling
(Figure 6.1). These molecular effects drive poor functional capacity mainly due to increased
scarring and cardiomyocyte apoptosis which impede uniform and organized contraction of the

heart.
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Figure 6.1 Molecular mechanisms by which raspberry polyphenols attenuate HF. A) under
ischemic conditions, apoptosis occurs, and apoptotic cells release a variety of damage associated
molecular patterns (DAMPs) which bind to toll-like receptor (TLR)4 of neighboring cells
triggering an inflammatory response. Raspberry polyphenols reduce TLR4 protein expression. B)
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TLR4 signaling results in reactive oxygen species (ROS) production from xanthine oxidase (XO)
and mitochondria which raspberries reduce. C) excessive ROS can cause DNA breaks which
triggers p53 phosphorylation. Additionally, ROS can modify reactive cysteine residues on p53
creating disulfide bonds. TLR4 also acts on p53 indirectly by inhibiting sirtuin (SIRT)2, a
deacetylase, resulting in accumulation of acetylated p53. These post-translational modifications
all result in p53 cytosolic accumulation and eventual nuclear translocation binding to the region
of DNA encoding B-cell lymphoma (BCL)-2-associated X protein (BAX) synthesis. However,
raspberry polyphenols reduce p53 cytosolic accumulation likely due to a combination of these
mechanisms. D) BCL-extra-large (BCL-xL) can inhibit BAX activity and prevent mitochondrial
pore opening, which raspberries appeared to preserve the expression of. Mitochondrial
depolarization and pore opening results in the downstream cleavage of caspase-9 followed by
capase-3 leading to cellular apoptosis, all of which was attenuated by raspberry polyphenols. E)
TLR4 signaling leads to the downstream phosphorylation of stress-activated protein kinases
(SAPK)/Jun amino-terminal kinases (JNK) and activation of transcription factor c-Jun and
activator protein (AP)-1 in parallel to the phosphorylation of the transcription factor nuclear
factor-kB (NF-kB). This leads to nuclear translocation, DNA transcriptional activity and an
inflammatory response. Raspberry polyphenols reduced activity of SAPK/JNK and NF-kB, likely
due to initial reduction of TLR4, overall reducing the inflammatory response. F) TLR4 activation
also leads to the phosphorylation of extracellular signal-regulated kinase (ERK)I1/2, which
activates nuclear factor of activated T-cells (NF-AT) which then forms a complex with NF-xB to
bind to the region of DNA encoding fetal gene protein synthesis resulting in hypertrophy.
Raspberry polyphenols inhibited the phosphorylation of ERKI1/2 attenuating the hypertrophic
response. G) inflammatory signaling results in the synthesis of cytokines and chemokines which
attract leukocytes to infiltrate cardiac tissue, raspberry polyphenols attenuated this infiltration
due to reduction of inflammatory cytokines. H) the inflammatory cytokine transforming growth
factor (TGF)pI released by both infiltrating leukocytes as well as native cardiac tissue bind to
resident cardiac fibroblasts causing their differentiation into myofibroblasts. Myofibroblasts
facilitate cardiac remodeling by breaking down the extracellular matrix with matrix
metalloproteinases (MMPs) and by synthesizing collagen, disturbing the organized architecture
of cardiomyocytes and reducing the elasticity of the heart as a whole, contributing to reduced
cardiac function. Raspberry polyphenols reduced (TGF)p1 protein expression and reduced MMP2
& MMPY, all of which reduced cardiac fibrosis and attenuated remodeling.

TLR4 is involved in the activation of NOX enzymes (191, 192), XO (193), and
mitochondrial ROS (194), either via direct protein-protein interaction or indirectly through
downstream activators. However, the direct source of oxidative stress in this model is unclear.
Contrary to expectations, a significant decline in NOX1 and NOX4 was observed in CHF animals
with no changes observed in the expression of NOX2 (Figure 5.6A-D). The role of NOXI in
mediating cardiac dysfunction in diabetes appears pathological (195, 196); however, in ischemia

in isolated perfused hearts, NOX1 genetic knockout was detrimental and resulted in more
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pronounced arrythmias (197). This dysfunction was ameliorated with coronary vasodilators
suggesting that NOX 1 may regulate the vascular tone of the heart in a protective manner. However,
NOXI1 may have a pathological effect in the large vessels, as NOX1-deficiency blunted the
increase in blood pressure induced by Ang II infusion in mice and reduced aortic oxidative stress
(198). Considering the complexity of the differing insults between these two models, it is difficult
to make direct comparisons. Further, it is unclear why NOX1 protein expression was significantly
decreased in CHF animals ~5-fold compared to Sham (Figure 5.6A, B); this decrease is a novel

finding based on the existing literature.

With respect to NOX4, it appears to be highly localized to mitochondria in cardiomyocytes
(68) which may explain why a decrease in NOX4 protein was observed in CHF animals since
mitochondrial-specific proteins, DRP1 and OPA1, were also significantly reduced (Figure 5.11A-
C) suggesting overall reduced mitochondria. However, in a model of CAL in mice, NOX4 protein
was significantly increased in wildtype animals while NOX4 genetic knockout was found to reduce
infarct size compared to wildtype (199). It is important to note that the measurement of NOX4
protein was performed only three days post-CAL and infarct size was measured two weeks post-
CAL compared to four weeks in the present study; thus, these results are not directly comparable.
This lack of comparison is also evident by the utilization of tubulin, specifically B-tubulin, as a
loading control. We found that a-tubulin was not an appropriate loading control (Figure 5.2A, C)
and other investigators have found that B-tubulin was not either (200); however, considering the
short duration post-CAL, it is likely that the derangements in cytoskeletal proteins were not fully
apparent. Regardless, NOX4 was also found to be pathological in a model of TAC (87). Thus,
reduction in NOX4 observed in the present investigation may simply be a result of reduced

mitochondria and may not be of substantial relevance with respect to overall oxidative stress status.
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Regarding NOX2, investigations have identified that cardiac NOX2 protein is increased
post-CAL (78, 201), even after four weeks as in the present investigation, and that its deletion is
protective (77, 202) . However, it should be noted that inappropriate loading controls were used to
assess NOX2 protein expression in the aforementioned investigations, as GAPDH or B-actin were
used (78, 201) compromising the reliability of these findings. Nonetheless, the fact that NOX2
deletion was protective is of relevance; however, in this model, CHF animals did not have
increased NOX2 protein and NOX2 was therefore not a likely source of ROS. The major sources
of ROS in this model were likely derived from both XO and mitochondria which raspberries
appeared to attenuate. While mitochondrial ROS was not directly measured, membrane
depolarization as observed in vitro was increased with CoCl, treatment alone which was partially
attenuated by RBE and TAK?242 (Figure 5.11E). Further, while antioxidant enzymes were mostly
upregulated as a compensatory mechanism in CHF animals (Figure 5.7), SOD2 was significantly
reduced in CHF animals compared to RB-CHF animals (Figure 5.7A, C). Since SOD2 is
specifically a mitochondrial protein, mitochondrial antioxidant defense was likely compromised,

although this simply may be a result of reduced mitochondria overall.

With respect to the role of TLR4 in mediating apoptosis, it has been previously identified
that TLR4 can induce apoptosis in a p53-dependant manner, as TLR4 agonism in vivo reduced
sirtuin 2, a deacetylase, which results in increased p53 acetylation at lysine 381 (194), a post-
translational modification which increases p53 binding affinity towards DNA (203). Further, p53
is regularly synthesized and ubiquitinated for proteasomal degradation unless post-translational
modifications interrupt this process (204). Indeed, excessive ROS can result in these necessary
post-translational modifications, stabilizing p53, by 1) directly oxidizing cysteine residues on p53

or 2) damaging DNA resulting in p53 phosphorylation (205). This then leads to p53 accumulation
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and nuclear activity, and both of these ROS-mediated factors likely contributed to the observed
increase in p53 protein in the present investigation (Figure 5.9A, B). Thus, by reducing TLR4 and
subsequently reducing oxidative stress likely reduced p53 protein accumulation thereby reducing
BAX and mitochondrial-mediated cell death through caspase-9 and caspase-3. Due to the central
role of mitochondria in mediating cell death, it is interesting to note that cardiac ATP at the site of
infarct was reduced in both CHF and RB-CHF animals despite an attenuation of cell death in RB-
CHF animals. This reduction in ATP is not entirely unexpected considering the lack of O; to
facilitate oxidative phosphorylation. However, raspberry polyphenol extract appeared to improve
mitochondrial membrane potential in vitro which was similar to the effects of TAK242. Thus,
raspberries likely reduced apoptosis by reducing mitochondrial ROS and partially attenuating

mitochondrial depolarization in a TLR4-dependant manner.

We have previously shown that raspberry polyphenols were efficacious in reducing cardiac
TLR4 signaling in a MYD88-dependant manner in obese mice fed a high-fat, high-sucrose diet
(206). Indeed, single polyphenols found in raspberry were able to reduce TLR4 protein expression
induced by direct antagonism with LPS (207) or indirectly with inflammatory cytokines in vitro
(208). It is also possible that raspberry targeted cardiac fibroblasts and reduced their differentiation
to myofibroblasts. For example, in primary rat cardiac fibroblasts, the raspberry polyphenol, gallic
acid, reduced TGFB1-mediated differentiation and collagen synthesis in vitro (178). Additionally,
ROS produced from NOX4 played a key role in mediating differentiation of fibroblasts to
myofibroblasts (209). Firm conclusions are difficult to draw since fibroblasts were not isolated
and directly analyzed in the present investigation; however, considering the attenuation in fibrosis
observed in RB-CHF animals compared to CHF animals, raspberry polyphenols likely played a

protective role in these cells.
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It is interesting to note that NRF2 transcriptional activity declined in all animals that
underwent MI irrespective of dietary treatment (Figure 5.7J). While HO-1 is known to be
transcriptionally regulated by NRF2 (210), HO-1 protein expression was unexpectedly increased
despite reduced NRF2 activity (Figure 5.71). However, this increase in HO-1 is consistent with the
literature (211). In addition to NRF2, HO-1 is also regulated by HIF-1a, NF-«xB and JNK which
would explain this discrepancy, as these transcriptional activators were increased in this model
(211). In contrast, other investigations have found that raspberry polyphenols regulate NRF2 in
HF. For example, in an MI model induced by CAL, urolithin A, a microbial metabolite of ellagic
acid metabolism, was provided for seven days following CAL surgery at a dose of 2.5 mg/kg/day
(212). While investigators found NRF2 and NQOI1 protein to be reduced which was consistent
with our findings, SOD1 and HO-1 were significantly reduced which were rescued by urolithin A.
It is important to comment however that B-actin was utilized as a loading control which is not an

appropriate loading control in this model (185).

In an I/R model of HF in rats, urolithin B injected 0, 24 and 48 h prior to surgery in rats
(0.7 mg/kg) significantly reduced cleaved caspase-3 protein expression, apoptotic TUNEL staining
as well as O, release in cardiac tissue (170) which were consistent with our findings. Interestingly,
investigators also found that urolithin B significantly increased nuclear NRF2 compared to both
Sham and I/R animals. These differences between the present study and investigators are likely
due to differences in HF induction (CAL vs I/R). In humans, for example, urolithin B-glucuronide
was found at a concentration of 1,894 + 57 ug/mL and 2,985 + 2,145 ug/mL in urine 24 h following
the consumption of 200 g and 400 g, respectively, of red raspberry (213). This coincided with
improvements in artery function; thus, urolithin B among other urolithins are likely major

polyphenols involved in the protective molecular effects observed in the present study.
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The primary pathway attenuated in HF in the present study from raspberry consumption
was likely the TLR4 pathway. While the effects of urolithins on TLR4 have not been investigated
in HF, anthocyanins extracted from purple rice did reduce TLR4 signaling in a model of
streptozotocin-induced cardiomyopathy (154). Cardiac hypertrophy, hypertrophic signaling, and
fibrosis and fibrotic signaling were also dramatically reduced to a degree comparable to the present
investigation. Purple rice is a rich source of cyanidin-3-O-glucoside (214) which is a polyphenol
found in abundance in red raspberries (Table 3.1); thus, it is likely that anthocyanins are also of
significant relevance in mediating the protective molecular effects observed. Indeed, cyanidin-3-
0-glucoside (10-20 mg/kg/d) provided for one week prior to I/R injury significantly reduced the
infarct size and reduced cardiac oxidative stress compared to I/R animals without cyanidin-3-0-
glucoside injection. Overall, the diverse array of polyphenols found in red raspberry mediate the

protective molecular effects observed in the present investigation.

6.1 Limitations

Several limitations exist in the present investigation. First, permanent ligation of the left
anterior descending coronary artery, while a common animal model of HF, is not fully
representative of human HF in which the obstruction would be dealt with medically, either by a
stent or otherwise. This would reintroduce oxygen and nutrient supply. Therefore, a model of I/R
may be more applicable and representative of human HF and may also shed additional molecular
insights. Secondly, it is not known whether this treatment would be efficacious in pressure-
overload-induced HF. For example, in hypertension or with TAC which have differing, non-
hypoxic mechanisms. Investigation into the efficacy of raspberry polyphenols in these models are
needed. Lastly, sex differences were not evaluated; thus, these data may not be fully applicable to

half the population. Indeed, HF incidence between males and females are similar (215).
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Considering likely differences in vascular protein expression between sexes (216) and differences
in polyphenol efficacy between sexes (217), this is an important variable which future studies

should address.
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7 Conclusion

In conclusion, raspberry polyphenols protect the heart from the detrimental effects of HF
induced by permanent coronary artery ligation in rats in a TLR4-mediated manner. Raspberry
polyphenols physiologically attenuated the decline in heart function, reduced fibrosis, attenuated
hypertrophy, and at the cellular level, reduced inflammation, oxidative stress, apoptosis and pro-
remodeling signaling. Thus, raspberry consumption may be a protective adjunct therapeutic in the
clinical setting of HF with the equivalent consumption of ~2.5 cups of fresh red raspberry per day.
However, future studies should investigate whether this efficacy remains in alternative HF models
and investigate whether differences in the efficacy of treatment exist between sexes prior to clinical

application.
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