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Chapter 1
General introduction and outline of the thesis

Cardiovascular disease (CVD) is the leading cause of mortality, morbidity, and hospitalization in
industrialized countries. Continuous scientific progress is essential for understanding the
molecular, pathophysiological, and adaptive mechanisms underlying the development of CVD.
Knowledge of these processes is fundamental to optimize the therapeutic approach, identify new
potential drug targets and improve the quality of life of patients affected by CVD. Mitochondrial
dysfunction, in cardiomyocyte, is among the earliest and most common molecular alterations
detected in numerous CVD, frequently associated with an increase in cellular oxidative stress?,
Second messenger cyclic adenosine monophosphate (CAMP) is a crucial regulator of
mitochondrial function, involved in mitochondrial respiration, dynamics, reactive oxygen species
(ROS) production, cell survival and death through the activation of cAMP-dependent protein
kinase A (PKA). Several members of the large family of mitochondria A kinase anchor proteins
(mitochondrial AKAPS) locally amplify cAMP/PKA signaling to mitochondria, regulating
cardiac functions under both physiological and pathological conditions®. Therefore,
mitochondrial AKAPs might represent novel therapeutic molecular targets for CVD.

Mounting evidence suggests that mitochondrial dysfunction and oxidative stress play a role in
changes in gut barrier function and gut microbiota composition®. Recent studies have shown
that several interactions exist between intestinal microbiota and the cardiovascular system,
mediated by numerous and various mechanisms®. On the one hand, the gut microbiota and the
related metabolites produced can modulate the function and survival of cardiomyocytes and other
cardiac cell populations, under physiological or pathological conditions’. On the other hand,
numerous studies demonstrate that the hemodynamic changes resulting from CVD can induce
profound abnormalities of gut permeability and gut microbiota composition®. This evidence
suggests the existence of a crosstalk between gut and the heart, even if the mechanisms and

mediators remain unclear.



During my Ph.D. fellowship, | participated in several studies which contributed to increase the

knowledge in this area of research.

Outline of the thesis

The thesis is divided into four parts:

Part 1. Transverse aortic constriction induces gut barrier alterations, microbiota
remodeling and systemic inflammation.

In this part of thesis, | report the results of the role of the intestine-heart axis in the murine

modelof transverse aortic constriction.

Part Il. Mitochondrial a Kinase Anchor Proteins in Cardiovascular Health and Disease.

In this second part of thesis, | collected my studies on the role the mitochondrial AKAPs in
CVD.

Part I11. Partial loss of Akapl gene promotes cardiac dysfunction, gut barrier abnormalities,
and alteration of gut microbiota composition during ageing.
This section of the thesis is a collection of results aimed at investigating the role of Akapl in

cardiac dysfunction, gut barrier function and alterations of gut microbiota composition during

aging.

Part IV. Discussion and Conclusions.

The last section of the thesis is a broad discussion of the addressed topics with the conclusions.



Part |

Transverse aortic constriction induces gut barrier
alterations, microbiota remodeling and systemic

inflammation.



Chapter 1

Background and study design

Several pathological conditions, including heart failure (HF), have been associated with gut
barrier dysfunction and intestinal dysbiosis, with still largely undefined mechanisms®®,
Decreased cardiac output and peripheral vasoconstriction induced by HF, can promote intestinal
hypoperfusion with consequent leaky gut. This condition promotes systemic inflammation and
might affect gut microbiota composition®1°,

A now large body of evidence suggest the potential roles of specific bacteria in the pathogenesis
of cardiometabolic disorders and their therapeutic implications!'*2, In addition, gut microbiota-
derived molecules, either structural components or bioactive products, can exert remote effects
through the activation of different signaling pathways in CVD"14, In this context, despite
species-specific limitations, experimental systems including animal models are crucial to test for
causal connections and provide novel insight into host—microbiota interactions modeling human
health and diseases.

The murine model of transverse aortic constriction (TAC) is one of the most well-established and
widely used preclinical models of pressure overload-induced cardiac hypertrophy and failure®®.
In this study, we have evaluated gut microbiota composition, intestinal barrier integrity, intestinal
and serum cytokines and serum endotoxin levels in C57BL/6 mice undergoing pressure overload
by TAC for 1 and 4 weeks (1w, 4w). Mice subjected to left thoracotomy without aortic

constriction (sham) for the same duration of time were used as control groups.



Chapter 2

Effects of transverse aortic constriction on gut permeability and systemic inflammation

As to be expected, mice subjected to Transverse Aortic Constriction (TAC) surgery show cardiac
hypertrophy and systolic dysfunction. Immediately after TAC, abdominal aortic blood flow was
significantly reduced in TAC mice compared to sham, resulting in intestinal hypoperfusion (Fig.
1A). Decreased intestinal perfusion in TAC 1w mice was associated to alterations of intestinal
barrierintegrity, as shown by reduced mRNA expression of occludin (Ocln) and tight junction
protein zonula occludens-1 (Tjpl) (Fig. 1 B, C), and reduced immunostaining of zonula
occludens-1 (ZO- 1) after 1 week of pressure overload (Fig. 1D).

To determine the effects of TAC on gut barrier function, we analyzed circulating levels of
Fluorescein Isothiocyanate-Dextran D4000 (FITC-dextran) at different time intervals after oral
administration by gavage in sham 1w and TAC 1w mice. In TAC 1w mice, circulating levels of
FITC-dextran significantly increased 1 h after oral gavage, and thereafter decreased. In contrast,
time-course of FITC-dextran circulating levels was delayed in sham 1w mice compared to TAC
1w, reaching peak concentration 2 h after oral administration, and decreasing thereafter (Fig. 1E).
Gut barrier function was still functionally impaired in TAC 4w mice, as shown by differences in
circulating levels of FITC-dextran between TAC 4w and sham 4w mice 1 h after gavage (Fig.
1F). Colon expression levels of anti-inflammatory cytokine interleukin-10 (IL-10) were
significantly reduced in TAC 1 w and TAC 4w colon samples compared to respective sham(Fig.
2A;). These changes were associated to the histological evidence of remarkable inflammatory
infiltrate in murine colon samples from TAC 1w mice (Fig. 2B). Consistent with these results,
serum levels of lipopolysaccharide (LPS) and proinflammatory cytokines tumor necrosis factor-
a (TNF-a) and interleukin-1 (IL-1), were rapidly and persistently enhanced afterTAC surgery
(Fig. 2C), while circulating levels of 1L-10 were reduced in TAC mice (Fig. 2C-F).
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Figure 1. Effects of TAC or sham surgery on intestinal barrier integrity.

(A) Abdominal aortic blood flow (cm/s) was evaluated at 1, 3, 7 and 28 days after surgical
procedure in sham and TAC mice by Pulsed Wave Doppler (sham n =6, TAC n=10). (B, C)
mRNA expression levels of occludin (Ocln, B) and tight junction protein ZO-1 (Tjpl, C) in colon
samples from sham or TAC mice (sham: n=3—4; TAC: n = 3—6). (D) Representative images of
immunohistochemical analysis of tight junction protein ZO-1 in colon samples from the different
groups of mice (sham 1w: n = 6, sham 4w: n = 5; TAC 1w: n = 4; TAC 4w: n = 6). ZO-1 positive
cells were stained in brown; bigger brown and deeper color represent higher ZO-1 protein levels.

Pictures are shown at 20 x and 40 x magnification. (E) Plasma levels of FITC-dextran 4000 at



15 min, 1, 2, 4 h after gavage in sham 1wand TAC 1w mice (sham 1w: n = 14, TAC 1w: n =12).
(F) Plasma levels of FITC-dextran 4000 1 h after gavage in sham 4w and TAC 4w (sham 4w:
n=4; TAC 4w: n=4). Results are presented as mean + SEM. Statistical significances were
assessed using one-way ANOVA followed by Newman-Keuls multiple comparison post-hoc test
(A) or Tukey’s comparison test as appropriate (B—F).
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Figure 2. Effects of TAC or sham surgery on inflammation.

(A) mRNA expression levels of Interleukin-10 (1110) in colon samples (sham: n=3-4; TAC:
n = 3— 6). (B) Representative hematoxylin and eosin—stained sections from colon tissues of mice
at original magnifications x20 and x40. Histological evaluation of inflammatory cells infiltration
was scored along the entire colon length, inspecting the colon mucosa, submucosa and
transmural areas considering the following parameters: (a) severity of inflammatory cell
infiltration (sham Iw=0.83+0.16, sham 4w=140+0.24, TAC Iw=225+0.25 TAC
4w=1.83+0.31); (b) extent of the inflammation as expansion of leukocyte infiltration (sham
Iw=1.17+0.31, sham 4w=1.20+20, TAC Iw=2+0, TAC 4w=1.50+0.22); and (c)
presence of fibrosis (sham Iw=0+0, sham 4w=0+0, TAC Iw=0.25+0.25 TAC
4w=0.33+0.21). Data reported are mean +SEM (sham 1w: n = 6; sham 4w: n =5, TAC 1w:
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n=4; TAC 4w: n = 6). Serum levels of (C)lipopolysaccharide (LPS), (D) tumor necrosis factor-
a (TNF-a), (E) interleukin-1 (IL-1) and (F) IL-10 in all experimental groups (sham: n = 4-8;
TAC: n=4-9). Results are presented as mean + SEM. Statistical significances were assessed
using one-way ANOVA followed by Newman— Keuls multiple comparison post-hoc test (A) or
Tukey’s comparison test as appropriate (B—F).

10



Chapter 3

Pressure overload impact on gut microbiota composition

Gut barrier integrity is closely linked to gut microbiota composition, and they can be reciprocally
affected, especially in response to external pathological causes. Differences in fecal microbiota
composition among shamand TAC mice were determined by 16S rDNA sequencing and a good’s
coverage index > 99% was obtained at the rarefaction point of 26,396 reads/sample. Comparison
of fecal gut microbiota communities among groups revealed significant changes of bacterial
genera inside Actinobacteria, Firmicutes, Proteobacteria and TM7 phyla. Specifically,
intergroup differences at genus and species levels were analyzed by the linear discriminant
analysis (LDA) effect size (LEfSe), identifying the genera Bifidobacterium, Lactobacillus,
Turicibacter, unclassified genus (u.g.) of RF32 and u.g. of F16 as characteristic of TAC mice,
whereas the genus Oscillospira was significantly less abundant in TAC mice compared to sham
at specific time windows (Fig. 3A). SPINGO high-resolution approach was used to obtain
bacterial species assignment of key genera with significant differences among groups (Fig. 3B).
After TAC, a significant increase in OTUs resembling Bifidobacterium pseudolongum,
Turicibacter sanguinis, Lactobacillus frumenti, and an unclassified species belonging to
Proteobacteria phylum (order RF32) was detected, along with decrease of species within
Oscillospira genus (Pseudoflavonifractor capillosus and Flavonifractor plautii, Fig. 3B).

To predict functional effects of gut microbiota alterations induced by TAC, we performed a
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUST)
analysis. This analysis revealed a significant increase in pathways inducing L-lactate
dehydrogenase after 1w TAC (pre-surgery: 2,445.6 +272.9; sham 1w: 2,038.4 +£323.9; TAC 1w:
3,074 +331.6; p <0.05 for sham 1w vs. TAC 1w according to two-tailed nonparametric Kruskal—
Wallis test). Collectively, these data indicate that a significant remodeling of specific bacterial
species abundance within identified key genera occurs soon after TAC, identifying a clear effect

of the surgery on microbiota profiles and, possibly, on microbiota functionality.
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Figure 3
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Figure 3. Gut microbiota composition after sham or TAC surgery in mice.

Gut microbiota differences based on 16S rDNA sequencing at genus (A) and species (B)
taxonomic levels were identified using linear discriminant analysis (LDA) combined with effect
size (LEfSe) algorithm. In each panel, LDA scores (left) and relative abundance (right) of key
phylotypes discriminating sham and TAC bacterial communities are reported (sham n =8; TAC
n = 9). Statistical significances were assessed using LEfSe analysis with alpha values of 0.05 for
both Kruskal-Wallis and pairwise Wilcoxon tests and a cutoff value of LDA score (log10) above

2.0 (*p < 0.05 and **p < 0.01 vs. correspondent sham).

12



Part |1

Mitochondrial a Kinase Anchor Proteins in Cardiovascular

Health and Disease.
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Chapter 1
Mitochondrial AKAPs

The main source of cellular energy is produced by the mitochondria, moreover, their function
consists in regulation cell survival, metabolism, calcium homeostasis and the production of ROS.
Mitochondrial dynamics, the regulated balance of fusion and fission, represents a key aspect of
mitochondrial function and is implicated in pathological conditions, including cardiovascular
disorders such as cardiac hypertrophy, cardiac arrhythmias and HF®7,
The pB1-adrenergic receptors (B1ARs) are members of the superfamily of heptahelical
transmembrane receptors (7TMR), also known as G-protein-coupled receptors (GPCRs), and
crucial regulators of multiple cardiovascular functions'®2°. B1AR ligand binding induces
receptor conformational changes that lead to the activation of G proteins and G-protein-mediated
signaling, as well as G-protein-independent downstream effectors?-?2, Stimulation of Gs by
B1ARs increases intracellular levels of CAMP.
CAMP rise induced by different agonists can produce different physiological responses, even
within the same tissue, depending on the spatial and temporal regulation of the cAMP gradient
by adenylyl cyclases (AC), phosphodiesterases (PDEs) and the local activation of effectors,
mainly represented by the “classical” cAMP-dependent PKA, cyclic nucleotide-gated ion
channels and the more recently discovered exchange protein directly activated by cAMP
(Epac)®%.PKA holoenzyme is composed of two regulatory (R) and two catalytic (C) subunits,
anchored to membranes and discrete cellular locations by a large family of mitochondrial
AKAPs that play a crucial role in the propagation of cCAMP/PKA signals. By binding PKA
regulatory subunits (R) and specific intracellular organelles, AKAPs act as scaffolds that
integrate and direct signaling events to downstream targets to achieve efficient spatial and
temporal control of their phosphorylation state?*-2¢ While the majority of AKAPs selectively
bind PKA type Il regulatory subunits (RII), dual- specificity AKAPs (D-AKAPS) bind to type I
regulatory subunits (R1) and RII, potentially engaging distinct cAMP-responsive holoenzymes
to specific intracellular locations. According to the cell type and pathophysiological context, the
modulation of local signaling by AKAPSs, either enhancement or disruption, transient or
permanent, may regulate cardiovascular physiology, and its derangement may lead to
pathological conditions.
CAMP/PKA pathway has been previously found to regulate several mitochondrial functions,
such as respiration, mitochondrial dynamics, ROS production and apoptosis?®. cAMP signals
are carried to mitochondria by several AKAPs, including D-AKAP1 (encoded by the Akapl

14



gene), D-AKAP2 (Akapl10 gene), PAP7 (Acbd3 gene), OPA1 (Opal gene), WAVE-1 (Wasf
gene), RAB32 (Rab32 gene) and SKIP (SPHKAP gene), summarized in Table 1 and
schematically illustrated in Figure 4°°-32, Recent biochemical and immunocytochemical studies
indicate that D-AKAP1 and D-AKAP?2 are the predominant mitochondrial AKAPs exposed to
the cytosolic compartment in ventricular myocytes; thereby, both Rl and RIl PKA subunits are
associated with mitochondria®2%34, The role of D-AKAP1 in CVD, it has been discussed in the

next chapters.
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Figure 4. Mitochondrial AKAPs localization. Schematic representation of mitochondrial
AKAPs localization. Abbreviations used: endoplasmic reticulum, ER; intermembrane space,
IMS; outer mitochondrial membrane, OMM; inner mitochondrial membrane, IMM;
mitochondria-associated membranes, MAM; different binding effectors partners, E; Ras-related
protein, RAB32; peripheral-type benzodiazepine receptor and cCAMP-dependent protein-kinase-
associated protein 7, PAP7; Wiskott Aldrich syndrome proteins, Wave-1; Sphingosine kinase
type 1-interacting protein, SKIP; Optic atrophy 1, OPAL; dual- specificity A-kinase anchoring
protein, D-AKAP1, D-AKAP2.
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Table 1. Mitochondrial AKAPs and their known cardiovascular functions

Gene Protein Effector of AKAP Interaction with Mitochondrial ~ Mitochondrial effects Cardiovascular functions
PKA subunits localization
Akapl |D-AKAP1 PP1(E1), Src(E2), RI, RII OMM Apoptosis, mitochondrial ~ Modulates infarct size after
PDE4(E3),Calcineurin(E4), fusion, mitochondrial ~ coronary artery ligation and post-
AGO2(E5), NCX3(ES), respiration ischemic cardiac remodelling,
DRP1(E7) cardiac hypertrophy and pressure
overload-induced cardiac
dysfunction, endothelial function
and angiogenesis
Akapl0 |D-AKAP 2 Rab 4(E8), Rab11(E9) RI, RII OMM Mitochondrial dynamics, Modulate cardiovascular integrity
ROS production and barrier and controller of pacemaker
apoptosis cells sensitivity to cholinergic
stimulation
Achd3 PAP7 RI, RII OMM Cholesterol transport Unknown
Opal OPA1 OMAL(E10), YME1L(E11) RI, RII IMM Mitochondrial fusion and Modulates cardiac function and
fission, stabilizing hypertrophy, metabolic shift of
mitochondrial cristae, increased glucose uptake
increasing mitochondrial
respiratory efficiency
Wasf WAVE-1 BAD(E12), RII OMM Mitochondrial trafficking Unknown
Pancortin2(E13),GK(E14),
BCL-XL(E15)
Rab32 RAB32 DRP1(E7) RII MAM Endoplasmic  reticulum  Unknown
Ca?*handling,
mitochondrial fusion,
apoptosis
Sphkap SKIP ChChdI3(E16), S1P(E17) RI OMM Mitophagy Modulates infarct size, apoptosis

and cytochrome c release after
myocardial ischemia-reperfusion
injury

Abbreviations: PKA, protein kinase A; RI, regulatory subunit type I; RII, regulatory subunit type Il; OMM, outer mitochondrial membrane; IMM,

inner mitochondrial membrane; MAM, mitochondria-associated membrane.



Chapter 2

D-AKAPL in cardiovascular system and metabolism

D-AKAP1 is a mitochondrial AKAP encoded by the Akapl gene and expressed in various organs
and cell types, including the cardiovascular system, and it is highly expressed in the human
heart®1:353 AKAP149 and the smaller variant s-AKAP84 are prototypic members of the D-
AKAP1 family, sharing a similar 525-aminoacid NH2-terminal core but diverging significantly
at the C-terminus. PKA binding domains of the rat, mouse and human D-AKAP1 homologues
are highly conserved and bind PKA RII subunits with high affinity and RI with lower affinity.
The first 30 NH2-terminal residues mediate the targeting of D-AKAP1-PKA complexes to the
outer mitochondrial membrane (OMM, Fig. 4). Within this motif, AKAP149 and S-AKAP84
present a conserved tubulin-binding motif, allowing interaction with both tubulinpolymers and
soluble microtubules®’. Although D-AKAP1 has been primarily localized at the OMM, some
variants have also been localized intracellularly at other intracellular locations, including the
nuclear membrane and the endoplasmic reticulum. In addition to transcriptional regulation, D-
AKAP1 undergoes rapid ubiquitination and proteasomal degradation upon hypoxia, mediated by
theE3 ubiquitin ligase seven in-absentia homologue (Siah2)®. Since D- AKAP1 controls
mitochondria dynamics through PKA-dependent inhibitory phosphorylation ofDynamin-related
protein 1 (Drpl) and PKA-independent inhibition of Drpl— Mitochondrial fission 1 protein (Fis1)
interaction, its reduced availability mediated by Siah2 relieves Drpl inhibition, increasing its
interaction with Fis1, thus resulting in mitochondrial fission®®. A multivalent signaling complex
nucleated by D-AKAP1 on the OMM that includes, among othermolecules, PKA, tyrosine-
protein Kinase Src, serine/threonine protein phosphatase 1 (PP1), cyclic nucleotide
phosphodiesterase 4 (PDE4), Drpl, calcineurin, Na*/Ca?* exchanger NCX3 and argonaute 2
protein (Ago2), has been previously identified as an essential regulator of multiple mitochondrial
functions®4°4 Several studies demonstrate that both in cardiomyocytesand in several murine
models of cardiovascular disease, D-AKAP1 deficiency impairs mitochondrial structure and
respiratory function, reduces ATP production and increases cardiomyocyte apoptosis via
enhanced mitochondrial ROS production*?#4. Moreover, D- AKAP1 expression is reduced in
hearts of streptozotocin-induced diabetic mouse models, and its genetic inactivation significantly
enhances cardiac dysfunction in diabetic mice. D-AKAP1 has a role in blood pressure regulation,
in fact, it was demonstrated that compared to wild type (wt), Akapl~~ mice of either sex display
a mild but significant increase in systolic blood pressurelevels even if within the normal range,
while Akap1*~ mice display an intermediate phenotype.
17



These differences can be largely attributed to a selective impairment in endothelium-dependent
vasorelaxation in mice with partial or total loss of D-AKAP1%. Indeed, D-AKAP1 inactivation
also profoundly alters mitochondrial structure and function of vascular endothelial and smooth
muscle cells, reducing mitochondrial membrane potential, increasing mitochondrial ROS
production and, finally, enhancing hypoxia-induced cell dysfunction or death 243, In particular,
Akapl~ endothelial cells display remarkable mitochondrial alterations impacting multiple in

vitro and in vivo functions, such as proliferation, migration and differentiation #4.
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Chapter 3

D-AKAP1 in myocardial ischemia and cardiac hypertrophy

In myocardial ischemia, D-AKAP1 plays a protective role, regulating mitochondrial structure

and function, ROS production and cell survival. It was demonstrated that upon in vitro hypoxia,
cells lacking Siah2 display higher D-AKAPL1 levels, and this is associated with reduced fission
and apoptosis®. Moreover, after coronary artery ligation to induce myocardial infarction (MI),
Akapl™~ mice display remarkable abnormalities in mitochondrial structure, increased
cardiomyocyte death and infarct size, aggravating cardiac* remodeling and accelerating HF
development. Genetic inactivation of Siah2 prevents D-AKAP1 degradation after Ml, reducing
infarct size and ameliorating cardiac remodeling and survival*.

Cardiac hypertrophy is the first general response of the heart to physiological or pathological

loads. It was shown that pathological stress is able to specifically activate detrimental signaling
pathways in the heart'®. Among these, abnormalities in BAR signaling are the best studied and
characterized, seem to be mechanistically linked to the development of cardiac dysfunction and
are hallmarks of the failing human heart*. In response to pressure overload, CAMP response
element-binding protein (CREB) phosphorylation is rapidly and significantly inhibited, altering
PKA-dependent transcription of CREB-induced genes, including D-AKAP1. Thus, D-AKAP1
down-regulation may be a direct consequence of this block since its transcription is dependent
by cAMP. In addition, more recent data indicate that D-AKAPL1 is also subjected to ubiquitin-
dependent degradation®, and this may be operating in the early phases of cardiac stress, such as
acute myocardial ischemia.

D-AKAP1 downregulation is associated with marked abnormalities in mitochondrial
morphology and structure at electron microscopy, reduced aconitase activity and increased
mitochondrial ROS generation, suggesting that D-AKAP1 is an important regulator of
mitochondrial function and ROS generation in the overloaded heart*. We and others have shown
that after TAC, Akapl™" mice display enhanced cardiomyocyte and left ventricle hypertrophy
and accelerated progression towards heart failure (HF) compared to wild type mice. This
phenotype is associated with a significant increase in cardiac apoptosis as well as a lack of
activation of protein kinase B signaling after pressure overload %2. Taken together, these results
suggest that in vivo genetic ablation of D- AKAP1 promotes pathological cardiac hypertrophy
and HF, indicating D-AKAP1 as a novel repressor of pathological left ventricular remodeling

and failure.
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Part 111

Partial loss of AKAP1 promotes cardiac dysfunction,
gut barrier abnormalities, and alteration of gut

microbiota composition during ageing.
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Chapter 1

Background and study design

As discussed in the previous chapter, mitochondrial AKAPs play a crucial role in mitochondrial
structure and function, ROS production and cardiomyocyte survival. Recent studies have shown
that there is a correlation between ROS production, gut permeability, and cardiomyocyte
dysfunction®. Although it is known that oxidative stress underlies the processes of cellular
senescence, the molecular mechanisms directly involved in cardiovascular aging are currently
poorly understood. Furthermore, there is a correlation between aging, ROS production,
intestinal permeability and gut microbiota composition>#’. In particular, profound functional
and structural changes of the intestinal barrier and gut microbiota composition have been
previously identified in patients suffering from HF*34° but whether the normalization of such
dysfunction is able to improve the pathological cardiovascular phenotype is currently unknown.
The aim of this study was to identify the role of AKAP1 in cardiovascular aging and highlight
the complex interplay between cardiac dysfunction, gut barrier integrity, gut microbiota
composition and aging in young (6-month-old, 6m) and old (24-month-old,

24m) wild type (wt) and Akapl heterozygous knockout mice (Akapl*’).

[ Study Hypothesis ]
HEART COLON AND

CIRCULATORY SYSTEM
;Lf» GUT MICROBIOTA
s »\ﬁ
Ay 8
*Aging 6
*Akap1 partial
deletion
l Increase Modify Translocation of
' Intestinal Gut Bacteria or
ROS > Barrier <—>| Microbiota > Endotoxin into
Permeability Composition the Bloodstream
l and Systemic
T T Inflammation
Cardiac
Dysfunction > | Intestinal Hypoperfusion ‘

Figure 5: Study Hypothesis
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Chapter 2

Partial loss of Akapl gene promotes cardiac dysfunction during aging.

We have previously demonstrated that myocardial levels of AKAP1 decrease in response to
pressure overload*?, suggesting a role for this adaptor protein in the transmission of hypertrophic
signals in the myocardium. However, the effects of heterozygous Akapl genetic deletion on
cardiac remodeling in response to aging are currently unknown. Consistent with our previous
results, AKAP1 cardiac levels were significantly decreased in 24m Akap1** mice compared to
6m Akap1** (Fig. 6A) demonstrating that downregulation occurs during aging. In comparison
with the 24 m Akap1**, 24m Akap1*- mice demonstrated increased left-ventricular (LV) wall
thickness, LV dilation, and systolic dysfunction (Fig. 6, B—F).

Specifically, in morphometric analysis, 24m Akap1*" mice exhibited a significant increase in left
ventricular weight (LVW) to body weight (BW) and heart weight (HW) to body weight (BW)
ratios compared to their respective controls 6m and 24m Akap1*/* (Table 2 and Fig. 6B). Aging
inevitably leads to impairment in LV systolic function, but partial deletion of Akapl gene
exacerbates and anticipates this condition. As expected, 24m Akap1*"- mice shown a significant
decrease of % Fractional Shortening (%FS) compared to 24m Akap1*'* (Fig. 6D). Reduction in
%FS observed in24m Akap1*", resulted by increase in both LV end-diastolic diameter (LVEDd)
and LV end-systolic diameter (LVESd) (Fig. 6E, F).

Cardiac histology revealed a significant increase in cardiomyocyte cross-sectional area and
increase fibrotic area in 24m Akapl*" hearts compared to 24m Akapl** (Fig. 6, C and H).
Moreover, as marker of HF, we tested B-type natriuretic peptide (BNP) mRNA expression levels
in the myocardium of different group mice. Consistent with previous results, BNP levels were

significantly increased in 24m Akap1*'- hearts compared to 24m Akap1*'* mice (Fig. 6G).
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Figure 6: Partial deletion of Akapl gene promote HF during aging.

(A) Representative immunoblot (left) and densitometric analysis (right) of protein levels in
hearts from 6m and 24m Akapl1**, Akapl*" mice. Tubulin was used as control of loading
sample. (B) Graphs showing cumulative data of left ventricular weight (LVW) to body weight
(BW) 6m and 24m Akapl**, Akapl*" mice. (C) (Left) Representative images of wheat germ
agglutinin (WGA) staining of cardiac transversal sections from 6m and 24m Akap1*'*, Akap1*"
mice (DAPI was used as nuclei counterstaining. Scale bar: 20 um. (Right) graphs showing
cumulative data of multiple independent experiments analyzing cardiomyocytes cross-sectional
area. (D) (Left) Representative left ventricular (LV) M-mode echocardiographic tracings from
6m and 24m Akap1**, Akapl*" mice. (Right) Cumulative data of % fractional shortening, left
ventricular end- systolic diameter (LVESd; E) and left ventricular end-diastolic diameter
(LVEDd; F) in 6m and 24m Akapl*™*, Akapl*" mice. (G) mRNA levels of BNP in cardiac
samples from 6m and 24m Akap1**, Akap1*" mice. (H) Representative images of Picrosirius
red staining of cardiac transversal sections from 6m and 24m Akap1*"*, Akap1l*" mice. Scale

bar: 40 um. (Right) graphs showing cumulative data of multiple independent experiments
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analyzing percentage of fibrosis. (xp<0.05 vs. 6m Akapl*™* or 24m Akapl*’*). Results are

presented as mean =SEM. Statistical significance were assessed using multiple comparisons

were made by two-way ANOVA with Tukey correction *p<0.05, **p<0.01, ***p<0.001,

*Hxx<(),0001).

Table 2. Cardiac morphometry and echocardiography of mice from the different groups

6m Akapl** 24m Akapl** 6m Akapl*” 24m Akapl*”
Morphometry (n=22) (n=34) (n=34) (n=32)
BW, g 27.5+0.6 28.7+0.3 26.6 £ 0.5 29.9 + 0.4*
LVW, mg 83.8+24 107.3 £ 3.7* 88.1+24 119.3 £ 3.6*#
HW, mg 1153 +3.2 143.9 + 4.8* 116.8 £3.2 165.5 + 4.8*#
LVW/BW, mg/g 31+0.1 3.6 +0.1* 33+0.1 4.1 +0.1%4
HW/BW, mg/g 43+0.1 4.9 +0.1* 44+0.1 5.5 £0.2*#
Echocardiography (n=41) (n=73) (n=42) (n=55)
LVEDd, mm 3.3+0.04 3.6 £0.04* 3.2+0.04 3.7 £0.03*#
LVESd, mm 1.4 +£0.02 1.7 £0.03* 1.4 +£0.03 2.0 £ 0.05*#
IVSd, mm 0.8 +0.03 0.9 +0.01* 0.8 +0.02 0.9 £0.02*
PWd, mm 0.8 +0.02 0.9+0.01 0.8 +0.02 1.0 £0.02*
FS, % 58.2+0.6 53.2+0.7* 58.4 +0.7 47.3 £ 1.09*#
HR, bpm 595 +11.6 563 + 8.8* 573 +13 604 + 9.7*#

Abbreviations used: Body weight, BW; left ventricle weight, LVW,; heart weight, HW; left ventricular

end-diastolic diameter, LVEDd; left ventricular end-systolic diameter, LVESd; interventricular septum

end-diastolic diameter, 1VSd; posterior wall end-diastolic diameter, PWd; fractional shortening, % FS;

heart rate, HR. Results are presented as mean = SEM. Statistical significances were assessed using multiple

comparisons were made by two-way ANOVA with Tukey correction p<0.05 vs. correspondent 6m; #

p<0.05 vs. 24m Akap1*'*.
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Chapter 3

Heterozygous Akapl deletion modulates gut permeability, gut microbiota composition and

systemic inflammation during aging.

Systemic inflammation and gut permeability were assessed in 6m and 24m Akapl*’* and
Akap1*" mice. Serum levels of LPS were significantly increased in 24m Akap1*" mice compared
to 24m Akapl*’* (Fig. 7A). Levels serum of pro-inflammatory cytokines IL-1 and IL-6, tumor
TNF-a and LDH were significantly increased in 6m Akapl*" mice, while levels of anti-
inflammatory 1L-10 were significantly decreased compared to 6m Akapl*’* (Fig. 7, B-F).In
addition, IL-1, IL-6, TNF- a and LDH were significantly increased in 24m Akapl”' mice,
compared to 24m Akapl** (Fig. 7, B-E). To investigate in vivo intestinal permeability, we
analyzed circulating levels of FITC-dextran D4000 after administration by oral gavage. Plasma
level of FITC-dextran D4000, 15 minutes after oral gavage, were significantly increased in 6m
and 24m Akap1*" mice groups compared their respectively aged Akap1** mice (Fig. 7 J). In
addition, colon mRNA expression of Ocln and Tjp1 were decreased in aged 24m Akap1*- mice
compared to 24m Akap1** (Fig. 7, G-H). Colon expression levels of pro-inflammatory cytokine
interleukin (IL-1b) were significantly increased in 24m Akapl™" mice, compared to 24m
Akap1** (Fig. 71). This result show that 24m Akapl*" mice exhibit increased systemic

inflammation and leaky gut.
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Figure 7: Partial deletion of Akapl gene promote systemic inflammation and gut
permeability. Serum levels of LPS (A), IL-1(B), IL6(C), TNF- a(D), LDH(E), IL10(F) in 6m
and 24m Akap1**, Akap1* mice. mRNA expression levels of, Ocln (G), Tjpl (H) and IL-1(1)
in colon samples from 6mand 24m Akap1**, Akap1*" mice. (J) Plasma levels of FITC-dextran
4000 15 minute after oral gavage in 6m and 24m Akap1**, Akap1*"- mice. Results are presented
as mean = SEM. Statistical significances were assessed using multiple comparisons were made
by two-way ANOVA with Tukey correction *p<0.05, **p<0.01, ***p<0.001 ****<0.0001).
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To identify the microbial signature of Akap1*" mice, we analyzed the differences in abundance
of all 2,042 Operational Taxonomic unit (OTUs) between age-matched Akap1** and Akapl*
and within the same genotype between 6m and 24 m aged mice. Differentially abundant OTUs
were identified using LDA effect size analysis (LefSE; LDA score >2 and alpha <0.5). To
identify the microbial signature of different groups, only differentially abundant OTUs with
LDA score > 3 have been considered as key phylotypes. As shown in Figure 8, we identify a
significant increase in 24m Akap1*"- of the species Ruminococcus Torques and a significant
reduction of Blautia_producta. Ruminococcus Torques and Blautia_producta are associated
respectively to mucin degradation and butyrate production. These conditions of dysbiosis have
been both identified in patients with CvVD*>!

@ AkapT*6m m Akap1*-6m ” i i
Akap1** Akap1** Akap1*" Akap1*- . .
= P P P P Akap1**  Akap1”*  Akap1*-  Akap1*
Akap1*+24m 2 P, ap P P,
P Akap1*-24m 6m 24m 6m 24m . 6m 24m 6m 24m

318470:Bacteroides thetaiotaomicron 24.41% 0.00% 4.76% 6.32%

215751:Clostridium_saccharolyticum 1.96% 0.00% 0.13% 0.36%
261097:Robinsoniella_peoriensis 2.06% 0.00% 0.44% 0.67%
453405:Robinsoniella_peoriensis 14.07% 0.09% 1.22% 2.54%

331720:Barnesiella_intestinihominis 3.82% 0.56% 3.67% 1.09%
273500:Barnesiella_intestinihominis 7.16% 0.09% 1.91% 0.10%
356226:Barnesiella_intestinihominis 9.32% 0.89% 7.52% 2.14%
10512:g__Desulfovibrio 2.25% 3.54% 0.24% 1.85%
462764:Anaerotruncus_colihominis 2.89% 3.11% 1.40% 2.02%
276364:Blautia_producta 0.24% 2.23% 0.91% 0.11%
348398:Clostridium_bolteae 3.78% 8.28% 0.50% 3.50%
1110135:Robinsoniella_peoriensis 1.04% 1.57% 2.82% 0.49%

430219:U.s. of S24-7 2.81% 0.77% 4.11% 0.54%

U.s. of F16 5.41% 0.54% 3.63% 8.06%

1108599:Desulfovibrio vulgarise 7.21% 14.53% 4.40% 15.61%

780650:Clostridium tertium

0.00% 0.11% 0.07% 1.87%

1571092:Christensenella minuta 017% 0.07% 2.12% 3.72%
4402042:Catabacter_hongkongensis 1.16% 0.05% 1.41% 4.02%
214116:Blautia luti 180%  327%  631%  11.55%
589658:Ruminococcus_torques 0.02% 0.00% 0.03% 16.71%

0 1 2 3 4

Figure 8: Gut microbiota differences based on 16S rDNA sequencing at genus and species

taxonomic levels were identified using linear discriminant analysis (LDA) combined with effect

size (LEfSe) algorithm. In panel, LDA scores (left) and relative abundance (right) of key

phylotypes discriminating Akap1*'* and Akap1*"bacterial communities are reported.
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Chapter 4

Faecal microbiota transplantation (FMT) modulates cardiac function, gut barrier

dysfunction and systemic inflammation.

To test whether gut microbiota composition together with gut permeability alteration and systemic
inflammation can affect cardiac function, faecal microbiota transplantation (FMT) was performed
for five weeks. Antibiotics treatment was conducted for 7 days in all mice groups except donors
group, and the transplant procedure was performed starting on day 8 (1 day after the end of
antibiotics treatment), three times per week for 5 consecutive weeks as previously described®?.
Fecal samples were collected for bacterial counts and 16S rDNA sequencing from all recipient and
control mice at each time point (prior to antibiotic administration, immediately after the full
antibiotic regimen, before the beginning of FMT, and5 weeks after FMT).

In a first set of experiments (Fig. 9), fecal pellets from 24m Akap1*" mice (24m Akap1*" donors)
were transplanted into recipient 6m Akap1*/* and 24m Akap1*"* mice (Group 1: 6m Akap1*'* FMT
24m)- Group 2: 24m Akap1** FMT @4™)_As control groups were used 6m and 24m Akap1** mice
(Group 3: 6m Akap1*"* vehicle; Group 4: 24m Akap1** vehicle). The control groups received oral

gavages of vehicle (phosphate-buffered saline).

~ Group 1
24m Akap1*- donors (0 6m Akap1** FMT (24m)
et

- Group 2
\ 24m Akap1** FMT (24m)

ot

~~ Group 3
~ . 6m Akap1** vehicle

B Group 4
. 24m Akap1+* vehicle

e
Wert

Figure 9: Schematic representation of FMT using 24m Akap1*- mice as feces donors.

At the end of the experimental treatment, FMT had impact on cardiac function, specifically,
%FS was significant reduced in mice of Groups 1 and 2 compared to their respective vehicle-

treated controls (Groups 3 and 4), as shown in Fig.10A. Moreover, cardiac BNP levels were
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significant LV increased in mice of Groups 1 and 2 compared to Groups 3 and 4 (Fig. 10B).
Next, we evaluated the effect of gut microbiota transplantation in systemic inflammation.
After 5 weeks of FMT treatment, serum levels of LPS, IL-1, IL-6 and TNF-a were significantly
increased in mice of Groups 1 and 2 compared to Groups 3 and 4 (Fig. 10C-F). Moreover, gut
permeability and colon inflammation were increased in mice of Groups 1 and 2 compared to
Groups 3 and 4, as shown by reduced mRNA expression Ocln and Tjpl (Fig. 10G-H) and
increased levels mRNA expression of TNF-a (Fig. 101).
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Figure 10: Unhealthy FMT modulates cardiac disfunction, leaky gut and systemic
inflammation. Cumulative data from 24m Akap1*" donors, 6m Akapl** FMT (24m), 24m
Akapl*™* FMT (24m) and 6, 24 m Akap1*'* vehicle of: % fractional shortening from(A); mRNA
levels of BNP in cardiac samples (B); Serum levels of LPS (C), IL-1(D), IL6(E), TNF-
a(F);mRNA expression levels of, Ocln (G), Tjpl (H) and TNF- a (I). Results are presented as
mean = SEM. Statistical significances were assessed using multiple comparisons were made by

two-way ANOVA with Tukey correction *p<0.05, **p<0.01, ***p<0.001 ****<0.0001).
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In a second set of experiments, fecal microbiota from 6m Akap1*/* mice (6m Akap1*'* donors)
was transplanted in recipient 24m Akap1*" mice (Group 5: 6m Akapl*- FMT ™). As control
group was used 24m Akap1*" (Group 6: 24m Akap1*" vehicle).

6m Akap1** donors
O\

s

Group 5
24m Akap1*- FMT (6m)

B
X‘ Group 6
r /. 24m Akap1* vehicle

Figure 11: Schematic representation of FMT using 6m Akap1** mice as feces donors.

At the end of 5 weeks of FMT treatment, mice of Group 5 displayed a significant improvement
of %FS (Fig. 11A) and a significant reduction of cardiac BNP levels (Fig. 11B) compared to
Group 6. Similarly, serum levels of LPS, TNF-a and IL-1 were significantly decreased in mice
of Group 5 compared to Group 6 (Fig. 11C-E), while levels of interleukin-10 (IL-10) were
significantly increased in mice of Group 5 (Fig. 11F). No differences were found in IL-6 serum
levels between the groups (Figure 11 G). Colon permeability was significantly improved after
FMT using 6m Akapl** mice as feces donors, as shown by increased mRNA expression of
Ocln in mice of Group 5 compared to Group 6 (Fig. 11H), while mRNA expression levels of

Tjplwere not different between the groups Fig. 111).
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Figure 12
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Figure 12: Healthy FMT modulates cardiac disfunction, leaky gut and systemic

inflammation. Cumulative data from 6m Akapl1*’* donors, 24m Akapl*~ FMT (6m) and 24m

Akapl1*" vehicle of: % fractional shortening from(A); mRNA levels of BNP in cardiac samples
(B); Serum levels of TNF- o(C)), IL-1(D), IL6(E), LPS(F), IL-10(G); colon mRNA expression

levels of, Ocln (H), Tjpl (I). Results are presented as mean = SEM. Statistical significances were

assessed using multiple comparisons were made by two-way ANOVA with Tukey
correction *p<0.05, **p<0.01, ***p<0.001 ****<0.0001).
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To clarify the contribution of gut microbiota to the cardiac and inflammation phenotype of
Akap1*", microbiota composition was assessed all experimental groups after a 5-week FMT, as
descript in precedent chapter. Results of core microbiome analysis, sing linear discriminant
analysis (LDA) combined with effect size (LEfSe), were obtained by comparing FMT -treated
mice to the ones receiving vehicle (Fig. 13; 14; 15). We observed that specific taxa failed to
engraft in transplanted mice, possibly due to host incompatibility or antibiotic effect, whereas
others thrived. In Particular, statistical analysis showed that species Helicobacter_apodemus and
Peptococcaceae, were significantly increased, in mice of Group 1 compared to Group 3, after
FMT using 24m Akapl*" mice as feces donors (Fig. 13 B, C; Fig. 14 B, C). Moreover,
Rikenellaceae_ RC9 _gut_group and Helicobacter_mastomyrinus was significantly increased in
mice of Group 2 compared to Group 4. These bacterial species are distinctive of Akapl*”
genotype, seeing as how shared among 24m Akapl*"- donors and 6m, 24m Akapl** recipient.
(Fig. 13 A, B; Fig. 14 A, B). These conditions of dysbiosis have been both identified in acute
myocardial ischemia and oxidative stress induced by High-Fat Diet>%,

After FMT using 6m Akap1*/* as faces donors, microbiota analysis has showed that species
Mycoplasma and Lactobacillus were reduced in Group 5, compared to Group 6 (Fig. 15). These

species failed to be transplanted from 24m Akap1*- donors into groups 1 and 2.
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FIGURE 13
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Figure 13. Gut microbiota differences based on 16S rDNA sequencing at genus and species
taxonomic levels were identified using core microbiome analysis(A), linear discriminant
analysis (LDA)combined with effect size (LEfSe) algorithm (B, C). In Panel (A), in red are
marked the 15 species absent in Group 4 but shared among 24m Akap1*" donors and Groups
2, 6. In blue are marked the 6 species shared by 24m Akap1*"- donors and Groups 2, but absent
in Group 6. LDA scores (B) and relative abundance (C) of key phylotypes discriminating of
Groups 2 and 4.
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Figure 14: Gut microbiota differences based on 16S rDNA sequencing at genus and species
taxonomic levels were identified using core microbiome analysis(A), linear discriminant
analysis (LDA)combined with effect size (LEfSe) algorithm (B, C). In Panel (A), in red are
marked the 4 species absent in Group 3 but shared among 24m Akap1*" donors and Groups
1, 6. In blue are marked the 4 species shared by 24m Akap1*"- donors and Group 1 but absent
in Groups 3 and 6. LDA scores (B) and relative abundance (C) of key phylotypes

discriminating of Groups 1 and 3.
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Figure 15: Gut microbiota differences based on 16S rDNA sequencing at genus and species
taxonomic levels were identified using core microbiome analysis(A), linear discriminant
analysis (LDA)combined with effect size (LEfSe) algorithm (B, C). In Panel (A), in red are
marked the 9 species absent in Group 6 but shared among 6m Akap1** donors and Groups
5, 3. In blue are marked the 1 specie shared by 6m Akap1** donors and Group 5 but absent
in Groups 6 and 3. LDA scores (B) and relative abundance (C) of key phylotypes

discriminating of Groups 5 and 6.
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Discussion
Transverse aortic constriction induces gut barrier alterations, microbiota remodeling and

systemic inflammation.

Several studies have demonstrated that patients with HF display alterations of villi shape in
intestinal mucosa resulting in intramucosal acidosis®®>®® and intestinal wall thickness. Moreover,
alterations in gut microbial communities have been reported in patients with HF®"*8, In this
study we demonstrated that gut hypoperfusion induced by TAC was associated to a prompt and
strong weakening of intestinal barrier integrity, decrease of colon anti-inflammatory cytokine
levels, increase of serum levels of LPS and proinflammatory cytokines, and significant
differences in gut microbiota.

As descript previously, TAC was associated with a prompt reduction in abdominal aortic blood
flow and intestinal hypoperfusion, accompanied by a rapid impairing of gut barrier structure as
demonstrated by reduction of ZO-1 and Ocln levels and increased FITC-dextran translocation
across intestinal epithelium into blood. Moreover, we concurrently found a significant increase
of LPS and proinflammatory cytokines in systemic blood circulation of TAC mice compared
to sham. Of note, together with remarkable inflammatory infiltrate persistence and high levels
of inflammatory markers, gut barrier was still functionally compromised in TAC 4w mice, as
revealed by FITC-dextran in vivo permeability assay, despite a recovery of tight junctions
MRNA and proteins levels at this time point. We cannot exclude that at later time points gut

barrier function could be restored.

Our results demonstrate the murine model of TAC induces differences in fecal bacterial genera
inside Actinobacteria, Firmicutes, Proteobacteria and TM7 phyla. These dramatic alterations
of gut microbiota were associated to hypoperfusion induced by TAC surgery. Based on LEfSE
results, taxa correlated to dysbiosis and colonic inflammation, such as F16, significantly
increased after TAC®*®.  Furthermore, we identified unclassified genus of RF32
(Proteobacteria phylum) as a potential microbial biomarker and source of LPS in TAC operated
mice, possibly contributing to colonic inflammation. Moreover, in TAC 4w mice gutmicrobiota
was characterized by an increase in genera Turicibacter and Lactobacillus. The increase of these
lactate-producing bacteria (namely T. sanguinis and L. frumenti, according tospecies-level
SPINGO classification) concurred with the depletion of butyrate-producingbacteria (genus
Oscillospira, taxonomically classified as P. capillosus and F. plautii species after SPINGO
procedure) in TAC mice, and these results were also corroborated by PICRUSTanalysis. Recent
studies have implicated increases in genus Lactobacillus in pathophysiology of cardiovascular

diseases, even if conflicting results have been reported in HF. Increases in
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lactate-producing Lactobacillus have been demonstrated in elderly patients with HF and in
animal models of hypertension®2, Consistently, ST-segment elevation myocardial infarction
(STEMI) patients were characterized by increased circulating levels of intestinal Lactobacilli,
associated with systemic inflammation and adverse cardiovascular events®®. On the contrary,
ferulic acid administration, which improves cardiac function in TAC mice, has been shown to
increase intestinal Lactobacillus®®. Moreover, a reduction of Lactobacillus has been reported in
gut microbiota of rats with isoproterenol-induced HF®. Thus, further investigations will be
necessary to clarify the role of Lactobacillus phylotypes in the pathophysiology of HF, ideally
with species-level approaches.

Mitochondrial a Kinase Anchor Proteins in cardiovascular health and disease

Previous studies in our laboratory and others have shown the crucial role of mitochondrial
AKAPs in the regulation of several cardiovascular functions under physiological or
pathological conditions, suggesting that these signaling hubs represent novel and druggable
targets for multiple cardiovascular diseases. To obtain specific inhibition of mitochondrial
AKAPs in the cardiovascular system, several aspects should be considered. Since AKAPs lack
intrinsic enzymatic activity and function as nucleators of signalosomes at specific cellular
locations in some cases with still unknown cardiovascular functions several different strategies
could be potentially undertaken to modulate AKAP levels, mitochondrial targeting and/or
selective interactions with effectors. Accumulating evidence identifies subcellular cAMP
signaling as the main contributor of cardiomyocyte homeostasis. Consequently, disruption of
microdomains of CAMP triggers cardiomyocyte dysfunction, promoting CVD. With their role
in regulating local cAMP signaling, mitochondrial AKAPs are uniquely positioned to modulate
mitochondrial function and, in general, cellular bioenergetics in cellular health and disease.
Moreover, the use of global activators or inhibitors of cAMP/PKA signaling to indiscriminately
affect all compartmentalized intracellular pools of cAMP, overexpression or silencing of
specific AKAPs with a mechanistic role in specific physiological or pathological conditions
may represent valuable approaches to restrict spatial regulation of AKAPs signaling. Future
studies to unravel mechanisms of mitochondrial AKAPs function in CVD holds great basic and,

potentially, clinical potential.

Partial loss of Akapl gene promotes cardiac dysfunction, gut barrier abnormalities, and

alteration of gut microbiota composition during ageing.

Data reported in this part of the thesis demonstrate that AKAP1 plays a role in cardiomyocyte
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hypertrophy and development of cardiac dysfunction during aging, as demonstrated reduced
FS%, an increase in cardiomyocytes and an increase in the fibrotic area of LV in Akap1*" old
age mice. As previously descript, AKAPL regulates ROS production and cardiomyocyte
survival and commonly know there is a correlation between oxidative stress and dysbiosis®. In
this study we confirmed that AKAP1 modulate intestine permeability, as shown by reduction
of mMRNA expression of ZO-1 and Ocln levels and increased FITC-dextran translocation across
intestinal epithelium into blood. Moreover, we concurrently found a significant increase of LPS
and proinflammatory cytokines in systemic blood circulation of 24m Akap1*" mice compared
to Akap1** same age. Microbiota analysis reveal changes in bacterial populations during aging,
in particular 24m Akap1*" mice, showed an increase Ruminococcus Torques and a significant
reduction of Blautia_producta. Ruminococcus Torques participate in mucus degradation and
gut barrier dysfunction®®, while Blautia_producta can produce butyric acid which has anti-
inflammatory properties®’. This condition of dyshiosis contributes to altered intestinal
permeability with an increase in systemic inflammation.

The role played by AKAP1 in the gut-heart axis during aging has been corroborated by FMT
studies. This experimental approach has allowed to modulate the composition of the intestinal
microbiota and to understand the role of the latter in aging and in the development of cardiac
dysfunction in relation to the partial deletion Akapl gene. Our data show that FTM using 24m
Akap1*" mice as donors caused reduction of %FS, increase intestinal permeability and systemic
inflammation in 6m and 24m Akap1** mice compared to vehicle-treated mice. Conversely,
FMT using 6m Akap1** mice as donors induced in 24m Akap1*'- an improvement in %FS and
intestinal permeability, with consequent reduced systemic inflammation compared to vehicle-
treated mice.

Upon FMT treatment from 24m Akap1*- donors, significant changes were detected in relative
abundance of specific bacterial species between the recipient groups. In particular, harmful
bacterial species as Helicobacter mastomyrinus, Helicobacter_apodemus, Peptococcaceae and
Rikenellaceae RC9 gut group species, were transplanted in 6m and 24m Akap1** mice from
24m Akapl1*™* mice. Recent studies have demonstrated that Helicobacter mastomyrinus and
Helicobacter_apodemus are associated colon inflammation®®, while Peptococcaceae and
Rikenellaceae RC9 gut group specie are associated acute myocardial ischemia and oxidative
stress induced by High-Fat Diet>*. In reverse, after FMT treatment from 6m Akap1** donors,
harmful bacterial species as Lactobacillus and Mycoplasma were reduced in 24m Akapl*"
recipient mice compared to vehicle. Mycoplasma modulate colon inflammation®’, while

Lactobacillus is associated pathophysiology of cardiovascular diseases®!®
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In conclusion, we demonstrated that partial deletion Akapl gene plays a crucial role on the gut-
heart axis during aging, and that the manipulation of gut microbiota composition can modulate
cardiac function, suggesting mitochondrial AKAPs play a fundamental role in controlling of
ROS production and consequently the reduction of AKAP1 levels promote cardiac dysfunction,
systemic inflammation and intestinal dysbiosis, during aging. The molecular mechanisms of
how AKAP1 affects gut-heart axis homeostasis are currently unknown, future studies aimed at
identifying pathways modulated by AKAP1 in the gut-heart axis will be critical to identify new
possible molecular targets to restore levels of AKAP1, slowing cardiac senescence and

improving the quality of life of patients with CVD.

Conclusions

In this long-lasting research journey, we investigated the effects and role of gut barrier
permeability, microbiota remodeling and systemic inflammation, in murine models of pressure
overload, and the role of mitochondrial AKAP1 in cardiovascular senescence, systemic
inflammation, gut barrier permeability and microbiota remodeling by fecal microbiota
transplantation. All our results suggest that gut microbiota play a critical physiological and metabolic
role as mediator of gut-heart crosstalk. Future studies, aiming at identification of bacterial metabolites,
which involve numerous microbial pathways implicated in the pathogenesis of CVD disorders, could

be fundamental identification for potential biomarkers for diagnosis and treatment.
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