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ABSTRACT
OF THE DISSERTATION OF

Haneen Salem Dwaib for Doctor of Philosophy
Major: Biomedical Sciences

Title: The Impact of Dietary Interventions on Cardiovascular Dysfunction and Adipose
Tissue Inflammation in Non-Obese Prediabetic Rats

Cardiovascular diseases are the most common and serious complications of type 2
diabetes mellites (T2DM). Recent evidence suggested that CVDs start at the earliest
point of metabolic derangement in the prognosis of diabetes, the prediabetes stage.
However, this early onset of CVDs at this subclinical phase makes it harder to diagnose
and treat, as according to the international diabetes federation half of prediabetic
patients are undiagnosed. In our Sprague-dawley male rats, hypercaloric (HC) feeding
for 12-24 weeks exerted signs of metabolic impairment mimicking prediabetes in
humans: hyperinsulinemia and insulin resistance with normoglycemia. In addition to
increased adiposity with normal body weight. They also presented signs of early
cardiovascular insults, endothelial dysfunction, and cardiac autonomic imbalance (the
subclinical phase of cardiac autonomic neuropathy). Interestingly, these early
cardiovascular events were associated with negative adipose remodeling in a very
confined and small pool, the thoracic perivascular pad was observed. Perivascular
adipose dysfunction was consistently characterized by hypertrophied adipocytes
accompanied with elevated expression of uncoupling protein 1 (UCP1) and the
inevitable hypoxia and proinflammatory markers. Our previous work showed that
hyperinsulinemia alongside this hypoxia machinery in PVAT were responsible for
fueling its inflammation and further exaggerating the observed early cardiovascular
impairments. Hence, in this work we try to target different components of this hypoxia
machinery using safe and translational dietary interventions, inorganic phosphate
supplementation and therapeutic fasting (TF). Moreover, our previous data was based
on male rats, so we will try to establish sex differences in the etiology and prognosis of
early cardiovascular insults related to early metabolic derangements and adipose
inflammation. Indeed, as expected estrogen in ovulating and estrogen treated
ovariectomized female rats seemed to protect from HC-induced early metabolic and
cardiovascular insults, by improving insulin sensitivity and interrupting the hypoxia
machinery in PVAT. Certainly, the loss of endogenous estrogen seemed to exacerbate
the outcomes of HC feeding leading to obese prediabetic phenotype, with
cardiovascular dysfunction. However, 12 weeks of TF was able to reverse this non-
obese prediabetic phenotype in males, and the obese prediabetic one in ovariectomized
females, resetting the hypoxia machinery in PVAT and preventing the subsequent
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cardiovascular dysfunction. Lastly, using inorganic phosphate supplementation was able
to interfere with UCP1 activity and expression, disrupting the hypoxia machinery in
PVAT, correcting hyperinsulinemia, and eventually preventing early cardiovascular
insults.
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CHAPTER I

INTRODUCTION

A. Cardiovascular dysfunction in early metabolic impairment.

According to the world health organization cardiovascular diseases (CVDs)
accounted for more than one third of annual deaths worldwide [1], of which 80% are
recorded in low and middle income countries[2]. Most of CVDs are driven by
modifiable risk factors such as obesity, poor dietary behaviors, and sedentary lifestyle
among many others[1]. Excessive energy intake, especially the one obtained from fat
and sugar, makes up the basis of metabolic imbalance risk factors, which fuel CVDs
[1]. This association is certainly evident in type 2 diabetes mellitus (T2DM) patients|[3-
5]. Currently, it is well accepted that cardiovascular (CV) dysfunction commences at the
earliest stages of metabolic impairment occurring during the pathogenesis of diabetes
[6, 7]. This stage is referred to as the compensatory stage in T2DM prognosis, where the
pancreas overproduces insulin, to overcome the increase in blood glucose in response to
insulin resistance [5]. This highly prevalent stage is accompanied with early metabolic
distress and related to overweight and obesity [8]. Moreover, these metabolic anomalies
are correlated to adiposity and fat percentage rather than body weight. This is referred to
as a metabolically obese phenotype [9], which masks the apparent face of early
prediabetes [9, 10]. In the following sections, CVDs will be reviewed in the context of
diet induced early metabolic dysfunction including insulin resistance and negative
adipose tissue remodeling, sex differences, in addition to the dietary interventions tested

in this thesis, namely intermittent fasting and inorganic phosphate supplementation.



1. Diet Induced Adipose Tissue Inflammation, Insulin Resistance and
Cardiovascular Dysfunction

Based on scientific consensus on the role of the metabolic state in the development
of CVDs, there has been a reorientation in research towards the involvement of adipose
tissue (AT) in early metabolic challenges, T2DM and correlated CVDs. AT is
considered a dynamic organ rather than an energy reservoir. It is accepted that AT
affects cardiovascular health through paracrine and endocrine interactions with
cardiovascular tissues [11, 12]. AT is classified based on the differences in depots’
morphologies and localization into white AT (WAT), brown AT (BAT) or beige AT.
On the one hand, WAT is considered the largest of all in terms of quantity, as it
accounts for up to 80% of all adipose pools and is distributed all over the body mainly
in the subcutaneous (sWAT), visceral (VAT) and gonadal (GAT) depots. Its main
building block is the unilocular adipocyte (AC), which has one large lipid droplet with
few mitochondria. It also has the stromal vascular fraction (SVF) which contains other
cell types. The main function of WAT is energy storage; nonetheless, it is the major
source of adipokines and hormones such as leptin[13-15]. On the other hand, BAT can
be considered the opposite of WAT, as it is only found in confined places, such as
cervical and subscapular depots, with ACs showing multilocular morphology,
containing large number of small lipid droplet with a high count of mitochondria (MT),
giving it the brownish color, where the name comes from [16, 17]. These MT are highly
rich in uncoupling protein 1 (UCP1) that gives BAT its special function of
thermogenesis [18, 19]. The role of UCP1 in AT inflammation and dysfunction will be
further discussed in later sections. Moving to the third class of AT, beige or bright AT
has a singular morphology that combines both BAT and WAT, as it has more lipid

droplets than WAT but fewer and bigger than the ones in BAT. MT count is



intermediate between BAT and WAT, and UCP1 expression and function depends on
the site of this special depots, the most important example is perivascular AT (PVAT),
which is a naturally occurring beige AT that surrounds the blood vessels and has a
major role in regulating the vascular tone [20-22]. PVAT is considered a vital organ in
CV dysfunction and prognosis [20, 21]. Its role and function will be reviewed in detail
in the upcoming parts.

Since each class of AT has unique characteristics, energy induced response is
expected to be particular in each pool [11, 23-25]. However, high fat diet (HFD) and
positive energy intake will definitely induce pathological changes in all depots, which is
found to be linked to CVDs [26]. Significantly, excessive calorie intake, diet induced
obesity (DIO) and T2DM are correlated with a wide range of CVDs while sharing a
background of low-grade AT inflammation [23, 27]. Particularly, HFD is known to
produce an extensive set of pathological changes in AT, which can be referred to as AT
negative remodeling[24, 28, 29].

Indeed, positive energy intake induces hypertrophy of ACs, which is considered a
failure of ACs to proliferate normally [30], resulting in malfunctioning ACs that are
typically accompanied with cardio-metabolic derangements [11, 31], like
hyperinsulinemia, hyperlipidemia, hypertension and atherosclerosis [32]. For example,
subjects diagnosed with T2DM or dyslipidemia were found to have larger subcutaneous
ACs than their control counterparts [11]. The failure of recruitment and differentiation
of fat progenitor cells in obesity and prediabetes occurs due to a combination of factors
including AT insulin resistance that is observed in obese and prediabetic individuals,
which provokes the expansion of existing ACs [32]. As insulin inhibits lipolysis,

insulin resistance lead to increased circulating free fatty acids (FFA), which in turn fuels



and exaggerates the insulin resistance tightly correlated with hypertension and CVDs
[31]. In this context, nutrient excess triggers an increased demand for protein and lipid
synthesis leading to endoplasmic reticulum stress, which in turn activates nuclear
factor-kB (NF-xB). The latter pathway impairs the action of insulin by promoting the
inhibitory phosphorylation of insulin receptor substrate 1 (IRS-1). As well, it could be
plausible that compensatory hyperinsulinemia in obesity or HFD intake may augment
AC glucose uptake eventually leading to abnormally hypertrophied ACs [31] in a self-
reinforcing vicious cycle. The vital role of insulin in white AC hypertrophy was
confirmed in several animal models. A mouse model of AT insulin receptor knockout
showed a significant reduction in total fat mass, age related obesity, and other metabolic
abnormalities [30]. Moreover, a knockout rat model of insulin receptor in AT was found
to be resistant to diet induced hypertrophy compared to their wild type littermates [33].
The oxygenation status of the AT is considered one of the most essential
parameters in AT pathophysiology in obesity, and considered the upstream regulator of
AT inflammatory cascade leading to increased proinflammatory cytokines like TNF-a
and macrophage infiltration and other cytotoxic cells like (CD4+) in obese animal
models, as well as AT fibrosis and insulin resistance [34-37]. Caloric intake-induced
hyperinsulinemia drives AC hypertrophy promoting its diametric expansion beyond the
diffusion potential of oxygen [38]. Importantly, this occurs in the absence of
compensatory AT vascularization creating a local hypoxic state that is associated with
an increased expression of HIF-1 [36, 39, 40]. An extensive crosstalk between
signaling pathways involving HIF-1« and other transcription factors implicated in the

AT hypoxic response such as NF-«B occurs, where NF-xB was shown to regulate HIF-

1 o transcription [39, 41, 42]. Additionally, it was shown that hypoxia-triggered



expression of HIF-1¢« induces NF-xB-mediated cytokine production including IL-1/,
which results in subsequent recruitment and accumulation of distinct populations of
immune cells giving rise to a state of chronic AT inflammation [43-46]. Importantly,
the dysfunction of adipose depots implicated in the pathogenesis of cardiovascular
dysfunction , such as epicardial, perivascular, and perirenal adipose depots, is
associated with a perturbed immune cell landscape and adipokine profiles in different
states of metabolic dysfunction [47].

Adipose tissue macrophages (ATMs) exhibit remarkable polarization-dependent
transcriptomic heterogeneity that is highly dependent on microenvironmental factors
[48, 49]. AT-resident or infiltrating macrophages can either adopt a classical, pro-
inflammatory M1 polarization, or an anti-inflammatory M2 polarization. ATMs in lean
AT are predominantly of M2 polarized [50, 51], while M1 macrophage infiltration into
inflamed ATs as well as the phenotypic switch of resident M2 macrophages to M1
macrophages occur in response to HFD consumption [52, 53]. As such, these
macrophages associate with crown-like structures, which represent macrophages
actively phagocytosing apoptotic adipocytes with the concurrent increased production
of proinflammatory cytokines and chemokines as well as reactive oxygen species
(ROS) [51, 54-58]. Moreover, it was suggested that ATMs represent the primary source
of the proinflammatory cytokines TNF ¢, IL-1, IL-6 and iNOS [57, 59]. Noteworthy, it
was suggested that WAT preadipocytes can undergo a phenotypic switch, by which
they transdifferentiate into macrophages in vivo in response to HFD under a contact-
dependent macrophage-mediated stimulation [59, 60]. Nevertheless, in vitro studies
suggest that AC-macrophage crosstalk is mainly mediated by FFA and TNF e. Indeed,

TNF«a was shown to drive AT inflammation and to reduce adiponectin expression,



while FFAs were found to increase macrophage cytokines production [61]. This
crosstalk was found to be exaggerated upon the use of hypertrophied or obese ACs [61].
Accumulating evidence suggests a role for TNF ¢ in inhibiting peroxisome proliferator
activated receptor Y (PPARY) activity through several pathways [62], among which is
the activation of the classical NF-xB pathway, which prevents PPARy binding to its
response element, and hence blocks its downstream effect [63]. As PPARY represents a
major promoter of adipogenesis, it is thought that TNF a-mediated suppression of
PPARYy signaling would increase levels of circulating FFAs and subsequently enhancing
the proinflammatory polarization of ATMs [64]. This is supported by evidence from
PPARY receptor agonist treated HFD-fed mice, which exhibited an enhanced overall
insulin sensitivity and an increased M2 count in VAT [65]. Indeed, TNF & KO mice
were protected from HFD-induced IR and exhibited reduced serum FFA levels [66].
Moreover, ATM-derived TNF « is suggested to be the leading promoter of adipose-
specific insulin resistance through various mechanisms [59, 67, 68]. It was shown that
TNF a downregulates the expression of IRS-1 [69, 70], and inhibits the activity of ATP-
activated protein kinase (AMPK) activity [71]. In addition to AMPK energy sensing
activity, and the crucial role of AMPK signaling dysfunction in the pathogenesis of IR,
AMPK activation was shown to prime M2 macrophage polarization [72] Although
ATMs are considered the main contributors to HFD-induced AT inflammation [57].
However, other immunocytes were involved in promoting AT inflammation, such as
dendritic cells (DCs), mast cells, eosinophils, T cells, B cells among others[55, 73, 74].
For example, metabolically dysfunctional perivascular AT (PVAT) was found to be
infiltrated by macrophages, T cells, natural killer cells, and DCs that produce either pro-

inflammatory or anti-inflammatory cytokines depending on PVAT adipokine profile



shifts [46]. As such, accumulating evidence implicates local alterations of resident and
infiltrating immune cell populations within the SVF in AT inflammation and the
pathogenesis of insulin resistance, metabolic syndrome, and diabetes [47]. Moreover,
AT dysfunction is associated with an imbalanced adipokine profile that further
promotes detrimental AT immune cell landscape shifts [47].

Another important player in AT function is UCP1, which is considered one of the
unique hallmarks of multilocular adipocytes and found abundantly in the inner
mitochondrial membrane BAT imparting its thermogenic property, as mentioned
previously[19, 75]. The expression of UCP1 is mainly mediated by the downstream
pathway of B-adrenergic receptors (AR), more specifically B;-AR [76]. Moreover B;-AR
activation induces lipolysis, increasing free fatty acids levels further promotes the
activity of UCP1 [77]. In fact, UCPI ablation in mice inhibited shivering thermogenesis
in BAT in response to sympathetic or FFA stimulation[78].

Conversely, in WAT, UCP1 mediates browning or beiging [76, 79]. Which is the
process by which unilocular adipocytes start to express brown or multilocular markers,
mainly UCP1, to increase energy expenditure [22, 29, 75, 80]. Browning of WAT was
mostly correlated with positive health outcomes[29, 81]. While the suppression of
browning or the promotion of whitening were perceived as negative ones and were
correlated with detrimental consequences. For instance, when Adipocytes were
challenged with macrophages activated by lipopolysaccharide (LPS) and TNF-a, the
expression of UCP1 mRNA, UCP1 promoter and transcriptional factor binding to
cAMP response element were all suppressed in WAT [82]. Similarly, other studies
suggested that UCP1 is downregulated in BAT by low-grade inflammation as seen in

mice chronically treated with LPS [83]. In this study, it was proposed that BAT is



immunologically naive since in vitro LPS treatment was not able to induce
inflammation and produce UCP1 downregulation, which was achieved by direct
stimulation with IL-1p instead.

Interestingly and from a different perspective, murine studies reported an increase in
UCPI1 expression in BAT in response to high-fat diet feeding [84]. Specifically, a recent
study showed that AC browning and increased expression of UCP1, among other BAT
markers, were observed in several WAT depots in rats receiving a high-fat diet [85].
One of the possible pathways for IL-1B-evoked UCP1 downregulation was proposed to
be via stimulating the endogenous protein deleted in breast cancer -1 being natural
inhibitor of Human silent information regulator Type -1/ Sirtuin-1 (SIRT1). SIRT1 was
shown to stimulate UCP1 expression [83]. In this regard, SIRT1 plays a crucial role in
the AT, as it acts as a natural suppressor for PPARy in ACs thus decreasing fat
accumulation [86]. This is associated with an increase in lipolysis by inducing
mitochondrial fatty acid oxidation, through the activation of the transcriptional
coactivator; PPAR y gamma coactivator-1a (PGC-1« ) [87]. Significantly, a lack of
increase in UCP1-mediated energy dissipation in response to high-fat feeding triggered
BAT changes reminiscent of AT hypertrophy typically seen in WAT depots. Indeed,
UCP1 knockout mice receiving high-fat diet showed a whitening of BAT, with
increased adipocyte size and macrophage infiltration [88]. As well, reduced
mitochondrial biogenesis, increased endoplasmic reticulum stress, and disrupted
glucose tolerance were more pronounced in these mice upon high-fat feeding.
However, these mice did not show any sign of change in visceral adiposity, body
weight, energy intake or expenditure [88]. Another important factor is the sympathetic

overactivation that is usually triggered by cold exposure. Sympathetic stimulation



induces proliferation of BAT through the activity of PPARy, which in turn increases the
expression of UCP1 and mitochondrial biogenesis. This was shown in an in vivo study
comparing innervated and denervated BAT and demonstrating that PPARy-mediated
UCP1 activation was dependent on the sympathetic nervous system (SNS) [89]. This is
in contrast to in vitro research findings, where treating BAT cells with Rosiglitazone, a
selective PPARYy agonist [90], was enough to increase UCP1 and mitochondrial
biogenesis in manner that does not involve sympathetic activation [91]. Significantly, it
has long been recognized that hyperinsulinemia in early metabolic dysfunction in
humans and animals, triggers increased sympathetic activity [92, 93].

On the other hand, increased oxygen consumption associated with browning of
white ACs differentiated from human adipose-derived stem cells was correlated with
increased mitochondria fission indicated by increase in Dynamin-Related Protein-1
(DRP-1) phosphorylation on serine 616 (ser616) [94]. Moreover, other triggers leading
to sub-cutaneous white AC browning were also associated with increased Erk-mediated
ser616-DRP1 phosphorylation and mitochondrial fission [95]. Indeed, DRP1-mediated
mitochondrial fission was shown to be utilized by BAT adipocytes in response to
sympathetic stimulation to increase energy dissipation and involved protein kinase A-
evoked DRP1 phosphorylation at the same site [96]. The exact molecular relationship
between increased UCP1 expression and mitochondrial fission remains unclear.
However, increased mitochondrial fission observed under these circumstances has
recently been proposed to act as a feedback mechanism increasing the metabolic
resilience and protecting against the deleterious effect of increased caloric intake [17].
Yet, in the above situations, mitochondrial changes were seen under circumstances not

perceived to contribute to adipose pathologies. Interestingly, WAT inflammation in



diabetic mice was associated with increased ser616-DRP1 phosphorylation. Both
observations were reversed when animals received treatments increasing AMPK
activity. However, this study did not examine the status of UCP1 expression [97].
Nevertheless, the deletion of either the « or £ subunits of AMPK resulted in an
impaired WAT beiging with a resistance to S-AR stimulation [98, 99]. In another study,
AMPK gain of function mutation induced sWAT browning [100].

Ultimately, energy induced AT negative remodeling including hypertrophy,
hypoxia, inflammation and altered UCP1 expression among many others will mount
metabolic imbalance and cardiovascular dysfunction, eventually leading to CVDs in
clinical and subclinical stages. One example is the increase of proinflammatory
macrophages, cytokines, and ROS in epicardial AT in patients with coronary artery
diseases [101-103]. In fact, obese patients with insulin resistance had systemic arterial
dysfunction concurrent with high M1 ATMs and TNFa mRNA in SAT and elevated
serum C reactive protein (CRP) , indicating a proinflammatory state [ 104]. Indeed, in
our work AT inflammation was related to autonomic imbalance, the preclinical stage of
cardiac autonomic neuropathy (CAN) [6]. and endothelial dysfunction (ED) [105], both
considered major risk factors predisposing to CVD associated with diet induced
metabolic impairment and prediabetes [106].

CAN is one of the most serious and prevalent complications of diabetes, it is
manifested by the impaired ability for cardiovascular autonomic control [107]. It is
known to occur early during metabolic derangement exemplified by the prediabetic
stage [108-110]. Indeed, subclinical CAN exhibited by autonomic imbalance, with

dysfunctional parasympathetic autonomic response, were detected in early metabolic



derangements in the absence of systemic inflammation and apparent hyperglycemia, but
rather with confined inflammation and AT modulation [6, 111].

ED is a major predisposing factor for CVDs[110, 112, 113], it is a term referred to
the altered endothelium state, characterized by proinflammatory, prothrombic and
reduced vasodilatory activity [114]. The main drivers of impaired vasodilation are
reduced endothelial nitric oxide production, compromised hyperpolarization factors
and increased oxidative stress[114, 115]. It is highly prevalent in early metabolic
insults[ 116], prediabetes, diabetes, obesity, HTN and many others [104, 110, 112, 113,
115, 117, 118]. Henceforth, one of the most significant depots in mirroring the
cardiovascular status is perivascular adipose tissue (PVAT) [119]. Indeed, recent studies
on a prediabetic rat model showed that mildly increased caloric intake led to clear
cardiovascular manifestations even in absence of overt hyperglycemia, increased body
weight, or high blood pressure [6, 7, 105]. Significantly, the observed endothelial
dysfunction and CAN were linked to localized PVAT inflammation with neither
inflammatory changes in other adipose pool nor systemic involvement [6, 7, 105]. This
further indicates the peculiar and sensitive nature of PVAT in responding to positive
energy intake, and its dramatic effect on metabolic and cardiovascular state despite
being a minute pool. PVAT remodeling and CVDs will be elaborately discussed in the

following section.

2. Diet Induced Perivascular Adipose Tissue remodeling and metabolic provoked
cardiovascular impairment.

PVAT is the adipose layer surrounding the adventitia of most large blood vessels.
It is a distinct depot anatomically and functionally[22]. First, it is considered one of the

few naturally occurring beige adipose pools, which has both multi and unilocular ACs,



with moderate UCP1 expression depending on the localization and the metabolic state
of the subject[21, 22]. Second, it plays a major role in regulating the vasomotor tone in
blood vessels, by producing various cytokines and adipokines. For example,
adiponectin is considered one of the important vasorelaxant agents produced by
PVATJ[20]. Lastly, despite being relatively a small depot, the unique localization of
PVAT engulfing blood vessels, being a dynamic and metabolically active tissue, its
dysfunction will eventually incite CVDs, [21, 120-122]. For instance, PVAT ACs had
higher proinflammatory and reduced adipogenic differentiation state compared to other
depots, in addition to other anti-inflammatory products such as adiponectin[123]. The
produced adipokines and cytokines do not only have humoral effects, but also interrupt
the contractile machinery of endothelium and smooth muscle cells of blood vessels, a
process referred to as adipose-vascular coupling [124], which was found to be a
contributor to ED as well [116, 124-126]. Metabolic stress was found to compromise
endothelial dependent vasorelaxation, nitric oxide (NO) and endothelial-dependent
hyperpolarization (EDHP)[126]. As stated before, ED is known to be a strong
contributor to CVDs in individual with insulin resistance in human and murine models
[113, 118]. Moreover, PVAT was suggested to be responsible for aortic remodeling
[127]. One study even suggested that exercise mediated endothelial protection in T2DM
mice, is mediated by inducing anti-inflammatory state in PVAT[128]. According to the
Framingham offspring heart study, in human subjects increased PVAT mass was tightly
associated with coronary calcification, HTN and metabolic anomalies such as glucose
intolerance, low HDL, even in the absence of overweight , obesity and elevated

VAT[129, 130].



Moreover, inflammation of PVAT can be a confounding factor of plaque formation
and stability[ 131]. Mechanistic pathways by which PVAT secretes a complex array of
factors to modulate vascular tone have been proposed. Indeed, as early as 1991,
periaortic fat was shown to exert an anti-contractile effect [132] that persisted when
vessels without AT were treated with PVAT-conditioned media [133]. In this regard,
PVAT adipokines are highly likely to exert direct effects on the nearby vascular tissue.
Of these, adiponectin was shown to mediate the anticontractile effect via eNOS
stimulation [ 134, 135]. Additionally, animal models of deleted PPARY that lacked the
PVAT depot, showed endothelial dysfunction and increased cardiovascular diseases
[136] supporting the fundamental role of PVAT in modulating cardiovascular health
[20, 21]. Of note, studies have shown that the anticontractile effect is lost in metabolic
diseases like diabetes, as PVAT phenotype shifts into a proinflammatory state [121].
This is accompanied by significant perturbation in the adipokine profile involving
several of these products including adiponectin, leptin, chemerin, resistin, and visfatin
[137]. Another study indicated that upon the transplant of thoracic aortic PVAT from
HFD fed mice to the carotid artery of HFD-fed ApoE™ mice vascular injury was
augmented, and it was mediated by macrophage chemotactic protein 1 (MCP1)
expression [138]. It also was suggested that proinflammatory ATMs migration induces
inflammation in the vascular bed and poses atherogenic effect [139]. Furthermore, it
appears that PVAT is especially sensitive to hypoxia-driven inflammation [140].
Indeed, isolated PVAT inflammation, with significant implications on vascular structure
and function, was observed in more than one animal model of metabolic challenge.
Transplantation of inflamed PVAT from HFD-fed ApoE” mice increased the incidence

of atherosclerosis and ED in recipient animals on a control diet [141]. Moreover,



prediabetic rats fed mild hypercaloric diet showed increases in PVAT UCP1, DRP1 as
well as HIF1-a expression, in addition to a hypertrophied inflamed morphology that
were associated with vascular dysfunction in absence of similar changes in other
adipose depots [7]. One would assume that this peculiar nature, whereby several PVAT
pools expressed brown adipose-specific genes [142-144], might be the cause of the
observed early involvement and increased sensitivity to inflammation. In this context,
an assumed exaggerated oxygen consumption triggered by increased UCP1 expression
would be exacerbated by the observed adipocyte hypertrophy in a combination of
events less likely to occur in other adipose depots. Importantly, another rat model on
HFD showed increased UCP1 expression in PVAT, however this increase was not
explained nor were its implications investigated [88]. Since sympathetic activation
requires ;-AR in beige ACs to induce thermogenesis and increase UCP1[145]. This can
explain the increase of UCP1in PVAT in response to excess energy intake. Likewise,
spontaneously hypertensive rats had elevated UCP1in PVAT[146]. On the other hand,
HFD reduced UCP1 in WAT and VAT, supporting the hypothesis indicating that AT
depots act varyingly in response to the same energy stimuli [88]. In the above rat model
of early metabolic dysfunction, localized PVAT inflammation led to increased IL-1/43
and TGF-p1 production, which was associated with reduced AMPK activation,
increased vascular Erk1/2 phosphorylation, medial hypertrophy, oxidative stress,
increased rho-associated kinase (ROCK)-mediated calcium sensitization and a
hypercontractile response [7, 147]. This isolated PVAT inflammation model was also
associated with impaired endothelial relaxing function due to reduced

expression/function of inward rectifier K™ channels [105]. On the contrary, exercise



showed to increase PVAT UCP1 expression in diabetic mice, alongside anti-
inflammatory markers and M2 polarization [128].

Furthermore, targeting the constituents of PVAT inflammation ameliorated diet
induced endothelial dysfunction. As such, different animal study using AMPKa.1
knockout mice assessed the impact of HFD on PVAT function. HFD in wild-type mice
reduced P-AMPK and adiponectin levels, in addition to diminished anti-contractile
involvement of PVAT accompanied by an infiltration of macrophage with M1
polarization, indicated by increase in iINOS and IL-1 B. Yet in AMPKal KO mice,
PVAT of both HFD and control fed animals showed a massive reduction in P-AMPK,
adiponectin and abolished vasorelaxation [122].

All these findings further confirm the early involvement of diet induced PVAT

inflammation in disposing to metabolic and cardiovascular dysfunction.

B. Sexual Dimorphism in Metabolic Induced Cardiovascular Dysfunction.

Gender plays a confounding role in CVDs incidence, prevalence, and prognosis|[1].
It is well established that women and female animals with circulating estrogen are less
prone to develop CVDs in response to HFD compared to their male and nonovulating
female opponents. As such, premenopausal women are at lower risk for developing
CVDs compared to men at the same age, and odds are not in favor of women after
menopause. [148-150]. Also, HFD fed female mice were protected from diastolic
dysfunction and left ventricle (LV) hypertrophy, unlike their male equals [151].
Another human study showed that women had less markers of ED, vascular injury, and
inflammation compared to men[152]. Plus, premenopausal women had more

pronounced endothelium dependent vasorelaxation compared to men [153]. A study



exploring the impact of adiponectin level on cardiovascular health in eNOS KO male
and female mice, showed that in response to HFD female mice were able to compensate
for eNOS absence when adiponectin was overexpressed and they maintained normal
cardiac function and left ventricle mass, unlike males who had compromised LV
function and hypertrophy in response to HFD independent of adiponectin levels.
Interestingly, adiponectin overexpression in females reduced adiposity and fat mass
increase. The same study also suggested the deletion of eNOS led to an upregulation of
adiponectin, and this was even more pronounced in females implying the possible role
of sex hormones in modulating the compensatory upregulation of adiponectin. [154].

Even though women have higher fat mass than men at the same age, they are
protected from cardiometabolic risk, which is mainly attributed to increased peripheral
adiposity and lower central fat mass[149, 150, 152, 155, 156]. Women are more insulin
sensitive than men , which is a fundamental contributor to the female CV privilege
[150, 157]. Moreover, female mice were protected from HFD induced hyperglycemia
and glucose intolerance whereas males were not [151]. Another ex-vivo study
measuring the impact of E2 on insulin sensitivity in muscles taken from female rats
showed that treatment with E2 enhanced muscles’ AMPK phosphorylation rather than
not glucose uptake [158]. Moreover, prediabetic women were found to have less fasting
blood glucose, but scored higher in glucose tolerance test than their male
counterparts[149]. However, others suggested that it is not the insulin resistance that is
different between men and women, but rather the ability of women to mitigate the role
of insulin resistance in CVDs development[150]. Moreover, In female rats estrogen

controls vascular tone by modulating endothelial f-AR expression, increasing 1-AR



and B3-AR but not B2-AR. OVX reduced B1-AR and [3;-AR in vascular tissues, which
induced a similar vascular tone to the males[159].
Hence, functional and anatomical differences such as sex hormones and adiposity

patterns make women more resistant to metabolic distress[149].

1. Sexual Dimorphism and Adipose Tissue Dysfunction

Sexual dimorphism in cardiovascular status is a sum of intertwined biological
and non-biological factors, however, the most prominent and dominant ones are sex
hormones and adiposity [148, 152, 155, 156, 160]. Women tend to have higher sWAT
with peripheral adiposity that is referred to as ‘gynoid phenotype’, while men mainly
accumulate fat centrally in the viscera, referred to as ‘android phenotype’ [149]. Since
each depot of AT has different characteristics and function, ectopic or VAT is more
related to cardiometabolic disorders than sSWAT [29, 149, 161]. ACs in the latter are
larger in size yet more sensitive to insulin [ 149]. Furthermore, in response to positive
energy balance SWAT expand in a more hyperplastic manner, while VAT respond in a
more hypertrophied one[29]. Moreover, several lines of evidence coincided that in men
ingested lipids are mostly stored in the visceral depot rather than subcutaneous,
compared to women [162, 163]. Additionally, premenopausal women were noticed to
have more active LPL in extracted sSWAT from different sites (femoral, gluteal,
abdominal, and epigastric) than men. While in men, they had larger depots of VAT
(omental and mesenteric) without any change in LPL activity[164]. In fact, studies on
transsexual human subjects indicated a clear shift in adiposity patterns, as female-male
treated subjects with testosterone esters had higher VAT and lower peripheral sWAT,

while male-female transgenders had higher overall SWAT and lower VAT upon



treatment with estradiol and pregestational antiandrogen [165]. As previously detailed,
adipose hypertrophy is associated with a pro-inflammatory state and tissue hypoxia,
which will further exaggerate the inflammation, fibrosis, and insulin resistance [29, 149,

166].

a. The Role of Estrogen and Estrogen Receptors in Diet Induced Adipose
Remodeling.

Estrogen is well known to reduce energy intake and increase energy expenditure
[167]. As such, premenopausal healthy women were found to have an advantage in
postprandial lipid metabolism, which was compromised in premenopausal prediabetic
women and in postmenopausal women [168]. On the same note, bilateral ovariectomy
(OVX) in murine models increased food intake and body weight [169]. Similar
conclusions regarding energy expenditure were drawn from another model of
endogenous estrogen deficiency, the aromatase cytochrome P450 KO mouse model, as
in both males and females it promoted hyperinsulinemia with weight gain and increased
adiposity especially in the gonadal pool, these changes were not associated with
hyperphagia but rather with reduced energy expenditure, reduced physical activity,
reduced glucose oxidation and decreased lean body mass [170]. Leptin as well was
suggested to mediate the changes in food intake correlated with menopause, as one
human study following postmenopausal women for 5 years indicated an increase in
circulating leptin compared to their HRT recipient peers, adiposity and fat mass
increased in the control group as well[171].

Furthermore, estrogen was found to protect from GAT hypertrophy, fibrosis and
inflammation in male and female mice [172]. Indeed, the absence of circulating

estrogen provoked a state of proinflammatory immune response in human subjects and



animal models[173, 174]. Estrogen was found to exert these beneficial outcomes even
in the presence of HFD. As female and male mice fed for 4 weeks on HFD, males had
higher total body weight while females had higher fat mass, however, they had lower
fasting blood glucose than males. Still, E2 treatment improved insulin sensitivity in both
sexes and reduced fat mass in males, in addition to a massive reduction in WAT and
plasma IL-6 and TNF-a levels[175]. Moreover, sWAT in HFD fed female rats was
found to be protected against redox stress compared to males, increased NADPH
oxidase (NOX) activity and mRNA expression, while glutathione peroxidase (GPx) and
superoxide dismutase (SOD) were reduced. At the same time mRNA levels of
inflammatory markers seemed to be higher in sSWAT of male rats like; IL-6, TNF-a, IL-
1 B and CD68, a marker of macrophages[176]. Interestingly, AT specific /L-6 KO mice
had sex dependent impact upon HFD feeding, as female KO mice had lower adiposity
especially in GAT and sWAT and ACs count in GAT, with weight gain and higher
PGCl1-a level than the WT, while males did not show similar patterns. These KO
females were also protected against impaired insulin sensitivity and glucose
tolerance[177]. Since women have more insulin sensitivity than men in AT, this might
also attribute to the differential adiposity in lower sWAT than VAT compared to men
[178-180].

Intriguingly, the quality of fat in the HFD affect the AT inflammation related
metabolic outcomes in a sex dependent manner. As mice fed low cholesterol HFD that
either contained Monounsaturated FA (using cotton and soy oils) vs Saturated FA
(using lard), showed that despite the unified increased in body weight in both sexes in
response to both diets. However, adiposity pattern did not, as VAT increased in

response to animal FA diet rather than the vegetable based one[151]. In addition to the



prominent effect of estrogens on adiposity patterns in human subjects and animal
models, it also reduced ACs hypertrophy, protected various AT depots from HFD
induced inflammation and redox damage, in addition to the promotion of anti-
inflammatory state.

In addition to the crucial role of estrogens in regulating metabolism and AT
functions, estrogen receptors (ERs) possess fundamental roles in animal models in both
genders, especially Era, since E2 has higher affinity to it than to ERP [181], and it’s
more abundant in ACs than ERB[182]. Moreover, HFD lead to a reduced Era in AT of
both male and female mice, however the females maintained a higher level compared to
the males [151]. Adipocyte specific ERo KO produced an inflamed and hypertrophied
GAT in mice; interestingly these pathologies were more prominent in male mice[172].
Moreover, E2 treatment after ovariectomy (OVX) in ERa KO mouse model did not
seem to correct the increased adiposity, weight gain and caloric intake[183].
Furthermore, ERa showed an important role in AT of males ERa KO model, as it
increased adiposity in both hyperplastic and hypertrophic modes in WAT (inguinal,
perirenal and epididymal) but not in BAT, in addition to increased body mass, which
was also recorded in females KO counterparts, alongside insulin resistance and glucose
intolerance. Interestingly, despite the weight gain induced by Era KO in male mice,
food intake did not differ from the WT littermates, however, energy expenditure was
found to be compromised, explaining the observed increased adiposity and weight
gain[184]. This was also found in a human male with mutation in ER that had increased
weight gain and hyperinsulinemia, impaired glucose tolerance [185]. ERa was found to
play the upper hand in these metabolic changes induced by OVX in rats, as upon using

selective agonist for Era propylpyrazole triol (PTT), it was able to reduce food intake



and weight gain, while ERP selective agonist diarylpropionitrile ( DPN) failed to exert
similar response [186, 187]. Nonetheless, using ERp selective agonist in HFD fed OVX
female mice showed the protective effect of ERP activation in weight gain, adiposity,
especially WAT mass and hypercholesterolemia. Strikingly, UCP1 in BAT was found
to be upregulated by ER agonist, increasing thermogenesis, in addition to repressing
PPAR-y in BAT and WAT indirectly by competing on the binding site with PGC1-a
[188]. Knockdown (KD) of ERa in AC was also accompanied with upregulation of
TLR4 in both sexes and TNF-a only in males. Furthermore, OVX induced adiposity and
weight gain are ERa dependent, as OVX in the KD model did not induce weight gain,
suggesting the possible role of ERa in adipose expansion in the absence of exogenous
and endogenous Estrogen, it was even suggested the protective effect of ERa KO in
OVX mice in improving AT inflammation and fibrosis. Again, in the absence of ERa,
ERp was found to have a protective role in AT insults [172].

Overall estrogen plays an important role in adiposity pattern, maintaining
adipose tissue function and preventing its inflammation even when challenged with

excessive energy intake, mainly through ERa.

b. Sex Differences in Adrenergic Receptors Function in Adipose Tissue
Modulation.

Variation in ARs activity and expression in different adipose pools were
implicated to play a major role in sex dependent catecholamines induced lipolytic
differences. As concluded by one study using ACs from nonobese human subjects ,
both B-AR sensitivity and expression were higher in abdominal derived ACs than
gluteal ones in both sexes, unlike a2-AR, where females abdominal ACs had

significant lower sensitivity to a2-AR compared to the gluteal derived ACs, with no



major difference in expression[189]. On the other hand, a longitudinal study on women
suggested the effect of aging is more prominent in catecholamines induced lipolysis
rather than hormonal changes in isolated ACs from the abdominal sSWAT, as they
measured a decreased B-AR activity but maintained a2-AR activity, as well as a
decrease in lipolysis linked genes and AC size regardless of the hormonal status[190].
On a different note, another study examining the role of estrogen in catecholamine
induced lipolysis, reported an increase in a2-AR activity and expression in sWAT but
not VAT (E2 activity was mediated thru Era) [191]. This might explain the sex
dependent adiposity pattern in females, as they have more antilipolytic activity in
sWAT rather than VAT, that is likely to be affected by age and hormonal status. In line
with these findings, another human study on FFA release in response to epinephrine
injection in men and women showed a sharp increase in FFA release in peripheral
sWAT in men but not in women, but similar release of FFA from VAT in both
sexes[192]. Indeed, uptake of injected radiolabeled FFA was traced in lower sWAT in

women and visceral in men [193].

c. Sex-Dependent UCP1 Modulation in Adipose Tissue.

Sex related differences in UCP1 expression and activation have been
inconsistent in cellular and preclinical models. For instance, women have higher fat
derived resting metabolic rate, as well as increased UCP1 expression and ACs count in
BAT compared to men [194]. Another in-vitro experiment showed that sex hormones
had dose dependent effect on UCP1 expression in brown ACs, such that testosterone
inhibits UCP1 expression in response to norepinephrine (NE), whereas progesterone

promoted the NE mediated UCP1 expression, while estrogen had no effect on its



expression; however both female sex hormones increased the size of lipid droplets in
ACs [195]. In contrast, a previous in-vitro experiment on brown ACs, indicated that
both female sex hormones reduced NE dependent UCP1 synthesis [196]. Still, UCP1
KO female mice had a higher tendency to insulin resistance, and glucose intolerance in
response to western diet (WD) [197]. Actually, in HFD fed Wistar rats, females had
lower expression of Bs-AR in BAT, alongside impaired insulin signaling pathway,
implied in the decrease of glucose transporter 4 (GLUT4) and IRS levels, which were
not observed in males who had better Mt function as well[198]. In normal conditions,
female rats tend to have higher sensitivity of B:-AR to NE response in BAT, with
elevated UCP1 and oxygen consumption and less a2-AR than males[199]. Another
study reported lower expression of B:-AR and 02-AR in female BAT compared to
males[200, 201].

Similarly, sSWAT in women also had higher gene marker for UCP1 compared to
men [194]. GAT browning in response to 3:-AR activation in females appears to be
more pronounced [202]. Additionally, increased UCP1 expression in female mice GAT
was correlated with positive metabolic outcome, opposite to males where UCP1
expression was positively correlated with insulin resistance and adiposity [203].
Besides, Mt activity in subcutaneous white ACs derived from obese female subjects
was higher and more effective compared to their male controls[204]. Cold induced
browning in peripheral sWAT in ACs derived from women but in the ones derived from
men, while VAT did not differ in UCP1 expression and oxygen consumption between
both sexes[159]. Since the contribution of fat mass to the resting metabolic rate in
women was found to be higher than in men, which was independent of the hormonal

status of women, It was suggested to be due the increased MT density and activity, in



addition to the increase of UCP1 expression in BAT [194]. Taken all together, these
findings suggest the higher sensitivity of female UCP1 in regulating metabolism.

Another important protective mechanisms of estrogen in the AT is the
promotion of hypoxia inducible factor 1 (HIF1-a) ubiquitination and degradation, by
ERa activation and upregulation of prolyl hydroxylase[ 149]. However, it was found that
E2 and PTT induced HIF-1a binding to vascular endothelial growth factor (VEGF)
promoter in-vitro in ACs[205], still this increase in hypoxia was found to be beneficial
to induce angiogenesis and protect AT dysfunction. However, in mammary carcinoma
endothelial cell line E2 treatment induced HIF1-a expression, interestingly, E2
treatment induced VEGF expression more than hypoxia did. Indicating the pathological
role of E2 in promoting hypoxia vascularization of the tumor[206]. Moreover, GAT in
female mice exhibited a more metabolic active pool despite HFD feeding, as they had
smaller ACs, more insulin sensitive, with higher adiponectin level, UCP1 and more
angiogenic markers such as VEGF [207]. Interestingly E2 and PPT were found to play a
very important role in upregulating VEGF in preadipocytes cell line mediated by Era, as
using Era antagonist or ERa selective Knockdown reduced VEGF expression and
ihibited E2 modulation of VEGF level. Besides, Era KO mice had lower VEGF in
GAT and inguinal pools compared to the WT[205].

Taken all together, female adipose tissue can be considered a major underlying
factor of sex depend CVDs differences, as it is seems to be more resilient to diet

induced irregularities such as insulin resistance, inflammation, and hypoxia[208, 209].



2. Sex Differential Involvement of Perivascular Adipose Tissue in
Cardiovascular Dysfunction.

Sex differences in the role of PVAT in diet induced CVDs development has not
been deeply investigated, however, several attempts were recorded. In the Framingham
study postmenopausal women were found to have an increased PVAT mass by 50%,
while men in the same age had 20% increase [130]. Noteworthy, PVAT in
postmenopausal women was found to have a higher number of proinflammatory
macrophages, compared to other depots, and it was suggested that this is associated
with increased CV risk [52]. Indeed, women who had higher thoracic PVAT had lower
HDL [130], making them more at risk of developing CVDs[210].

These finding were even more pronounced and detailed in animal models. HFD fed
male Wister-Kyoto rats showed a hypertrophied ACs and dysfunctional PVAT that was
accompanied with impaired endothelial dependent vasorelaxation. Female pigs showed
an anticontractile superiority when PVAT attached arteries were challenged with
vasorelaxant agents compared to male pigs, although both males and females had the
same level of PVAT adiponectin. Yet, female pigs had higher sensitivity of adiponectin
receptor in the coronary artery, which was confirmed by anti-adiponectin inhibition of
vasorelaxation in female vessels in the presence of PVAT, but not in males[211].
Additionally, OVX in murine models produced a dysfunctional PVAT compared to
their sham littermates[212]. Furthermore, HFD feeding in Dahl salt sensitive rat model
showed a sex dependent PVAT dysfunction, although both sexes developed HTN,
nonetheless, PVAT was more fibrotic and lost some of its anticontractile properties in
males but not in females[213]. Also, in female pigs PVAT thromboxane was mainly

involved in the coronary artery contraction, while in males prostaglandin F2. had the



upper hand[214], which further implies not only the anatomical differences based on
sex, but also the functional differences.

Another interesting study investigated the influence of maternal HFD induced
obesity on the fetal PVAT in rats: although the offspring were fed a control diet, only
male offspring were hypertensive, and their PVAT suffered from an altered anti-
contractility effect[215]. The same group of researchers further investigated the sex
differences in the offspring, female offspring were also hypertensive and both sexes had
slightly elevated serum insulin. However, endothelial dysfunction was only observed in
male offspring; reduced acetylcholine dependent relaxation, and low eNOS
phosphorylation, these were normal in females. Interestingly, reduced AMPK activity
was found to be the main driver of PVAT dysfunction in the offspring of HFD rats,
moreover, in males NO reduced bioavailability was an additional factor[216].
Contrariwise, HFD with and without high sucrose induced mesenteric PVAT
dysfunction in female mice and distorted its anticontractile effect only in females.
However, PVAT provoked endothelial dysfunction in high fat high sucrose diet was
observed in both sexes, but earlier in females, after 3 months vs 5 months in
males[217]. These findings further indicate the delicate nature of PVAT in responding
to excess energy intake, as each pool of PVAT has its own characteristics, in fact,
mesenteric PVAT is found to have more proliferative capacity in the adipose progenitor
cells compared to the thoracic aorta PVAT. Moreover, UCP1 expression in mesenteric
PVAT was lower and ACs were whiter than the aortic ones [218].Thoracic and
abdominal aortas PVAT were found to behave differently in response to the same diet

as well, HFD induced hypertrophy of ACs, in addition to increased macrophage



infiltration and MCP1 in abdominal PVAT, while high sucrose diet induced the same in
thoracic PVAT in addition to decrease in UCP1[219].

Another animal model of maternal intermittent hypoxia, stimulated by gestational
sleep apnea, was found to induce metabolic and endothelial dysfunction in male
offspring only, with increased inflammatory genetic markers and reduced adiponectin in
PVAT, marking its dysfunction [220]. Interestingly, thoracic PVAT in female Sprague-
Dawley control rats had higher T cells and immunocytes count compared to the one in
males[221]. Undeniably, PVAT mediated vascular tone regulation and its immune
responsiveness can be safely insinuated to be sex dependent.

As discussed in the previous section, dietary modulation of UCP1 is considered one
of the important mechanisms underlying AT engagement in sex dependent early
cardiovascular dysfunction. Nevertheless, UCP1 sex dependent differences in PVAT
were merely explicitly targeted in research, and results were either inconsistent or
perplexing. On one hand, UCPI KO female mice in response to WD had increased level
of UCP1 mRNA in PVAT in the WT [197]. Interestingly, similar findings were
recorded in WT male rats after 12 weeks of mild hyper caloric intake [222]. On the
other hand, female Wistar rats fed on western diet were found to suffer from ED
accompanied with whitening of PVAT, indicated by loss of mitochondrial density and
reduced UCP1 expression and elevated redox state and ACs size[223] and inflammatory
markers such as MCP1 [224]. Moreover, HFD induced increased sympathetic activation
thru B3-AR was more prominent in male rats compared to females [225], which can
play an important factor in sex dependent differences in diet induced UCP1 expression

and activity.



These findings further confirm the uncanny response of PVAT to HFD feeding,
especially in a sex dependent manner, making the understanding of the key mechanisms
behind such behavior a necessity, and precision interventions based on the hormonal

status more plausible.

C. Dietary Intervention Targeting Adipose Tissue Inflammation in Early
Cardiometabolic Dysfunction.

1. Therapeutic Fasting and Diet Induced Adipose Dysfunction

Since overnutrition and positive energy balance are the key triggers of metabolic
and cardiovascular dysfunction, calorie restriction became an attractive intervention as a
possible way to prevent, improve and even treat diet induced cardiovascular and
metabolic manifestations. Time restricted feeding regimens are referred to as
intermittent fasting (IF) [226, 227], showed a strong positive impact on the metabolic
state of obese and non-obese human subjects and animal models [226, 228], that is
mostly mediated by provoking positive AT remodeling[229, 230]. For example, after
eight weeks of treatment, 24 hours fasting 3 days a week, not only IF did improve
glucose tolerance, and insulin resistance in HFD-fed mice, it also reduced adipocyte
hypertrophy and markers of inflammation including macrophage infiltration [229].
Moreover, the same IF regimen and every other day (EOD) fasting for 4 weeks, both
were able to evoke an increased energy expenditure and UCP1 expression in WAT
tissue in diet-induced obese mice in a manner that also involved reduction of
inflammatory markers [81, 231]. Yet, while IF reduced WAT fat mass in both obese
mice models and obese human subjects, no UCP1 upregulation was observed in humans
[81]. Nevertheless, the exact mechanism of how these fasting regimens improve the

metabolic state are still not fully understood. Particularly, since isocaloric IF seems to



have a prominent effect on the metabolic health, without any caloric restriction or
dietary modifications [228, 232, 233].

In murine models, HFD-induced hypertrophy was reported to be reversed by
short term IF (24-72 hours) in GAT, sWAT and INAT [234]. Interestingly, the change
in fat pad size was found to be triggered by IF alone, regardless of the daily caloric
intake, and independent of the change in body weight as animal studies showed a
decrease in size and weight of adipose depots, with mild or no change in total body
weight [81, 235-237]. Certainly in our work, a calorie restricted regimen of a HFD
failed to exert any corrective effect on CAN and PVAT inflammation involvement in
rats [6] as opposed to isocaloric 12 hours daily IF for 12 weeks [238]. In studies
involving obese human subjects, IF appeared to reduce total fat mass [239-241] and
circulating markers of inflammation [240, 242], the latter effect being more marked in
obese than in normal weight subjects [242]. In further confirmation of the observations
in animal studies, IF regimens were more capable of reducing circulating markers of
inflammation than calorie restricted regimens per se [242].

Nonetheless, mixed results were found in human studies. In a study examining
IF during the month of Ramadan, which is the religious fasting in Islam involving
fasting from sunrise till sunset for 30 days, body weight and fat percentage decreased in
both men and women in absence of calorie restriction [243]. Meanwhile, others reported
that the [F-induced weight loss was dependent on calorie restriction that mediated the
metabolic benefit rather than the fasting regimen itself [244, 245]. Moreover, a recent
clinical trial comparing the effects of 8 weeks of calorie restriction to weekly 3 non-
consecutive days of IF showed a transient increase in inflammatory markers in AT after

IF only, which was attributed to an AT residing macrophages response to increased



lipolysis [246]. The lack of unity and precision in the studied fasting regimes as a
therapeutic intervention makes conclusions harder to acquire, still, a marked overall
improvement in AT and metabolic functioning are mostly achieved.

IF might constitute an adequate intervention in the low-grade inflammatory state
evoked in AT by DIO. Indeed, 8 weeks of 3 days a week IF produced the previously
mentioned anti-inflammatory effects in metabolically challenged mice alongside
reduction of body weight and insulin resistance [229]. Interestingly, 16 weeks of
isocaloric IF (1 day fasting: 2 days of free feeding) was shown to produce the same
effects and trigger alternative activation of macrophages to the M2 polarization [233].
Another study involving IF in a calorie restriction protocol showed a shift in AT
macrophages to the M2 polarization that was mediated by SIRT1 activity [247]. SIRT1
is a nutrient sensitive histone deacetylase that is thought to mediate the beneficial
metabolic effects of fasting and calorie restriction including improved serum glucose
and lipid levels, increased insulin sensitivity and reduced body weight [248, 249].
Specifically, mild SIRT1 overexpression protected against HFD-induced inflammation
by reducing NF-«B activation and pro-inflammatory cytokine production [250].

Pertinent to the inflammatory context in AT, SIRT1 activation was shown to
mitigate hypoxic cell damage through the augmentation of autophagic flux that was
mediated by AMPK activation [251]. Indeed, acute IF (15-39 hours) was found to
augment AMPK phosphorylation [252]. Significantly, not only has our work shown a
reduced AMPK activity in cardiovascular impairment associated with early metabolic
dysfunction involving PVAT inflammation [6], our results also demonstrated autophagy
suppression as a possible contributor to the observed phenotype [111, 253]. Moreover, a

lack of AMPK activity was implicated in AC hypertrophy [254]. As such, IF-mediated



SIRT1 activation could offer a mechanistic link for the observed positive changes in AT
remodeling. However, it is important to note that studies on human subjects reported
inconsistent results where some studies showed increased SIRT1 expression in in AT
following fasting [255], and others have reported no change [256]. These observations
could be related to a lack of consistency in the fasting regimens employed and warrant
further investigation.

Remarkably, regardless of the fasting regime, IF has been shown to be a strong
inducer of WAT browning and increased expression of mitochondrial UCP1, which was
linked to improved metabolic state [81, 233, 247, 257]. Indeed, this could be related to
SIRT1 activation that was shown to increase UCP1 expression as mentioned previously
[83]. Yet, data from mouse models, showed that IF induce browning in sWAT and
VAT, via eosinophils infiltration, M2 macrophage polarization and anti-inflammatory
cytokines production. Genetic ablation of the effect of these cytokines (IL-4,-5 and -13)
abolished AT browning along with the observed improvement of AT inflammation and
metabolic parameters [247]. Significantly, another aspect of mitochondrial function
involves AMPK activity. Evidence suggests that fasting-mediated AMPK activity has a
role in mitochondrial metabolism and homeostasis, where chronic activation of AMPK
maintains the dynamic nature of mitochondrial networks together with their ability to
interact with other organelles and increase fatty acid oxidation [258]. Indeed, the
increased AMPK activity is consistent with the effect of [F on adiponectin production.
A localized increase in adiponectin in AT, especially WAT, was achieved by IF even in
the presence of HFD. These observations were consistent in both human and animal

studies [226, 227, 233, 259, 260].



a. Therapeutic Fasting in Adipose Mediated Cardiovascular Diseases.

The positive impact of IF on AT is expected to ameliorate the diet mediated
cardiovascular dysfunction. Indeed, the American heart association (AHA) included IF
as one of the dietary measures to prevent CVDs. Based on human studies, AHA
concluded that that IF, regardless of its effect on weight, improves lipid profile, lowers
LDL and cholesterol and increases HDL, in addition to improving insulin sensitivity,
indicated by reduced HOMA-IR, with no change in blood glucose level [228]. As well,
human and animal studies indicated that IF reduced blood pressure [261-263] and heart
rate [262]. Another study found that both 40% calorie restriction and alternate day
fasting in rats reduced the low frequency component in the diastolic blood pressure
variability, a marker of reduced sympathetic activity, and increased high frequency
component in heart rate variability, which is reflective of the parasympathetic tone, both
being indicative of positive modulation of cardiovascular state [264]. Specifically, in
the context of early metabolic dysfunction, preliminary data indicate that not only did IF
improve parasympathetic cardiac autonomic neuropathy, this was also associated with
amelioration of PVAT inflammation [238]. Ramadan IF was found to increase HRV in
healthy subjects [265].Furthermore, IF improved endothelial and non-endothelial
dependent vasorelaxation in healthy men [266]. Significantly, IF exerted a similar
pattern in Wistar male rats, as it showed an improved aortic endothelial dependent
relaxation [267]. Moreover, IF is found to prevent atherosclerotic state by promoting an
anti-inflammatory response [268]. Noteworthy, prophylactic IF was found to be
protective against tissue and neurological damage caused by ischemic stroke. It works
mainly on reducing inflammatory cytokines (IL-1p, IL-6, TNFa among others),

mflammasome activation in the stroke side of the brain and oxidative stress, while



increasing autophagy, mitophagy and neuroprotective proteins like; neurotrophic factors
(BDNF and bFGF), heme oxygenase-1 (HO-1), UCP-2 and UCP-4 [269]. In this
context, it was also found the fasting mediates its beneficial effects by increasing

neuronal and glial SIRT-1 and P-AMPK [269].

The previous lines of evidence reaffirm the peculiar nature of adipose depots in
responding to energy imbalance. Nevertheless, all of the above observations were
reported in large WAT pools including subcutaneous, gonadal, and other visceral
depots. To the best of our knowledge, there is no direct investigation of the effect of IF
on PVAT in situations of metabolic dysfunction. As such, a systematic examination of
the impact of IF on PVAT remodeling and inflammation in early metabolic dysfunction
and its impact on cardiovascular impairment is warranted. While several parallels
among that responses of different WAT pools to IF can be drawn, one must be cautious
in extrapolating these findings to PVAT given the peculiar nature of this adipose pool.
In this context, prolonged periods of reduced caloric intake, as in case of IF, might, in
addition to the previously observed effects in other AT depots, exert further benefit by
relieving the UCP1-mediated exacerbation of oxygen deficiency, and hence ameliorate

the early inflammatory response [28].

Calorie restriction and weight loss reported positive results regarding diet
induced PVAT dysfunction. As such, calorie restriction in rats and mice alleviated
PVAT inflammation, ACs hypertrophy and restored its function [270, 271].
Significantly, structured efforts to investigate whether IF regimes positive cardio and

metabolic outcomes are mediated by PVAT remodeling independent of other metabolic



factors are essential. Figure 1 summarizes the potential impact of IF on PVAT

remodeling.
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Figure 1 The emerging ameliorative role of intermittent fasting on perivascular
adipose tissue inflammation and thermogenesis.

Calorie excess resulting in metabolic dysfunction triggers perivascular adipose tissue
chronic low-grade inflammation, leading to the loss of its anticontractile effects and the
subsequent negative paracrine modulation of vascular structure and function.
Intermittent fasting ameliorates inflammatory, thermogenic and bioenergetic pathways
favoring adipose tissue homeostasis. Pathways involved in adipose tissue homeostasis
are shown in black, those activated by metabolic dysfunction in red, while those
modulated by intermittent fasting in green arrows. AT, Adipose tissue; AMPK, AMP-
activated protein kinase; B3AR, Beta 3 adrenergic receptor; CK, Creatine kinase; Cr,
Creatine; DBC-1, Deleted in bladder cancer protein 1; DRP-1, Dynamin related protein
1; eNOS, Endothelial nitric oxide synthase; ER, Endoplasmic reticulum; ERK,
Extracellular signal-regulated kinase; FFA, Free fatty acids; HFD, High fat diet; HIF-
la, Hypoxia-inducible factor 1-alpha; HSL, Hormone sensitive lipase; IF, Intermittent
fasting; IKK, IKP kinase; IL, Interleukin; IRS-1, insulin receptor substrate 1; JNK/AP-
1, c-jun N-terminal kinase/activator protein 1; MCP-1, Monocyte Chemoattractant
protein 1; NE, Norepinephrine; NF-kB, Nuclear factor kappa B; O2, Oxygen; PVAT,



Perivascular adipose tissue; PCr, Phosphocreatine; PKA, Protein kinase A; Sirt1, Sirtuin
1; TGF-B1, Transforming growth factor beta 1; TNF-a, Tumor necrosis factor alpha;
UCP1, Uncoupling protein 1.

b. Sex Differences in Therapeutic Fasting Effect on Adipose and
Cardiovascular Dysfunction

The evidence is slowly growing, and the conclusions are still debatable
regarding sex-mediated therapeutic fasting outcomes. On one hand, some human and
animal studies on obese subjects, did not report any differences between sexes in
metabolic parameters in response to fasting regimens, such as insulin sensitivity,
glucose tolerance, plasma lipid profile, blood pressure, adiposity, and TBW [272-274].
Indeed, in the absence of endogenous estrogen, IF was able to exert beneficial effects in
female mice, even while being freely fed on HFD these mice had better weight loss,
insulin sensitivity, glucose tolerance and general activity than the non-fasting
counterparts[275]. On the other hand, some researchers detected the sex dimorphic
effect on the mechanistic level, as even in the presence of HFD, IF in female mice
reduced adipocytes differentiation and storage markers in WAT with and without
exercise. While in males, markers of FA oxidation were increased only in IF with
exercise. Of note, in both genders IF attenuated leptin level with and without
exercise[273]. Additionally, fasting was linked to higher circulating levels of FFA in
women than men, despite the absence of differences in lipolysis, this was attributed the
higher fat mass in women, in addition to some differences of AT distribution in
response to insulin induced antilipolytic effect, which is found to be more pronounced
in women with lower sSWAT rather than in men with upper sWAT adiposity[180].

Noteworthy, calorie restriction seems to have some sex related differences, as female



rats responded with a better conservation of energy, and more reduction in fat mass than
males, mediated by reducing UCP1 expression and activity in female BAT only[276].

Sex dimorphic differences in IF outcomes are grossly studied and there is no
doubt that IF regimes yield positive results in both sexes. Still the exact mechanism of
how IF paradigms affect cardiovascular and metabolic outcomes related to HFD
induced AT negative remodeling are still understudied. Especially, that each adipose
depot behaves differently in response to positive caloric intake, plus their sensitivity to
either caloric or time restricted feeding regimens most likely won’t be alike. Hence,
advanced understanding of how fasting routines mechanistically generate these positive
findings in both sexes is crucial, which will help to customize these fasting

interventions based on the metabolic and hormonal status of individuals.

2. Inorganic Phosphate Supplementation and Cardiovascular Diseases.

Based on the previous sections regarding AT dysfunction in CVDs, UCP1
overexpression was mostly perceived as a desired outcome of dietary and nondietary
interventions in alleviating AT mediated CV and metabolic insults. However,
conclusions concerning browning in PVAT were bewildering, as some indicated the
downregulation of UCP1 in PVAT in response to excess dietary intake and high fat
feeding, while other indicated the opposite.

Since our data consistently showed an increased UCP1 level in PVAT alongside
ACs hypertrophy, we hypothesized that these two major modulations accelerated
hypoxia in this pool, which in turn exaggerated the proinflammatory response and
macrophage infiltration, leading to the observed early cardiovascular dysfunction in the

prediabetic rats [6, 7, 222, 238, 253, 277, 278]. Plus, UCP1 overexpression is associated



with a state of energy inefficiency, which fuels obesity and increased adiposity [279].
Additionally, UCP1 was found to be activated by free fatty acids, as they disrupt
membrane potential and exaggerate the proton leak across the inner mitochondrial
membrane[18, 76, 280, 281], which are more abundant in the serum of obese hosts and
the ones on HFD [282]. Thus, we believe that interfering UCP1 activity and expression
in PVAT might have a positive modulatory effect in diet-induced early CV distress.

Interestingly, inorganic phosphate (Pi) was recently identified as a selective
UCP1 inhibitor. UCP1 in BAT was found to be inhibited by Pi and purine nucleotides
(adenine and guanine) increasing membrane potential, reducing respiration, and
enhancing energy efficiency [280]. High dietary phosphate (Pd) intake has been viewed
to be associated with metabolic and cardiovascular diseases. These concerns come from
the increased intake of processed foods, where P is an important component of the
preservatives and food additives[283], indicating the possible toxicity by Pd overload
[284]. Since phosphate is mainly excreted thru urine, renal insults and vascular
calcifications are very common in high P intake[284-288]. For instance, high serum P
level was positively associated with wide range of cardiovascular and renal insults[289-
292]. It was even associated with increased in-hospital mortality among patients with
CKD and CVDs[293]. However, others reported that ED in chronic kidney disease
(CKD) human and animal subjects was independent of serum P level, however it was
dependent on the P loading in the myography chambers and its effect was mediated by
disrupting NO pathway and reducing eNOS expression [294]. Low Pd intake was found
to reduce CV risk in CKD patients, by reducing fibroblast growth factor-23 [295],

which is associated with increased CV risk with and without CKD [288]. Thus, it was



suggested that Phosphate restrictions might be useful for vascular function and arterial
contractility [296].

On the contrary, recent review indicated the importance of having balanced
phosphate intake to ensure longevity and healthful aging [297]. Additionally, high
phosphate intake was linked to some positive metabolic outcomes in human subjects
without CKD, including reduced adiposity [298, 299], increased lipogenesis[299] ,
improved post prandial lipemia, glycemia, insulin level and sensitivity[300-302].
Moreover, low phosphate diet in mice was associated with increased hepatic lipids
induced by high cholesterol diet[303]. Also it was suggested that low phosphate diets to
be a contributor to the onset of obesity[304]. Low serum phosphate was also associated
with metabolic syndrome in men[290, 305]. Moreover, it was suggested that the
interplay between P level and ATP level and the use of P in cellular phosphorylation of
enzymes and receptors, is the key to its beneficial effects[304].

Hence, the mechanism of which phosphate level affect cardiovascular state
remains unclear. As the amount of ingested Pi is hard to be accurately measured, and
mostly is being grossly estimated[287, 297], and the fact that P serum level is not
directly associated with the high Pd intake, as the regulation of P homeostasis is
complex and many hormones and modulators are involved, such as parathyroid
hormone, calcium level and others [306, 307].

The detrimental cardiovascular outcomes of high Pi intake were mostly reported
from patients with CKD which have altered homeostatic regulation of P. However,
evidence on Pi supplementation form obese or metabolically challenged subjects,
showed different outcomes, suggesting the possible beneficial role of Pi in exerting

positive outcomes in early metabolic and cardiovascular dysfunction.






CHAPTER 1I

SPECIFIC AIMS

Cardiovascular diseases (CVDs) are the leading cause of premature mortality
among Type 2 Diabetes Miletus (T2DM) patients [3, 308]. It is well accepted that
cardiovascular dysfunction in T2DM patients starts with early metabolic distress[6],
which is usually accompanied with low grade inflammation[309, 310]. This stage of
early metabolic insult is usually linked to higher body mass index and higher intake of
fat and sugar. However, some recent evidence suggest that even in the absence of the
obese phenotype, low grade- inflammation is linked to early cardiovascular (CV)
dysfunction [9] such as; cardiac autonomic imbalance, endothelial dysfunction and
elevated blood pressure[116, 222].

A series of investigations on a metabolically challenged Sprague-Dawley rat
model at our laboratory showed that early CV damage was detected in even the absence
of systemic inflammation, but rather with a confined inflammation in certain depots of
adipose tissue (AT)[4, 7, 166, 311], more specifically, the tissue surrounding the
thoracic aorta, which is referred to as thoracic perivascular AT (PVAT) [7, 45, 222].
Our findings showed that PVAT is one of the first pools to be affected by diet induced
metabolic stress[7, 222]. Figure 2.1 summarizes our previous findings on PVAT
inflammation. However, data on PVAT are mostly based on studies using male animals,
henceforth, disregarding the possible role of sex in PVAT morphology, function, and

reactivity to overnutrition.
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Figure 2. Summary of previous data on PVAT dysfunction after twelve weeks of

HC feeding in male rats.

Twelve weeks of HC feeding in male rats will lead to prediabetes, evident by
hyperinsulinemia and normoglycemia, which were accompanied by negative
modulations of PVAT; hypertrophied adipocytes, mitochondrial dysfunction, and

upregulation of UCP1, both adipocytes increased size and UCP1 will lead to state of

hypoxia by reducing the oxygen supply and increasing the demand respectively,
hypoxia will eventually provoke inflammation, PVAT inflammation will lead to a

compromised cardiovascular function.

To our knowledge no pharmacological or non-pharmacological solutions were

proposed to target PVAT inflammation in early metabolic distress and cardiovascular

insult. Such interventions would be especially important to individuals in the

compensation stage of diabetes prognosis, as the CV damage commences without any




overt hyperglycemia. Hence, such interventions would be of great value reducing the

ensuing morbidity, mortality, and economic burden.

2.1 Main Objective: To investigate the sex-dependent differences in metabolic stress
induced PVAT inflammation and cardiovascular dysfunction and examine impact of
dietary interventions on cardiovascular dysfunction mediated through PVAT

inflammation in a prediabetic rat model.

2.2 Hypothesis: With females being less prone to CVDs compared to males, they will
show less PVAT involvement in response to the same metabolic stress patterns
inducing PVAT inflammation in their male counterparts, Figure 3 . Moreover,
simple dietary interventions encompassing therapeutic fasting and dietary phosphate
supplementation will improve PVAT inflammation and preclude the early stages of

cardiovascular dysfunction in metabolic disease.



{ HC feeding / 24 weeks W

l

Hyperinsulinemia f

e

-
CD-E— 5

Figure 3. Graphical presentation of the hypothesis.

Twenty-four weeks of HC feeding in male rats will lead to prediabetes, while females
will be protected from HC-induced prediabetes and cardiovascular dysfunction, as
estrogen will protect from PVAT dysfunction by preserving insulin sensitivity which
will prevent hypertrophy and promote better mitochondrial function, it also will target
HIF-1a which will prevent hypoxia and its downstream inflammatory response.

2.3 Specific Aims:

2.3.1 To examine the effect of Phosphate (P) supplementation as a selective
inhibitor of UCP1 on PVAT inflammation and CV function in metabolically

challenged rats.

2.3.2 To assess sex differences in PVAT involvement in CV sensitivity to early

metabolic challenge
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2.3.2.a Investigate the alterations in body composition and metabolic parameters
in response to mild hypercaloric (HC) feeding in males vs females.

2.3.2.b Examine the development of PVAT inflammation in response to HC
feeding.

2.3.2.c Delineate the differences in development of CV and autonomic

dysfunction in response to HC feeding.

To evaluate the impact of therapeutic fasting (TF) on cardiovascular

dysfunction in early metabolic distress in male and female rats.

2.3.3.a Investigate the alteration in body composition and metabolic parameters
in response to TF.

2.3.3.b Examine PVAT morphological and metabolic changes in response to TF.
2.3.3.c Assess the Impact of TF on cardiovascular dysfunction.

2.3.3.d Study the browning of other adipose depots in response to TF.



CHAPTER III

METHODS AND MATERIALS

A. Animal Model
1. Ethical approval and experimental design.

All animal experiments were conducted in accordance with an experimental
protocol approved by our institutional Animal Care and Use Committee in complying
with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals, 8" edition [312].

a. Five-week-old male Sprague-Dawley rats weighing 180-200 g were divided into
four groups according to the diet they were kept on. Group 1 received a control diet
(NC: 0.75) offering 3.8 Kcal/g with 0.75 mg free phosphorous per Kcal. The control
diet composition (AIN-93 G, Table 1) and Pi content were based on the American
Institute of Nutrition (AIN) recommendation for adult rat maintenance diets [313].
Group 2 was fed a mild hypercaloric (HC) diet offering 4.5 Kcal/g with 0.375 mg
free phosphorous per Kcal (HC: 0.375). The HC diet composition was based on our
previous studies showing that a 12-week feeding of HC diet, offering ~39% calories
from fat with a 5% saturated fat content by weight, led to a non-obese prediabetic
phenotype [7, 111, 253, 314, 315]. Animals were fed for a total of twelve weeks.
Two additional groups were included. The first received HC diet with 0.375 mg
phosphorous/Kcal for 10 weeks and then given HC diet with 1.5 mg
phosphorous/Kcal (HC: +1.5). The second group received a control diet with low
phosphorous content (0.375 mg/Kcal) for twelve weeks (NC: 0.375). Littermates

were ordered in batches of six, one rat per treatment group. Upon receipt, rats were



caged individually by the animal facility technicians in cages given pre-assigned
numbers randomly corresponding to the six treatment groups (each consisting of 6
rats). Animals were kept at controlled temperature and humidity and a 12-hour

light/dark cycle. Daily food intake was recorded, and calorie intake was calculated.
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Figure 4. Sprague-dawley male rats fed for twelve weeks on either control or
hypercaloric diet with different levels of inorganic phosphate (mg of Pi/Cal).

b. Female and male Sprague-Dawley rats weighing 180-200 g were divided into three
groups according to the diet they were kept on for twenty-four weeks: NC, HC and
HC with 12 weeks of 12 hours daily fasting. Therapeutic Fasting is referred to time
restricted feeding for 12 hours daily during the dark period (7pm:7am), during
which the rats will have no access to food but free access to water. The rats will be
fed freely on HC during the light period. The timeline and different groups are
explained in Figure 5 . The term TF will be used instead of intermittent fasting for

several reasons, first, the rats will have free access to water during the fasting hours,



and free access to HC during the feeding hours with no calorie restriction. Plus, the

aim of this regimen is not weight loss, but rather improved adiposity. Second, the

regimen we will adopt is 12 hours daily fasting, which will be introduced for 12

weeks after establishing the metabolic insult. Hence the purpose of this regimen is

to be translational as an early intervention for metabolic stress in prediabetes. This

TF regimen is applicable and requires minimal changes in dietary intake, which is

the main challenge in lifestyle modifications in prediabetic individuals.
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Figure 5. Male and Female Sprague-dawley rats assigned for twenty-four weeks on
control diet, hypercaloric diet and hypercaloric diet and therapeutic fasting.

c. Another batch of female rats were included, either fed on NC or HC for 24 weeks,

and on at week 12 bilateral ovariectomy was performed thru a 2 cm dorsal incision,

after anesthetizing the animals. Then they either continue HC and NC for another 12

weeks without treatment or with 17f-estradiol (E2) 2.8 pg/ 100 gm of body weight,



an additional group was added to the HC OVX arm, 12 weeks of the same fasting

regimen explained above (Fig 6).
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Figure 6. Female Sprague-dawley rats with bilateral ovariectomy fed for twenty-
four weeks fed on normal chow or hypercaloric diet with or without 17 betal-
estradiol (E2) treatment.

2. Diet.

A loss of 50% of the Pi content was assumed in the previous studies due to nutrient

displacement during preparation. The two additional groups were fed HC diet with

phosphorous content of 0.75 (HC: 0.75) and 1.5 mg/Kcal (HC: 1.5), which are equal to

and twice as much as the AIN recommended content. Diets were prepared in house

using Pi free purified diet mix, then different amounts of potassium Phosphate were

added to each diet to reach the desired phosphorous levels. Diet ingredients including




casein, L-methionine, cellulose, mineral mix (AIN-93G MX), Pi-free mineral mix
(AIN-93G phosphorus free), vitamin mix (AIN-93VX), and potassium Phoaphate
monobasic were obtained from (Dyets Inc., Bethlehem, Pennsylvania, USA). Detailed

diet composition is shown in Table 1.

Table 1. Diet composition analysis of control and hypercaloric diet, presented in
calorie percentage.

Diet Cal/g | Carbohydrate @ Fat Protein Phosphate
(%) (%) (%) (mg/Cal)

NC 4.6 53% 23.5% 23.5% 0.75

HC 5.15 *47% **40% 13% 0.37

*15.5% of calories from fructose

*%26.2% of calories from saturated fatty acids

B. In-vivo and ex-vivo techniques

1. Noninvasive blood pressure measurement.
Non-invasive blood pressure (BP) was measured using a CODA tail-cuff High
Throughput Monitor (Kent Scientific, Torrington, CT) at weeks 0, 8, 9, 10, 11, and 12 [6,

277].



2. Echocardiography.
To assess heart structure and function echocardiography along the parasternal long
axis M- and B-modes was done on weeks 0,4, 8, 10, and 12 using SonixTouch Q+

ultrasound (BK ultrasound, Peabody, MA)[277].

3. Pressure myography.

Pressure myography experiments on middle cerebral arterioles were performed as
described previously [316]. The intravascular pressure was gradually raised in a series
of steps to 10, 20, 40, 60, 80, 100, 120, 140 mm Hg. The outer diameter of the vessel
was measured at each pressure point. The pressure was then dropped back to 10 mm Hg
and the vessel was washed and kept in a calcium-free buffer containing (NaCl 130 mM,
KCIl 4 mM, MgS04.7H20 1.2 mM, NaHCO3 4 mM, HEPES 10 mM, KH2PO4 1.18
mM, Glucose 6 mM, EDTA 0.03 mM, EGTA 2 mM, pH 7.4) and the ramp was
repeated. Active tone was calculated as the difference in the outer diameter of the
middle cerebral artery when in calcium-containing and calcium-free buffer at the

respective pressure points.

4. Nuclear Magnetic Resonance.

Animals were weighed regularly, and body composition was determined using an
LF10 Minispec Nuclear Magnetic Resonance (NMR) machine (Bruker, MA, USA).
Different tissue densities were detected to measure fat:lean ratio. The values obtained

from each rat were compared to a standardized, calibrated rat.



5. Blood chemistry parameters.

Random blood glucose levels (RBG) at weeks 0, 4, § and 10 and fasting blood
glucose levels (FBG) were measured after 6-8 hours of fasting at weeks 4, 8, 10 and on
the day of sacrificing the animals were measured by lateral tail vein puncture, using an
Accu-Chek glucometer (Roche Diagnostics, Basel, Switzerland). On the day of
euthanization, 6-mL blood samples were obtained. Rat serum levels of Adiponectin,
Leptin and insulin were measured using ELISA kits according to the manufacturer’s
protocol (Thermo Fisher Scientific, Waltham, MA). Serum lipid profile including
triglycerides, total cholesterol, HDL and LDL, were measured using Vitros 350

chemistry system (Ortho-clinical diagnostic, Johnson&Johnson, New York, USA).

6. Invasive hemodynamic recordings.

At the end of twelve weeks of feeding, anesthetized rats were instrumented with
catheters inserted in the carotid artery and the jugular vein for invasive hemodynamic
assessment as described previously [111]. Briefly, mean arterial pressure (MAP) and
heart rate (HR) were measured through the carotid artery catheter connected to a Millar
pressure transducer to measure. Data acquisition was performed by PowerLab (AD
Instruments Ltd, Dunedin, New Zealand) and recorded using LabChart Pro 8 (AD
Instruments Ltd., Dunedin, New Zealand) software. After a 45-minute stabilization
period, baroreceptor sensitivity (BRS) was assessed by the vasoactive method as
previously described [317]. Increasing doses of phenylephrine (PE, 0.25, 0.5, 0.75, 1, 2
pg) and sodium nitroprusside (SNP, 0.5, 1, 2, 4, 8 ug) were injected into the jugular
vein at five-minute intervals, which were enough for MAP and HR to return to baseline

values. Peak changes in mean arterial pressure (AMAP) and heart rate (AHR) were



recorded. AHR was plotted as a function of AMAP in each treatment group, and the
mean slope of the linear regression of AHR vs. AMAP together with its confidence
interval and SEM were calculated using GraphPad Prism software to represent
baroreflex sensitivity and compared among groups. The maximal rate of rise of
ventricular pressure (dP/dtmax), indicative of left ventricular function, was extracted

from the LabChart recording.

C. Molecular and in-vitro techniques.
1. Histopathology and immunohistochemistry.

Serial sectioning and staining of formalin-fixed heart mid-section, brainstem, aortic
segments, renal cortices, PVAT, epididymal and infra-scapular adipose were performed
simultaneously for accurate comparison as previously described [314]. Hematoxylin &
Eosin (H&E) staining was used for gross examination of cardiac and aortic tissue
structure and to compare adipocyte size in different adipose depots across treatments.
Medial thickness was measured in aortic sections, while inter-fibrillar edema as
indicated by myocardial fiber separation in the papillary muscle, was considered
indicative of possible focal ischemic injury [318]. Masson’s trichrome staining was
used to assess connective tissue fiber deposition in heart and aorta. Renal cortical
sections were stained with periodic acid Schiff (PAS) stain for the examination of
glomerular and mesangial matrix area alterations as previously described [319].
Mesangial matrix index was calculated as the ratio of the mesangial area to the
glomerular area. In order to evaluate calcium deposition in rat kidneys, the Von Kossa
stain was used as previously described [320]. Dihydroethidium (DHE) staining was

performed on cryosections to demonstrate reactive oxygen species (ROS) load.



Fluorescent images were obtained through Alexa Fluor 568 filter for the DHE red
fluorescence. In vascular tissue, the red fluorescence was measured against the green
collagen autofluorescence obtained through the Alexa Fluor 488 filter.
Immunohistochemical detection of CD68 in the heart and IBA1 in brainstem was
performed using 1:100 and 1:1000 concentrations of rabbit anti-CD68 and rabbit anti-
IBA1, respectively (Abcam, Cambridge, UK), and visualized using Novolink Polymer
Detection Kit (Leica Biosystems, Buffalo Grove, IL) according to the manufacturer’s
protocol. Control experiments were performed by omitting primary antibodies and
using rabbit IgG controls. Images were taken using OLYMPUS CX41 light microscope
(Olympus, Shinjuku, Tokyo, Japan). In each representative slide, DHE fluorescence or
trichrome staining was semi-automatically quantified in 20 fields and expressed as a
percentage of staining of total surface area, and the results from all fields were
averaged. H&E was used to assess adipocyte size and papillary edema measured by
Imagel. At least 10 adipocytes were measured from five random areas in the slide in
question and total interfibrillar space was calculated from heart sections. Quantification
was performed by a blinded assessor via isolation and quantification of the staining

intensity using Imagel software and normalization to the tissue area in each slide.

2. Western blotting

Experiments were carried out as described previously [316, 321]. PVAT,
epididymal and infra-scapular adipose tissue samples were homogenized on ice, and the
protein extracts were separated by SDS-polyacrylamide gel electrophoresis. Proteins
were then blotted to nitrocellulose membranes and were incubated in primary antibodies

(1:500 for rabbit polyclonal anti-IL-1/, 1:1000 for rabbit monoclonal anti-GAPDH,



rabbit polyclonal anti-hypoxia inducible factor 1 (HIF1-«), Abcam, Cambridge, UK,
and rabbit polyclonal anti-uncoupling protein 1 (UCP1), Cellsignaling, Danvers, MA)
overnight at 4°C. Membranes were then washed with 0.02% TBST (Tris-buffered saline
with 0.1% Tween 20) and incubated for 1 hour at room temperature in 1:40,000
biotinylated conjugated goat anti-rabbit Ig. Membranes were then washed and incubated
for 30 minutes at room temperature with 1:200,000 HRP-conjugated streptavidin
(Abcam, Cambridge, UK). After two washes with 0.02% TBST (5min) and two washes
with TBS (5 min), the blots were exposed to Clarity Western ECL substrate (BioRad,
Hercules, California) for 5 min and then detected by Chemidoc imaging system
(BioRad, Hercules, CA). Densitometric analysis of the protein bands was performed

using Imagel software. Measurements were normalized to the density of GAPDH.

3. Fluorescence activated cell sorting (FACS).

Stromal vascular cells were isolated from freshly dissected PVAT as described
previously [322]. CD45/CD68/CD86 staining was used to identify M1 polarized
macrophages, while M2 macrophages were identified by CD45/CD68/CD163 staining
[323]. An aliquot of the stromal fraction containing 10° cells was incubated in FACS
buffer with DAPI (1:100), 1:50 APC-Cy780-conjugated anti-CD45, 1:10 PE-conjugated
anti-CD68, 1:125 FITC-conjugated anti-CD86 (Thermo Fisher Scientific, Waltham,
MA), and 1:200 APC647-conjugated anti-CD163 (Bioss Antibodies, Woburn, MA) on
ice for 30 minutes in the dark. Cells were gently washed for three times and
resuspended in FACS buffer. Stained cells were counted using a BD FACSAria Cell

Sorter (BD Biosciences, San Jose, CA) and M1/M2 ratio was determined. Antibody-



beads mixtures, fluorophore-conjugated isotypes, and unstained cells were used to set

compensation and gating.

3. In-vitro experiments.

The induction of adipogenic differentiation of human bone marrow-derived
mesenchymal stem cells (BMMSCs) was done as previously described with slight
modification [324]. Briefly, BMMSCs were seeded in 6 well plates at a density of
50,000 cells/well in Dulbecco’s Modified Eagle’s Medium — low glucose (DMEM-LG)
containing 10% fetal bovine serum and 1% penicillin/streptomycin and were allowed to
reach 80-90% confluency before the induction of adipogenic differentiation. Cells were
washed twice with phosphate-buffered saline and media was then replaced with
adipogenic induction medium (AIM) containing 0.1mM 3-isobutyl-1-methylxanthine
(IBMX), 1uM dexamethasone, 2uM pioglitazone and 40mIU/L insulin for ten days.
Adipogenic differentiation was followed visually under the microscope through the
formation of intracellular lipid droplets. AIM was then replaced with maintenance
media containing 40mIU/L insulin and 2uM pioglitazone for five days. Following
adipogenic differentiation, adipocytes were incubated with either DMEM-LG (Immol/L
P1i) or phosphate-supplemented DMEM-LG (4mmol/L Pi) for 24 hours. The 4-fold
increase was meant to simulate the increase of Pi intake in HC diet from 0.375 mg/Kcal
to 1.5 mg/Kcal used in the in vivo experiment. Thereafter, cells were either incubated
with DMEM-LG or DMEM-LG containing 1.6 mM palmitic acid and 40mIU/L insulin
for 24 hours in the continued presence of 4 mmol/L Pi. At this stage, adipocytes were
cocultured with THP-1 human leukemic monocytes (primarily cultured in RPMI

containing 10% fetal bovine serum and 1% penicillin/streptomycin) at a density of



50,000 cells/well for an extra 24 hours, following which cells were lysed and protein
was extracted as described below. In other experiments, cells were trypsinized, stained
with anti-CD45 and anti-CD86, and subjected to FACS as described above. For the
THP-1 adhesion assay, adipocytes were seeded into a 96-well plate at a concentration of
5000 cells/well and were left to attach for 24 hours and then exposed to either normal
medium or the medium containing 1.6 mM palmitic acid and 40mIU/L insulin. THP-1
cells labelled with Hoescht Molecular Probes stain (Nuc Blue, Sigma) were added at a
density of 20,000 cells per well into each well. After 30 minutes incubation time at
37°C, the THP-1 containing medium was aspirated and the wells washed twice with
PBS 1X (Sigma). Images of the adherent cells were later taken using a Zeiss Axio
microscope at the same excitation/emission spectra for monocytes, and superimposed

on brightfield images in order to visualize the non-labelled cells.






CHAPTER IV

RESULTS

A. Sexual Dimorphism of Metabolic and Cardiovascular Dysfunction in
Prediabetic Rat Model.

1. Metabolic and gross hemodynamic outcomes after 24 weeks of HC feeding in
male and female rats.

The metabolic parameters presented in this section reveal a new aspect of our
prediabetic model establishing the sex differences in the prediabetes metabolic
phenotype driven by HC feeding. After 24 weeks of HC feeding and consistent with our
previous findings, cumulative energy intake was higher among the HC arm in male rats.
A similar pattern was observed in females on HC diet, however, they had a lower total
caloric intake compared to males (Fig 7. A). Although total body weight did not differ
between control and HC fed female and male rats, fat to lean ratio (F/L) was
consistently higher in the HC group in both sexes indicating an increased adiposity
compared to control males, and no intragroup difference was detected in females (Fig 7.
B and C). The energy imbalance between total caloric intake and total body weight in
HC arms can be explained by the altered metabolic efficiency (ME). Furthermore, both
arms of females had lower ME compared to males (Fig 7. D).

As for the blood glucose homeostasis, normoglycemia and hyperinsulinemia were
observed in HC fed male rats only, however, intact females seemed to maintain normal
glucose and insulin levels despite HC feeding (Fig 7. E and F). HOMA-IR was only
elevated in HC males. As such, twenty-four weeks of HC feeding did not seem to

induce prediabetes in female rats.



As for the non-invasive hemodynamic measurements, on one hand, SPB seemed to
be affected by HC feeding only in males. Surprisingly, in control females SPB was
higher than their male counterparts (Fig 7. G). On the other hand, left ventricle ejection

fraction did not change in response to HC feeding in both sexes (Fig 7. H).
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Figure 7. Metabolic and gross hemodynamic impact of 24 weeks HC feeding in
male and female rats.

After twenty-four weeks on either HC or NC several important metabolic and
cardiovascular parameters were assessed; cumulative calorie consumption (A) body
weight (B), fat:lean ratio (C) metabolic efficiency (D), glycosylated hemoglobin Alc
level (E), and fasting insulin level (F) were tested on serum sample on the day of the
sacrifice, systolic blood pressure(G), and Ejection fraction (H)). The effects of HC
feeding during the full twenty-four duration are depicted and compared to rats receiving
normal chow (NC). Results shown are mean £ SEM of observations from six different
rats per group. Statistical significance was tested by two-way ANOVA followed by
Tukey post hoc test. * denotes a P-value < 0.05 vs. NC in each sex, while # denotes a P-
value < 0.05 vs. the corresponding male group.



2. Sexual dimorphism in HC-induced adipose tissue negative remodeling.

Our previous work showed consistent PVAT negative remodeling in response to 12
weeks of HC feeding in male rats. Here, our data presented similar results in male rats.
Twenty-four weeks of HC feeding seemed to promote ACs hypertrophy in PVAT of
male rats, whereas in intact females it did not (Fig 8. A). Moreover, HC feeding in
males provoked negative remodeling of PVAT, as ACs hypertrophy was accompanied
with molecular changes with increased MT fission indicated by an increase in P-ser616
DRP1, UCP1 overexpression, concurrently with an increase in marker of inflammation
and hypoxia, IL-1p and HIF1-¢, respectively (Fig 9. B). On the contrary, females were
protected from HC induced PV AT negative remodeling, except for the increase in
UCP1 expression (Fig 9. F).

Our previous work confirmed the unique response of each depot to the same energy
stimulus. Indeed, unlike PVAT, hypertrophy was observed in BAT in both sexes, while
the size of GAT ACs was not affected (Fig 8. B). Although BAT had mitochondrial
fission and increased expression of UCP1, neither hypoxia nor inflammation were
detected in males (Fig 9. C). While in females no molecular changes were observed (Fig
9. G). Surprisingly, both epidydimal and periovarian depots were less sensitive to 24
weeks of HC feeding (Fig 8. C and Fig 9. D&H).

Of note and in accordance with our previous findings, no markers of inflammatory
spill into the circulation were detected in both male and female rats, indicated by serum
IL-1 B levels (Fig 9. D). Confirming the confined inflammation in PVAT of male fed on

HC diet.
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Figure 8. Sex differences of the impact of twenty-four weeks of HC feeding on
adipocytes size of different depots.

Representative micrographs (top) and summary of the quantified data (bottom) showing
the adipocye size in H&E stained PVAT (A) , infra-scapular BAT (B) and Gonadal
WAT (epididymal in males and periovarian in females , C) sections, Serum IL-13
measured (D). Scale bars are 25 pm, summary data for micrographs are obtained from
nine sections from three different rats per group. Results shown are mean = SEM.
Statistical significance was tested by one-way ANOVA followed by Tukey multiple
comparisons test for A-F, and two-way ANOVA followed by Tukey post hoc test for G.
* denotes a P-value < 0.05 vs. NC-fed rat values.
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Figure 9. Sex differential molecular manifestations of twenty-four weeks of HC
feeding on adipose tissue remodeling.

A & E Representative western blotting in males and females respectively, and summary
of the quantified data for PVAT (B & F) showing the expression levels of UCP1 (upper
left), HIF1-« (upper right), P-DRP1(ser616) (lower left) and IL-1£ (lower right), in
response to HC and NC feeding, same parameters were assessed for infra-scapular
BAT (C &G) and Gonadal WAT (epididymal in males and periovarian in females , D
& H respectively).The blots shown are representatives of experiments on tissues from
three different sets of rats. Results shown are mean = SEM. Statistical significance was
tested by two-way ANOVA followed by Tukey multiple comparisons test for A-F, and
two-way ANOVA followed by Sidak post hoc test for G. * denotes a P-value < 0.05 vs.
NC-fed rat values.

3. Sex differences in HC diet induced Cardiovascular dysfunction in vivo and in
ex-vivo settings.

In line with the literature and as expected, early signs of cardiovascular dysfunction
were only detected in HC fed males, as the recordings of invasive hemodynamics
showed a dose-dependent blunted bradycardic response and increased pressor effect to

PE (Fig 10. B&C), indicating an impaired parasympathetic regulation of BP, and altered



baroreceptor sensitivity (Fig 10. E). However, the tachycardiac response to different
doses of SNP did not seem to be different between HC and NC fed males, which
presents the cardio-regulatory autonomic imbalance, which is a manifestation of the
subclinical phase of CAN[107]. On the contrary, females regardless of the diet did not
seem to develop any sign of autonomic dysfunction or imbalance (Fig 11).
Additionally, ex-vivo functional testing of isolated aortic rings showed that the
vasopressor effect of different concentrations of PE was not the same between males
and females. As HC provoked increased sensitivity to PE in males, indicated by the
shifting of concentration-response curve to the right (Fig 12. C). Interestingly, in
females both arms had lower EC50 for PE compared to control males (Fig 12. E).
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Figure 10. Cardiac autonomic modulation by HC feeding in male rats.

A, Representative tracings of pressor (MAP) and cardiac (HR) responses to increasing
PE doses in NC- and HC-fed male rats. Vertical scale bars represent MAP (60 mmHg)
and HR (40 BPM) while horizontal scale bars represent time (60 sec); B, The pressor
responses to increasing doses of PE; C, Reflex bradycardic responses to increasing BP;
D, Best fit regression line for the correlation between AMAP and reflex changes in HR
in response to increasing doses of PE in NC- and HC-fed rats; E, Slope of the linear
regression of the relationship between AHR and AMAP reflecting parasympathetic
baroreceptor sensitivity (BRS). Depicted data represent mean+SEM of values obtained
from 6 rats/group. Statistical analysis was done by two-way ANOVA followed by



Sidak’s multiple comparisons test for B & C, and one-way ANOVA followed by Tukey

multiple comparisons test for E. # denote P<0.05 vs. NC.
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Figure 11. Cardiac autonomic modulation by HC feeding in female rats.

A, Representative tracings of pressor (MAP) and cardiac (HR) responses to increasing
PE doses in NC- and HC-fed female rats. Vertical scale bars represent MAP (60
mmHg) and HR (40 BPM) while horizontal scale bars represent time (60 sec); B, The
pressor responses to increasing doses of PE; C, Reflex bradycardic responses to
increasing BP; D, Best fit regression line for the correlation between AMAP and reflex
changes in HR in response to increasing doses of PE in NC- and HC-fed rats; E, Slope
of the linear regression of the relationship between AHR and AMAP reflecting
parasympathetic baroreceptor sensitivity (BRS). Depicted data represent mean+=SEM of
values obtained from 6 rats/group. Statistical analysis was done by two-way ANOVA
followed by Sidak’s multiple comparisons test for B & C, and one-way ANOVA
followed by Tukey multiple comparisons test for E. * denote P<0.05 vs. NC.
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Figure 12. Ex vivo evaluation of the impact of twenty-four weeks NC or HC
feeding in male and female rats on endothelial function.

A &B, representative tracings of vasopressor effect of different concentrations of PE in
aortic rings from male and female rats respectively. C&D, PE concentration-response
curve of aortic rings of 24 weeks HC fed male and female rats respectively. E, PE
pECS50 values for the different groups obtained from the best fit values determined by
the non-linear regression of the curves in C and D. Statistical significance was tested by
two-way ANOVA followed by Sidak multiple comparisons tests for E * denote a P-
value < 0.05 vs. NC fed rats, and # denotes a P-value < 0.05 vs. NC fed male rats.

4. The role of estrogen in HC-feeding induced PVAT inflammation and
consequent cardiovascular dysfunction.

After 12 weeks of HC or NC feeding, bilateral ovariectomy was performed. Rats
were then either treated with a daily dose of exogenous 17 f-estradiol (E2) 2.8 pg/ 100
gm of body weight or untreated for 12 weeks. E2 treatment in ovariectomized (OVX)
rats for 12 weeks induced a response to HC feeding similar to that observed in intact
females. However, the loss of endogenous estrogen in the OVX batch seemed to
exacerbate HC induced metabolic derangement, as they had higher caloric intake
compared to intact females. However, NC fed OVX rats also showed a higher caloric

intake compared to intact females (Fig 13. A). Still, total body weight and F/L ratio



were higher in OVX untreated batch regardless of the diet, which was corrected with E2
treatment (Fig 13. B&C). Relatedly, ME was higher in OVX batch explaining the
increased adiposity and weight gain, again E2 treatment seemed to reduce ME in both
arms (Figl13. D). Only OVX HC arm developed prediabetes, as it had normal glucose
level with high fasting serum insulin (Fig 13. E&F) and a higher HOMA-IR score
compared to other groups. These lines of evidence further confirm the protective role of
estrogen against diet induced prediabetes in female rats. However, neither SPB nor EF
were changed among groups (Fig 13. G&H).

As expected, the prediabetic metabolic phenotype in OVX HC fed arm triggered some
changes in PVAT which were corrected by E2 treatment such as ACs hypertrophy (Fig
14. B), hypoxia and inflammation. Interestingly though, E2 did not seem to affect UCP1
levels (Fig 14. A). OVX also induced hypertrophy in BAT and WAT, which was
prevented by E2 treatment. Parallel to prediabetic male rats, PVAT dysfunction evoked
by HC feeding in OVX females induced cardiovascular dysfunction, indicated by
impaired BRS in reponse to PE, and disrupted autonomic regulation in the

parasympathetic arm, which was corrected with E2 treatment (Fig 15. E).
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Figure 13. Metabolic and gross hemodynamic impact of 12 weeks Estradiol
treatment in HC and NC fed ovariectomized female rats.

Cumulative caloric intake in intact, OVX and E2 treated female rats after 24 weeks of
either HC or NC feeding (A), body weight (B) and fat:lean ratio at week 24 (C),
metabolic efficiency (D), glycosylated hemoglobin Alc level (E), fasting insulin level,
(F) systolic blood pressure, (G), Ejection fraction (H) were measured at week 24. The
effects of E2 treatment for 12 weeks in rats fed on either HC or NC are described and
compared to intact and ovariectomized rats receiving the same diets. Results shown are
mean + SEM of observations from six different rats per group. Statistical significance
was tested by two-way ANOVA followed by Tukey post hoc test. * denotes a P-value <
0.05 vs. NC, while * denotes a P-value < 0.05 vs. intact, and * denotes a P-value < 0.05
vs. OVX.
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Figure 14.Impact of E2 treatment on PVAT of HC fed ovariectomized rats.

A representative western blotting (top left) and summary of the quantified data (top
right and bottom) showing the expression levels of UCP1, HIF1-¢, and IL-1/41in PVAT
between HC fed OVX with and without E2 treatment, B representative micrographs
(top) and summary of the quantified data (bottom) showing the adipocye size in H&E
stained PVAT. Scale bars are 25 um. The blots shown are representatives of
experiments on tissues from three different sets of rats, while summary data for
micrographs are obtained from nine sections from three different rats per group. Results
shown are mean = SEM. Statistical significance was tested by Student’s t-test. * denotes
a P-value < 0.05 vs. HC-fed OVX rat values.
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Figure 15.Cardiac autonomic modulation by ovariectomy and E2 treatment in
female rats.

A, Representative tracings of pressor (MAP) and cardiac (HR) responses to increasing
PE doses in ovariectomized NC- and HC-fed females and E2 treatment in HC OVX
rats. Vertical scale bars represent MAP (60 mmHg) and HR (40 BPM) while horizontal
scale bars represent time (60 sec); B, The pressor responses to increasing doses of PE;
C, Reflex bradycardic responses to increasing BP; D, Best fit regression line for the
correlation between AMAP and reflex changes in HR in response to increasing doses of
PE; E, Slope of the linear regression of the relationship between AHR and AMAP
reflecting parasympathetic baroreceptor sensitivity (BRS). Depicted data represent
meantSEM of values obtained from 6 rats/group. Statistical analysis was done by two-
way ANOVA followed by Sidak’s multiple comparisons test for B & C, and one-way
ANOVA followed by Tukey multiple comparisons test for E. #denote P<0.05 vs. NC
OVX arm.

B. Therapeutic fasting impact on early cardiovascular dysfunction in HC fed rats.

1. The impact of 12 weeks of therapeutic fasting on metabolic and gross
hemodynamic outcomes in prediabetic male rats.

Twelve weeks of HC feeding were followed by another twelve of intermittent

fasting (IF) or therapeutic fasting (TF). TF was implemented as 12 hours fasting in the



dark period, while giving free access to HC diet during the remaining 12 hours, daily
for 12 weeks. As expected in our model HC induced increased cumulative energy intake
and fat to lean ratio with no change in weight, which was explained by the reduced
energy efficiency in males (Fig 16. A-D). Despite the free access to HC diet, TF was
able to reduce cumulative energy intake (Fig 4.10. A), however, total body weight did
not change (Fig 16. B). Still, fat:lean ratio was rescued by TF (Fig 16. C), however, ME
was not (Fig 16. D). It also prevented hyperinsulinemia and improved IR (Fig 16. E-G).
Not only did TF correct and improve metabolic parameters, it also reduced HC induced

systolic blood pressure (Fig 16. H)
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Figure 16. Metabolic and gross hemodynamic impact of therapeutic fasting and
HC feeding in male rats for twelve weeks.

After twelve weeks on therapeutic fasting (daily 12 hours fasting) and HC free feeding,
several important metabolic and cardiovascular parameters were assessed; cumulative
calorie consumption (A) body weight (B), fat:lean ratio (C) metabolic efficiency (D),
glycosylated hemoglobin Alc level (E), and fasting insulin level (F) were tested on
serum sample on the day of the sacrifice, homeostatic model assessment of insulin



resistance (HOMA IR) (G), and systolic blood pressure (H)). The effects of therapeutic
fasting regimen during the twelve weeks duration and HC feeding are depicted and
compared to rats receiving normal chow (NC). Results shown are mean = SEM of

observations from six different rats per group. Statistical significance was tested by one-
way ANOVA followed by. * denotes a P-value < 0.05 vs. NC fed rats.

2. Effect of therapeutic fasting on markers of adipose tissue inflammation in
HC-fed rats.

Consistent with our previous findings, HC-fed male rats developed PVAT
dysfunction, in the absence of systemic inflammation (Fig 17. D). TF seemed to induce
positive outcomes in PVAT as it corrected hypertrophy (Fig 17. A) and other molecular
hallmarks of negative adipose remodeling; UCP1, P-DRP1 (ser616), HIF1-« and IL-14
in PVAT (Fig 18. A) and promoted positive transformation in PVAT of prediabetic rats
without calorie restriction.

BAT ACs as well were rescued from HC induced expansion (Fig 17. B) and MT
dysfunction (Fig 18. B). Since eWAT was not affected by HC feeding, TF did not seem

to induce any changes (Fig 17. C and Fig 18. C).
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Figure 17.The impact of twelve weeks of fasting on adipocytes size of different
depots.

Representative micrographs (Right) and summary of the quantified data (left) showing
the adipocye size in H&E stained PVAT (A) , infra-scapular BAT (B) and epididymal
WAT (C) sections, Serum IL-1p measured (D), from male rats fed on NC, HC and
HC with fasting Scale bars are 25 um, summary data for micrographs are obtained from
nine sections from three different rats per group. Results shown are mean + SEM.
Statistical significance was tested one-way ANOVA followed by Sidak post hoc test for
(A-D) * denotes a P-value < 0.05 vs. NC-fed rat values.
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Figure 18. Sex differential molecular manifestations of twenty-four weeks of HC
feeding on adipose tissue remodeling.

Representative western blotting (upper A-C)) in males Control, HC and HC with fasting
respectively , and summary of the quantified data (bottom A-C) for PVAT (A) showing
the expression levels of UCP1 (upper left), HIF1-« (upper right), P-DRP1(ser616)
(lower left) and IL-1/ (lower right), in response to NC, HC and TF, same parameters
were assessed for infra-scapular BAT (B) and epididymal WAT (C).The blots shown
are representatives of experiments on tissues from three different sets of rats. Results
shown are mean = SEM. Statistical significance was tested by one-way ANOVA
followed by Tukey multiple comparisons test for A-F, and two-way ANOVA followed
by Sidak post hoc test for G. * denotes a P-value < 0.05 vs. NC-fed rat values.

3. Therapeutic fasting impact on HC induced Cardiovascular dysfunction in
vivo and in ex-vivo settings.

PVAT inflammation in our non-obese prediabetic state induced by HC-diet

feeding in male rats was associated with parasympathetic cardiac autonomic



neuropathy, manifested as a blunting of the bradycardic baroreflex in response to PE.
An increased pressor effect was observed in these rats in response to increasing PE
doses compared to rats on control diet [325] in line with the reported increased vascular
contractility at this stage [7]. Significantly, both effects were ameliorated 12 weeks of
fasting with HC feeding (Fig 19. B&C). Restoration of parasympathetic autonomic
function was confirmed by examination of the baroreceptor sensitivity in response to PE
(Fig 19. E). As observed previously, no change in the sympathetic arm of the baroreflex
was observed following HC feeding or fasting (data not shown). Moreover, HC-induced
increased sensitivity to PE was improved by 12 weeks of fasting (Fig 19. B). Figure 20.
A depict the representative tracings for NC-, HC- fed and HC-fasting rats. In our group,
we observed endothelial dysfunction in HC-fed male rats, which was mainly driven by
impaired EDH due to dysfunctional Kir channels [116]. Indeed, we tested the aortic
function in male rats after 24 weeks of HC feeding with and without fasting. ACh
dependent relaxation was blunted in HC fed males (Fig 20. C, left), while IF seemed to
reduce residual constriction with increased concentrations of ACh compared to HC fed

arm (Fig 20. C, right).
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Figure 19.Therapeutic Fasting restores parasympathetic cardiac autonomic
function.

A, Representative tracings of pressor (MAP) and cardiac (HR) responses to increasing
PE doses in NC- and HC-fed rats with different concentrations of P supplementation.
Vertical scale bars represent MAP (60 mmHg) and HR (40 BPM) while horizontal scale
bars represent time (60 sec); B, The pressor responses to increasing doses of PE; C,
Reflex bradycardic responses to increasing BP; D, Best fit regression line for the
correlation between AMAP and reflex changes in HR in response to increasing doses of
PE in NC-, HC-fed and HC fasting rats with different concentrations of P
supplementation; E, Slope of the linear regression of the relationship between AHR and
AMAP reflecting parasympathetic baroreceptor sensitivity (BRS). Depicted data
represent meantSEM of values obtained from 6 rats/group. Statistical analysis was
done by two-way ANOVA followed by Sidak’s multiple comparisons test for B & C,
and one-way ANOVA followed by Tukey multiple comparisons test for E. * denote
P<0.05 vs. NC.
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Figure 20. Ex vivo evaluation of the impact of therapeutic fasting on HC mediated
impaired endothelial function.

A, representative tracings of the vasopressor response to PE concentrations. The dotted
line represents the incremental increase in PE concentrations; B, PE concentration-
response curve on aortic rings of NC and HC fed rats with and without fasting (top), PE
pECS50 values for the different groups (bottom); C, mean normalized ACh-evoked
relaxations in aortic rings pre-constricted with PE for the different groups. Statistical
significance was tested by two-way ANOVA followed by Sidak’s multiple comparisons
test. * denote a P-value < 0.05 vs. control in B& C, left. And it denotes P-value < 0.05
vs. HC rats in C, right.

4. Therapeutic fasting alleviates signs of cardiovascular deterioration.

In addition to the altered hemodynamics and vascular dysfunction induced by HC
feeding, histochemical examination of heart mid-section from 24 weeks HC-fed male rats
showed signs of focal injury demonstrated by an elevated papillary muscle edema, as well
as increased fibrosis (Fig 21. B). Our fasting regimen appeared to have reversed these
changes. On the other hand, similar changes were observed for aortic tissue. While HC
feeding led to increased aortic medial thickness and fibrosis, again even in the presence

of HC feeding intermittent fasting was able to reverse these changes (Fig 21. A).
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Figure 21. Impact of 12 weeks therapeutic fasting on histopathological and
molecular signs of cardiac and aortic impairment induced by hypercaloric feeding.

A, Representative micrographs of histopathological staining (left) in thoracic aorta (A)
and heart mid-section (B) of rats on NC, HC and HC- fasting regimen. Data presented
are serial sections taken from the same tissues and are representative of 9 sections from
3 different rats in each group. Scale bars are (top to bottom): 25, 25, 50, and 50 pm.
Fibrotic staining appears as a blue color on a red background. Quantification values of
area of interfibrillar edema (B, bottom right) as well as the intensity of Masson
trichrome (A&B, upper right). Quantification values of aortic medial thickness (A,
upper right). Statistical significance was determined by one-way ANOVA followed by
Tukey post hoc test. * denote P<0.05 compared to NC rats.

5. Therole of TF in PVAT inflammation induced cardiovascular dysfunction
in HC fed ovariectomized rats.

Since OVX female rats fed HC diet demonstrated a detrimental phenotype similar to
that observed in males, the effect of TF introduction for twelve weeks was examined.
IF did not seem to reduce cumulative caloric intake nor change body weight compared

to OVX controls (Fig 22. A&B), however, IF reduced adiposity despite estrogen loss



and HC feeding (Fig 22. C). Still, ME did not change in response to IF (Fig 22.D).
Interestingly, twelve weeks of IF corrected prediabetes in ovariectomized HC fed
females, prevented HC provoked hyperinsulinemia (Fig 22. E) and improved HbAlc
level (Fig 22. F).

Moreover, twelve weeks of fasting were able to reverse HC induced PVAT
dysfunction in OVX rats, as it prevented hypertrophy not only in PVAT but also in
BAT (Fig 23.). It also corrected UCP1 upregulation, hypoxia, and inflammation (Fig
24.). Similar to our previous findings, PVAT inflammation provoked cardiovascular
dysfunction, here, IF was able to improve BRS in response to PE despite estrogen

deficiency and HC feeding (Fig 25. E).
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Figure 22.Metabolic and gross hemodynamic impact of 12 weeks fasting in HC fed
ovariectomized female rats.

Cumulative caloric intake in ovariectomized NC-, HC- fed and HC- fed with 12 weeks
IF (A), body weight (B) and fat:lean ratio at week 24 (C), metabolic efficiency (D),
glycosylated hemoglobin Alc level (E), serum fasting insulin level (F). The effects of
IF for 12 weeks in rats fed on HC are described and compared to intact controls and



ovariectomized rats receiving HC diet. Results shown are mean = SEM of observations
from six different rats per group. Statistical significance was tested by one-way
ANOVA followed by Tukey post hoc test. * denotes a P-value < 0.05 vs.
Ovariectomized NC fed rats.
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Figure 23.The impact of twelve weeks of fasting on adipocytes size of
ovariectomized female rats.

Representative micrographs (Right) and summary of the quantified data (left) showing
the adipocye size in H&E stained PVAT (A), infra-scapular BAT (B) and epididymal
WAT (C) sections, Serum IL-13 measured (D), from ovariectomized female rats fed
on HC diet with or without twelve weeks of fasting. Scale bars are 25 um, summary
data for micrographs are obtained from nine sections from three different rats per group.
Results shown are mean £ SEM. Statistical significance was tested one-way ANOVA
followed by Tukey post hoc test for (A-D) * denotes a P-value < 0.05 vs. HC-fed

ovariectomized rats.
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Figure 24.Impact of therapeutic fasting on PVAT of HC fed ovariectomized rats.

A representative western blotting (top left) and summary of the quantified data (top
right and bottom) showing the expression levels of UCP1, HIF1-¢«, and IL-1£in PVAT
between HC fed OVX with and without IF. The blots shown are representatives of
experiments on tissues from three different sets of rats, while summary data for
micrographs are obtained from nine sections from three different rats per group. Results
shown are mean = SEM. Statistical significance was tested by one-way ANOVA
followed by Tukey multiple comparisons test for , and two-way ANOVA followed by
Sidak post hoc test for G. * denotes a P-value < 0.05 vs. HC-fed OVX rat values.
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Figure 25.Cardiac autonomic modulation by therapeutic fasting in ovariectomized
female rats.

A, Representative tracings of pressor (MAP) and cardiac (HR) responses to increasing
PE doses in ovariectomized HC-fed females with and without IF. Vertical scale bars
represent MAP (60 mmHg) and HR (40 BPM) while horizontal scale bars represent
time (60 sec); B, The pressor responses to increasing doses of PE; C, Reflex
bradycardic responses to increasing BP; D, Best fit regression line for the correlation
between AMAP and reflex changes in HR in response to increasing doses of PE; E,
Slope of the linear regression of the relationship between AHR and AMAP reflecting
parasympathetic baroreceptor sensitivity (BRS). Depicted data represent meantSEM of
values obtained from 6 rats/group. Statistical analysis was done by two-way ANOV A
followed by Sidak’s multiple comparisons test for B & C, and one-way ANOVA
followed by Tukey multiple comparisons test for E. # denote P<0.05 vs. HC OVX arm.

C. The impact of Inorganic Phosphate as a UCP1 inhibitor on PVAT Induced
Cardiovascular Dysfunction.

1. Metabolic and gross hemodynamic impact of HC feeding with different levels
of phosphorus.

The metabolic and gross hemodynamic profile of rats fed HC-diet with low Pi has
been characterized in our previous work [7, 253, 315]. Indeed, the present study showed

similar results with an increased cumulative calorie intake that is equivalent to the



previously observed daily increase of ~14 Kcal (Fig 26. A). This occurred in absence of
increased body weight or fasting blood glucose level (Fig 26. B & C). As for non-
invasive hemodynamic measurements, no changes in systolic blood pressure and
ejection fraction were detected (Fig 26. G & H). As previously observed, HC-fed rats
demonstrated an increased adiposity as indicated by an elevated fat:lean ratio, which
was not affected by different levels of Pi supplementation (Fig 26. D). On the other
hand, the characteristic increase in serum triglyceride that appeared in this model of
early metabolic challenge was reversed by P1 supplementation at both 0.75 and 1.5
mg/Kcal (Fig 26. E). Moreover, while the 0.75 mg/Kcal supplementation level did not
affect the elevated serum insulin levels in HC-fed rats, supplementation at 1.5 mg/Kcal
appeared to be associated with fasting serum insulin levels that were not different from
those in control rats (Fig 26. F). Interestingly, despite the observed increase in
adiposity, serum concentrations of leptin and adiponectin did not appear to vary in
different rat groups (Fig 26. H & 1). Significantly, despite a trend to increase, serum Pi
levels in rats receiving the HC-diet deficient in Pi was not different from that in rats
receiving control diet or the HC-diet with the intermediate Pi dose of 0.75 mg/Kcal (Fig
27. A). Importantly though, rats receiving HC diet supplemented by 1.5 mg/Kcal Pi had
serum levels that were significantly less compared to those with Pi-deficient diet.
Moreover, the different rat groups showed similar serum concentrations of calcium (Fig
27. B) and magnesium (Fig 27. C). Interestingly, the general trends observed after the
12-week feeding period were preserved, albeit with lesser differences at the earlier time

point of eight weeks (Fig 28) indicating a consistent trajectory over the feeding period.
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Figure 26.Metabolic and gross hemodynamic impact of inorganic phosphorus
supplementation of hypercaloric diet.

Twelve weeks of increased calorie consumption (A) due to hypercaloric (HC) diet
feeding induce a non-obese prediabetic phenotype in rats without an increase in body
weight (B), fasting blood glucose (C), systolic blood pressure (Sys BP, G), Ejection
fraction (H), Serum Leptin (I), and serum adiponectin (J); but with increased fat:lean
ratio (D), serum triglycerides (E), and fasting serum insulin (F). The effects of inorganic
phosphorus (P) supplementation at 0.75 and 1.5 mg/Kcal during the full twelve-week
duration are depicted and compared to rats receiving normal chow (NC). Results shown
are mean = SEM of observations from six different rats per group. Statistical
significance was tested by one-way ANOVA followed by Tukey post hoc test. *

denotes a P-value < 0.05 vs. NC while * denotes a P-value < 0.05 vs. HC: 0.375
mg/Kcal P.
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Figure 27.Phosphorus supplementation does not affect serum Pi, calcium, or

magnesium concentrations.

Phosphorus (P1) deficient hypercaloric feeding (HC: 0.375 mg/Kcal) does not affect
serum Pi (A), calcium (B) or magnesium (C) concentrations. Results shown are mean *
SEM of observations from six different rats per group. Statistical significance was
tested by one-way ANOVA followed by Tukey multiple comparisons test.
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Figure 28.Impact of 8 weeks of inorganic phosphorus supplementation of
hypercaloric diet on metabolic and gross hemodynamic parameters as well as Pi,
calcium, and magnesium concentration.

Eight weeks of feeding had no effect on body weight (A), fasting blood glucose (B),
systolic blood pressure (Sys BP, E), serum Pi (F), serum calcium (G), and serum
magnesium (H); but increased fat:lean ratio (E) and serum triglycerides (D). Results
shown are mean £ SEM of observations from five different rats per group. Statistical
significance was tested by one-way ANOVA followed by Tukey post hoc test. *
denotes a P-value < 0.05 vs. NC while * denotes a P-value < 0.05 vs. HC: 0.375
mg/Kcal P.

2. Impact of phosphorus supplementation on markers of adipose tissue
inflammation in HC-fed rats and in vitro in cultured adipocytes.

Our previous studies showed that HC feeding was associated with increased UCP1
expression in PVAT but not in other adipose depots, which was accompanied by
increased markers of hypoxia and inflammation [7]. Similar findings were obtained in

the present study whereby HC: 0.375 Pi diet was found to induce an increased UCP1
100



expression with parallel increases in HIF1-a and IL-14 (Fig 29. A). Pi supplementation



led to a dose-dependent decrease in UCP1 PVAT expression. Parallel reduction in
HIF1-a and IL-1/ expression was seen particularly with the 1.5 mg/Kcal Pi dose (Fig
29. A). Interestingly, while PVAT adipocyte size increased upon HC feeding, Pi
supplementation led to a reversal of this effect (Fig 29. B). Upon examination of the
impact of dietary changes on bona fide WAT and BAT, UCP1 expression was not
detected and did not change in epididymal and infra-scapular adipose tissue,
respectively (Fig 29. C & E). In parallel, HIF1-« expression did not change in either
tissue with any of the diets, whereas no IL-1/ expression was seen (Fig 29. C & E).
Nevertheless, an increase adipocyte size was observed in both WAT and BAT
representative tissues from rats fed HC: 0.375 Pi diet. This change was reversed was Pi
supplementation, particularly at the 1.5 mg/Kcal dose (Fig 29. D & F).

In attempt to establish a direct effect of Pi on PVAT changes, we have developed an
in vitro cell culture model to simulate the inflammatory changes occurring upon
exposure to increased calorie intake and hyperinsulinemia. Adipocytes differentiated
from human bone marrow-derived mesenchymal stem cells showed lipid droplet
accumulation and UCP1 expression (Fig 30 A&B). Differentiated adipocytes stressed
by exposure to 40 mIU/L and 1.6 mM palmitic acid appeared to develop a phenotype
that favors inflammation demonstrated by increased THP-1 monocyte adhesion
compared to adipocytes incubated in control media (Fig 30. C). The adherent
monocytes developed macrophage markers indicative of initiation of inflammatory
response (Fig 30. D). Interestingly, HIF-1« and IL-1 /4 expression levels increased in the
stressed adipocytes exposed to THP-1 monocytes as observed in the PVAT of

prediabetic rats receiving HC: 0.375 (Fig 30. G). Significantly, when this experiment



was repeated in 4 mM Pi, the increase in the expression of both HIF-1« and IL-14 was

attenuated.
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Figure 29.Manifestations of PVAT inflammation in HC-fed rat compared to
changes in a visceral WAT and BAT pools and the ameliorative effect of inorganic
phosphorus supplementation.

103



A, C & E, Representative western blotting (top left) and summary of the quantified data
(top right and bottom) showing the expression levels of UCP1, HIF1-¢, and IL-1£in
PVAT, epididymal WAT and infra-scapular BAT, respectively, of NC- and HC-fed rats
with different concentrations of P supplementation; B, D & F, Representative
micrographs (top) and summary of the quantified data (bottom) showing the adipocye
size in H&E stained PVAT epididymal WAT and infra-scapular BAT sections,
respectively. Scale bars are 25 um. G, Representative western blotting (left) and
summary of the quantified data (right) showing the expression levels HIF1-« and IL-14
in cultured adipocytes differentiated from mesenchymal stem cells at 1 and 4 mM P in
culture media with or without insulin and palmitic acid challenge. The blots shown are
representatives of experiments on tissues from three different sets of rats, while



summary data for micrographs are obtained from nine sections from three different rats
per group. Results shown are mean + SEM. Statistical significance was tested by one-
way ANOVA followed by Tukey multiple comparisons test for A-F, and two-way
ANOVA followed by Sidak post hoc test for G. * denotes a P-value < 0.05 vs. NC-fed
rat values.
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Figure 30.Adipocytes differentiated from human bone marrow-derived
mesenchymal stem cells respond to stress by 40 mIU/L insulin and 1.6 mM
palmitic acid by an inflamed phenotype.

Bone marrow mesenchymal stem cells before (left) and after (right) differentiation to
adipocytes; (B) Representative western blotting showing UCP1 expression in different
batches of differentiated adipocytes; (C) adipocyte exposure to a high insulin and
palmitic acid stress leads to increased recruitment and adhesion of THP-1 monocytes;
(D) Recruited monocytes show markers of differentiation into macrophages. For (C),
statistical significance was tested by ¢ test. * denotes a P-value < 0.05 vs. control culture
medium without the increased insulin and palmitic acid.

3. Phosphorus supplementation ameliorates HC-induced alteration of PVAT
macrophage polarization.




Resident macrophages contribute to adipose tissue homeostasis by adopting a wide
range of activation phenotypes within the M1/M2 model of polarization. While M2
polarization is prevalent in a healthy adipose tissue, obesity and adipose expansion tend
to alter the macrophages towards the M1 polarization concomitant with adipose tissue
inflammation [326]. In line with the inflammatory changes, flow cytometric
examination of the SVF of PVAT for macrophage markers showed that the ratio of
CD45+/CD68+/CD86+ cells corresponding to M1 polarized macrophages to the
CD45+/CD68+/CD163+ corresponding to M2 cells increased in animals receiving low
PiHC diet (Fig 31. A & B). Importantly, parallel decreases in M1/M2 cell ratio were
seen in PVAT from rats fed HC diet with 0.75 and 1.5 mg/Kcal Pi (Fig 31. C & D).

Results of the FACS experiments are summarized in Fig 31. E.
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Figure 31.Phosphorus supplementation restores PVAT macrophage polarization in
rats fed a hypercaloric diet.
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A, B. C & D, Representative FACS scattergrams showing PVAT leukocytes expressing
M1 vs. M2 macrophage polarization markers in rats fed normal chow (NC) or
hypercaloric (HC) diet with different inorganic phosphorus (P) concentrations; E,
summary of the ratio of M1/M2 PVAT macrophages from four different animals per
group. Results shown are mean + SEM. Statistical significance was tested by one-way
ANOVA followed by Tukey multiple comparisons test. * denotes a P-value < 0.05 vs.
NC-fed rat values.

4. Impact of dietary phosphorus on metabolic efficiency and protein metabolism.

Metabolic efficiency (weight gained in g/Kcal of energy intake) was assessed for
every rat in the different diet groups as a measure of energy stored somatically vs. that
dissipated by mitochondrial uncoupling [327]. As could be inferred from the increased
energy intake without an equivalent rise in body weight, energy efficiency decreased in
rats receiving HC: 0.375 Pi diet (Fig 32. A). Consistent with the putative UCP1
inhibitory effect, energy efficiency increased in rats receiving Pi supplemented HC diet
(Fig 32. A). Interestingly, this reduced energy efficiency did not appear to be associated
with increased protein metabolism as BUN did not change among control and HC-fed

rat groups at different Pi levels (Fig 32. B).
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Figure 32.Phosphorus supplementation restores metabolic efficiency without
affecting protein metabolism.

Phosphorus (Pi) deficient hypercaloric feeding (HC: 0.375 mg/Kcal) is associated with
reduced metabolic efficiency (A) that is restored by Pi supplementation without
affecting protein breakdown measured by blood urea nitrogen (BUN, B). Results shown
are mean = SEM of observations from six different rats per group. Statistical
significance was tested by one-way ANOVA followed by Tukey multiple comparisons
test. * denotes a P-value < 0.05 vs. NC-fed rat values.

5. Phosphorus supplementation reverses cardiac autonomic neuropathy in HC-fed
rats.

PVAT inflammation in the non-obese prediabetic state induced by 12-week HC-
diet feeding was consistently shown to be associated with parasympathetic cardiac
autonomic neuropathy manifesting as a blunting of the bradycardic baroreflex in
response to vasopressors [111, 314]. This was indeed the case in rats fed low Pi HC
diet. An increased pressor effect was observed in these rats in response to increasing
PE doses compared to rats on control diet (Fig 33.A & B) in line with the reported
increased vascular contractility at this stage [7]. This was accompanied with an
attenuation of the bradycardic response (Fig 33.. C). Significantly, both effects were
ameliorated in rats fed HC diet supplemented with 1.5 mg/Kcal Pi. Restoration of
parasympathetic autonomic function was confirmed by examination of the
baroreceptor sensitivity in response to PE (Fig 33. D). Whereas the slope of the
AHR vs. AMAP line was blunted in the low Pi HC-fed group, an increased
sensitivity was observed in the 1.5 mg/Kcal supplemented HC group (Fig 33. E). As
observed previously, no change in the sympathetic arm of the baroreflex was

observed following HC feeding or after Pi supplementation (Data not shown).



NC: 0.75 mg/KCal P

g " | 1I B c PE Dose (ug)
z J | | t]u.u 0.51.0 1.52.0
E W R SV, 60- * -
© 60 sec % 10-
HC: 0.375 mg/KCal P E w0 §
£ | g x .20-
Q.
e The ML "W, VO 5w : .
< r‘ I 30- -~ HC:P 0.375 mg/KCal
o | |I 0 -»- HC:P 0.75 mg/KCal
E 1 "‘l 0.00.51.01.52.0 -~ HC:P 1.5 mg/KCal
£ _.."ll-u - b e | b PE Dose (ug)
el — 60 sec - ~ ¥
HC: 0.75 mg/KCal P D E
g o % ey .‘M HM S e,
s f
£ ".r .". LY "HI _ 3 % o g5 01
E o LR l 1l = E .10 2 :E:
S q:‘..“ d“" s 2 E -02
I m=
60 ¢ W8 o
— sec 20 = -0.
HC: 1.5 mg/KCal P -0.4
g_‘ | 203040 50 60 ( /PKC ) 0.750.375 0.75 1.5
o oy iy A MAP (mm Hg) mg/KCa
) Nt 'Yb' ey
(<)) ]
= [ \ NC HC
£ \V"q | s,
E e " g o
3| %
60 sec
PE (ug) 0.25 0.5 0.75 1 2

Figure 33.Phosphorus supplementation of hypercaloric diet restores
parasympathetic cardiac autonomic function.

A, Representative tracings of pressor (MAP) and cardiac (HR) responses to increasing
PE doses in NC- and HC-fed rats with different concentrations of P supplementation.
Vertical scale bars represent MAP (60 mmHg) and HR (40 BPM) while horizontal scale
bars represent time (60 sec); B, The pressor responses to increasing doses of PE; C,
Reflex bradycardic responses to increasing BP; D, Best fit regression line for the
correlation between AMAP and reflex changes in HR in response to increasing doses of
PE in NC- and HC-fed rats with different concentrations of P supplementation; E, Slope
of the linear regression of the relationship between AHR and AMAP reflecting
parasympathetic baroreceptor sensitivity (BRS). Depicted data represent meantSEM of
values obtained from 6 rats/group. Statistical analysis was done by two-way ANOVA
followed by Sidak’s multiple comparisons test for B & C, and one-way ANOVA
followed by Tukey multiple comparisons test for E. *and # denote P<0.05 vs. NC and
HC: 0.375 mg/Kcal P, respectively.



6. Phosphorus supplementation alleviates signs of cardiovascular deterioration.
Histochemical examination of heart mid-section from low Pi HC-fed rats showed
signs of focal injury demonstrated by an elevated papillary muscle edema, as well as
increased fibrosis, macrophage infiltration, and oxidative stress (Fig 34. A & B-E).
Pi supplementation appeared to have reversed these changes in a dose-dependent
manner with the 1.5 mg/Kcal dose being consistently effective. In parallel, the low
Pi HC-induced impairment of ventricular function shown as a decreased dP/dtmax
was mitigated in rats fed Pi supplemented HC diet (Fig 34. F).
On the other hand, similar changes were observed for aortic tissue. While low Pi
HC feeding led to increased aortic medial thickness, fibrosis, and oxidative stress, Pi
supplementation, particularly the 1.5 mg/Kcal dose, was able to reverse these

changes. Representative micrographs are shown in Fig 35.A and summary data in

Fig 35. B-D.
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Figure 34.Impact of inorganic phosphorus supplementation on histopathological
and molecular signs of cardiac impairment induced by hypercaloric feeding.

A, Representative micrographs of histopathological, immunohistochemical, and DHE
staining in heart mid-section of NC- and HC-fed rats with different concentrations of P
supplementation. Data presented are serial sections taken from the same tissues and are
representative of 9 sections from 3 different rats in each group. Scale bars are (top to
bottom): 25, 25, 50, and 50 um. Fibrotic staining appears as a blue color on a red
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background, CD68 staining appears as a brown color on a background of H&E counter



stain, while DHE staining appears as red fluorescence on a black background.
Quantification values of area of interfibrillar edema (B), as well as the intensity of
Masson trichrome (C), CD68 (D), and DHE (E) staining normalized to ventricular
tissue area. F, Cardiac contractility assessed by maximal rate of rise of ventricular
pressure (dP/dtmax). Statistical significance was determined by ANOVA followed by
Tukey post hoc test. * and # denote P<0.05 compared to NC and HC: 0.375 mg/Kcal
rats, respectively.
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Figure 35.Impact of inorganic phosphorus supplementation on histopathological
and molecular signs of vascular impairment induced by hypercaloric feeding.

A, Representative micrographs of histopathological and DHE staining in aortas of NC-
and HC-fed rats with different concentrations of P supplementation. Data presented are
serial sections taken from the same tissues and are representative of 9 sections from 3
different rats in each group. Scale bars are (top to bottom): 50, 25, and 50 um. Fibrotic
staining appears as a blue color on a red background while DHE staining appears as red
fluorescence on a background of green collagen autofluorescence. Quantification values
of medial thickness (B), as well as the intensity of Masson trichrome (C) and DHE (D)
staining normalized to aortic tissue area. Statistical significance was determined by
ANOVA followed by Tukey post hoc test. * and # denote P<0.05 compared to NC and
HC: 0.375 mg/Kcal rats, respectively.



7. Phosphorus supplementation ameliorates HC-diet induced cerebrovascular

dysfunction and the associated brainstem changes.

Consistent with our previous results [253], HC feeding was associated with

increased cerebrovascular myogenic tone (Fig 36. A & B). Such an increased

cerebrovascular reactivity within the operational pressure range of the middle

cerebral arteriole was associated with cerebral hypoxia and increased

neuroinflammation [253]. This was indeed the case in HC-fed rats showing

increased oxidative stress and IBA1 staining indicative of microglial activation in

the brain stem (Fig 36. C). Interestingly, consistent with its effect on PVAT

inflammation, cardiac autonomic and cardiovascular functions, Pi supplementation

reduced the cerebrovascular tone and the associated brainstem oxidative stress and

microglial activation (Fig 36. D & E).
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Figure 36.Inorganic phosphorus supplementation reverses cerebrovascular
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hypercontractility and brainstem inflammation induced by hypercaloric feeding.



A, Representative tracings of pressure myography experiments depicting changes in rat
middle cerebral artery diameter as a function of change in intravascular pressure in
vessel segments from NC- (top left), HC: 0.375 mg/Kcal P-fed (top right), HC: 0.75
mg/Kcal P-fed (bottom left), and HC: 1.5 mg/Kcal P-fed (bottom right) rats in presence
( 2mM Ca) and absence (-Ca) of calcium in the bath solution; B, Active tone generated
by rat middle cerebral artery in vessel segments a function of pressure change (n = 4).
Active tone is the difference in diameter of the vessel at a given intravascular pressure
value in absence and presence of calcium as indicated by the double-headed arrow on
the tracings at 60 mm Hg; C, Representative micrographs of IBA1
immunohistochemical and DHE staining in brainstems of NC- and HC-fed rats with
different concentrations of P supplementation. Data presented are serial sections taken
from the same tissues and are representative of 9 sections from 3 different rats in each
group. Scale bars are 100 um. IBA1 staining appears as a brown color on a background
of H&E counter stain, while DHE staining appears as red fluorescence on a black
background. Quantification values of IBA1 staining (D), as well as the intensity DHE
staining (E) normalized to brainstem tissue area. Statistical significance was determined
by two-way ANOVA followed by Sidak’s post hoc test for (B) and one-way ANOVA
followed by Tukey post hoc test for (D) and (E). *and # denote P<0.05 compared to
NC and HC: 0.375 mg/Kcal rats, respectively.

8. Hypercaloric intake, rather than phosphorus deficiency, precipitates PVAT,
metabolic, and cardiovascular alterations, which can be reversed upon
reinstating dietary phosphorus.

To examine whether PVAT inflammation and the associated cardiovascular changes
in rats fed HC diet occur due to increased calorie intake or Pi deficiency, an additional
group of rats fed a control diet with a Pi concentration equivalent to that in HC diet
(0.375 mg/Kcal) was used. Moreover, the impact of Pi reinstatement after a ten-week
exposure to low Pi1 HC diet was examined by switching these rats to HC diet
supplemented with 1.5 mg/Kcal Pi for the last two weeks of the feeding duration. Fig.
8.1 depicts the gross hemodynamic and metabolic outcome of these protocols compared
to rats fed control and low Pi HC diet for twelve weeks. While rats in the HC diet with
Pi reinstatement consumed more calories as expected, those on low Pi control diet did

not (Fig 37. A). Whereas these dietary manipulations had no bearing on blood glucose



level, blood pressure and ejection fraction (Fig 37. B, C, G & H), only HC-fed rats with
Pi reinstatement had an increased adiposity and serum insulin like those in rats on low
Pi HC-fed rats (Fig 37. D & F). Moreover, a two-week reinstatement of Pi at the 1.5
mg/kcal dose did not appear to alter metabolic efficiency (Fig 37. I). However, despite
the lack of effect on insulin, Pi reintroduction reduced serum triglyceride levels. Serum
triglyceride level in rats fed a low Pi control chow was also comparable to that in rats
receiving control diet with normal Pi content (Fig 37. E). Serum P1, calcium, and
magnesium levels in the low Pi control diet group and those in the Pi reinstatement
group were not different from either the control diet or Pi-deficient HC diet groups (Fig
4.32). Significantly, while Pi reinstatement on top of HC-diet improved ventricular
function as measured by dP/dtmax, rats on a low Pi control diet appeared to have a
reduced ventricular contractility (Fig 37. J).

From a different perspective, molecular examination revealed no signs of PVAT
inflammation in either rat group. Indeed, UCP1 and HIF1-a PVAT expression levels
were similar both in rats fed HC: 0.375 and receiving a two-week 1.5 mg/Kcal Pi
supplementation as well as those receiving the low Pi control diet compared to control
rats (Fig 38. A). PVAT IL-1/ levels were very low in both groups and no different from
those in rats receiving control chow (Fig 38. A). As opposed to rats receiving 1.5
mg/Kcal Pi supplemented HC-diet for the full duration, those in which Pi was
reintroduced for the last two weeks of feeding showed increased PVAT adipocyte size.
No such increase was seen in rats fed a low Pi control diet (Fig 38. B).

The lack on inflammatory changes in PVAT of these rats reflected on the
histological and molecular markers of cardiac and vascular damage elevated in rats fed

HC: 0.375 Pi diet. No signs of papillary muscle focal injury, cardiac fibrosis,



macrophage infiltration, and oxidative stress were seen in heart mid-sections of either
rats group (Fig 38. C). Similarly, aortic intimal thickness, trichrome and DHE staining
were within the same levels as in rats receiving control diet with standard phosphate
content (Fig 38. D).

On the other hand, though increased vascular contractility in response to PE

lingered in both groups, the lack of Pi in control diet did not seem to induce

parasympathetic autonomic neuropathy, and Pi reinstatement reversed the bradycardic

reflex blunting induced by HC: 0.375 Pi diet feeding as evident from the baroreflex
slopes (Fig 39. B). Indeed, the correction of parasympathetic neuropathy could be
related to the lack of signs of brainstem neuroinflammation. Both IBA1 and DHE

staining were at levels very similar to control rats in both groups (Fig 39. C & D).
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Figure 37.Gross metabolic and functional parameters following low phosphorus

control diet feeding or phosphorus reinstatement after a ten-week high calorie

phosphorus deficient diet feeding.
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The differences in calorie consumption (A) in different groups for the twelve-week
duration did not reflect into changes in body weight (B), fasting blood glucose (C),



systolic blood pressure (Sys BP, G), and Ejection fraction (H); yet increased fat:lean
ratio (D), serum triglycerides (E), and fasting serum insulin (F) were not seen in the low
Pi control diet group with only serum triglycerides reversed by Pi reinstatement. Low Pi
control diet and Pi reinstatement did not affect metabolic efficiency (I) compared to
control rats or those receiving low Pi HC diet, respectively. J, Systolic ventricular
function in different groups measured as dP/dtmax. Results shown are mean £ SEM of
observations from six different rats per group. Statistical significance was tested by one-
way ANOVA followed by Tukey post hoc test. * denotes a P-value < 0.05 vs. NC while
# denotes a P-value < 0.05 vs. HC: 0.375 mg/Kcal P.
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Figure 38.Serum Pi, calcium and magnesium following low phosphorus control

diet feeding or phosphorus reinstatement after a ten-week high calorie phosphorus
deficient diet feeding.

Different dietary interventions do not affect serum Pi (A), calcium (B) or magnesium
(C) concentrations. Results shown are mean = SEM of observations from six different

rats per group. Statistical significance was tested by one-way ANOVA followed by
Tukey multiple comparisons test.
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Figure 39.Impact of low phosphorus control diet feeding or phosphorus
reinstatement after a ten-week high calorie phosphorus deficient diet feeding on
parasympathetic cardiac autonomic function and brainstem inflammation.

A, Representative tracings of pressor (MAP) and cardiac (HR) responses to increasing
PE doses in low Pi NC-fed and Pi reinstatement rats. Vertical scale bars represent MAP
(50 mmHg) and HR (40 BPM) while horizontal scale bars represent time (60 sec); B,
The pressor responses to increasing doses of PE (top left), reflex bradycardic responses
to increasing BP (top right), best fit regression line for the correlation between AMAP
and reflex changes in HR in response to increasing doses of PE (bottom left), and slope
of the linear regression of the relationship between AHR and AMAP reflecting
parasympathetic baroreceptor sensitivity (BRS, bottom right) Depicted data represent
meantSEM of values obtained from 6 rats/group. C, Representative micrographs of
IBA1 immunohistochemical and DHE staining in brainstems of low Pi NC-fed and P1i
reinstatement rats. Data presented are serial sections taken from the same tissues and are
representative of 9 sections from 3 different rats in each group. Scale bars are 100 pm.
IBA1 staining appears as a brown color on a background of H&E counter stain, while
DHE staining appears as red fluorescence on a black background; D, Quantification
values of IBA1 staining (left), as well as the intensity DHE staining (right) normalized
to brainstem tissue area. Statistical analysis was done by two-way ANOVA followed by
Sidak’s multiple comparisons test for AMAP and 4HR, and one-way ANOVA followed
by Tukey multiple comparisons test for the BRS slope and quantification values in E. #
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denotes P<0.05 vs. NC.



9. Dietary interventions with different phosphorus levels do not appear to induce
renal structural alterations.

Increased dietary Pi carries the risk of renal damage characterized by tubular
necrosis and calcium phosphate deposition [328]. To investigate whether the Pi
amounts used in the present study induced renal changes, we have undergone
histological examination of kidneys from all groups. PAS staining demonstrated no
changes in tubular or glomerular structure (Fig 40 ). Similarly, von Kossa staining
showed no calcium deposits in the renal cortices of kidneys from rats in different

groups (Fig 40 ).
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Figure 40.Impact of different phosphate and fat levels in diet on renal
microscopical structure and calcium deposition.

A, Representative micrographs of PAS (top) and von Kossa (bottom) stained renal
cortical sections showing normal glomerular and tubular structure and absence of
calcium deposits in kidneys from different treatment groups. Data presented are serial
sections taken from the same tissues and are representative of 9 sections from 3
different rats in each group. Scale bars are 50 um. von Kossa staining typically appear
as brown staining on a background of H&E counter stain. Quantification values of
mesangial matrix ratio reflecting glomerular structure (B), as well as the intensity of
von Kossa stain (C). Statistical significance was tested by one-way ANOVA followed
by Tukey multiple comparisons test.



CHAPTER V

DISCUSSION

A. Sexual Dimorphism of Adipose Tissue Remodeling and Cardiovascular
Dysfunction in Prediabetes.

It 1s well established that the incidence of T2DM and its complications are affected
by a wide set of factors; of which some are modifiable such as caloric intake, macro-
and micronutrient modifications, and physical activity. Non-modifiable factors include
genetic predisposition, age, and sex hormones[1, 148]. These factors have a significant
impact not only in symptomatic patients, but also in the subclinical stages, such as
prediabetes, where early cardiovascular and metabolic derangements occur [8]. Indeed,
the state of sex hormones remains one of the most important non-modifiable risk factors
in metabolic and cardiovascular dysfunction [148-150, 329, 330]. It is widely accepted
that premenopausal women are more resilient to metabolic and cardiovascular diseases
than men in the same age, however, this advantage is lost after menopause [149, 330].

Indeed, non-obese prediabetes characterized by hyperinsulinemia and insulin
resistance in presence of normal blood glucose levels was induced by HC feeding in
male rats, whereas intact females were protected from this prediabetic metabolic
phenotype. Moreover, ovariectomized (OVX) female rats were more vulnerable to diet
induced prediabetes like their male counterparts. As expected, HC feeding in OVX rats
induced obesity and increased adiposity (F:L ratio). Adiposity and weight gain are
usually recorded in postmenopausal women [156]. Additionally, estrogens appear to
protect against adipocyte hypertrophy in different depots regardless of the diet [151,

172], and the metabolic and cardiovascular privilege in premenopausal women and in



those who are receiving HRT is mainly driven by estrogens [149, 155]. Indeed,
exogenous estrogen treatment was found to correct metabolic and cardiovascular
abnormalities[ 167, 331]. Besides, the shielding properties of estrogen from diet induced
adipose expansion and inflammation, are suggested to be mediating its cardio protective
effect [172, 212].

In our rat model, intact females did not suffer from negative remodeling of
PVAT except for UCP1 upregulation, which seemed to be estrogen independent, as in
E2 treated OVX rats it was not affected. Sex differential expression of UCP1 and the
role of estrogen in modulating UCP1 in adipocytes is controversial. For instance some
studies found that estrogen is only involved in the early stages of adipogenesis [332],
mainly via ER[333], where its selective agonist increased UCP1 expression in in vitro
experiments in a manner medicated by AMPK activation [334]. At the same time,
others found it to be positively associated with ERs levels and age, and was depot
dependent [335]. On the other hand, data from human adipose tissue and murine models
showed that premenopausal females have higher UCP1 and MT activity in BAT
compared to men, an observation that was lost after ovariectomy [336]. Nevertheless,
one study reported the increase of PVAT UCP1 mRNA in intact female mice in
response to WD [197]. Conversely, another study on Wistar female rats reported the
decrease of UCP1 expression, hypertrophy and reduced MT density in PVAT in
response to WD [223]. Interestingly, our HC diet did not appear to affect MT functional
balance in females, the fission:fusion rate in the mitochondrial mesh, as P-DRP1
(ser616), which is an indicator of MT fission, only increased in HC fed male rats but not
their female counterparts. Increased mitochondrial sensitivity and adaptive response to

HFD and obesity in females was observed mainly in BAT and WAT, which was lost in



males [194, 337, 338]. In this context, female mice on HFD had adaptive modulation in
MT community in BAT, as they had higher complex I and II and optimized respiratory
rate compared to Lean females and males on HFD [337]. Mitochondrial fission in
PVAT was observed consistently in HC fed males [222], but in this cohort of female rat
MT fission was not observed, which suggest a more resilient or adaptive MT in the
adipose. Moreover, our previous findings on PVAT detected an increase in HIF1-¢ in
response in HC feeding in males explained by the increased oxygen consumption in
response to UCP1 upregulation together with the reduced supply due to hypertrophy,
leading to an exacerbated hypoxic state [325]. Interestingly, in females despite the
increase of PVAT UCP1 in response to HC feeding, they were protected from ACs
hypertrophy, which compensated for the oxygen demand by increased UCP1.
Moreover, estrogen plays an important role in HIF1-« degradation and hence inhibiting
the hypoxia machinery and downstream effect [339, 340]. A parallel result was
observed in HC-fed OVX female rats where E2 treatment reduced HIF1-a in PVAT. E2
treatment improved hypoxia, reduced AC size, and also reduced inflammatory markers.
These findings further confirm the role of hypoxia in provoking inflammation in PVAT
[325] making the hypoxic machinery a tempting target for preventing negative adipose
remodeling and the subsequent metabolic and cardiovascular insults providing further
context for the use of Pi at this stage as explained above.

Our rat model fed for 12 weeks on HC diet showed a very confined and PVAT
specific adipose negative remodeling [222, 325, 341]. In addition to changes induced in
PVAT after 24 weeks of HC feeding in male rats, BAT was the second depot to be
affected by HC feeding. It had hypertrophic ACs, increased MT fission, and increased

UCP1 expression. However, these changes were not enough to incite hypoxia and the



following inflammatory state in BAT. While in intact females HC only affected BAT
adipocytes’ size. Although one might expect UCP1 to be upregulated in intact female
BAT, since it is a highly innervated tissue and females have high sympathetic activation
[202, 336, 342]. Thus, one might speculate that the increased UCP1 expression induced
in BAT of HC fed males is driven by the insulin mediated sympathetic overflow [343],
where HFD was shown to activate sympathetic flow more prominently in males [225].
Moreover, it was reported that female Wistar rats had lower Bs;-AR expression in BAT
following HFD feeding [198]. Surprisingly, unlike HFD our HC diet did not provoke
any dysfunction in WAT [344]. Neither males nor ovulating females had any changes in
GAT in response to HC feeding, however OVX seemed to bring forth hypertrophy,
which was corrected by E2 treatment, suggesting the sex-depot dependent variability in
response to the same energy stimuli. Indeed, estrogen deficiency provoked hypertrophy
in different depots such as PVAT [212] and GAT[170]. These results point to a possible
elevated vulnerability of PVAT and then BAT in males upon mild energy stress, and
despite being small pools they were able to significantly decrease metabolic efficiency
in HC fed male and female rats as well as provoke metabolic and cardiovascular
derangements.

Undoubtedly, insulin resistance and glucose intolerance remain the most vital
players in fueling metabolic and cardiovascular derangements mediated by
adiposopathy [12, 38, 150, 345]. Several mechanisms were suggested on how estrogen
exert positive outcomes in adipose tissue via modulating its response to insulin. One
suggested pathway is the role of estrogen in preserving insulin sensitivity [156, 175,
207, 344]. Estrogens are known to improve insulin sensitivity in ACs through the

increased phosphorylation of IRS-1 [346]. Indeed, our results show that only male rats



develop hyperinsulinemia and insulin resistance in response to HC feeding. Moreover,
estrogen deficiency in OVX rats triggered hyperinsulinemia and insulin resistance upon
HC feeding, which was corrected by estrogen treatment. As such, hyperinsulinemia in
our model can be considered the main driver of PVAT negative remodeling in males
and OVX females, as both exogenous and endogenous estrogens appear to be sufficient
to prevent insulin resistance.

Diet induced PVAT dysfunction is known to induce vascular complications more
prominently in males [213]. Even in the absence of systemic inflammation, HC diet
induced PVAT inflammation which aggravated cardiovascular dysfunction. In males it
was associated with increased vascular reactivity and blunted parasympathetic
baroreflex sensitivity, which were tied to increased paracrine IL-1/ production from the
inflamed PVAT [7, 314]. Intact females scored better cardiovascular and
parasympathetic outcomes. However, HC fed OVX females had blunted
parasympathetic baroreflex sensitivity, which was prevented with E2 treatment. Since
hyperinsulinemia is known to induce sympathetic overflow [106], and our HC fed
males and ovariectomized females had hyperinsulinemia and autonomic imbalance, we
can safely suggest that our HC model develops the preclinical stage of CAN, similar to
prediabetic humans [6, 107], indicative of the early cardiovascular dysfunction in the
absence of apparent obesity or hyperglycemia in the case of males, and the obese

prediabetic postmenopausal females.

B. Sex Dependent Effect of Therapeutic Fasting on Prediabetic Adipose and
Cardiovascular Dysfunction.

Since overnutrition and positive energy balance are key triggers of cardiometabolic

dysfunction, calorie restriction becomes an attractive intervention to study as a possible
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way to prevent, improve and even treat their manifestations. Time restricted feeding
regimens, referred to as intermittent fasting (IF) [226, 227] showed a strong positive
impact on the metabolic state of obese and non-obese human subjects and animal
models [226, 228]. Nevertheless, the exact mechanism of how these fasting regimens
improve the metabolic state are still not fully understood. Specifically, despite the many
desired outcomes reported for calorie restriction, isocaloric IF seems to have a
prominent effect on the metabolic health [228, 232, 233]. In our therapeutic fasting (TF)
regimen caloric intake was not restricted, and cumulative caloric intake was similar to
the controls. Body weight did not change as well, but adiposity was reduced. Indeed,
the change in fat pad size was found to be triggered by TF alone, regardless of the daily
caloric intake, and independent of the change in body weight as animal studies showed
a decrease in size and weight of adipose depots, with mild or no change in total body
weight [81, 235-237]. Moreover, TF reversed insulin resistance and hyperinsulinemia,
which was observed in other animal models and human studies [228, 229].

Moreover, not only did TF improve insulin resistance, but it was also found to
produce a positive impact on AT remodeling occurring in diet-induced metabolic
dysfunction were [229, 238]. Different fasting regimens found to reduce AC size in
different pools [238], and since HC induced hypertrophy in PVAT and BAT, both were
corrected by TF in male and ovariectomized females. HC induced PVAT dysfunction
was corrected by 12 weeks of fasting, it prevented diet induced MT fission, hypoxia,
and inflammation, which were observed in our previous work [238]. Increased UCP1
expression has been considered one of the major outcomes of AT remodeling by IF, as
fasting induced adipose browning was linked to many metabolic and cardiovascular

positive outcomes [230, 231]. Moreover, both the same IF regimen and every other



day (EOD) fasting for 4 weeks were able to evoke an increased energy expenditure and
UCPI1 expression in WAT tissue in diet-induced obese mice in a manner that also
involved reduction of inflammatory markers [81, 231]. Yet, while IF reduced WAT fat
mass in both obese mice models and obese human subjects, no UCP1 upregulation was
observed in humans [81]. In our non-obese prediabetic rat model, WAT was not
affected by HC feeding in male rats, and did not exert any signs of adiposopathy, hence,
fasting-induced browning in this case was not expected. However, TF was able to
correct the pathological levels of UCP1 in PVAT and BAT of HC fed males, which is a
positive outcome of IF that was not previously reported in the literature.

Taken together, one can conclude that the positive impact of IF on AT is expected to
ameliorate the cardiovascular manifestations of cardiometabolic syndrome. Indeed, the
American heart association (AHA) included IF as one of the dietary measures to
prevent CVDs. Based on human studies, AHA concluded that that IF, regardless of its
effect on weight, improves lipid profile, lowers LDL and cholesterol and increases
HDL, in addition to improving insulin sensitivity, indicated by reduced HOMA-IR, with
no change in blood glucose level [228]. As well, human and animal studies indicated
that IF reduced blood pressure [261-263] and heart rate [262]. As expected, TF seemed
to prevent systolic hypertension induced by HC feeding, improve vascular sensitivity to
PE, preserve autonomic balance, and improve baroreceptor sensitivity. This might be
also due to an effect on sympathetic flow as IF reduced the low frequency component in
the diastolic blood pressure variability, a marker of reduced sympathetic activity, and
increased high frequency component in heart rate variability, which is reflective of the
parasympathetic tone, both being indicative of positive modulation of cardiovascular

state [264]. Furthermore, IF improved endothelial dependent vasorelaxation in healthy



men [266]. Significantly, IF exerted a similar pattern in Wistar male rats, as it showed
an improved aortic endothelial depend relaxation [267]. Indeed, TF in our prediabetic
model appeared to improve ACh induced vasorelaxation and restoring HC induced
endothelial dysfunction in male rats.

There has been no conclusive evidence regarding sex-mediated therapeutic fasting
outcomes. Some human and animal studies indicated the absence of sex differences on
some metabolic outcomes such as insulin sensitivity, glucose tolerance, plasma lipid
profile, blood pressure, adiposity, and total body weight between obese men and women
[272-274]. Since HC feeding in OV X rats induced similar metabolic and cardiovascular
derangements to those in males, which were corrected by E2 treatment as explained in
the previous section, we examined whether therapeutic fasting would correct HC
induced metabolic anomalies in estrogen deficient female rats. In mice despite being
ovariectomized, IF was able to exhibit its beneficial effects even while the animals
being freely fed on HFD, as these mice had better weight loss, insulin sensitivity, and
glucose tolerance compared to the non-fasting counterparts [275]. Indeed, twelve weeks
of TF in ovariectomized female rats were able to correct the obese prediabetic metabolic
phenotype induced by HC feeding in OVX females by improving adiposity and
hyperinsulinemia. Moreover, TF appeared to prevent HC driven PVAT dysfunction,
which was exaggerated in females after OVX, by correcting AC size and UCP1 level,
consequently promoting a normoxic state and preventing the inevitable inflammation.
Parallel to positive alterations in PVAT in response to TF, cardiovascular outcomes
were promising, as it improved BRS in response to PE compared to the non-fasting

OVX females.



Altogether, the current therapeutic fasting regimen induced positive metabolic and
cardiovascular outcomes in prediabetic males and postmenopausal female rats, even
without calorie restriction or dietary modifications. In the latter group, it was able to
overcome the cardiovascular insults mediated by estrogen deficiency. Understanding
the mechanism of how fasting generate its positive outcomes in this context will be our
next step. In the absence of caloric restriction and dietary modifications, we hypothesize
that gut microbiome (GM) and its metabolites play a crucial role in mediating these
metabolic outcomes [347]. As GM composition seemed to be affected by not only the
dietary value of food [347-350], but also by the diurnal patterns of food consumption
[351-353]. Importantly, our proposed TF regime is non-intrusive, safe, and translational
as it requires minimal changes in dietary intake, since adherence to strict dietary
changes remains a huge challenge for patients [354] [355], making it a promising

intervention in prediabetic men and postmenopausal women.

C. Inorganic Phosphate Supplementation and Adipose Mediated Cardiovascular
Dysfunction.

The complexity of the pathophysiology linking metabolic dysfunction in type 2
diabetes to cardiovascular complications has long been recognized to extend beyond
simple perturbations of blood glucose and lipid levels [356]. Yet, it was not until fairly
recently that investigation of pharmacological therapies for metabolic disease focused
on their cardiovascular benefits as desirable outcomes independent of their impact on
hyperglycemia and blood lipid levels [357-359]. While undoubtedly useful, these drugs
were originally designed as hypoglycemic tools. Despite the long standing and
exponentially growing evidence implicating the involvement of inflammation,

particularly that in adipose tissue, in the cardiometabolic complications, direct



interventions with this pathology have not been forthcoming [137, 360-362]. Here, we
propose dietary phosphate supplementation as a simple approach to mitigate PVAT
inflammation and reduce the associated cardiovascular consequences. Not only did
prolonged Pi supplementation of a hypercaloric western diet reduce signs of PVAT
inflammation, cardiac autonomic and cerebrovascular dysfunction, in addition to
molecular and histopathological indicators of damage in the heart, blood vessels and
brainstem, a two-week treatment period had similar outcomes as well.

Typically, western diets known to induce cardiovascular impairment in humans
and animal models are rich in refined sugars and saturated fat [363]. Such dietary shifts
are associated with loss of micronutrients including Pi [364]. Indeed, the rat model used
in the present study received a limited increase in daily caloric intake from saturated
fats and refined sugars for twelve weeks producing a non-obese, hyperinsulinemic
prediabetic state [7, 105, 111, 253, 314]. This modification was associated with almost a
50% reduction in dietary Pi. In the present study, the salient features of this model were
confirmed in the cohort of rats fed HC diet with 0.375 mg/Kcal Pi, particularly
hyperinsulinemia and an increased fat:lean ratio indicative of adipose tissue expansion
and potential inflammation. Significantly, the insulin spike following simple and refined
sugar intake triggered increased peripheral Pi uptake in a manner independent of the
status of insulin resistance further reducing its availability [365]. Moreover, fructose
intake, in particular, was shown to reduce serum and intra-cellular phosphate levels
[366].

Importantly, a considerable body of research demonstrated the beneficial metabolic
impact of Pi. Prior findings from our group showed that Pi supplementation reduced

post-prandial blood glucose and insulin levels [367], decreased body weight, body mass



index and waist circumference [368], increased post-prandial energy expenditure [369],
and preserved the exercise-induced elevation in total energy expenditure potentially by
inhibition of energy compensation [370]. Furthermore, other investigators showed that,
besides reducing blood glucose, insulin, and lipid levels, phosphate supplementation
reduced body fat accumulation, especially in visceral adipose [371, 372].

In this context, increased adipose tissue UCP1 expression was consistently reported in
different high-fat diet fed animals models [373]. Of relevance, UCP1 activity is
stimulated by long chain fatty acids increasing in abundance following this kind of diet
[374]. UCP1-mediated uncoupling was suggested to be an energy wasting mechanism
to allow sufficient protein intake, especially that this effect was simulated with a diet
containing low-quality protein in comparison to another diet containing the phosphate-
rich casein [375]. Significantly, while our rat model lacked systemic inflammation [7,
111, 314], these rats had localized PVAT inflammation that coincided with increased
UCPI1 expression and adipocyte hypertrophy resulting in increased hypoxia and
inflammation, which were not seen in WAT [7]. In the present study, the same results
were recapitulated in the HC: 0.375 Pi diet. No increases in UCP1 or HIF1 -« expression
or in proinflammatory IL-1/ level were seen in representative visceral WAT or BAT
depots, despite an increase in adipocyte size. This observation confirms the previous
suggestion that the growing oxygen demand due to increased UCP1 expression [376-
378] possibly underlies the selective vulnerability of PVAT to hypoxia and
inflammation at this early stage. Furthermore, the lack of detectable changes in serum
levels of leptin and adiponectin, despite an increased fat:lean ratio, supports the notion
that the functional and structural deterioration observed in this rat model result from a

local paracrine effect of PVAT inflammation rather than a remote effect due to wider



involvement of other adipose depots similar to that observed in late stages of obesity
and diabetes [111].

Pi supplementation in rats feeding HC diet, particularly at the 1.5 mg/Kcal dose,
reduced serum insulin and lipid levels, as well as adipocyte size. This occurred with a
parallel reduction in PVAT UCP1 and HIF1-«a expression levels with a consequent
decrease in IL-14. The amelioration of the PVAT inflammatory status was also
demonstrated by a restoration of the macrophage polarization state observed in control
rats. Even though Pi supplementation did not result in statistically significant changes in
calorie intake, body weight, or overall adiposity as measured by fat:lean ratio, a
significant restoration of metabolic efficiency was achieved in rats receiving Pi
supplementation in HC diet. The reduction of metabolic efficiency seen in rats fed
HC:0.375 could be attributed to increased mitochondrial uncoupling resulting from
increased UCP1 expression, hence the dissipation of excess dietary energy as heat.
Indeed, increased UCP1 expression and activity was shown to be recruited in adipose
tissue for diet induced thermogenesis and was associated with an increased oxygen
consumption [379]. As such, the restoration of metabolic efficiency in Pi supplemented
rats might be accounted for by the reduction in UCP1 expression and activity. In this
regard, the ability of Pi to reduce mitochondrial uncoupling and energy dissipation via
the inhibition of UCP1 has been recently shown [380]. Whereas Pi mediated changes in
calorie intake and body weight were below the threshold of statistical significance, the
intra-animal normalization involved in the calculation of metabolic efficiency for each
rat in different groups might have accentuated these differences, which are inherently
limited given the relatively small size of PVAT being the depot where UCP1 expression

is upregulated.



Importantly, while previous studies suggested that Pi supplementation induced a
preferential increase in lipid use as an energy source evident by a reduced respiratory
quotient without a decrease in oxygen consumption [372] this appeared to be mediated
via coupled mitochondrial respiration. Indeed, low serum Pi levels were shown to
reduce mitochondrial ATP production [381], while extra-mitochondrial Pi was shown to
induce a balanced activation of the electron transport chain enhancing mitochondrial
coupling and ATP production [382]. As such, given the known difference in rates of
mitochondrial oxygen consumption between couple and uncoupled mitochondrial
respiration [383], it becomes plausible that the Pi-induced shift either through inhibition
of UCPI, activation of coupled electron transport, or both, underlies the observed
alleviation of PVAT hypoxia and inflammation. The increased efficiency of respiration
relieving the metabolic stress triggering energy dissipation could explain the observed
normalization of UCP1 expression in PVAT from animals receiving phosphate
supplementation.

As for the triglyceride levels, while increased serum levels could be tied to
increased calorie intake, adipose tissue inflammation was shown to contribute to
increased triglyceride levels by a variety of mechanisms including increased insulin
resistance [384]. As such, it might be plausible that Pi supplementation could normalize
serum triglyceride levels through the amelioration of PVAT inflammation and
normalization of insulin levels. Indeed, a lowering effect on serum lipids was observed
for Pi supplementation before [371, 372]. However, a potential caveat for this
explanation would be the relatively limited impact of a small adipose depot like PVAT

on systemic levels of triglycerides. As such, it might be necessary to invoke additional



explanations including the overall improvement of metabolism and energy expenditure
previously reported for Pi supplementation.

Yet, the results of the in vivo treatment experiments are insufficient to support a
direct effect of Pi on PVAT inflammation particularly that Pi interferes with the
function of many pathways with impact on endocrine function and inflammation. In this
context, increased Pi intake was found to impact calcium homeostasis and decrease
serum calcium by affecting parathyroid hormone (PTH) levels [385], however this has
been reported when very high Pi intake levels were coupled with reduced calcium
intake [386]. Similarly, serum Pi alterations could affect magnesium levels either
through renal excretion or via PTH activation [387]. Indeed not only had PTH been
implicated in a cross-talk with IL-1/ for bone resorption and metabolism [388], PTH
was shown to induce inflammatory IL-6 expression in osteoblastic cells [389].
However, the lack of detectable differences in Pi serum levels among groups (apart
from a limited reduction in HC: 1.5 group at 12 weeks) neither at eight weeks of
feeding nor at 12 weeks of feeding, as well as the absence of changes in serum calcium
and magnesium levels argue against changes in PTH-dependent functions. Thus, it
remains unlikely that PTH would drive PVAT inflammatory changes, especially when
more relevant mediators such as insulin were clearly elevated.

Moreover, the results of the in vitro cell culture experiments support a direct role
of Pi supplementation on PVAT inflammation. Whereas HIF-1« and IL-1/ expression
levels increased in the stressed adipocytes exposed to monocytes as observed in the
PVAT of prediabetic rats receiving HC: 0.375, such increases were attenuated in
adipocytes exposed to a parallel increase in Pi concentration. However, direct effects

might not only be relevant to the proposed effect on hypoxia. Interestingly, recent



investigation proposed the calcium sensing receptor (CaSR) as a mediator of adipose
tissue dysfunction whereby the activation of this receptor was associated with pro-
inflammatory cytokine production [390, 391]. On the other hand, other studies showed
that selective CaSR knockout in visceral adipose tissue did not alter high-fat diet
induced adipose inflammation and vascular dysfunction arguing against its role in this
context [392]. Significantly, emerging data suggested that increasing Pi concentration
appeared to inhibit CaSR activity by non-competitive antagonism [393]. However, no
appreciable inhibition of CaSR was observed at physiological serum levels of Pi, rather
a 2.5-fold increase was required to achieve this inhibitory effect. As such, the
contribution of this mechanism in the context of our present findings showing no
increase in serum phosphate remains unlikely.

Under such circumstances, rats receiving Pi supplemented HC-diet showed
mitigated cardiovascular consequences of PVAT inflammation. As observed previously,
HC: 0.375 Pi feeding was associated with increased vascular reactivity, decreased rate
of ventricular contractility, and blunted parasympathetic baroreflex sensitivity, which
were tied to increased paracrine IL-1/ production from the inflamed PVAT [7, 314]. Pi
supplementation, particularly at the 1.5 mg/Kcal dose ameliorated the observed
cardiovascular and parasympathetic functional impairment. Moreover, heart mid-section
and aortic tissues from rats receiving Pi supplemented HC diet showed reduced signs of
focal ischemia and decreased medial thickness upon H&E staining, respectively. As
well, fibrosis and oxidative stress were also decreased. Furthermore, our previous work
showed that the prediabetic state induced in these rats by HC feeding increased
cerebrovascular tone triggering an increase in brain oxidative stress and

neuroinflammation [253]. Pi supplementation normalized cerebrovascular tone in
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response to a range of intra-vascular pressure values and reduced signs of brainstem
neuroinflammation and oxidative stress. Cardiac autonomic neuropathy is a major
cardiovascular risk factor in prediabetes and is known to emerge from a
disproportionate sympathetic activation due to hyperinsulinemia [106]. Yet, it could
also be argued that the observed autonomic insult is a consequence of increased
brainstem oxidative stress and inflammation [394]. In either case, Pi supplementation
appear to reverse hyperinsulinemia and increased cerebrovascular tone leading to
brainstem oxidative stress.

From a different perspective, the ability of Pi administration to improve insulin
sensitivity [395] and reduce insulin levels [367] could be invoked to explain the
observed effect of Pi supplementation on PVAT. Indeed, hyperinsulinemia was
proposed as a possible instigator of adipose inflammation via insulin-induced adipocyte
hypertrophy [38]. Nevertheless, the insulin lowering effect of Pi cannot rule out other
mechanisms discussed above. This could be inferred from the observations in rats
receiving a two-week treatment protocol of 1.5 mg/Kcal Pi supplemented diet after
being fed HC: 0.375 Pi diet for 10 weeks. Whereas the relatively short duration of
exposure to Pi supplementation was not sufficient to trigger changes in serum insulin
level and adipocyte size, together with a lack of reversal of cumulative metabolic
efficiency, this two-week regimen improved PVAT hypoxia and inflammation, as well
as the functional, histological and molecular manifestations of autonomic and
cardiovascular deterioration. These findings suggest that Pi produced a direct insulin-
independent PVAT effect potentially reducing hypoxia by UCP1 inhibition and
promotion of coupled mitochondrial respiration. On the other hand, Pi deficiency on its

own could not explain the observed PVAT and cardiovascular phenotype. A low Pi
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control diet evoked neither PVAT inflammation nor cardiovascular deterioration, apart
from a reduced rate of ventricular contraction. Such a finding is expected since a diet
with standard composition would not be anticipated to upregulate UCP1. Alternatively,
the present findings propose that a dual insult with increased availability of fatty acids
and reduced Pi would be required to facilitate an increased PVAT UCP1 activity, and
thus augment oxygen consumption, hypoxia and inflammation.

The effect of low Pi control diet on the rate of ventricular contraction could be
viewed in terms of data showing that increased serum Pi levels were tied to ventricular
diastolic dysfunction in uremic patients [396]. Another study found that even slightly
elevated serum Pi levels, while still within the normal range, might be associated with
adverse cardiac outcomes [397]. While no difference was detected in the serum Pi level
between NC and low Pi diet fed groups, our results show a trend towards an increased
serum P1i level, which might be analogous to these observations.

Despite the availability of information describing the molecular mechanism of
P1i in this context and the favorable outcomes of Pi supplementation in early metabolic
dysfunction, its recommendation for clinical investigation will be hampered by the
perceived adverse effects. Literature shows a biphasic relationship for the impact of
serum phosphate level. Whereas lower serum phosphate levels correlated with
metabolic impairment leading to increased cardiovascular risk, higher levels were also
associated with cardiovascular disease [398]. Moreover, fluctuations in serum
phosphate concentrations triggered changes in calcium levels as well as those of the
parathyroid hormone [395]. Importantly, studies showed that high serum phosphate
levels or an excessive intake of phosphate were linked to cardiovascular and renal

damage [399, 400]. Studies reporting adverse effects of increased Pi intake show clear



signs of deposition of calcium phosphate in the kidneys [386]. Indeed, increased Pi
intake was associated with tubular necrosis and renal calcification in rats albeit at intake
levels that are 3-4 fold higher than the highest concentration used in the present study
[328]. As well, osteogenic changes including increased RUNX2 expression and
vascular calcification were observed in rats fed a high Pi, however this occurred only in
nephrectomized rats receiving more than twice as much Pi as in our highest dietary
composition leading to profound changes in serum Pi and calcium not observed in the
present study [401]. Nonetheless, histological examination revealed normal renal
glomerular and tubular structure in the kidneys in rats of all groups. Importantly, silver
staining showed a total lack of calcium deposits in the kidneys in all groups. In parallel,
histological examination of aortic tissue in our different rat groups did not show any
sign of structural disruption. Additionally, the vasculature remained fully responsive to
vasopressor/vasodilator challenges as observed in the hemodynamic experiments
potentially ruling out vascular stiffness secondary to Pi-triggered increases in fibroblast
growth factor 23 expression [402]. As such, careful examination of the impact of serum
phosphate on oxygen consumption and adipose respiration rates in humans must be
undertaken prior to the recommendation of a Pi dose for supplementation for the
purposes suggested in the present study. Moreover, such a recommendation for Pi
intake must be decided within a more holistic process taking the overall patient profile,
including serum electrolyte, parathyroid hormone, and insulin levels, as well kidney
function status.

In conclusion, the present study proposes a novel role for Pi supplementation in
curbing PVAT inflammation occurring in early metabolic dysfunction triggered by

intake of diets with a diluted Pi content. Pi normalization relieves PVAT hypoxia and



mitigates the detrimental cardiac autonomic and vascular consequences. The combined
metabolic and cardiovascular impact highlights a potential role for Pi in the
amelioration of the emergence of the early cardiometabolic complications of increased

calorie intake.

D. Conclusions and Future Directions

Non-obese prediabetic phenotype was observed in male rats in response to twelve
and twenty-four weeks of HC feeding, characterized by hyperinsulinemia, euglycemia,
insulin resistance and increased adiposity without a significant increase in total body
weight. This early stage of prediabetes was associated with alarming metabolic and
cardiovascular impairment, which were provoked by an interplay between
hyperinsulinemia and sympathetic overflow which in turn triggered PVAT dysfunction.
In male rats, PVAT dysfunction in our model was consistently presented as
hypertrophied pool with impaired MT function and UCP1 upregulation, leading to a
state of metabolic inefficiency and accelerated hypoxia that triggers inevitable
inflammatory cascade fueling cardiovascular dysfunction. Thus, inhibiting UCP1 in
PVAT seemed a reasonable target to interrupt the hypoxia machinery. Achieving this
with inorganic phosphate seemed promising, as it was recognized as UCP1
inhibitor[280]. Indeed, clinical trials from our group showed positive metabolic effect
of Pi supplementation[298, 301, 302, 369, 403]. Pi supplementation inhibited UCP1land
corrected PVAT dysfunction associated with HC-induced prediabetic phenotype, in
addition to the subsequent cardiometabolic derangements. Despite the important impact

of Pi supplementation in our model, the opposite was not observed, as phosphate



deficiency in the diet per se was not enough to provoke these metabolic derangements
as observed in NC and low phosphate arm. Yet, in the presence of HC low phosphate
was found to be detrimental and exacerbated the pathological effect. On the other hand,
HC-fed premenopausal female rats seemed to be resilient to the prediabetic metabolic
phenotype and its related cardiometabolic derangements. This seemed to be mediated
by estrogen, as bilateral ovariectomy in rats exaggerated the impact of HC feeding, and
they developed an obese prediabetic phenotype, with PVAT and cardiovascular
dysfunction. Indeed, exogenous estrogen appeared to restore the cardiometabolic
derangements induced by HC feeding and prevent obesity and prediabetes induced by
HC feeding in ovariectomized females. Estrogen in our model, seemed to reduce
sympathetic overflow, increase insulin sensitivity, and degrade HIF1-« finally leading
to a disruption of the hypoxia machinery and its repercussions.

In our non-obese prediabetic rat model, therapeutic fasting was implemented as a
possible intervention to modulate insulin resistance and sympathetic overactivation.
Indeed, after twelve weeks of fasting and despite having free access to HC diet during
the feeding hours, TF was able to reverse prediabetes, PVAT dysfunction and improve
cardiovascular function in male rats. The same protective outcome was observed in HC-
fed ovariectomized females. This opens the door for a wide range of possibilities as TF
ameliorated cardiometabolic impairment in the presence of HC feeding, and in the
absence of endogenous estrogen. Specifically, another study involving IF in a calorie
restriction protocol showed a shift in AT macrophages to the M2 polarization that was
mediated by Sirtuin-1 (SIRT1) activity [247]. SIRT1 is a nutrient sensitive histone
deacetylase that is thought to mediate the beneficial metabolic effects of fasting and

calorie restriction including improved serum glucose and lipid levels, increased insulin



sensitivity and reduced body weight [248, 249]. Interestingly, mild SIRT1
overexpression protected against HFD-induced inflammation by reducing NF-xB
activation and pro-inflammatory cytokine production [250]. Pertinent to the
inflammatory context in AT, SIRT1 activation was shown to mitigate hypoxic cell
damage through the augmentation of autophagic flux that was mediated by AMPK
activation [251]. Indeed, IF was found to augment AMPK phosphorylation [252].
Significantly, not only has our work shown a reduced AMPK activity in cardiovascular
impairment associated with early metabolic dysfunction involving PVAT
inflammation[404], our results also demonstrated autophagy suppression as a possible
contributor to the observed phenotype [111, 405]. Moreover, a lack of AMPK activity
was implicated in AC hypertrophy [254]. As such, I[F-mediated SIRT1 activation could
offer a mechanistic link for the observed positive changes in AT remodeling. One of our
future targets is to further study the mechanism of which TF induce its effect in a sex
dependent manner and probably find more precise and targeted interventions, of which
gut microbiome can play a major role, since diet induced dysbiosis was linked to
sympathetic activation [347].

On the same note, LPS migration into the circulation has been suggested to be a
contributing factor to the onset of AT inflammation, insulin resistance, obesity, and
diabetes [406-408]. Interestingly, HFD consumption had a similar effect as LPS
subcutaneous infusion on elevating serum LPS and promoting AT inflammation in male
mice [406]. Significantly, HFD-fed TLR4 knockout mice did not have increased
proinflammatory cytokines in the isolated epidydimal AT depot, whereas wild-type
mice were hyperinsulinemic and exhibited a proinflammatory response in the

epidydimal WAT manifested by increased TNFa, IL-1p, and IL-6, and macrophage



infiltration [409]. Moreover, TLR4 knockout male mice had an increased insulin
sensitivity in subcutaneous and epidydimal WAT even in presence of HFD feeding
[410]. LPS activates TLR4 on target tissues including AT and macrophages triggering
proinflammatory cascade and activating NF-kB. AT overactivation and hypertrophied
expansion due to dysbiosis. In parallel, LPS induced neuroinflammation triggers
sympathetic firing. The resultant sympathetic overactivation and insulin resistance,
which are expected to be higher in males, will lead to early inflammation and negative
remodeling of PVAT precipitating a wide range of subclinical cardiovascular insults
[120, 125, 126, 139, 222, 343, 411]. Since estrogen holds a protective effect against
hypoxia in AT, possibly estrogen will block dysbiosis-mediated dysfunction
cardiovascular dysfunction by interfering with PVAT inflammation. Hence, dysbiosis

can add an extra layer to diet induced sex-dependent cardiovascular dysfunction.
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