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e ABSTRACT

Background and hypothesis

Adipose tissue dysfunction is a hallmark of obesity and is frequently associated
with distorted metabolic homeostasis, cardiovascular and chronic, low-grade
inflammatory diseases. Several recent studies point to pharmacological and/or
nutritional health initiatives targeting adipose tissue being a promising approach
to obesity prevention. In this regard, nicotinamide adenine dinucleotide (NAD)+
precursors, such as nicotinamide riboside and mononucleotide nicotinamide has
been proven beneficial in increasing energy metabolism and preventing body
weight gain in vivo. However, neither their favorable anti-obesity impact on
disturbed white adipose tissue (WAT) physiology and plasticity nor in alleviating
chronic inflammation, which frequently accompanies obesity, was not eventually
pursued in any of these studies. In addition to the above-mentioned NAD
precursors, nicotinamide (NAM) is also a physiological precursor of NAD+.
However, its contribution in boosting energy metabolism and body weight gain
still remains elusive. Although a growing body of evidences also supports a role
for NAM as an anti-oxidant and anti-inflammatory agent both in vitro and in vivo,
its potential contribution in preventing atherosclerosis, which is one of the main
mechanisms involved in cardiovascular disease in vivo, has not previously been

proven yet.
Aims

The aim of this study was twofold: to investigate the effect of NAM
supplementation in (1) preventing weight gain and adiposity; (2) improving
features of chronic inflammation in appropriate mouse models of obesity
(diet-induced obesity -DIO- mice) and atherosclerosis (i.e., ApoE-deficient

mice).



Results

NAM administration to mice was provided orally via tap water at libitum. Its

administration was shown palatable, safe and well tolerated at doses below 1%.

NAM supplementation, at the highest dose used (1%) (NAM HD-treated
mice), prevented body weight gain, with the latter being mainly and repeatedly
accompanied by reduction in fat accumulation in different regional depots, and
hepatic steatosis. Mechanistically, such anti-adiposity effect by NAM was mainly
accompanied by an [i] increased global energy expenditure, [ii] enhanced
promotion of browning in subcutaneous (SC)WAT, as revealed by elevations in
the relative mRNA and protein abundance of the uncoupling protein (Ucp)-1, and
[iii] elevation of the de novo synthesis of NAD+ and NAD/NADH ratio in SCWAT
of NAM HD-treated, DIO mice. Notably, the AMP content was significantly
elevated in sSCWAT of NAM HD-treated, DIO mice. Also, the NAD+/NADH ratio
was directly related to the AMP/ATP ratio. Overall these data suggested a
situation of energy demand in scWAT from NAM HD-treated mice.
Concomitantly, the protein abundance of the active (phosphorylated) form of
AMP-activated kinase was also elevated in this tissue of NAM HD-treated mice.

NAM supplementation also improved the global inflammatory condition
and prevented atherosclerosis development in mice. This was revealed by
[i] elevations in the circulating concentrations of interleukin (IL-)10 and [ii] up-
regulation of relative mRNA of 1110 in both adipose and aortic tissues, which
potentially suggested a switch to anti-inflammatory M2 macrophages. This
phenotype was accompanied by a commensurate reduction in atherosclerosis
development in NAM-treated, ApoE-deficient mice. In addition to improved
inflammation, non-HDL of NAM-treated, ApoE-deficient mice were less prone to
oxidation than those from untreated mice, being this effect at least partly

provided by the intrinsic anti-oxidant action of NAM.



Conclusions

Dietary supplementation with NAM to mice prevented body weight gain and
adiposity by boosting energy expenditure, with this being mainly attributed to
induction of browning and energy demand in scWAT. NAM also promoted anti-
inflammatory and anti-oxidant actions. Its administration increased gene
expression I110 in target tissues, including aorta, and protected against
development of atherosclerosis.
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In brief:

This work shows that NAM supplementation via tap water prevents whole-body
and fat gain in mice by boosting energy metabolism and inducing browning in
subcutaneous (sc)WAT of obese mice. Also, in ApoE-deficient mice, NAM
treatment promotes anti —inflammatory and anti-oxidant effects, being this
associated with atherosclerosis prevention.






1. INTRODUCTION

Obesity is a main, yet most neglected, public health concern worldwide [1]. The
epidemic of obesity presents a major challenge to chronic disease prevention
and health across the lifespan in human beings. Steadily rising prevalence of
overweight and obesity have increased in the last years manly due to an
increasingly sedentary lifestyle and nutritional transition consumption to
processed and hyper caloric foods [2]. This trend has driven a remarkable

increase in our understanding of adipose biology and obesity.

Overweight or obesity is defined as the accumulation of excess fat in the body
which usually appears when energy intake (i.e, food consumption) exceeds
caloric expenditure (i.e., basal metabolism, which includes biochemical
pathways required to maintain global metabolic homeostasis, physical activity
and adaptive thermogenesis). Energy expenditure is along with glucose

intolerance and insulin resistance a common metabolic alteration in obesity [3].

Obesity has not been considered until relatively recently as a complex chronic
disease. In its development, this metabolic condition results from a constant and
complex interplay between predisposing genes, socioeconomic, behavioral and
environmental stimuli [4] (Figure 1). In this context, genome-wide association
studies have discovered genes that affect appetite and adiposity [5]. Over-
consumption of hyper caloric foods and sedentary lifestyle are the best
characterized environmental factors involved in adipose mass gain. Ageing,
gender, ethnicity are other factors that may also influence adiposity [5]. Some
drugs, including thiazolidinediones (i.e., a class of PPARy agonists), anti-
depressants and anti-convulsants, glucocorticoids, estrogens, atypical anti-

psychotics, can contribute to fat accumulation.



Behavior

Figure 1 Factors that affect obesity development

Adipose tissue plays an important role in the maintenance of metabolic
homeostasis in vivo [6]. The storage of energy as lipids and sequester them from
the extracellular environment in intracellular organelles known as lipid droplets
is a highly conserved mechanism in mammals. Adipose tissue depots (also
called fat pads) are found in different regions but they are also present in close

contact with other organs, where they modulate organ remodeling and function.

During obesity, adipose tissue plasticity and expandability underlie tissue
dysfunction and are key determinants of obesity-associated metabolic
dysregulation [7]. These features frequently appear when adipose tissue fails to
appropriately expand to store energy overload, which leads to adverse metabolic
problems in ectopic fat accumulation in many other tissues for a long time. This
phenotype further results in other health complications and reduces life
expectancy [8], thereby increasing rates of morbidity and mortality in obese
patients. However, adipose gain may not necessarily be pathogenic [9].
Compelling evidence support the concept that the pathogenic link between fat
gain and obesity-related metabolic and cardiovascular co-morbidities may be
rather related to fat function and ectopic accumulation.



Obesity is also a largely preventable disease. Current attempts have been
moderately effective for the treatment of obesity [10]. Despite having been
proved beneficial for treating obesity, the effectiveness of existing
pharmacological and dietary approaches fails to be maintained at long term.
Thus, a better understanding of the etiology of obesity is required for the
development of more successful and personalized prevention and treatment
strategies. The latter have been suggested at least partly to be attributed to the
fact that such therapies have not been directly addressed to target tissues which
become physiologically disrupted. One of the most important representatives is
the white adipose tissue. Adipose tissue is a multifactorial organ which becomes
severely dysfunctional and fails to appropriately face to excess energy incomes
during obesity. Indeed, this tissue has gained substantial interest with regard to

its potential to be therapeutically targeted [10].

The rising incidence of obesity and costs to treat its associated diseases rises
the need for a better understanding of all aspects of adipocyte (fat cell) biology,
to ascertain how increased adiposity leads to disease. To that effect, mouse
models have been an essential tool in expanding our understanding of molecular
roots of obesity is a pre-requisite to improve both prevention and management
of this entity. Studies in rodents and humans have allowed the identification of
genes predisposing to obesity and analyzing the effect of targeted treatments
using gene manipulation, pharmacological and nutritional approaches.
Importantly, the accessibility of target tissues involved in obesity that are not
easily attainable from humans also contribute to further dissect the effectiveness
of each of these therapies and anticipate to undesirable metabolic side-effects
[11].
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1.1 Mouse models of obesity

Obesity involves decades of pathophysiological changes and adaptation.
Therefore, it is difficult to ascertain the exact mechanisms for this long-term
process in humans. Several surrogate mouse models are the most common

experimental approaches to circumvent some of these issues.

Admittedly, the criteria for choosing animal models of obesity are based on
altered control of eating and/or body weight. The availability of genetically
defined strains as well as widely-developed genetic manipulation techniques
allow to test the contribution of genes in the development of obesity [12]. This
includes murine gene loss- or gain-of-function strategies, monogenic and

polygenic models, and different environmental exposure models [13].

The mouse model of diet-induced obesity (DIO) has become one of the most
important approaches for understanding the interplay of high-calorie diets in
westernized societies and the development of obesity. The DIO model closely
mimics the increasingly availability of nutritionally poor, high-calorie foods
commonly consumed over the past decades, and which are main contributors of
the obesity trend in human societies. High-fat diets produce increased body
weight and increased adiposity in various obesity-prone mouse strains [14].
Obesity-prone and -resistant definition is based on body fat composition data
from  “Naggert1” in the ‘Mouse Phenome Database’ (MDP)

(https://phenome.jax.org/projects/Naggertl), whereby body fat composition was

measured in up to 39 different mouse strains that were fed a HFD for 8 weeks.
Importantly, DIO mice exhibit obesity and metabolic phenotypes that are
comparable to humans and can be measured with standardized diagnostic tests.
Based on earlier reports [15, 16], the obesity-prone, inbred strain C57BL/6J is
commonly selected to study the obesity-promoting effects of a HFD. General
advantages of working with mouse models include the low maintenance cost,
which is related to its small size and the fact that they reach sexual maturity more
rapidly than other mammals. Moreover, mice breeding is easy as they have a
shorter gestation period and relatively abundant offspring to conduct studies.

More detailed phenotyping, such as direct metabolic measurements and



assessment of body fat content, that are difficult and costly in large numbers of
humans are also possible in mice [17-19]. Importantly, environmental factors can
be carefully controlled and specifically manipulated in mouse models [20],
thereby reducing environmental heterogeneity. Mice also provide obesity-related
tissues such as hepatic tissue that are otherwise difficult to obtain in humans
[21]. However, mouse models of obesity also show some flaws. For instance,
different conclusions may be reached in mouse and humans due to the analysis
of different phenotypes. Indeed, body mass index (BMI) measurements are
typical in human studies, whereas the direct measurement of percent of body fat
or body fat mass is more common in mouse models. Unlike humans, there is no
defined threshold for obesity based on BMI in mice. Also, and compared with
humans, the secondary complications of obesity substantially depend on the

genetic background of the strain [22].
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1.2 Adipose tissue plasticity in physio(patho)logy

Adipose tissue is designed to function as the main long-term, energy-reservoir
organ, and actively controls energy homeostasis. Indeed, this tissue stores
excess energy in the form of triglycerides in living lipid-laden, parenchymal cells,
defined as adipocytes, and is able to mobilize lipid reserves by releasing free
fatty acids under conditions of nutritional deprivation or caloric restriction [5].

The classical perception of adipose tissue as an energy store has been replaced
over the last decades by the notion that this tissue also plays a central role in
lipid and glucose metabolism and also serves as an endocrine organ capable of
synthesizing a number of biologically active compounds, including hormones
and cytokines, that signal metabolic homeostasis of adipose tissue and also
other organs [23, 24]. Particularly, leptin and adiponectin are secreted by
adipose tissue and finely modulate feeding behavior and glucose and lipid
metabolism, as well as many other physiological processes such as
inflammation, angiogenesis or energy homeostasis [23, 25]. As a rule, plasma
adipokines rise proportionally with fat mass, except for plasma adiponectin which

is frequently decreased in obese patients [23].

Given its lipid buffering capacity and its endocrine function, healthy adipose
tissue regulates circulation lipids flux according to energy demands controlling
energy intake and expenditure. Thus, adipose tissue of healthy, non-obese
individuals is able to maintain energy homeostasis, systemic insulin sensitivity
and prevent overfeeding [26], but during obesity, it becomes dysfunctional and

fails to confer such beneficial metabolic effects.

In mammals, adipose tissue is also relevant in thermoregulation through its
insulator properties and ability to generate heat via non-shivering

thermogenesis.

Adipose tissue and inflammation are also closely related in obesity [27]. Indeed,
adipose tissue undergoes fibro-inflammation, which further compromises its
functionality. During sustained obesity the enlargement (hypertrophy) of

adipocytes is frequently accompanied by macrophage/leukocyte infiltration in



both humans and rodent models [28]. Inflammatory cell recruitment in adipose
tissue is further linked to systemic inflammation and oxidative stress [29].
Importantly, pro-inflammatory cytokines, but also chemokines and adipokines
are then secreted by adipose tissue, either by adipocytes or
macrophages/leukocytes. Of note, such obesity-induced inflammation may
further contribute to altered insulin and lipid metabolism and atherogenesis in
vivo [30].

In addition to its role as central nexus of metabolic communication and control,
thermoregulation, and inflammation, this tissue also contributes in the

mechanical protection of a series of organs from injury.

In the following sections, anatomical and histological aspects of adipose tissue
and relation to physiology, and its relation with dysfunctional adipose during

development of obesity will be deeply dissected.

1.2.1 General characteristics of adipose tissue

Adipose tissue can be defined as a type of connective tissue that is mainly
composed of adipocytes [5]. Adipocytes are typically found in large aggregates
in adipose tissue or “fat” in many organs and different body regions (Figure 2).
Adipose tissue is a dynamic organ which can range from 4% to >40% of total

body composition in adult humans [31].

1.2.2 Types of adipose tissue

In mammals, there are two main, visually distinct types of adipose tissue, white

adipose tissue (WAT) and brown adipose tissue (BAT) [32].
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WAT

In mammals, WAT is usually distributed throughout the body in several distinct
discrete anatomical fat depots (Figure 2) [33, 34]. WAT appears generally further
sub-classified based on its anatomical location in two major depots, defined as
intra-abdominal/visceral (visc)WAT and subcutaneous (sc)WAT. In humans,
ViSCWAT include omental, mesenteric, retroperitoneal (perirenal areas),
gonadal, and pericardial WAT. However, it is also found around internal organs
and specialized tissues, including vasculature. The other fat depot, the sCWAT,
is located in different body regions under the skin. In humans, clusters of SCWAT
can be found in upper (deep and superficial abdomen) and lower (gluteofemoral)

body regions [35].

In mice, sSCWAT is generally located beneath the skin and outside the peritoneal
cavity, while viscWAT is located in the abdominal cavity [36]. Although mice and
humans share most of fat distribution, they also have distinctive fat depots
(Figure 2).

The biology of viscWAT is different from that of sScWAT [37]. Different locations
suggest that adipose tissue characteristics in each fat depot may differ in its
function. Indeed, different WAT depots may be metabolically distinct despite
sharing relatively conserved morphology. For instance, viscWAT depots are
commonly associated with (cardio)metabolic disorders, including obesity and
diabetes [38], whereas scWAT confers beneficial effects on metabolism [39].
Differing metabolic functions of these two major fat depots are extensively

reviewed elsewhere [40, 41].
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BAT

Histologically, WAT is visually distinct from BAT (Figure 3). In contrast to WAT,
BAT is frequently distributed at different locations throughout the body [31]. BAT
pads are considerably smaller by volumen and denser than WAT depots,
especially in humans, who have lower body surface-to-volume ratio than

rodents. Compared with WAT, BAT appears highly vascularized [42].

The largest and most extensively studied BAT depot in rodents, and in most
mammals, is located between the shoulder blades (interscapular (i)BAT) and
around the kidney (perirenal BAT) as well as in cervical and axillar regions,
though it can also be found in other sites such as the para-aortic region, neck
and mediastinum [43] (Figure 4). In humans, BAT was thought to be exclusively

present in the interscapular region during the perinatal period and adults



chronically exposed to extreme cold; however, recent studies revealed that adult
humans have an active BAT [44].
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Figure 3 Morphological appearance of BAT and WAT.

Representative mice biopsies of (A) BAT and (B) WAT, fixed with formalin, stained with
hematoxylin/eosin and captured at 20X.

The primary main function of BAT is energy dissipation via non-shivering
thermoregulation rather than to serve as energy store. Indeed, this tissue uses
the triglycerides stored in its numerous lipid droplets as fuel for adaptive, non-
shivering thermogenesis [45, 46] and, when fully activated, is able to take up

large amounts of fatty acids and glucose from the circulation [46-48].
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BAT is highly innervated by the sympathetic nervous system which rapidly
triggers brown adipocyte activation upon cold stimulation [46, 49]. In addition to
this signal originating from the central nervous system, endocrine and paracrine
mediators of brown adipocytes have also been identified, including liver-derived
bile acids [50, 51], cardiac natriuretic peptides [52], as well as locally released
adenosine [53].

Emerging evidence suggests that mammals possess another type of
thermogenic adipocyte (i.e., with characteristics of brown adipocytes) in within
WAT depots, defined as ‘beige’ or ‘brite’ adipocytes [54]. However, it is not still
clear whether such different designations refer to the same cell type. Indeed,
limited genetic tracing experiments suggest that there may be heterogeneity
among cell types that are capable of browning. In contrast to brown adipocytes
which are located in precisely dedicated BAT depots, beige adipocytes are an
inducible form of thermogenic adipocytes that sporadically reside within WAT

depots.



1.2.3 Functional units of fat pads

White adipocytes

The accumulation of lipids is characteristic of many cell types; however, the
evolution of specialized fat-storing cells, commonly defined as white adipocytes
has provided a safe and specific compartment to that effect. White adipocytes
are the main cell type present in WAT and are characterized by the presence of
a single, large lipid droplet, only a small amount of cytoplasm, and flattened,
non-centrally located nuclei, which appear compressed between the lipid droplet

and cell membrane; hence they are also defined as ‘unilocular’ adipocytes.

The ‘classical’ function of white adipocytes is to serve as energy store. In
conditions of energy excess, free fatty acids released from the hydrolysis of
circulating triglycerides, by the action of lipoprotein lipase (LPL), enter
adipocytes and are reesterified into triglycerides in a process that involves the
sequential action of multiple enzymes, which including glycerol-3-phosphate
acyltransferase (G3PAT) and diacylglyceride acyltransferase (DGAT) among
others. De novo generated triglycerides accumulate within lipid droplets.
Conversely, in situations of energy deficiency, triglycerides may be mobilized by
the action of hormone-sensitive lipase (HSL), adipose tissue triglyceride lipase
(ATGL), and monoglyceride lipase (MGL) which releases free fatty acid into

circulation.

In addition to the energy-storing properties of white adipocytes, this cell type also
has the ability to produce different molecules, including adipokines (adipocyte-
derived cytokines), such as leptin, adiponectin and adipsin, and cytokines, such
as tumor necrosis factor alpha (Tnfa). The list of adipokines is growing and the
understanding of their physiological role on energy balance, cardiovascular
function, immune regulation, and nutrient homeostasis exhibit therapeutic
potential. However, the specific mechanisms whereby adipokines act on

different target tissues still need to be further elucidated.



Brown adipocytes

Brown adipocytes convert chemical energy into heat [55]. Alike white adipocytes,
brown adipocytes have multiple lipid droplets of differing size and are rich in
mitochondria [7]; hence BAT adopts a brownish color. Nuclei are round and
centrally located. Brown adipocytes express a unique thermogenic and
mitochondrial genetic program that promotes mitochondrial biogenesis, energy
uncoupling and energy dissipation, which provides heat to the organism [55].
Energy dissipation is provided by an abundance of mitochondria as well as by
specialized proteins, including a unique protein to thermogenic adipocytes,
uncoupling protein-1 (Ucpl). This protein collapses the electron gradient to
generate heat rather than ATP [46].

Activation of brown adipocytes with inducers of the brown fat thermogenic
program significantly contribute to systemic metabolism by increasing energy
expenditure through heat production. The relevance of BAT is exemplified by the
fact that in rodents, BAT and liver take up equal amounts of energy from
circulation, a process which is able to normalize glucose and lipid values in

insulin resistant and hyperlipidemic mice [56].

Beige or ‘brite’ adipocytes

Beige adipocytes are another type of thermogenic fat cell [31]. This cell type may
also be presentin WAT and exerts a key role in the regulation of systemic energy
homeostasis in mammals. In WAT, this class of adipocytes have a remarkably
capacity to alter metabolic phenotype from typical WAT to those resembling
brown adipocytes [31]. This phenomenon has been defined as ‘browning’ and is
readily induced by cold exposure and B-adrenergic stimulation. Although
browning has been extensively demonstrated only in small mammals, and the

extent to which this occurs in humans is still debated. Typically, browning
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involves the appearance of multilocular adipocyte clusters that are dispersed

among unilocular white adipocytes [31].

Like brown adipocytes, beige adipocytes display thermogenic properties in
addition to sharing common morphological and biochemical properties, including
multiple lipid droplets and elevated number of mitochondria. However,
compelling evidence also suggests distinct characteristics between both types
of thermogenic adipocytes. While some brown adipocyte-like express Ucpl [57,
58], recent evidences may indicate that Ucpl is not essential for the chronic
thermogenic actions of B3-adrenergic agonists, or for the appearance of
multilocular fat cells in white fat depots [58, 59]. Supporting to this, their role in
the metabolism of glucose may also be accounted for by Ucpl-independent
mechanisms [60]. Consistently, Ucpl-negative multilocular adipocytes has been
reported to show elevated metabolic rates [61] and PPAR-a-dependent up-

regulation of fatty acid oxidation [62].

Immune cells

Adipocytes are not the only cell type of WAT. This tissue also contains different
types of immune cells [5, 63, 64]. Under healthy conditions, the numbers of
immune cells are relatively low; however, upon an inflammatory state, as that
induced by experimental obesity, immune cell numbers increase rapidly, thereby

contributing to metabolic imbalance.

WAT has its own population of resident macrophages, defined as adipose tissue
macrophages [65] (Figure 5). This cell type is commonly identified by
immunohistochemistry using specific anti-Cd68 antibodies; and hence produce
the majority of cytokines from adipose tissue [66, 67]. These cells affect both the
metabolic and endocrine functions of adipose tissue [67-69]. Adipose
macrophages is actually an heterogeneous population and may be divided into
at least two subtypes [70]. Pro-inflammatory, classically-activated macrophages
(i.e., M1 macrophages) are associated with immune defense, whereas anti-
inflammatory, classically-activated macrophages (i.e., M2 macrophages) are

involved in tissue repair and restoration. The ratio between M1/M2 macrophages



is an indicator of the in vivo polarization status of resident macrophages of
adipose tissue in response to different stimuli. Pro-inflammatory M1
macrophages accumulate in adipose tissue in obesity [28, 71]. Consistent with
this view, macrophages recruited from adipose tissue from diet-induced obesity
(DIO) mice have increased inflammatory properties [72]. In contrast, polarization
towards anti-inflammatory M2 macrophages preserves insulin sensitivity via
PPARy-dependent mechanism [73, 74]. More recently, it has been found that
M2 macrophages from adipose tissue also secrete catecholamines, which are
involved in increased catabolism and maintaining of thermoregulatory functions

in response to cold exposure [75].

Additional immune cell types are present in adipose tissue, though few of them
are detected in normal homeostatic conditions. Among them, monocyte, T
lymphocyte, leukocyte, neutrophil numbers increase rapidly in WAT in obesity

and contribute to the metabolic imbalance of this tissue [5, 63, 64].
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1.2.4 Dysfunctional adipose tissue in obesity

When obesity and inflammation are sustained, adaptive homeostatic
mechanisms fail, leading to WAT dysfunction [77, 78]. WAT dysfunction
generally involves functional changes in adipocytes and macrophages. The term
WAT dysfunction is currently used to define abnormal production of pro-
atherogenic, pro-inflammatory and pro-diabetic adipokines, which is generally
accompanied by a decreased production of adiponectin.

The potential mechanisms involved in adipose tissue dysfunction are
heterogeneous and may act directly or in cascade. These include changes in
adipose plasticity, ectopic (mainly visceral) fat accumulation, tissue
inflammation, and metabolic inflexibility. In addition, tissue cells have the ability
to initiate adaptive responses to dysmetabolic stimuli, by plasticity mechanisms,
or modification in energy demands, via altering the number, morphology, or
remodeling of mitochondria [79]. Indeed, mitochondrial dysfunction may

contribute to pathological changes in human tissues in obese.

Adipose plasticity

As a dynamic tissue, WAT may undergo various cellular and structural
remodeling processes in response to excess energy and hence the need of
energy storage [65]. Tissue remodeling frequently occurs by modifying
adipocyte characteristics (i.e., number, size, metabolism). Thus, when tissue
expansion is needed, it generally occurs via coordination of [i] enlargement
adipocyte size (hypertrophy) and/or number (hyperplasia), [ii] recruitment of
inflammatory cells, and [iii] remodeling of the vasculature and the extracellular
matrix to allow adequate extracellular expansion, oxygenation and mobilization

of nutrients [27].

Similar to WAT, BAT is present at different body sites and can be increased and

decreased by environmental signals.



Although adipocyte cellularity is determined early in life, cell turnover remains
active throughout life [65]. Interestingly, adipocyte cell turnover is independent
of body mass index, which further supports de notion that the adipocyte dotation
is early established and is relatively static in adulthood [80, 81]. Apart from
homeostatic turnover involved in cell renewal, adipocyte progenitors are
activated during in response to signals of hyperplastic expansion. Interestingly,
these progenitors can participate in catabolic remodeling, or browning of adipose
tissue. Differentiated adipocytes can also contribute to adipose tissue plasticity
by undergoing a phenotypic switch between anabolic to catabolic states.
Anatomic location determines whether adipose tissue expansion occurs by
hypertrophic or hyperplastic mechanisms in humans and rodents [65].
Remarkably, adipocytes from WAT retain the ability to convert their metabolic
phenotype from typical white adipocytes to those resembling brown adipocytes
[82-84].

Ectopic fat accumulation

The accumulation of fat deposition in other tissues that regulate metabolic
homeostasis, progressive insulin resistance and increases the risk for type 2
diabetes mellitus is referred to as lipotoxicity [85, 86]. Ectopic fat storage during
adipose expansion includes extracellular accumulation of fat in intra-abdominal
visceral, omental, pericardial, perirenal, and retroperitoneal depots. However,
intracellular accumulation of fat in different cell types in organs (i.e., liver, skeletal
muscle, heart, pancreas, and kidney) also constitutes a sign of abnormal
adipose tissue expansion. Indeed, ectopic accumulation of lipids in the liver,
skeletal muscle and pancreas is tightly related to insulin resistance and related

diseases, including atherosclerosis [87-91].
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Inflammation

Several of the mechanisms involved in adipose dysfunctionality may, either
directly or sequentially, induce inflammation. Indeed, obesity is regarded as an
inflammatory disease provided by numerous studies showing a moderate
increase in circulating pro-inflammatory cytokines in obese patients and the
identification of different immune cell types infiltrating the adipose tissue [92].
Rodent and human adipose tissue especially in obese states is the target of
macrophage infiltration [28]. Macrophage infiltration proportionally increases
with fat mass accumulation and adipocyte hypertrophy [93]. Infiltration of
macrophages rises in response to death of hypertrophied adipocytes and
aggregate in the form of ‘crown-like structures’, which completely surround
adipocytes [94].

In addition to macrophages, the accumulation of T-lymphocytes is also
increased in epididymal fat of mice made obese with a high-fat diet and occurs
before the accumulation of macrophages [95], thereby suggesting that at least
in rodent tissue lymphocyte infiltration might be a primary event in adipose tissue

inflammation in obesity.

Neutrophils are the first immune cell type to appear to the inflamed site even
before monocyte/macrophage infiltration occurs. Thus, it is tempting to suggest
that neutrophil infiltration may precede that of macrophages into ‘inflamed’
adipose tissue. Supporting this view, neutrophils early and transiently infiltrate
the parenchyma of intra-abdominal adipose tissue in the course of high-fat

feeding in mice [96].

WAT dysfunction is defined by impaired secretion of different adipokines and
cytokines [97], thereby contributing to systemic concentrations of pro- and anti-
inflammatory cytokines. Indeed, increased numbers of macrophages in human
adipose tissue of obese patients are reported to enhance the obesity-related,
low-grade chronic inflammation [23]. As secretory cells, resident macrophages
may significantly contribute to this phenotype. In WAT dysfunction, the

production and secretion of cytokines/adipokines is shifted towards a pro-



inflammatory, atherogenic, and diabetogenic secretion pattern (secreting TNFa.
and IL-6) in obese (i.e., M1 macrophages). Interestingly, anti-inflammatory
mediators, including adiponectin and interleukin (IL)-10, appear reduced in
obese states [98], but their systemic levels ameliorate upon excess weight loss
interventions (i.e., surgical) [99]. Systemic adiponectin is increased in obese
women after body weight reduction in obese women through lifestyle changes
is associated with an increase in systemic adiponectin [100]. Conversely, in
these conditions systemic IL-10 was not influenced after moderate (diet-
induced) weight loss [101].

Metabolic inflexibility

Tissue plasticity was first used as a term to characterize the ability of tissues to
respond to a variety of stimuli [102]. Metabolic flexibility is the ability to respond
or adapt to changes in metabolic or energy demand. This concept broadly refers
to physiological adaptability and it is required to encompass shifts in fuel
availability (i.e., glucose and fatty acids) to meet energy demands (i.e., to
generate chemical energy and/or key metabolites). Insulin release is a major
driver of this shift as it governs metabolic machinery to move from catabolic to

anabolic processes to store energy.

Metabolic flexibility appears altered in obesity and type 2 diabetes, when fuel
selection fails [102]. In the context of obesity, insulin resistance would be an
example of metabolic inflexibility, i.e., dysfunctional response to insulin-
mediated stimulation, and can develop in many tissues and organs, including
WAT.

Despite the analysis of metabolic flexibility in WAT is poorly explored; several
reports suggest that this tissue also plays an active role in the metabolism of
glucose and lipids, as well as having the potential to increase thermogenesis
(i.e., browning) [103-105]. As previously indicated, WAT buffers circulating free

fatty acids for peripheral tissues such as the liver via a fine-tuned system that
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allows their uptake, esterification, and release [106]. Importantly, this process
also occurs in BAT [107], though metabolic flexibility of BAT involves intracellular
triglyceride combustion to obtain energy rather than storage and supply for
peripheral tissues, as is the case of WAT.

Excess of WAT (i.e., obesity) is related to metabolic complications. However, the
mass of WAT is not itself the only cause to explain obesity-related complications,
which highlights the importance of healthy, metabolically adaptable WAT to
explain them. In this regard, free fatty acid levels (coming from an inappropriate
lipolysis) represent an etiological factor for insulin resistance and type 2 diabetes
mellitus [108, 109]. In humans, the only significant site of free fatty acid release
is abdominal scWAT [110]. Insulin-induced suppression of triglyceride lipolysis
in WAT is disturbed in the type 2 diabetes mellitus [111], which put emphasis in
the sensitivity (flexibility) of WAT to insulin in a healthy state and reveals the
potential of this tissue, which is prone to blunted insulin responsiveness, as an
early aberration in the etiology of whole-body insulin resistance and type 2

diabetes mellitus.

The metabolic adaptability of WAT in obesity to expand and continuously store
free fatty acids apparently inertly as its ‘classical’ function, which is down-
regulated in conditions of obesity-driven insulin resistance of basal (fasting) [112,
113] and dietary fat storage [114]. Expandibility of WAT is limiting.
Thiazolidinediones (TZDs) markedly improve insulin sensitivity and glucose
metabolism by expanding WAT via PPARYy activation and improving triglyceride
metabolism [115].

The potential usefulness of metabolic flexibility as viable targets for preventing
or treating obesity and type 2 diabetes mellitus is controversial. The
effectiveness of these therapies flaw in conditions whereby fuel selections
appears altered, but in the absence of concomitant increases in energy demand,
as it occurs in nutrient overload or obesity [116]. Indeed, increasing
mitochondrial fatty acid flux and oxidation may [117] or may not [118] improve
insulin resistance. Taken together, strategies against metabolic diseases such
as obesity will be effective only whether they exert a concomitant increase in

energy expenditure or demand (like exercise).



Mitochondrial dysfunction

Mitochondria play a central role in metabolism in adipose tissue [119]. They
deeply contribute to lipolysis and lipogenesis pathways in white adipocytes, and

weight control is now widely accepted [120].

Mitochondrial dysfunction may result from a decreased mitochondrial
biogenesis, reduced mitochondrial content, and/or a decrease in the protein
content and activity of oxidative proteins ‘per unit of mitochondria’ [121].
Although the main tissues affected by mitochondrial dysfunction are those with
high energy demand, including skeletal muscle, heart, brain; accumulating
evidence targeting mitochondria in adipocytes or adipose tissues strongly
suggests that mitochondrial impairment in adipose tissue from obese also
contribute to whole-body pathological consequences [120, 122]. However, this
is not still clear whether mitochondrial dysfunction plays a causative or adaptive
role in various metabolic conditions related to obesity or type 2 diabetes mellitus.
Compelling lines of evidence indicate that major factors contributing to
mitochondrial defects in adipose tissues are oxidative stress, insulin resistance,

genetic factors and sedentary lifestyle without physical activity [123].

- Oxidative stress

Oxidative stress has been implicated in the pathogenesis of obesity [124].
Oxidative stress is defined by a disequilibrium between the production of ROS
and antioxidant defence [125]. Mitochondria represent the major source of
intracellular free radicals. Excess ROS species may damage proteins, lipids, and
DNA in cells. Defects in the transfer of electrons across the mitochondrial
membrane as results of their accumulation in the respiratory chain complexes,
enhances their binding with free oxygen, and hence ROS production [126].
Increases in ROS may be also caused by elevated levels of fatty acids via
NADPH oxidase activation in adipocytes [127]. In this scenario, ROS may

contribute to abnormal production rates of different adipokynes, including
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adiponectin. In obese mice, fat accumulation correlates with systemic oxidative
stress and treatment with inhibitors of NADPH oxidase reduces ROS production
in adipose tissue, attenuated adipokine dysregulation, and improved diabetes,
hyerlipidemia, and hepatic steatosis in humans and mice [127]. Moreover,
increases in intracellular ROS levels elicited by mitochondrial dysfunction
promotes adipocyte dysfunction in the maintenance of glucose homeostasis
through attenuation of insulin signalling, down-regulation of glucose transporter-
(Glut)4 expression, and decrease in adiponectin secretion [128].

- Insulin resistance

Insulin resistance is a metabolic defect associated with obesity [129], which
consists of an dysfunctional action of insulin to produce its effects on glucose,
protein and lipid metabolism in target tissues. Decreased insulin response to
glucose, dislipidemia, and obesity frequently progress into Type 2 diabetes
mellitus with a decline in the B-cell function, sustained hyperglycemia and
increased advanced glycation end products (AGE) formation. AGE may in turn
contribute to insulin resistance in adipose tissue of obese [130]. The contribution
of mitochondria in adipose tissues in the onset and progression of insulin
resistance is controversial. Recent data suggest a role for an altered flux of
mitochondrial calcium in impairing insulin sensitivity [131] that is associated with
impaired mitochondrial biogenesis and decreased expression of mitochondrial
proteins in adipose tissue [132, 133]. However, ROS-induced mitochondrial
dysfunction may be a valid mechanism in skeletal muscle, but not in adipocytes

[134], suggesting that it may be tissue-specific.

- Genetic factors

There is a spectrum of genes and/or gene variants linked to mitochondrial
function and mass in adipose tissue positively related to obesity or obesity-

related phenotypes [135]. Moreover, altered gene expression of molecular



targets controlling mitochondrial activity and biogenesis in adipose tissue may
be caused by mutations of both nuclear and mitochondrial genomes [124, 136]
as well as defects in the gene expression mitochondria-related genes in
adipocytes [132, 137, 138]. In this context, transcriptional activators such as
Pgcla and Pgclb play a crucial role in coordinating the gene expression of
mitochondrial and nuclear genes related to mitochondrial metabolism in both
WAT and BAT [139, 140]. Pgcla enhances PPARy in human WAT toward a
transcriptional program linked to energy dissipation through an increased
expression of Ucpl [141]. Consistent with this view, gene expression of Pgcla
is reduced in scWAT of morbidly obese patients [142]. Although it is still pending
to elucidate whether decreases in the expression of Pgcla can lead to
development of obesity or just a consequence of it, the up-regulation of

thermogenic genes in WAT might offer new therapeutic tools for obesity.

- Changes in human behavior and lifestyle

Sedentary lifestyle have a dramatic impact on human health [143, 144]. Exercise
is a major modulator of mitochondrial function [145, 146]. Indeed, the ‘beiging’
of WAT concomitant to induced gene expression of Ucpl (specific of brown
adipocytes) has been shown in WAT in response to exercise training [147].
Supporting to this, elevations in the mRNA levels of Pgcla has been found in

WAT of mice subjected an acute exercise training [148].
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1.3 Obesity and cardiovascular disease

Compelling clinical studies suggest that obesity is an independent risk factor for
cardiovascular disease [149]. This co-morbidity is frequently associated with an
altered metabolic profile, defined as metabolic syndrome [108, 109]. Besides
metabolic syndrome, excess adipose tissue accumulation elicits a spectrum of

cardiovascular adaptations in obese patients [150, 151].

Coronary artery disease (CAD) represents one of the main outcomes of
cardiovascular disease [152]. Atherosclerosis development is the pathogenic
mechanism underlying CAD. Atherosclerosis progression typically begins as
results of accumulating cholesterol deposits in monocyte-derived macrophage
foam cells in the intima of large arteries (fatty streaks) at early stages of human
life [153-155]. Endothelial dysfunction in epicardial vessels and inflammation in

the vessel wall are two of the main early events involved in its progression.

Obese patients are at high risk for CAD [152]. Atherosclerosis can be assessed
through determining the carotid intimal-medial thickness (IMT), a marker of
generalized atherosclerosis. Despite its limitations [156, 157], this carotid IMT
has been linked to obesity [158-161].

Adipose tissue synthesizes and releases to circulation a variety of molecules
with a role in cardiovascular homeostasis. Indeed, this tissue is a significant
source of tumor necrosis factor-alpha (Tnf-a) and interleukin-(IL)6 as well as
other adiponectins [162-165]. Particularly, adipose tissue is a main contributor
of total circulating IL-6 levels, with around 30% of this cytokine coming from this
tissue [166, 167]. Of clinical consideration, this finding is very important since IL-
6 modulates hepatic synthesis and release of CRP, a marker of chronic

inflammation, which can trigger acute coronary syndrome [168].

On a clinical context, circulating concentrations of PAI-1, C-reactive protein
(CRP), fibrinogen, and Tnf-a are all related to body mass index (BMI) [166, 169].
However, other surrogates of body weight, such as waist-to-hip ratio and waist
circumference are also good indicators of abdominal obesity, and found to be

more closely related to atherosclerosis than BMI [170].



1.4 Anti-obesity strategies

Attempts to prevent obesity have had limited success thus far. Conventional
strategies including dietary and lifestyle modifications can be effective in
preventing or treating obesity, but not permanently [10]. A number of
pharmacological approaches, which act by suppressing food or caloric intake,
inhibiting absorption of fats, or improve insulin function and energy expenditure,
have been proven beneficial for treating obesity as a complement to either
dietary and lifestyle [10] or surgical interventions [171]. Of note, these
approaches have not been exempt of harmful side effects and chances of
recurrence with severity or effective at all at long term. Although bariatric surgery
is today the most effective long-term therapy for the treatment of obesity [172];
this is not exempt of specific clinical post-surgical problems including
adaptations of eating behaviours to new gastro-intestinal physiology status, and
the need to face changes in drug pharmacokinetics for the management of
obesity-associated complications. Moreover, a long-term follow-up is also

recommended to prevent and manage weight regain after bariatric surgery [172].

1.4.1 Current emerging therapeutic strategies targeting adipose tissue

Understanding the molecular and cellular roots of obesity is an important pre-
requisite to improve both prevention and management of obesity, and thus in the
development of novel potential therapeutic interventions [10]. In the last decade,
the discovery of novel inter-organ crosstalks and molecular signalings in tissues,
which have raised substantial interest in relation to its potential to be

therapeutically targeted.

The relevance of adipose tissue in controlling diverse physiological and
pathological processes have been underscored for many years [173]. Indeed,

unhealthy expansion of WAT has been related to multiple adverse
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consequences, including inflammation, fibrosis, hypoxia, dysregulation of
adipokine secretion, and disrupted mitochondrial function [10]. However, its
management has long been unmet by current anti-obesity pharmacological
interventions. In recent years, a range of new potential anti-obesity
pharmacotherapies have been developed in parallel to recent findings on
adipose tissue biology. Indeed, several anti-obesity treatments are already
available, with many other potential therapies are currently under investigation
as potential novel anti-obesity therapeutic targets (i.e., adipokine-based
therapies, promotion of white fat ‘beiging’ or ‘browning’, and modulation of

inflammation and fibrosis) (reviewed in [10]).

In this section we will mention two of the multiple adipose targeted strategies

currently investigated to improve obesity-associated WAT dysfunction.

BAT activation and WAT browning

The list of experimental candidates that induce BAT and/or beiging/browning of
WAT is continuously growing (reviewed in [10]). Mitochondrial energy dissipation
through ‘chemical uncoupling’ has also been considered as a target for obesity
treatment. However, many of them have side effects which may compromise

their therapeutic use or still are on an experimental stage.

Over recent years, the potential use of molecular candidates known to influence
brown and/or beige adipose tissue formation have been considered, including
TZDs, as well as developmental regulators such as Fgf21 [174, 175], intestinal
agonists of the bile acid sensor farnesoid X receptor [176], and adiponectin
[177], among some others are excellently reviewed in [10]. Of note, some of
them still are at preclinical stages of development or their effectiveness or
mechanisms of action are yet to be determined in human clinical trials (reviewed
in [10]). This is the case, for instance, of one of these candidates, the Fgf21,
which has recently been shown to involve Ucpl- and beiging-independent anti-
obesogenic effects in two recent studies [178, 179], despite it was previously

described to promote WAT beiging in mice [174]. Some of them may also exert



favorable effects on adipose tissue mitochondrial dysfunction, such as TZDs, by

stimulating mitochondrial biogenesis and oxidative capacity in adipocytes [180].

PPARy signaling has evidenced new therapeutic venues by revealing new
molecules and down-stream mediators as targets for pharmacological
interventions. PPARy and sirtuin (Sirt)1, a nuclear NAD+-dependent class Il
histone deacetylase, signalings are tightly connected. Sirtl-mediated
deacetylation of PPARYy leads to up-regulation of BAT-specific genes [181]. In
adipose tissue, Sirtl directly suppress PPARy [182]. Adipocyte-specific
deficiency of Sirtl protects against obesity in diet-induced obesity (DIO) mice by
decreasing the cyclin-dependent-like kinase 5 (CDK5), which in turn results in a

reduced selective phosphorylation of PPARy [183].

Adipose tissue inflammation

PPARy has potent anti-inflammatory properties [184]. Indeed, its deficiency in
macrophages impairs their reprogramming from M1 (pro-inflammatory) to M2
(anti-inflammatory) maturation [74], suggesting that macrophage polarization
towards the alternative state might be a useful strategy for treating inflammation

in adipose tissue from obese.

On the other hand, Sirtl reduces pro-inflammatory events in adipose tissue
[185]. Its deficiency in WAT activates PPARYy activity SIRT1 downregulation in
adipose tissue may resolve long-term inflammation by activation of PPARYy [186].
Overall, these findings would target Sirtl as a promising candidate for

therapeutic intervention.
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Nicotinamide adenine dinucleotide (NAD+) precursors as anti-obesity strategy

NAD+ is an important cofactor in all living cells and involved in crucial biological
processes by [187, 188]. NAD+ is abundantly found in different cellular
compartments, including mitochondria, cytoplasm, and nucleus. It is crucial for
many cellular metabolism pathways, including glycolysis, fatty acid -oxidation,
tricarboxylic acid cycle. Its reduced form (NADH) is a primary electron donor in
the production of adenosine triphosphate (ATP) via anaerobic glycolysis and
mitochondrial oxidative phosphorylation (OXPHOS) [189] (Figure 11).
Furthermore, NAD+ can also be used by different protein regulators, including
NAD+-dependent deacetylases (also named as sirtuins) and poly (ADP-ribose)
polymerases (PARPs) which are DNA damage sensors [187, 188, 190-192].
Additionally, other enzymes, such as NAD+ glycohydrolases (i.e., CD38 and
CD157) also consume NAD+ to produce ADP-ribose or cyclic-ADP-ribose [193].
Thus, the role of NAD+ has expanded to be simply a key molecule in
intermediate metabolism to a crucial regulator of multiple signaling pathways
[194].
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Although de novo synthesis of NAD from tryptophan is possible, this process is
complex, since it consists of 8 enzymatic reactions, so to produce NAD the use
of other precursors, including NAM, nicotinamide ribose (NR), and its
phosphorylated form, nicotinamide mononucleotide (NMN) [195], which have a
high therapeutic potential [196]. Nicotinamide phosphoribosyltransferase
(Nampt), catalyzes the synthesis of NMN from NAM, NR kinase (Nrk) [197],
participates in the conversion of NR into NMN and adenylyltransferases
(Nmnats) [198] catalyze the passage of NMN to NAD+. In addition to these
enzymes, nicotinamide N-methyltransferase (NNMT) [197] also plays a
physiological role in regulating tissue levels of NAM since it is its main substrate.
Specifically, this enzyme catalyzes the N-methylation reaction of NAM and other
analogous molecules, using S-adenosyl methionine (SAM) as a donor of methyl
groups  [199], producing N-methyl NAM (me-NAM) and S-
adenosylhomocysteine (SAH) [200, 201]. One of the products resulting from its
activity, me-NAM, is a physiological inhibitor of NNMT [197]. Although there is
no human study in which the impact of treatment with me-NAM on obesity or
type 2 diabetes mellitus has been addressed, it shows anti-inflammatory,
antioxidant and antidiabetic effects in different experimental models [202-206].
In this same line of argument, a recent study demonstrates the administration of
another NAM derivative, iSONAM [207], which has also been reported to protect
against the development of diabetes in experimental models. Although it has not
been experimentally demonstrated, it is possible that isoNAM could be
competing with NAM as a NNMT substrate and at least in part its effect was due

to a decrease in NNMT activity.

Altered circulating levels of Nampt, the key limiting regulator of the intracellular
NAD+ pool, are associated with various metabolic disorders, including obesity,
non-alcoholic fatty liver disease (NAFLD) ant type 2 diabetes by influencing the
oxidative stress response, apoptosis, lipid and glucose metabolism,

inflammation and insulin resistance [189].

55



On the other hand, a key regulator of cellular energy balance throughout the
body is the protein kinase activated by AMP (AMPK). This protein is activated
under conditions of cellular energy demand, inactivating anabolic pathways,
which consume ATP, and activating catabolic pathways, generating ATP.
Consistently, AMPK is activated in conditions whereby intracellular
concentrations of AMP are increased and ATP concentrations decreased.
Consequently, the AMP/ATP ratio increase. AMP/ATP ratio drives the allosteric
phosphorylation, and thereby activation of AMPK [208].

AMPK activity levels are reduced in clinical and experimental models of obesity
and insulin resistance [209]. Thus, there is an increasing interest in
pharmacologically increasing AMPK levels in obesity models through the
administration of antidiabetic drugs such as metformin. It is also described that
AMPK modulates energy expenditure by regulating the levels of NAD + and with
it the activity of SIRT1 [210].

The pharmacological induction of AMPK activity promotes an increase in the
activity of Sirtl and this in turn promotes an increase in mitochondrial -
oxidation, and therefore an increase in the NAD+/NADH ratio. In this way AMPK
regulates the expression of mitochondrial genes and lipid metabolism through
the modulation of the activity of PGC1a by SIRT1. This interaction could be
interchangeable, so activating SIRT1 would promote fatty acid oxidation and
indirectly activate AMPK [210].

- Metabolic effects of NR or NMN

Intracellular levels of NAD+ decrease with age and its deterioration promotes
several aging-associated diseases, including metabolic diseases such as
obesity and type 2 diabetes mellitus [211]. Up-regulation of NAD+ metabolism,
including dietary supplementation with NAD+ precursors exhibits beneficial
effects against aging and aging-associated diseases [212]. As such, NAD+
intermediates could also be a new physiological regulator of adipose tissue

function and multi-organ insulin sensitivity, providing important mechanistic and



therapeutic insights into obesity-associated metabolic complications [213, 214].
Indeed, recent studies show that the administration of NAD+ precursors (i.e.,
vitamin B3 derivatives) as a strategy to protect against the development of
obesity induced by the high-fat diet, contributing to improved oxidative
metabolism [215, 216] and improve insulin sensitivity [215, 217] in mice. In these
studies, two NAD+ intermediates have independently been assessed, such as
NR or NMN. Both NR and NMN are physically stable natural compounds that
serve as an efficient source of NAD+ (Figure 6); however, and dependent of the
NAD+ intermediate used, the intracellular content of NAD+ was coincidently
observed in skeletal muscle of treated mice [215, 216], and other tissues, such
as liver [215]. NR [215], but not NMN [216], administration resulted in
intracellular elevations of NAD+ in BAT. Neither of them produced concomitant
elevations of intracellular NAD+ in WAT [215, 216].

Administration of NR also reduces plasma concentration of cholesterol in treated
mice [215]. Consistently, NMN also favorably reduced systemic cholesterol, but

also triglyceride and free fatty acid levels [217].

Reductions in the bioavailability of intracellular NAD+ is a hallmark of aging and
may underlie a wide-range of age-related diseases, including metabolic
disorders such as obesity and diabetes mellitus type 2 [211]. Compelling
evidence suggests that elevating NAD+ levels by administering NAD+
intermediates may be a promising therapeutic strategy to prevent adverse
effects of aging. Consistently, administration of NMN raises the bioavailability of
NAD+ and improves insulin resistance in treated mice [216]. Notably, recent data
also show that chronic supplementation of other NAD+ intermediate in healthy
middle-aged and elderly adults also raises tissue levels of NAD+ [218].

Importantly, NR also was well-tolerated in treated humans.
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- Metabolic effects of nicotinamide (NAM)

Likewise NR and NMN, nicotinamide (NAM, IUPAC name: 3-
pyridinecarboxamide) (Figure 7) is another precursor for NAD+ synthesis [214,
219].

Studies in experimental models demonstrate that its in vivo administration have
anti-diabetic effects [207, 217, 220-246], though such favorable effect may be
dependent on the administered dose [247, 248], strain [222], and dietary pattern
[249]. The latter is relevant for human studies as it would be suggesting that diet,
among other factors, may need to be further controlled.
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Figure 7 Structural formula of nicotinamide

The favorable influence of NAM over diabetes mellitus led to directly investigate
its potential therapeutic use in diabetic patients [250]. Indeed, the administration
of NAM has beneficial effects associated with a higher clinical remission rate,
improves metabolic control and preserves or increases the function of beta cells
[251]. However, and despite the absence of adverse effects, NAM did not prove
to be effective at all or yielded contradictory results in different studies [251-271],
so the investigation of its potential role as an anti-diabetic agent has been
progressively abandoned over the last years. Interestingly, no changes on body
weight, adiposity index and plasma lipid concentration in any of these studies,
which could be at least in part due to the fact that such trials were conducted in

non-obese diabetic patients, and thus they would possibly be unforseen.

NAM supplementation improves insulin sensitivity in rats made obese with a
high-fat diet [231]. Similar results have also been described in obese animals
that have been administered with other NAM derivative (i.e., iSONAM) [207].



The potential favorable impact of NAM on body weight in experimental models
is rather elusive. The latter has been mostly and likely due to experimental
design issues. Indeed, many studies have been made using supraphysiological
doses of this vitamin form. Moreover, NAM has been also administered
intraperitoneally or oral-gavaged in different studies [231, 272] frequently using
high-concentration, single-bolus preparations rather than lower and chronically
administered doses.

The oral administration of daily doses of 1% NAM supplemented by either the
drinking water or diet in mice has been reported to be safer and not related to
significant adverse effects [246]. Importantly, at this dose, palatability signs were
not detected as revealed by the fact that treated mice did not drink or eat less
than untreated mice. However, and alike the above mentioned NR and NMN, a

favorable effect on body weight gain by NAM has not been reported in any study.

Another differential trait compared with other derivatives (i.e., NR and NMN)
[215, 217] and another form of vitamin B3 (i.e., NA, IUPAC name: 3-pyridine
carboxylic acid) is that its administration does not favorably influence systemic
lipid levels nor has it been associated with an improvement in cardiovascular risk
[273]. Of them, NA is the most studied and is currently used in clinical practice
as a therapy for treating hyperlipidemias, given that has been described having
lipid-lowering [274] and vasodilatory effects [275]. However, when given at larger
doses, NA administration may cause flushing, itching, hypotension and
headaches as main adverse side effects [276], which strongly limits its use as a

drug therapy.

The importance of increasing the bioavailability of NAD+ in obesity models is
due to the fact that it has a fundamental role in energy metabolism, in particular,
mitochondrial oxidative metabolism, as well as being used as a substrate by
several enzymes such as sirtuins, involved in mitochondrial biogenesis and
homeostasis [187]. Like NR and NMN, NAM might also be considered as an
intracellular NAD+ precursor and stimulate energy metabolism; however it has

not previously analyzed.
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Anti-inflammatory effects of NAM

Dietary deficiency of vitamin B3 forms has been associated with different
inflammatory processes, including dermatitis, irritation and inflammation of

mucose membranes [277-280].

NAM administration is used in dermatology for treating different skin affections
with inflammatory course, including dermatitis, acne and skin irritations [281-
284] and even, it has been reported to have a photoprotection actions [285]. Its
administration has also been proven beneficial to prevent intestinal inflammation

in patients and in an experimental model [286].

The anti-inflammatory effects of NAM have been in previous studies in vitro in
immune cell types involved in chronic inflammatory processes such as
atherosclerosis [287-295]. In one of these studies [287], it has been proposed
that NAM may promote the differentiation of monocytes to macrophages with
restricted inflammatory traits, i.e., with strong reduction of the pro-inflammatory
features. However, there is any study directly assessing the anti-atherogenic
potential of NAM in vivo. Interestingly, me-NAM has been shown to protect

against atherosclerosis [296].

Dietary supplementation of NMN and NR have been previously reported to be
involved in vascular protection against oxidative stress [297] and reversing
vascular damage [298]. However, such favorable effects were not attributed to
changes in the inflammatory status of target tissues. Furthermore,

atherosclerosis was not further assessed [297, 298].

Importantly, NA administration shows anti-atherogenic effects in vivo in different
animal models of atherosclerosis [299-304]. In contrast with the reported about
NA side effects, NAM is not a vasodilator, so does not cause the flushing that

occurs with NA, thus having an added potential therapeutic value [305].



e 2. HYPOTHESIS

A growing body of experimental evidences suggests that vitamin Bs derivatives,
such as Nicotinamide Mononucleotide (NMN) and Nicotinamide Riboside (NR),
may protect against weight gain and improve obesity-related complications.
Also, the amide form of vitamin Bs, Nicotinamide (NAM) displays potent anti-

inflammatory properties in different experimental models as well as in patients.

Vitamin Bz is a main precursor of cellular NAD. Indeed, the above-mentioned
NAD intermediates have been reported to enhance energy expenditure in vivo
due to improved skeletal muscle mitochondrial function through Sirtl signaling.
However, the direct impact of these intermediates on WAT physiology has not
been explored yet.

The use of NAM, which is also a potential source of NAD, on energy metabolism,
remains poorly explored. In part by its reportedly action as an in vitro Sirtl
inhibitor. However, recent evidences show that such anti-Sirtl signaling effect

might not be reproduced in vivo.

On the other hand, NAM administration has been proven as anti-inflammatory.
In particular, NAM treatment of activated macrophages, a common cell
phenotype present in different pro-inflammatory states, reduces the production

of inflammatory cytokines in vitro.

We therefore tested the hypothesis that NAM treatment might prevent fat
accumulation and induce energy expenditure in obese mice. As 'inflamed'
adiposity is a common trait in obesity, we also tested the hypothesis that NAM

would reduce inflammation in the fat depots of treated obese mice.



Finally, we also tested the hypothesis that NAM administration in vivo would

prevent the development of atherosclerosis in an appropriate animal model.



* OBJECTIVES

The main focus of this thesis was to assess the impact of NAM supplementation

in mouse models of obesity, chronic inflammation and atherosclerosis.
Therefore, the specific goals of this study were:

1. To establish one or more safe and well tolerated dose for oral NAM
fortification in mice to assess the beneficial effect, if any, of this form of
vitamin Bz on weight gain without adverse effects.

2. To assess the most effective dose of NAM on body weight gain and
adiposity in non-obese mice and in a mouse model of high-fat diet-
induced (DIO) obesity.

3. To determine whether the NAM effects were specific by checking the
impact of another common form of the vitamin Bs, Nicotinic Acid (NA), on
the DIO model.

4. To explore the potential energy metabolism mechanisms related to NAM-

mediated effect on adiposity, by analyzing the:
a. NAM-derived metabolome (i.e., NAM, me-NAM, NAD+/NADH)
and metabolites of energy metabolites (adenosine phosphates)
in adipose tissue, including the molecular determinants involved

in their tissue levels (i.e., Nampt, Ampk).

b. Global energy expenditure.
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c. Adipose tissue plasticity and remodeling.

d. Glucose homeostasis.

e. Liver status.

To evaluate the potential role of NAM on systemic and adipose tissue
inflammation.

To determine NAM effect on the aortic atherosclerosis in ApoE-deficient
mice.



* 3. MATERIALS
AND
METHODS

3.1 Mice and diets

In this work different research designs were built to assess the impact of different
vitamin Bz forms on energy metabolism, body weight gain, accumulation of

adiposity, inflammation and atherosclerosis in appropriate mouse models.

Specific methods and procedures of each research design are described in

subsequent subsections.

All animal procedures were reviewed and approved by the Institutional Animal
Care Committee and Use Committee of the Institut de Recerca de I'Hospital de
la Santa Creu i Sant Pau (Procedure N° 126), and the methods were conducted

in accordance with the approved guidelines.

3.1.1 Common methods and procedures in different experimental designs

The different groups of mice had an equal distribution of characteristics before
starting research studies. Some of the experimental designs were repeated as
many times as needed to fulfill each of the programmed analysis. Mice had free
access to food and water and were used after a minimum of 7 days
acclimatization to the housing conditions. Both NAM (and NA) were administered
to mice was administered orally via tap water (1%). The initial range of doses of

NAM (and NA) was established according to previous publications [306].
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All animal were kept in a temperature-controlled environment (20°C) and
humidity (66%) with a 12-hour (h) light/dark cycle. Body weight gain and food

and water consumption were weekly monitored during the period of treatment.

At the end of the studies, mice were kept on a 4-h food deprivation, euthanized,
and ex-sanguinated by cardiac puncture previously anesthetized with isoflurane
vapors (Forane®, Abbott). Blood was collected and either plasma or serum were
obtained by centrifugation at 3,000 g for 10 min. Food and water intake were
monitored for 2 days before the animals were euthanized. Mice were previously
placed individually in regular cages and acclimatized for 24h.

3.1.2 Evaluation of the safe dose

Male wild type mice on a C57BL/6J background were from Jackson Laboratories
(Bar Harbor, ME, USA; stock n: 00664. hitps://www.jax.org/strain/000664).

Two-month-old, male mice (i.e., with weights between 22 and 25 g), were
randomly distributed into seven groups (n = 8 mice each, n = 56) depending on
whether they received tap water supplemented with different doses (i.e., 0.1-
0.5- 1%) of two forms of vitamin Bs, NAM or NA, as appropriate, or non-

supplemented with any form of vitamin B3 (untreated mice), for 1 month.

In this first approach, the mice were fed a low-fat diet (regular diet, RD) (Table
3.1) (Teklad Global 14% Protein Rodent Maintenance Diet 4% fat, 2.9 kcal/g)
(Figure 8).
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0,1% NAM (n=8) 1,0 % NAM (n=8)

0,5% NAM (n=8)

Figure 8 Choosing a safe dose of vitamin B3 forms.

Two-month-old, mice (on a C57BL/6J genetic background) were fed with a regular diet and
supplemented with different doses of NAM or NA, and their controls, an untreated group. The
analysis of gross and biochemical parameters was performed after 1 month of treatment (n = 8

per group).

On a pilot study, the effect of higher doses (than 1%) of NAM (i.e, 2.5 and 5%)
on mice was also assessed to directly assess their impact on mouse physiology

at longer term (i.e., 3 months).

Two-month-old, male mice (i.e., with weights ranging from 22 to 25 g) were
randomly distributed into three groups (n = 5 mice each, n = 15) depending on
whether they were orally dosed with 0% (untreated mice), 2.5%, and 5% of NAM
via tap water. At these doses, water palatability was deeply affected as shown
by the reduced rates of water consumption. Additionally, food consumption and
hence body weight gain also was reduced compared with untreated mice
together with signs of altered renal function (see results section for further
details). The latter findings made the pilot experiment to be eventually

discontinued after 2 months of treatment (Figure 9).
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Figure 9 Mouse testing using higher doses of NAM than 1%.

Mice with genetic background C57BL/6J at 2 months of age were fed with a regular diet and
supplemented with two different doses of NAM (2.5% and 5%). Mice receiving non-supplemented
water were used as the control, untreated group. At these high doses water palatability was highly
affected. Indeed, after 2 months of treatment, the experiment had to be discontinued due to
adverse problems affecting food consumption. (n = 4-5 per group).

After establishing that 1% of NAM or NA doses were safe in short-term studies
(2 month), a pilot experiment was developed to test long-term effects (i.e., 3
months) (Figure 10).

Untreated

2 month-old mice 3 months period 5 month-old mice QN

Y,

Regular diet (2014 Teklad)
+ vitamin B; form

¥ ‘.
Untreated group  ya group (n=8)
(n=8) v - Biochemical Parameters
NAM group (n=8)

Figure 10 Validation of the maximal safe dose.

Mice with genetic background C57BL/6J at 2 months of age were fed with a regular diet and
supplemented with different doses of NAM or NA, and their controls, an untreated group. The
analysis of body and biochemical parameters were performed on samples obtained after 3 months
of treatment (n = 8 per group).



3.1.3 Evaluation of vitamin B3 forms on body weight gain prevention

The effects of vitamin Bz forms administration on gross, including body weight
and adiposity, and metabolic parameters of non-obese mice the procedures
were replicated in the pilot experiment in order to validate preliminary results.

Male wild type mice on a C57BL/6J background were from Jackson Laboratories
(Bar Harbor, ME, USA; stock n: 00664. https://www.jax.org/strain/000664) were
used.

Two-month-old mice, weighing between 22 and 25 g, were randomly distributed
into three groups (n = 8 mice each, n = 24) depending on whether they received
tap water non-supplemented (untreated mice), or supplemented with two
different forms of a single dose (i.e., 1%) of either NAM or NA, as appropriate

for 3 months.

Mice were fed a RD (Teklad Global 14% Protein Rodent Maintenance Diet 4%
fat, 2.9 kcal/g) (Figure 11). NA was administered to mice to compare the

phenotype of NA-treated mice with that shown in NAM-treated mice at the same

dose.
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Figure 11. Impact of vitamin B3 forms on mice phenotype.

The study of the different body parameters was carried out, biochemical and histological, as well
as the evaluation of the impact of the phenotype in different functional tests in C57BL/6J fed with
a regular diet and supplemented with NAM or NA, respectively and their controls, an untreated
group. The analysis of body, biochemical and histological tests were performed on samples
obtained at 5 months of age. Functional tests related to glucose metabolism were performed at 19
weeks of age (n=8 per group)



The impact of these two different vitamin Bz forms on gross, including body
weight and adiposity, and metabolic parameters was also assessed in mice
made obese with a high-fat diet also defined as diet-induced obesity (DIO) mice.

In this independent setting, male wild type mice on a C57BL/6J background were
acquired from Jackson Laboratories (Bar Harbor, ME, USA; stock n: 00664.
https://www.jax.org/strain/000664).

Two-month-old, male mice, weighing between 22 and 25 g, were challenged to
a high-fat diet (HFD) (TD.07011, ENVIGO, containing 29% of fat by weight and
23% saturated fat/total fat) and randomly distributed into three groups (n = 8
mice each, n = 24) depending on whether they received tap water non-
supplemented (untreated mice), or supplemented with two different forms of
vitamin Bz, NAM (or NA) (i.e., 1%), as appropriate, for 3 consecutive months
(Figure 12).

In this set of experiments the intended use of NA treatment was included to

compare the gross phenotype of NA-treated mice with that of NAM-treated mice.
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Figure 12. Impact of vitamin B3 forms on a mouse model of induced obesity.

The study of the different body parameters was carried out, biochemical and histological, as well
as the evaluation of the impact of the phenotype in different functional tests in C57BL/6J fed with
a HFD and supplemented with NAM or NA, respectively and their controls, an untreated group.
The analysis of body, biochemical and histological tests were performed on samples obtained at
5 months of age. Functional tests related to glucose metabolism were performed at 19 weeks of
age (n=8 per group).



In an independent setting, the effects of NAM, but not NA, administration on
gross phenotype and metabolic characteristics of mice were assessed.

In this case, apart from the tolerable, higher dose of NAM (1%) used, later on
defined as high dose (NAM HD), a group of mice receiving a quarter of the
highest safe dose tested (i.e., 0.25%), later on defined as low dose (NAM LD)
was included to evaluate dose-dependent effects by NAM in vivo.

Male wild-type mice on a C57BL/6J background were acquired from Jackson
Laboratories (Bar Harbor, ME, USA,; stock n: 00664.
https://www.jax.org/strain/000664).

Two-month-old, male mice, weighing between 22 and 25 g, were challenged to
a HFD (TD.07011, ENVIGO, containing 29% of fat by weight and 23% saturated
fat/total fat) and randomly distributed into three groups (n = 8 mice each, n = 24)
depending on whether they received tap water non-supplemented (untreated
mice), or supplemented with two different doses of NAM (i.e., 0.25% NAM, NAM
LD; 1% NAM, NAM HD), as appropriate, for 3 consecutive months (Figure 13).
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Figure 13. Impact of different doses of NAM on a mouse model of induced obesity.

The study of the different body parameters was carried out, biochemical and histological, as well
as the evaluation of the impact of the phenotype in different functional tests in C57BL/6J fed with
a HFD and supplemented with two different doses of NAM, respectively and their controls, an
untreated group. The analysis of body, biochemical and histological tests were performed on
samples obtained at 5 months of age. Functional tests related to glucose metabolism were
performed at 19 weeks of age.



3.1.4 Assessment of anti-atherogenic action by NAM

In this final experimental setting, the effect of NAM on chronic inflammation,
ApoE-deficient mice were used, which is a mouse model prone to develop

massive atherosclerosis when challenged a high-cholesterol, high fat diet.

Male ApoE-deficient mice on a C57BL/6J background were from Jackson
Laboratories (Bar Harbor, ME, USA; stock n: 02052.
https://www.jax.org/strain/002052).

Two-month-old, male mice, weighing 22 to 25 g, were challenged to a high-
cholesterol, high fat diet ((western-type diet) TD.88137, ENVIGO, containing
21% of fat by weight, and 27% saturated fat/total fat, and 0.25% cholesterol) and
randomly distributed into three groups (n = 8 mice each, n = 24) depending on
whether they received tap water non-supplemented (untreated mice), or
supplemented with two different doses of NAM (i.e., 0.25 and 1%), as
appropriate, for 1 month (Figure 14), timeline long enough for these mice to

develop detectable atherosclerosis.
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Figure 14. Effect of NAM in the development of atherosclerosis.
The study of the different body parameters was carried out, biochemical and histological, as well
as the evaluation of the impact of the phenotype in different functional tests in ApoE-deficient mice
fed with a HFD and supplemented with NAM or NA, respectively and their controls, an untreated
group. The analysis of body, biochemical and histological tests were performed on samples
obtained at 3 months of age. The functional tests in vivo that consisted respectively in the
evaluation of metabolism of [3H]-labeled [1a,2a(n)- ®H]-cholesterol lipoproteins and postprandial
olive oil test were carried out in groups of mice independent. Functional tests related to glucose
metabolism were performed at 11 weeks of age. Functional tests of ex vivo non-HDL lipoproteins
(ie, function antioxidant) were performed using plasma lipoproteins isolated by ultracentrifugation
from pools of 2-3 plasmas of different individuals of each group experimental.



3.1.5 Diets used in this work

Regular diet
(Teklad 2014)

High Fat Diet
(Envigo 07011)

High Fat Diet
(Harlan 88137)

Protein (%) 20.0
Carbohidrate (%) 67.0
Fat (%) 13.0
Energy  density 2.9
(Kcallg)

21.0

24.6

54.4

4.9

15.2

42.7

42.0

4.5

Table 1. Experimental diet nutrient information.

Main gross dietary components are shown as percentage expressed by weight of diet.
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3.2 Biochemical analyses

3.2.1 Plasma analysis of biochemical parameters

Plasma biochemistry was pursued by using either automated or manual
approaches, as appropriate. Thus, routine biochemical parameters were
analyzed using commercial kits adapted to an autoanalyzer. Circulating levels
of specific adipokines (i.e., adiponectin and leptin) were analyzed using specific
ELISA kits. Finally, circulating levels of cytokines were determined using a

Luminex approach.

Automated analysis of plasma biochemicals

Principle

An automated COBAS analyzer is a medical laboratory instrument designed to
rapidly determine different biochemical parameters in a number of biological
samples and biofluids, including plasma or urine. These analyses may be useful

in the diagnosis of diseased states or to evaluate the reversal of disease states.

Procedure

Blood was extracted directly from heart after anaesthetizing mice with
isofluorane. Briefly, blood was immediately centrifuged after collection at 3,000

g and 4°C, and the supernatant was collected and stored at —80°C until analysis.

Most plasma chemicals such as cholesterol (cat#3039773190); triglycerides
(cat#20767107322); glucose (cat#4404483190); creatinine (cat#04810716190),
alanine  aminotransferase  (ALT, cat#20764949322) and aspartate
aminotransferase (AST, cat#20764949322) activities were determined using
commercial kits adapted to a COBAS c501 autoanalyzer (Roche Diagnostics,
Madrid, Spain). Free cholesterol (cat#435-35801), phospholipids (cat#296-
63801), and free fatty acids (FFA, NEFA-HR1: cat#434-91795; NEFA-HR2:



cat#436-91995) were determined using reagents from Wako Diagnostics.
Triglyceride determinations were corrected for the free glycerol present in
plasma (cat#F6428-40ML; Sigma-Aldrich St. Louis, MO). Quality control testing
for each of these assays was done at run-time and all of them fell within the
acceptable range defined as 2 times the standard deviation. Precicontrol clin
chem Multi 1 (cat# 5117208922, Roche diagnostics) and Precicontrol clin chem
Multi 2 (cat# 5117291922, Roche diagnostics) and (cat#410-00102, Wako
Chemicals). The calculated coefficient of variation for each assay was ~10%.
HDL cholesterol was measured in apolipoprotein (Apo)B-depleted plasma,
obtained after precipitation with phosphotungstic acid and magnesium ions

(Roche Diagnostics).

Analysis of insulin and adipokines in plasma samples by ELISA approaches

Circulating biochemical molecules involved in glucose metabolism and

adipokines were assessed using commercial ELISA kits.

Plasma insulin determination

Principle

Crystal Chem’s Ultra Sentitive Mouse Insulin ELISA Kit is based on a sandwich
enzyme immunoassay kit. Plasma insulin was determined using the Ultra-
Sensitive Mouse Insulin Elisa Kit (Ref. 90080, Crystal Chem Inc., Downers
Grove IL, USA).

Procedure

Add 95 pL diluent with 5 uL sample
Incubate at 4°C for 2 h
Wash plate twice with wash buffer

Add 100 pL conjugate solution

o~ w DRk

Incubate at room temperature for 30 min
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o

Wash plate twice with wash buffer
. Add 100 pL substrate solution

\‘

8. Incubate for 40 min (low/wide range) or 10 min (high range), as
appropriate.

9. Add 100 pL stop solution

10. Measure optical density at wavelength (A) = 450/630 nm using a

Beckman AD340 spectrophotometer (Beckman)

Adipokine determination in plasma samples

Plasma Leptin determination

Principle

Plasma leptin was determined using the Invitrogen™ Mouse Leptin solid-phase
sandwich Enzyme-Linked Immunosorbent Assay (ELISA) Kit (Ref. KMC2281,
Invitrogen). This assay is designed to detect and quantify the level of mouse
leptin in serum and plasma. The assay recognizes both natural and recombinant

mouse leptin.

Procedure

Preparation of samples and standards

1. Dilute serum and plasma samples 1:5 with Standard Diluent Buffer.

2. Reconstitute Ms Leptin Standard to 30,000 pg/mL with Standard Diluent
Buffer. Refer to the standard vial label for instructions. Mix gently and
allow the contents to sit for 10 min to ensure complete reconstitution.
Label as 30,000 pg/mL mouse leptin. Use the standard within 15 min of
reconstitution.

3. Add 300 pL Reconstituted Standard to one tube containing 1.2 mL
Standard Diluent Buffer and mix. Label as 6,000 pg/mL mouse leptin.

4. Add 300 pL Standard Diluent Buffer to each of 7 tubes labeled as follows:
3,000, 1500, 750, 375, 187.5, 93.8, and 0 pg/mL mouse leptin.



5. Make serial dilutions of the standard as described below in the dilution
diagram. Mix thoroughly between steps. Discard any remaining
reconstituted standard.

300 puL 300pL  300pL  300pL  300pL 300 pL 300 pL

Y N

Dibent 12mL  300puL 300pL  300uL 300plL  300pL 300l 300 pL

Volume

Std1 Std2 Std3 Std4 StdS Stdé Std7 Std0

30,000 pg'mL 6,000 pg/mL 3,000 pg/mL 1500 pgimL 750 pg/mL 375 pg/mL 187.5pg/mL %38 pg/mL 0 pgfmL

Figure 15. Serial dilutions of the standard.

Preparation of Streptavidin -HRP solution

The Streptavidin-HRP [100x] is in 50% glycerol, which is viscous. To ensure

accurate dilution:

1. For each 8-well strip used in the assay, pipet 10 L Streptavidin-HRP (100X)
solution, wipe the pipette tip with clean absorbent paper to remove any excess
solution, and dispense the solution into a tube containing 1 mL of Streptavidin-
HRP Diluent. Mix thoroughly. Streptavidin-HRP [1x] should be prepared within

15 min of usage.

2. Return the unused Streptavidin-HRP [100x] solution to the refrigerator.



Performing the ELISA

Bind Antigen

1. Add 100 pL of standards, controls, or samples to the appropriate wells. Leave

the wells for chromogen blanks empty.

2. Cover the plate with a plate cover and incubate for 2 hours at 37°C.

3. Thoroughly aspirate the solution and wash wells 4 times with Wash Buffer
[1X].

Add biotin conjugate

1. Add 100 pL Ms Leptin Biotin Conjugate solution into each well except the

chromogen blanks.

2. Cover the plate with plate cover and incubate for 1 h at room temperature.

3. Thoroughly aspirate the solution and wash wells 4 times with Wash Buffer
[1X].

Add streptavidin-HRP

1. Add 100 pL Streptavidin-HRP solution [1x] into each well except the

chromogen blanks.

2. Cover the plate with a plate cover and incubate for 30 min at room

temperature.

3. Thoroughly aspirate the solution from the wells and wash wells 5 times with
Wash Buffer [1x].



Add stabilized chromogen

1. Add 100 pL Stabilized Chromogen to each well. The substrate solution begins

to turn blue.

2. Incubate at room temperature in the dark for 30 min.

Add Stop solution

1. Add 100 pL Stop Solution to each well. Tap the side of the plate to mix. The
solution in the wells changes from blue to yellow.

Read the plate and generate the standard curve

Read the absorbance at A = 450 nm. Read the plate within 2 h after adding the
Stop Solution. Optimally, the background absorbance may be subtracted from
all data points, including standards, unknowns and controls, prior to plotting.
Final concentrations for unknown samples and controls were calculated using

the appropriate factor to correct for the sample dilution.

Readings were ensued using a Beckman AD340 spectrophotometer (Beckman).

Plasma adiponectin determination

Principle

Plasma adiponectin was determined using the Invitrogen™ Mouse Adiponectin
solid-phase sandwich Enzyme-Linked Immunosorbent Assay (ELISA) Kit (Ref.
KMPO0O041, Invitrogen). This assay is designed to detect and quantify the level of
mouse adiponectin in serum, plasma. The assay recognizes both natural and

recombinant mouse adiponectin.
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Procedure

Preparation of samples and standards

Pre-dilute samples

Dilute serum and plasma samples 20,000-fold with ELISA buffer [1x].

Standards

Reconstitute Ms Adiponectin Standard to 16 ng/mL with 1 mL of deionized water.
Mix gently and allow the contents to sit for 10 min to ensure complete
reconstitution. Label as 16 ng/mL mouse adiponectin. Use the standard within

1 hour of reconstitution.

Add 300 pL ELISA Buffer [1x] to each of 8 tubes labeled as follows: 8, 4, 2, 1,
0.5, 0.25, 0.125, and 0 ng/mL mouse adiponectin.

Make serial dilutions of the standard as shown in the following dilution diagram.

Mix thoroughly between steps. Discard any remaining reconstituted standard.

300 pL 300pL  300pL 300pL 300 pL 300 puL 300 pL
= = = - = ) = =

Reconstituted ]
Standard L L L
A g — N S

Diluent 390yl 300 pL 300 pL 300 L  300pL 300 L 300 pL 300 L

Volume

Std1 Std2 Std3 Std4 Std5 Std6 Std7 Stdo
16 ng/imL 8 ngimL 4 ng/mL 2 ng/mL 1 ngimL 0.5ng/mL  0.25ng/mL 0.125 ngimL

Figure 16. Serial dilutions of the standard.



Preparation of Detection Antibody solution [1x]

Dilute 50 pL of Detection Antibody 200X with 10 mL of 1X ELISA Buffer. Label
as Detector Antibody [1x]. Diluted Detection Antibody is not stable and cannot

be stored.

Preparation of anti-rabbit IgG HRP solution [1X]

Dilute HRP [100x] 1:100 (v:v) and add 100 pL to 10 mL of ELISA Buffer [1x].

Label this as HRP solution [1x]. This solution is stable within 1 h.

Performing the ELISA

Bind Antigen

1. Add 100 pL of standards, controls, or pre-diluted samples to the appropriate

wells. Leave the wells for chromogen blanks empty.

2. Cover the plate with a plate cover and incubate at 37°C for 1 h.

3. Thoroughly aspirate the solution and wash wells 3 times with Wash Buffer
[1X].

Add detector antibody

1. Add 100 pL of Ms Adiponectin Detection Antibody solution into each well

except the chromogen blanks.

2. Cover the plate with plate cover and incubate at 37°C for 1 h.

3. Thoroughly aspirate the solution and wash wells 3 times with Wash Buffer
[1x].
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Add 1gG-HRP

1. Add 100 L Anti-Rabbit IgG HRP into each well except the chromogen blanks.

2. Cover the plate with a plate cover and incubate at 37°C for 1 h.

3. Thoroughly aspirate the solution from the wells and wash wells 5 times with
Wash Buffer [1X].

Add TMB Substrate Solution

1. Add 100 yL TMB Substrate Solution to each well. The substrate solution

begins to turn blue.

2. Incubate for 20 min at room temperature in the dark.

Add Stop solution

1. Add 100 pL Stop Solution to each well. Tap the side of the plate to mix. The

solution in the wells typically changes from blue to yellow.

Read the plate and generate the standard curve

Read the absorbance at A = 450 nm. Read the plate within 2 h after adding the
Stop Solution. Optimally, the background absorbance may be subtracted from
all data points, including standards, unknowns and controls, prior to plotting.
Final concentrations for unknown samples and controls were calculated using

the appropriate factor to correct for the sample dilution.

Readings were ensued using a Beckman AD340 spectrophotometer (Beckman).



3.2.2 Cytokine determination in plasma using a multiplex approach

Principle

The sample is added to a mixture of color-coded beads, pre-coated with analyte-
specific capture antibodies. The antibodies bind to the analytes of interest.
Biotinylated detection antibodies specific to the analytes of interest are added
and form an antibody-antigen sandwich. Phycoerythrin (PE)-conjugated

streptavidin is added. It binds to the biotinylated detection antibodies.

Magnetic beads are typically read on a dual-laser flow-based detection
instrument, such as the Luminex® 100™, Luminex 200™. One laser classifies
the bead and determines the analyte that is being detected. The second laser
determines the magnitude of the PE-derived signal, which is in direct proportion

to the amount of analyte bound.

Procedure

This analysis was pursued at Mercedes Camacho’s lab in the Institut de Recerca
de I'Hospital de la Santa Creu i Sant Pau. A magnetic bead-based Milliplex Map
Mouse Cytokine/Chemokine Magnetic Bead kit (MCYTOMAG-70K) (Merck-
Millipore) was used, designing a 5-plex custom kit containing the specific
cytokines, including IL10, IL6, IL4, and TNFa.

The assay was performed following the manufacturer’s instructions. Briefly, 25
pL of standard, control, assay buffer (as background) and diluted samples were
incubated along with 25 pL of the magnetic bead mix (containing beads for each
cytokine) overnight. Beads were washed and incubated with 25 pL of the
detection antibodies for 1h. Afterward, without washing or removing the
detection antibody, 25 uL of streptavidin-PE (SA-PE) were added for 30 min.
After washing, the beads were suspended in 100 pL of drive fluid for analysis.
All incubations were performed at room temperature and shaking. Plate analysis
was performed in a Luminex Corporation® MAGPIX® instrument with
XPONENT® using xXMAP® technology (Millipore Corporation, Billerica, MA).
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3.2.3 Isolation of lipoproteins from sequential ultracentrifugation

Principle

Ultracentrifugation is an important tool in biochemical research of plasma
lipoproteins as it enables their sequential concentration at different densities and
to be determined independently. The isolation of lipoproteins may be preparative
(i.e., large volumes of plasma are used to obtain maximal quantity of specific
lipoprotein classes) or analytical (i.e., small volumes of plasma are needed to
characterize the chemical composition of lipoprotein subfractions).

Materials

- Analytical ELIP type tubes (maximal volume 2.5 mL) (polycarbonate plastic).

- Preparative centrifuge tube (maximal volume 20 mL) (polycarbonate plastic)

- Density Solutions used:

- Preparation of density solution 1.006 g/mL: add chloramphenicol 0.1 g, NaCl:
17.5 g, Ethylenediaminetetraacetic acid (EDTA)-disodium dehydrated
(molecular weight, MW: 404.45 g/mol) : 0.81 g, gentamycin: 4 mL (160 mg) and
dissolve all components in distilled water in a final volumen of 2 L. Adjust at pH
7.4

- Preparation of density solution 1.019 g/mL: add kalium Bromide (KBr): 9.5 g to
500 mL of density solution 1.006 g/mL (KBr is just directly added to this volume
of 1.006 g/mL solution).

- Preparation of density solution 1.063 g/mL: add KBr: 8.53 g to 100 mL of
density solution 1.006 g/mL (KBr is just directly added to this volume of 1.006

g/mL solution).



- Preparation of density solution 1.340 g/mL: add KBr: 57,40 g to 100 mL of
density solution 1.006 g/mL (KBr is just directly added to this volume, reaching
117.9 mL).

- Ultracentrifuge Beckman.

- Analytical fixed-angle rotor (50.3, Beckman Coulter)
- Lab material (pippetes, tips, Eppendorf tubes, ...)
Procedure

The isolation of the different plasma lipoproteins was carried out by sequential
ultracentrifugation by a method described by Havel and collaborators [307]. This
method is based on the fact that all the lipoproteins can be isolated by flotation
at a lower density than that of each type of lipoproteins (very-low-density
lipoproteins, i.e., VLDL, d<1.006 g/mL; low-density lipoprotein, i.e., LDL, 1.019
<d<1.063 g/mL; and high-density lipoproteins, i.e., HDL, 1.063 <d<1.210 g/mL).
Currently, the density of plasma/serum is 1.006 g/mL. Final plasma densities
were adjusted using the formula of Radding and Steinberg [308] (Figure 17).

x = V. (fd-id)
1-(0.312+fd)

Figure 17. Radding and Steinberg formula.
Where X = g of KBr; V = volume of plasma in mL, fd = final density, id = initial density, and 0.312

= partial specific volume of KBr. The plasma density is approximately 1.006 g/mL. Sequential
fractionation of the different plasma lipoprotein fractions by ultracentrifugation is based on
adjusting with KBr and in a phased manner the plasma fraction at an appropriate density for each
of the plasma lipoprotein species. The calculation of the amount of KBr needed to adjust plasma
density was performed using this formula. Final volume is determined by the maximum capacity
provided by the ELIP class tube (up to 2.5 mL).
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Alike human plasma, mouse plasma lacks a defined LDL fraction and circulating
cholesterol is mainly transported in HDL. Indeed, HDL is considered the main
circulating lipoprotein fraction in mouse plasma. Therefore, in this work the
density range <1.063 g/mL was used to isolate the non-HDL fraction, which
includes the triglyceride-rich lipoproteins along that of LDL lipoprotein fraction,
whereas the HDL fraction was obtained from non-HDL-free plasma.

The isolation of particular species at a specific flotation density by
ultracentrifigation should be made sequentially to avoid contamination of
different lipoprotein classes. For instance, isolation of HDL, the lipoproteins of
lower density are first removed from plasma after adjusting its density at a final
density of 1.063 g/mL, which embraces all non-HDL lipoproteins. After removal
of floating non-HDL, the remaining volume of plasma (defined as non-HDL-free
plasma) may be then adjusted to a density of 1.210 g/mL, at which HDL will float
and may be collected.

Following this procedure, plasma lipoprotein fractions (non-HDL and HDL)
(density range <1.063 g/mL) were obtained from independent plasma pools
composed of a minimum of 2-3 mice/experimental group, whereas human LDL
(LDL, 1.019<d<1.063 g/mL) were obtained from normolipidemic volunteers was
isolated from plasma-EDTA were isolated from pooled plasma by sequential
ultracentrifugation at 100,000 g for 24 h in an analytical fixed-angle rotor (50.3,
Beckman Coulter). The obtention and use of human plasma samples for this
study were approved by the Ethics Committee of the Hospital de la Santa Creu

i Sant Pau in Barcelona.

In the present work, the plasma non-HDL fraction (density range <1.063 g/mL)
was isolated from mouse plasma to be used for in vivo kinetics studies, whereas
LDL used in ex vivo studies to assess the susceptibility to oxidation in the

presence of different concentrations of NAM.



Isolation of mouse non-HDL fraction

Radding & Steinberg formula was used to adjust the initial volume of plasma
(initial density (id) = 1.006 g/mL) to a final density of 1.063 g/mL to obtain the

non-HDL fraction. Calculations were as follows:

o Ve(fd-id) _ 2.5+(1.063-1.006) _ 0.1425 _ .
KBr = - - = 0.213 g KBt
8RBT 0312+ fd)  1-(0.312 = 1.063)  0.6683

Once calculated the needed quantity in g of KBr, these were added to the plasma

sample using the concentrated density solution 1.340 g/mL.:

0.213 g = 117.9 mL
574¢

=0.437 mL of density solution 1.340 g/mL

The initial volume of plasma was typically ranging between 0.5 to 1 mL. This
volume was established to warrant that the sum of plasma and added solution
density did not exceed the maximal working volume determined by the capacity
of ELIP type tubes (i.e., 2.5 mL).

Thus, the ELIP type tube will contain the initial volume of plasma, the calculated
volume of concentrated density solution 1.340 g/mL, and the initial density
solution up to a final volume of 2.5 mL. For instance, taking 0.5 mL as an initial

volume of plasma, the final volume in the ELIP type tube should be as follows:
0.5 mL initial plasma volume + 0.437 mL of density solution 1.340 g¢/mL + volume of
initial density solution = (up to a maximal of) 2.5 mL;

- volume of initial density solution = 2.5 mL - (0.5 mL + 0.437 mL) = 1.563 mL of
density solution 1.006 g/mL (initial density of plasma)
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Isolation of mouse HDL fraction

The remaining volume of non-HDL-depleted plasma (initial density (id) = 1.063
g/mL) was next adjusted to a final density of 1.063 g/mL to obtain the HDL
fraction. The volume of non-HDL-depleted plasma was firs adjusted to that of
the original plasma pool. Calculations used the Radding & Steinberg formula

and were as follows:

gKbr - YV (d-id)  _ _2.5*(1.210-1.063) 03675 _ (500 g KBr

1-(0.312 * fd) 1-(0.312 * 1.210) 0.6225

Once calculated the needed quantity in g of KBr, these were added to the plasma

sample using the concentrated density solution 1.340 g/mL.:

0.590 g * 117.9 mL
57.4g

=1.212 mL of density solution 1.340 g/mL

Again, this volume was established to warrant that the sum of plasma and added
solution density did not exceed the maximal working volume determined by the

capacity of ELIP type tubes (i.e., 2.5 mL).

Thus, the ELIP type tube will contain the initial volume of plasma, the calculated
volume of concentrated density solution 1.340 g/mL, and the initial density
solution up to a final volume of 2.5 mL. For instance, taking 0.5 mL as an initial

volume of plasma, the final volume in the ELIP type tube should be as follows:

0.5 mL initial plasma volume + 1.212 mL of density solution 1.340 g/mL + volume of
initial density solution = (up to a maximal of) 2.5 mL

—> volume of initial density solution = 2.5 mL - (0.5 mL + 1.212 mL) = 0.788 mL of
density solution 1.063 g/mL (initial density of non-HDL -depleted plasma)



In the case of kinetics experiments, the volume of plasma pool was up to 5 mL
which was distributed in 1-mL aliquots and processed in parallel. Lipoprotein-
depleted plasma was discarded.

Isolation of human LDL fraction

Radding & Steinberg formula was used to adjust the initial volume of plasma
(initial density (id) = 1.006 g/mL) to a final density of 1.019 g/mL to first remove
triglyceride-rich lipoproteins (i.e., VLDL, and intermediate-density lipoproteins,

abbreviated as IDL and also defined as VLDL remnants).

In this case, the initial volume of plasma was typically ranging between 50 to 100
mL. To that effect preparative, polycarbonate centrifuge tubes were used.
Plasma was distributed in as many tubes as necessary to warrant that the sum
of plasma in each tube and added solution density did not exceed the maximal
working volume determined by the capacity of this type of centrifuge tube (i.e.,
20 mL).

Calculations were as follows (per one tube):

By = Y > (fd-id) _ _20*(1.019 - 1.006) 0.26 i
KB = = = = 0. KBr
g I 1-(0.312 = fd) 1-(0.312 = 1.019) 0.6821 0.3812 ¢ I

Once calculated the needed quantity in g of KBr, these were added to the plasma
sample as many tubes as necessary considering initial volume of the plasma
pool. As previously described, the quantity in g of KBr was added using the

concentrated density solution 1.340 g/mL:

0.3812 g = 117.9 mL,
57.4¢

=1.7830 mL of density solution 1.340 g/mL

Thus, the centrifuge tube will contain the initial volume of plasma, the calculated

volume of concentrated density solution 1.340 g/mL, and the initial density
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solution up to a final volume of 20 mL. For instance, taking 15 mL as an initial
volume of plasma in each tube, the final volume of density solution 1.006 g/mL
needed was:

15 mL initial plasma volume + 0.7830 mL of density solution 1.340 g/mL + volume of
initial density solution = (up to a maximal of) 20 mL;

- volume of initial density solution = 20 mL - (15 mL + 0.7830 mL) = 4.217 mL of
density solution 1.006 g/mL (initial density of plasma)

After removal of floating lipoproteins, i.e., VLDL and IDL, the LDL were next
isolated. To that effect the final density of the VLDL- and IDL-depleted plasma
was readjusted to a final density of 1.063 g/mL. Before proceeding, the volume
of VLDL- and IDL-depleted plasma was readjusted to the original initial volume

of plasma with the density solution 1.019 g/mL.

VLDL- and IDL-depleted plasma was distributed in as many tubes as necessary
to warrant that the sum of plasma in each tube and added solution density did
not exceed the maximal working volume determined by the capacity of this type

of centrifuge tube (i.e., 20 mL).
Calculations were as follows (per one tube):

o _ Va(fd-id)  _ _20*(1.063-1.019) _ _0.88 _ :
gKBr = = = = 1.3167 g KBr
1-(0.312 = fd) 1-(0.312 * 1.063) 0.6683 2B

Once calculated the needed quantity in g of KBr, these were added to the VLDL-
and IDL-depleted plasma in each of the tubes where the volume was distributed
considering initial volume of the plasma pool. As previously described, the
guantity in g of KBr was added using the concentrated density solution 1.340

g/mL.:

1-3167;‘%’ ";117-9 mL__ 3 705 mL of density solution 1.340 g/mL
57.4g




Thus, the centrifuge tube will contain the initial volume of plasma, the calculated
volume of concentrated density solution 1.340 g/mL, and the initial density
solution up to a final volume of 20 mL. For instance, taking 15 mL as an initial
volume of VLDL- and IDL-depleted plasma in each tube, the final volume of
density solution 1.006 g/mL needed was:

15 mL initial plasma volume + 2.705 mL of density solution 1.340 g/mL + volume of
initial density solution = (up to a maximal of) 20 mL;

—> volume of initial density solution = 20 mL - (15 mL + 2.705 mL) = 2.295 mL of density
solution 1.019 g/mL (initial density of plasma)

After centrifuging floating LDL were collected, pooled and stored at 4°C until use.

For kinetic studies, human lipoprotein-depleted (as a source of cholesteryl
transfer protein, CETP) was obtained by removing the HDL from the previous
non-HDL-depleted plasma, i.e., VLDL, IDL and LDL. Thus, the HDL fraction was
isolated from the non-HDL-depleted plasma using the same procedure as that
described for the isolation of previous lipoprotein fractions but considering the

floating density of HDL.

After removal of floating non-HDL, i.e., VLDL, IDL and LDL, the HDL were next
isolated. To that effect the final density of the non-HDL-depleted plasma was
readjusted to a final density of 1.210 g/mL. Before proceeding, the volume of
non-HDL-depleted plasma was readjusted to the original initial volume of plasma

with the density solution 1.063 g/mL.

Non-HDL-depleted plasma was distributed in as many tubes as necessary to
warrant that the sum of plasma in each tube and added solution density did not
exceed the maximal working volume determined by the capacity of this type of

centrifuge tube (i.e., 20 mL).
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Calculations were as follows (per one tube):

gKbr _ V*(@d id)  _ 20*(1.210 1063) _ _ 294 _ 473 ¢ KBr

1-(0.312 = fd) 1-(0.312 * 1.210) 0.6225

Once calculated the needed quantity in g of KBr, these were added to the non-
HDL-depleted plasma in each of the tubes where the volume was distributed
considering initial volume of the plasma pool. As previously described, the
guantity in g of KBr was added using the concentrated density solution 1.340

g/mL:

4.723¢+117.9 mL
57.4g

=9.701 mL of density solution 1.340 g¢/mL

Thus, the centrifuge tube will contain the initial volume of plasma, the calculated
volume of concentrated density solution 1.340 g/mL, and the initial density
solution up to a final volume of 20 mL. For instance, taking 10 mL as an initial
volume of non-HDL-depleted plasma in each tube, the final volume of density

solution 1.063 g/mL needed was:

10 mL initial plasma volume + 9.701 mL of density solution 1.340 g¢/mL + volume of
initial density solution = (up to a maximal of) 20 mL

— volume of initial density solution = 20 mL - (10 mL + 9.701 mL) = 0.299 mL of density
solution 1.063 g/mL (initial density of non-HDL -depleted plasma)

After centrifuging floating HDL were collected and discarded, whereas
lipoprotein-depleted plasma was collected, keeping the final volume to a
minimum hence obtaining a 5-fold concentrate of this fraction. Concentrated
lipoprotein-depleted plasma was then pooled and dyalized at 4°C against 8 L of
Tris-HCI buffer, containing Tris-HCI 10 mM, NaCl 0.15 M, EDTA 1 mM, sodium
azide 0.5 g/L, pH 7.4 in a tank for 24 h (with three changes of dyalisis buffer)

and stored at -80°C until use for labeling mouse non-HDL.



The composition of the lipoprotein subfractions were analyzed for lipids,
including total cholesterol, free cholesterol, phospholipids and triglycerides, and
proteins (total protein content) using commercial methods as described above.
The protein levels in isolated lipoprotein fractions were determined using the
bicinchoninic acid assay (cat#23225; Thermo Fisher Scientific, Waltham,

Massachusetts), according to manufacturer’s instructions.

3.2.4 ApoE-deficient mice phenotyping

Principle

Homozygous ApoE-deficient mice show a marked elevation in total plasma
cholesterol levels that are unaffected by age or gender [309]. Mice phenotyping
was assessed by quantification of plasma levels of cholesterol at 2-month-old
mice. The differentiation of homozygous were established at cholesterol levels

greater than 6 mM at mice fed with a chow diet [310].

Procedure

1. Draw 100 pL of blood from the tail vein, via tail tip cut and dispose it in
an EDTA containing micro tube (Ref. 41.504.005- SARSTEDT).
Centrifuge blood tubes to obtain plasma at 10,000 rpm at 4°C for 10 min.

3. Quantify cholesterol levels in COBAS c501 autoanalyzer.

3.2.5 Nicotinamide and N-methylnicotinamide determination in plasma

This determination was externalized to Centre for Omic Sciences, metabolomics
platform in Reus. LC-MS (liquid chromatography-mass spectrometry) involves
separating mixtures in accordance with their physical and chemical properties,
then identifying the components within each peak and detecting based on their

mass spectrum.
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Metabolite extraction

To 25 pL of mouse plasma 300 pL of cold acetonitrile:methanol:water (5:4:1,
V:V:v) containing an internal standard (I1S) (ds-Nicotinamide to Nicotinamide and
N-methylnicotinamide) was added. After vortexing samples were rested 30 min
in ice and centrifuged (14,500 rpm at 4 °C for 10 min).

LC-MS analysis

Plasma extracts were analyzed by ultra-high-performance liquid
chromatography system coupled to a 6490 triple quadrupole mass spectrometer
(Agilent Technologies) with electrospray ion source (LC-ESI-QqQ) working in
positive mode. 1 yL of plasma extract was injected to liquid chromatographic
system. For the chromatographic separation of the metabolites an InfinityLab
Poroshell 120 HILIC-Z column (2.7 pm, 2.1 x 100 mm, Agilent) and a gradient
mobile phase consisting of a solution of 50 mM ammonium acetate with 5 uM
acid medrionic (InfinityLab deactivator additive, Agilent) as additive (Phase A)
and acetonitrile (Phase B) were used. The gradient was the following: isocratic
for 1.5 min at 98% B, from 1.5 to 4 min decreased to 55% B, until 4.5 min the
percentage of B raised to 98% and finally column equilibrated at 98% B until 6.5
min. The flow of the method was 0.5 ml/min. The mass spectrometer parameters
were: drying and sheath gas temperatures 290°C and 400°C, respectively;
source and sheath gas flows 20 and 12 L/min, respectively; nebulizer flow 60
psi; capillary voltage 2,500 V; nozzle voltage 500 V; and iFunnel HRF and LRF
110 and 80V, respectively. QqQ worked in MRM mode using the transitions that

can be seen in the Table 2.



1st Transition (CE 2nd Transition (CE

Metabolite RT (min)

V) V)
N-Me-Nicotinamide 0.76 137 — 80 (24) 137 — 108 (16)
ds-Nicotinamide (IS) 0.91 127 — 84 (24) 127 — 81 (28)
Nicotinamide 0.93 123 — 80 (20) 123 — 53 (32)

Table 2. Transitions used in QqQ shown by different metabolites.
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3.3 Tissue analyses

3.3.1 Tissue collection

At the end of each experiment, 4h-fasted mice were sacrificed by cervical
dislocation. For RNA and protein analysis, tissues and organs were collected,
weighted and rapidly frozen in liquid nitrogen. For histological analysis, a piece
of tissue, approximately 0.5 cm?, was either fixed with formalin for posterior
paraffin processing or embedded with optimal cutting temperature (OCT)

compound to obtain cryosections.

3.3.2 Histological analysis

For histological analysis of adipose tissues (eWAT, scWAT and BAT) and livers,
these tissues were fixated in formalin. Once fixed, tissue were dehydrated,
embedded in paraffin and sectioned by Service of Immunohistochemistry from
IR-HSCP. Paraffin embedded sections (5-8 um thick) were stained with
hematoxylin/eosin. Following staining and mounting, tissue sections were
observed under a light field microscope (Olympus BX51) and images of

representative sections were captured for analysis.

3.3.2a Adipocytes, BAT and liver droplets quantification

The number of adipocytes and their mean diameter were determined in 5-8 um-
thick paraffin embedded sections by computer-assisted image analysis
(ImageJ). For each sample, 10 different sections were analyzed and 20
adipocytes were measured in each. The area of cells was calculated circulating

each adipocyte.

To confirm iBAT activation and liver droplets, biopsies were taken for histological
evaluation (hematoxylin and eosin [H&E] staining) using 8-8 um-thick paraffin
embedded sections. Samples were viewed by light microscopy to determine the
presence of multilocular droplets. Images were saved as TIFF files (8 bits) and
were quantified using the ImageJ software for light intensity (range 0 to 256)
[311].



CLS density was obtained by counting the total number of CLS in each section
compared with the total number of adipocytes and was expressed as CLS
number/10,000 adipocytes [312].

3.3.2b Analysis and quantification of arterial lesions

Early aortic lesion areas were studied in three groups of male mice, 2-month-old
mice were challenged a western type diet (TD.88137; Harlan Teklad) for 4 weeks
at the same time they were receiving different doses of NAM or NA, as
appropriate.

At the end of the experiment, mice were euthanized and their hearts flushed with
saline, embedded in OCT, and snap-frozen in dry ice. The inferior vena cava
was cut to allow the perfusate to exit. Frozen sections of 5-8 um thickness were
taken in the region of the proximal aorta starting from the end of the aortic sinus,
and for 300 ym distally, according to the technique of Paigen et al. [313].

Sections were stained with Oil Red O (ORO) and counterstained with
hematoxylin. Quantitative analysis of lipid-stained lesions was performed on
sections starting at the end of the aortic sinus. The lipid-stained lesions were
measured by digitizing morphometry and reported as area (um? per lesion per

mouse).

For monocyte/macrophage Marker F4/80 immunostaining, 5 um thickness
cryosections were taken from the region of the proximal aorta starting at the end

of the aortic sinus.

3.3.2c ORO Staining

Principle

This staining procedure was used to reveal the extent of lipid accumulation and
vascular lesion in proximal aorta of ApoE-deficient mice. The “variant 1” of the

Lillie and Ashburn technique was used [314].
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ORO preparation:
1. Dissolve 0.5 g of ORO (Ref. 00625-25G- Sigma Aldrich) in 200 mL of
isopropyl alcohol.

2. Warm the solution in a long-necked container (2 L volumetric flask) in a
56°C water bath for 1 h and then let it cool.

3. The working solution is prepared prior to use by adding four parts of

distilled water to six parts of stock solution.
4. Mix and stand for 10 min.
5. Filter through a fine filter paper.

Procedure

1. Rinse frozen sections in distilled water.

2. Rinse in 60% isopropyl alcohol prepared with distilled water.
3. Stain in ORO variant for 10 min.

4. Wash briefly in 60% isopropyl alcohol.

5. Wash well in distilled water.

6. Strain the nuclei in hematoxylin (Ref. HHS32-1L- Sigma Aldrich) for 1

min.
7. Wash in running water.
8. Wash in distilled water.

9. Aquatex mounting (Ref. 1085620050, Sigma- Aldrich).



3.3.2d F4/80 Immunohistochemical staining

Principle

The monocyte/macrophage marker F4/80 may reveal the presence or

subnormal accumulation of resident macrophages in selected tissues.

Procedure

1. Frozen sections were fixed 5 min with formaldehyde 4%.

2. Three washes with phosphate-buffered saline pH 7.4 (PBS) of 5 min
each.

3. Quenching peroxidase (5 mL of 30% H.O: in a final volume of 100 mL
PBS [1x]) for 30 min.

4. Blocking for 30 min (Blocking solution = 10 mL PBS + 0.2 g Albumin +

0.5 mL normal goat serum).

5. Primary antibody: Goat anti-rat F4/80 antigen dissolved in blocking
solution, 1:50 (v:v) dilution was incubated with the cryosection

specimens for 1 h.
6. Three washes with PBS [1x] of 5 min each.

7. Secondary antibody: Goat anti-rat (Ref. 14-4801-81, Invitrogen)
dissolved in blocking solution marked with HRP, 1:50 (v:v) dilution was

incubated with the cryosection specimens for 1 h.
8. Three washes with PBS [1x] of 5 min each.

9. Revealed solution chromogen 3,3-diaminobenzidine (DAB). Stop

reaction at 20 sec with distilled water.

10. Aquatex mounting (Ref. 1085620050, Sigma- Aldrich).
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3.3.3 Determination of fecal and liver triglycerides

Feces from individually housed mice, fed ad libitum and with free access to
water, were collected over 2 days. Mice were euthanized and exsanguinated by
cardiac puncture at the end of the study and livers removed after extensive
perfusion with saline. Triglycerides were extracted with isopropyl alcohol-hexane
(2:3; v:v) from 1 g of feces and 500-1000 mg of liver. After the addition of sodium
sulfate (Na:SO.), the hexane phase was isolated, dried with nitrogen,
reconstituted with 0.5% sodium cholate, and sonicated using an ultrasound bath
(model 5510-MT, Branson Ultrasonics Corp., Danbury, CT, USA) for 10 min (50

Hz) prior to lipid measurements.

3.3.4 Determination of energy metabolites
Principle

Adenosin phosphate metabolites in adipose tissues were determined using a
commercial ATP/ADP/AMP assay kit (Cat. A-125, from Buffalo University)

according to the instructions of the manufacturer’s instructions.
Procedure

1. Sample preparation: Make an extraction with trichloroacetic acid (TCA)
precipitation using ~50 mg of tissue.

2. Dilute samples at 1:4

3. Enzyme dilution: Gently agitate ADP-CE and AMP-CE tubes before
pipetting. ADP/AMP-CE mix (for SET 1) is prepared fresh by adding 1 pL
ADP-CE and 1 uL AMP-CE to 98 uL EDB in a microtube followed by
gentle mixing. ADP-CE mix (for SET Il) is prepared fresh by adding 1 uL
ADP-CE to 99 uL EDB in a microtube. Keep both prepared mixes on ice

during assay.

4. SETI(AMP + ADP + ATP): Mix 5 uL AMP-CB and 5 pL of the first sample
in a microtube and let sit at room temperature for ~5 min. Then add 5 uL
ADP/AMP-CE mix to the 10-ul mix and pipette up and down 3 times to

initiate enzyme reaction at room temperature. Stop reaction after 30 sec



(or 60 sec if low RLU obtained) by adding 35 uL ice-cold 4 mM EDTA

and vortexing. Place tube on ice.

SET Il (ADP + ATP): Mix 5 uL ADP-CB and 5 pL of the first sample in a
microtube and let sit at room temperature for ~5 min. Then add 5 uL
ADP-CE mix to the 10-uL mix and pipette up and down 3 times to initiate
enzyme reaction at room temperature. Stop reaction after 30 sec (or 60
sec if low RLU obtained) by adding 35 ul ice-cold 4 mM EDTA and

vortexing. Place tube onice.

SET Il (ATP only): Mix 10 uL dH20, 5 uL of the first sample and 35 uL
ice-cold 4 mM EDTA in a microtube. Mix contents by brief vortexing.

Place tube on ice. Repeat SET |, Il and lll for the next sample and so on.

ATP standards: Mix 10 uL dH20, 5 uL of each ATP standard (1 - 100
uM) and 35 uL ice-cold 4 mM EDTA in a microtube. Mix contents by brief

vortexing. Keep tubes on ice.

RLU measurement: Add 10 pL of each sample from SET I, Il and Ill and
ATP standards to a set of luminometer assay tubes or wells. Add 0.1 ml
ATP Assay Solution to each tube/well and measure RLU immediately.
Background RLU, which may need to be subtracted from all sample and
ATP standard RLU, is obtained by measuring the RLU of 10 uL distilled

water.

Generate a plot of ATP standard RLU vs. ATP standard concentrations.

Apply sample RLU to the standard curve to obtain the ATP concentration.

Multiply measurement results by the dilution factor where applicable.

Sample AMP concentration = [ATP]ser — [ATP]ser i
Sample ADP concentration = [ATP]ser i — [ATP]ser

Sample ATP concentration = [ATP]serm
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NAD/NADH levels were determined in adipose tissues using an NAD/NADH
colorimetric determination kit (ref. ab65348 Abcam) according to the instructions

of the manufacturer.

Sample Preparation

1. Harvest 50-100 mg tissue necessary for each assay

2. Homogenize the sample using a politron with 400 uL of NADH/NAD

Extraction Buffer.

3. Centrifuge 5 min at 4°C at top speed in a cold microcentrifuge to remove

any insoluble material.

4. Collect supernatant (containing extracted NAD/NADH) into a new tube.

Keep onice.

5. Tissues may contain enzymes that consume NADH rapidly. Remove
enzymes by filtering the samples through a 10 kD Spin Column
(ab93349) before performing the assay. Add sample to the spin column,
centrifuge at 10,000 g at 4°C for 40 min. Collect the filtrate.

Decomposition Step for NADH detection in samples:

Total NADt (total NAD & NADH): leave your sample as it is.

NADH: NAD+ needs to be decomposed before the reaction.

1. Aliquot 60 pL of extracted samples into microcentrifuge tubes.

2. Heat samples to 60°C for 30 min in a water bath or heating block. Under
these conditions, all NAD+ will be decomposed while the NADH will still

be intact.

3. Cool samples on ice. Quickly spin the samples to remove precipitate if

precipitation occurs.

4. Label samples as NAD decomposed samples.



10.

11.

12.

Set up Reaction wells: Standard wells = 50 uL standard dilutions. Sample
Background control wells = 10 uL samples (adjust volume to 50 uL /well
with Extraction Buffer). NADt Sample wells = 1 - 50 uL samples (adjust
volume to 50 uL/well with Extraction Buffer). NADH Sample wells = 50

uL decomposed samples.
Prepare 100 uL of Reaction Mix for each reaction.

Mix enough reagents for the number of assays (samples and controls) to
be performed. Prepare a master mix of the Reaction Mix to ensure

consistency.
Add 100 pL of Reaction Mix to each standard and sample well.

Add 100 pL of Background Reaction Mix to sample background control

sample wells.
Incubate plate at room temperature for 5 min to convert NAD to NADH.

Add 10 puL of NADH Developer into each well and mix. Let the reaction

cycle at room temperature for 1 h.

Read absorbance at a A 450 nm in a Beckman spectrophotometer
AD340 (Beckman).

3.3.5 Protein abundance and gene expression analyses

3.3.5a Western blot analysis

Mice tissues were immediately frozen in liquid nitrogen after extraction, then
homogenized in 50 mM Tris buffer, pH 7.4, containing 150 mM NaCl, 1% Triton
X-100,

10 mM EDTA and complete protease inhibitor cocktail (P8340-Sigma

Aldrich). Once homogenized, tissue extracts were centrifuged at 13 000 g and
4°C for 5 min, and supernatants were collected. The protein concentration of the

supernatant was evaluated by bicinchoninic acid technique (BCA protein assay
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kit; Pierce Biotechnology Inc.). A protein sample (25 ng) diluted 1:10 (v:v) was
loaded on SDS—polyacrylamide gels (Bio-Rad, Hercules, CA, USA).

Western blots were performed following standard procedures. After
electrophoresis, gels (Ref. 161-0185, Bio-Rad) were electrotransferred onto
membranes (Ref. 1704157, Bio-Rad), and the membranes were blocked with
blocking solution (Ref. 170-6404, Bio-Rad) in Tris-HCI Buffered Saline
supplemented with Tween-20 (TBS-T; TBS with 1% Tween-20) and incubated
with primary antibodies following the commercial instructions. After three
washes with TBS-T, membranes were incubated with the corresponding
secondary antibody in blocking solution in TBS-T, and developed with Luminol
revealing (Ref. 170-5061, Bio-Rad) for quantification with AxioVision Rel. 4.8

software.

Total and phosphorylated AMP-activated protein kinase (p-AMPK, Cell
signaling; ref. 4188 rabbit 1:2000 (v:v) (62 kDa)), uncoupling proteins 1 (UCP-1;
ref. ab10983 rabbit 1:5000 (v:v) (32 kDa) Abcam, MA, USA), as well as Complex
Il (COMPLEX Il ThermoFisher cat-459140, mouse 1:2000 (v:v) (45-50 kDa))
and TIM 44 (TIM44, Ref. ab194829 rabbit 1:3000 (v:v) (45-51 kDa) Abcam, MA,
USA) were detected with specific antibodies. HRP-linked anti-rabbit or HRP-
linked secondary antibodies (DAKO Corporation, Hamburg, Germany were used
at a 1:5000 dilution (v:v)).

3.3.5b Gene expression analysis

- Isolation of MRNA

Total RNA was extracted from tissue biopsies (i.e., liver, fat pads) (approximately
25 mg) and cellular extracts (from 1 milion cells) using TRIzol® reagent
(Invitrogen), according to the manufacturer’s protocol, and purified using the
RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA). RNA concentration was
determined using a NanoDrop2000 bioanalyzer (Thermo Scientific). Integrities

of the total RNA samples were also determined using the same bioanalyzer.



- RNA quality control

After purification, RNA concentration was determined by measuring UV
absorption in a NanoDrop ND-2000 spectrophotometer. The optical density (OD)
at A 260 nm was used to determine the RNA concentration in the solution,

considering that an Azso of 1.0 is equivalent to about 40 pug/mL of RNA.

The ratio of absorbance at A 260 nm and 280 nm was used to assess the purity
of RNA. A ratio of ~2.0 is generally accepted as “pure” for RNA. If the ratio is
appreciably lower, it may indicate the presence of protein, phenol or other
contaminants that absorb strongly at or near 280 nm. We accepted samples with

a Azsol Azso ratio = 1.8.

- Reverse Transcription

To measure mMRNA expression by qPCR, first RNA was reverse transcribed to
complementary DNA (cDNA). cDNA synthesis is achieved by the action of
reverse transcriptase, an enzyme able to create a single- stranded DNA from a
RNA template in the presence of primers. We used oligo (dT) primers and a
mixture of dNTPs purchased from Sigma Aldrich, M-MLV reverse transcriptase,

RNAse H Minus and Point Mutant purchased from Promega.

- Quantitative real-time PCR analysis.
= Tagman approach

To measure gene expression levels, we used quantitative polymerase chain
reaction (QPCR) to amplify cDNA products reverse transcribed from mRNA. We
used a relative quantification method, in which internal reference genes are used
to determine fold-differences in the expression of the target gene. The internal
reference is a housekeeping gene. The reference gene used in this study was
Beta actin because we have previously determined that its expression is

constant across the different experimental conditions we have used in this work.
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The cDNAs were subjected to real-time PCR amplification using Tagman Master
Mix (Applied Biosystems). Thermal cycling conditions included 10 min at 95°C
before the onset of the PCR cycles, which consisted of 40 cycles at 95°C for 15
s and 65°C for 1 min. Specific mouse Tagman probes (Applied Biosystems)
(Table 3.3) were used to analyze gene expression in mouse tissues. Real-time
PCR assays were performed on a C1000 Thermal Cycler coupled to a CFX96
Real-Time System (Bio-Rad Laboratories SA, Life Science Group). All analyses
were performed in duplicate. As an internal control, gene expression was
normalized to the mouse B-actin gene using the Mouse 3-actin (Mm00607939_s1)
TagMan gene expression assay (Applied Biosystems). Relative expression of
the analysed genes was calculated according to the manufacturer's instructions.
The relative mRNA expression levels were calculated using the AACt method.
Briefly, the analysed gene expression was normalized to (3-actin in samples from
different experimental groups, using the following formula: the mean value of
2ACTeere (Gene of interest)-ACT9e" (B-actin) for at least five different animals
were considered 100% for each analyzed gene and the same values for treated

mice tissues were referred to those values as previously described.

Gene Protein Reference
Abcal ATP-binding cassette, sub-family A, member 1 MmO00442646_m1
Abcgl ATP-binding cassette, sub-family G, member 1 Mm00437390_m1
Abcg5 ATP-binding cassette, sub-family G, member 5 MmO00446241 ml
Abcg8 ATP-binding cassette, sub-family G, member 8 MmO00445970 m1l
Abcg8 ATP-binding cassette, sub-family G, member 8 MmO00445980_m1
Apoal Apolipoprotein A-I MmO00437569_m1

Cd36 Cluster of Differentiation 36 Mm01135198 m1l




Cd68

Cox4il

Cptla

Cybb

Cyp7al

Cyp7bl

Fogf21

Hmgcr

Hmox1

1110

116

Klb

Lrpl

Mfn2

Nampt

Nmrk1

Nnmt

Nrih2

CD68 antigen

Cytrochrome C oxidase Subunit 4il1

Carnitine palmitoyltransferase 1a, liver

Cytochrome b-245, beta polypeptide

Cytochrome P450, family 7, subfamily a, polypeptide 1

Cytochrome P450, family 7, subfamily b, polypeptide 1

Fibroblast growth factor 21

3-hydroxy-3-methylglutaryl-Coenzyme A reductase

Heme oxygenase (decycling) 1

Interleukin 10

Interleukin 6

klotho beta

LDL receptor-related protein 1

Mitofusin 2

Nicotinamide phosphoribosyltransferase

Nicotinamide riboside kinase 1

Nicotinamide N-methyltransferase

Nuclear receptor subfamily 1, group H, member 2 (LXR
beta)

Mm03047340_m1

MmO01250094_m1

MmO00550438_m1

MmO01287743_m1

MmO00484152_m1

MmO00484157_m1

Mm00840165_g1

Mm01282499 m1

Mm00516005 m1

MmO01288386_m1

MmO00446190_m1

MmO00473122_m1

MmO00464608_m1

MmO00500120_m1

MmO00451938_m1

Mm00521050_m1

Mm00447994_m1

MmO00437265_g1
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Nr1lh3 Nuclear receptor subfamily 1, group H, member 3 (LXR Mm00443451 ml
alpha)
Ppara Peroxisome proliferator activated receptor alpha MmO00440939_m1
Pparg Peroxisome proliferator activated receptor gamma MmO00440940_m1
Ppargcl  Peroxisome proliferative activated receptor, gamma, Mm01208835_m1l
coactivator 1 alpha
Satl Spermidine/spermine N1-acetyl transferase 1 MmO00485911 g1
Scarbl Scavenger receptor class B member 1 (SR-BI) MmO00450236_m1
Sirtl Sirtuin 1 MmO00490758_m1
Sod2 Superoxide dismutase 2, mitochondrial (MnSOD) Mm01313000_m1
Tnf Tumor necrosis factor Mm99999068_m1
Ucp-1 Uncoupling protein 1 MmO01244861_m1
Ucp-2 Uncoupling protein 2 MmO00627599_m1
Vidir VLDL receptor MmO00443298_m1

Table 3. List of specific Tagman probes used for gene expression analysis.

= SYBR green approach

Aortas were homogenized with Precellys® Evolution connected to a Cryolys
cooling unit (Bertin Technologies). Total RNA was extracted using TRI reagent
solution (Sigma-Aldrich) following the manufacturer's recommendations. RNA
concentration was determined using a NanoDrop2000 (Thermo Scientific).
cDNA synthesis was performed from 1 pg total RNA of each sample by using
oligo(dT)15 primer, M-MLV reverse transcriptase RNase H Minus, Point Mutant
and dNTPs from Promega. Real time quantitative PCR (qPCR) analysis was



performed in technical triplicates using the Power SYBR Green Reagent Kit

(Applied Biosystems). Real-time monitoring of PCR amplification was performed
using the CFX384TM Real-Time System (Bio-Rad). The oligonucleotide
sequences for the primer pairs used are described in Table 3.4. Data were

expressed as relative mRNA levels normalized to ribosomal L14 expression.

Abcal
Abcgl

Abcg5

Abcg8

Adgrel

Hmox1

II-10

Nr1h3

Nr1h2
Tnfa

5' Primer

3' Primer

GCGAGGGCTCATCGACAT
TCACCCAGTTCTGCATCCTCTT

CTGCTCGCCTACGTGCTACACG
TCC

TGCTCATCTCCCTCCACCAGCC
TC

CTTTGGCTATGGGCTTCCAGTC
GCCGAGAATGCTGAGTTCATG

AGCCTTATCGGAAATGATCCAG
T

CCTTCCTCAAGGACTTCAGTTA
CAA

CATTGCGACTCCAGGACAAGA
CCAGACCCTCACACTCAGATC

GAAGCGGTTCTCCCCAAAC
GCAGATGTGTCAGGACCGAGT

CTATACCAAGCAGCACAAGTGTTAGAAATT
CTC

GCCTCAGCTTTCCACAGAAAGTCATCAA

GCAAGGAGGACAGAGTTTATCGTG
TGGTACAAGGAAGCCATCACC

GGCCTTGTAGACACCTTGGT

CATGGCTCTGGAGAACTCAAAGAT

CCCAGATCTCGGACAGCAAG
CACTTGGTGGTTTGCTACGAC

Table 4. List of primers sequences used for gene expression analysis.
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3.4 Functional tests

3.4.1 Glucose tolerance test

Principle

Glucose tolerance tests were performed by administering an intraperitoneal
injection of glucose (2 mg/g of body mass) after a 4-hour fast. Plasma glucose
levels were determined at t = 0 (baseline), 15, 60, 120, and 180 min. Blood
glucose was measured with Accu-Chek glucometer (Roche Diagnostics) using
blood from the tail vein. The area under the concentration curve (AUC) was
calculated by the linear trapezoidal method to compare glucose tolerance among

groups.
Procedure
1. Animals were fasted for 4 hours before the test by taking the food away

early in the morning.

2. Next, one drop of blood from the tail, via tail tip cut was transferred
directly onto a glucose indicator strip. Basal blood glucose was measured

immediately using the Accu-Chek glucometer (baseline).

3. Then, mice were given an intraperitoneal injection of sterile D-glucose (2

g/kg, dissolved in saline solution) with a 25G needle.

4. Additional blood samples were taken at 15, 30, 60, 120, and 180 min

post-injection to measure blood glucose.

5. Between each time point, mouse was returned to its cage and monitored

continuously.

6. The glucose response to GTT was also calculated as the area under the

curve for each mouse using GraphPad Prism Software.



3.4.2 Insulin sensitivity test

Principle

Insulin sensitivity tests were performed by administering an intraperitoneal
injection of insulin (Sigma- Aldrich, 0.9 U/kg of body mass) after a 4-h fast.
Plasma glucose levels were determined at t = 0 (baseline), 15, 60, 120, and 180
min. Blood glucose was measured with Accu-Chek glucometer (Roche
Diagnostics) using blood from the tail vein. The area under the concentration
curve (AUC) was calculated by the linear trapezoidal method to compare
glucose tolerance among groups.

Procedure

1. Mice were fasted for 4 hours by taking away food early in the morning.

2. Next, one drop of blood from the tail, via tail tip cut was transferred
directly onto a glucose indicator strip. Basal blood glucose was measured

immediately using the Accu-Chek glucometer (baseline).

3. Then, mice were given an intraperitoneal injection of sterile insulin (0.9

U/kg, dissolved in saline solution) with a 25G needle.

4. Additional blood samples were taken at 15, 30, 60, 120, and 180 min

post-injection to measure blood glucose.

5. Between each time point, mouse was returned to its cage and monitored

continuously.

6. The glucose response to ITT was also calculated as the area under the

curve for each mouse using GraphPad Prism Software.
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3.4.3 Susceptibility to lipoprotein oxidation

Principle

An increasing body of evidence suggests that oxidative modification of LDL plays
an important role in the development of atherosclerosis in humans and animal
models. Many studies have been carried out to establish the role of Cu?* in the
oxidation of LDL ex vivo. The standardized measurement of LDL oxidative

susceptibility could thus be useful to assess the impact of antioxidant treatments.

Procedure

Isolated lipoproteins were dialyzed in phosphate-saline buffer (PBS [1X]) by gel
filtration on PD-10 columns (Sephadex G-25 ™ M, cat#17-0851-01; GE
Healthcare). Oxidation was initiated by adding 2.5 uM copper (I1) sulfate (CuSOs)
to human LDL (0.1 mmol/L phospholipids).

Oxidized LDL (oxLDL) was obtained by incubating PBS-dialyzed LDL (0.1
mmol/L phospholipids) with 2.5 uM CuSO, for 18 h at 37°C. The formation of
conjugated dienes was measured by incubating PBS-dialyzed LDL (0.1 mmol/L
phospholipids) with 2.5 uM CuSO4 and in the absence or presence of
increasingly higher concentration of NAM (i.e., 0.1%, 0.5%, and 1%).
Conjugated diene kinetics were obtained by continuously monitoring the
absorbance at A 234 nm in an ultraviolet Synergy HT microplate reader
(Synergy, BioTek) at 37°C for 6 h. The lag phase was calculated from the
intersection point between the maximal slope of the curve and initial absorbance,
as previously described [315]. The oxidation reaction proceeded in the absence
or presence of increasingly higher concentration of NAM (i.e., 0.1%, 0.5%, and
1%) and was terminated by the addition of 0.5 mM EDTA and 2 uM BHT.

The antioxidant capacity of each NAM concentration was the ability to prolong
the lag phase and was expressed as the increment versus Ctrl-vehicle mice. The

longer the ‘lag phase’, the higher the antioxidant capacity of NAM. Similarly, the



lower the maximal velocity of oxidation shown by either LDL or non-HDL, the

higher their resistance to oxidation in the presence of NAM.

1. Typically, this analysis started from a sample of 600 pL non-HDL

obtained by ultracentrifugation.

2. Due to the process of obtaining the non-HDLs, the samples have a high
salt content. To remove the salt (KBr + EDTA), non-HDL were dialyzed
against PBS [1x] using PD10 columns. Thus, 0.5 mL of the non-HDL
were loaded to a PD10 column, which was previously and extensively
equilibrated with 25 mL of PBS [1x]. Once the sample volume has been
absorbed, it was pushed with 2.5 mL of PBS [1X], discarded this volume,
and the final non-HDL eluates were eventually collected by adding 0.8
mL of PBS [1x].

3. The lipid content of the dialyzed lipoprotein fraction was determined in a

COBAS autoanalyzer to ascertain the concentration of phospholipids.

Monitoring of oxidation kinetics

- Non-HDL were added at a final concentration of 0.1 mM phospholipids
in a final volume of 0.2 mL in duplicate, considering that in one of them
we also add 0.1 mM of phospholipids of control LDL control and in the
others only the non-HDL.

- Next, PBS [1x] was added up to a final volume of 0.2 mL in each well.
Apart from the samples, some wells contained control human LDL alone
to assess full oxidation. Finally, we added freshly prepared CuSQO,, so
that it was at a final concentration of 1.25 uM of CuSQOas in each well (250
pL of a stock concentration of 1 mM originally prepared in 10 mL distilled
water). The absorbance was read at a A 230 nm at 37°C for 4 h (kinetics

mode) in a Synergy spectrophotometer (Biotek).
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3.5 In vivo kinetic studies

3.5.1 In vivo non-HDL turnover

Principle

Assessment of non-HDL kinetics was pursued to dissect the mechanism
involved in altered plasma levels of non-HDL observed in ApoE-deficient mice
treated with NAM. To that effect, non-HDL were isolated and radiolabeled with
[®H]-cholesteryl oleoyl ether (Perkin ElImer) was employed to study the uptake

and distribution of non-HDL in plasma and different compartments of mice [316].

Procedure

Plasma lipoprotein resources

1. Obtention of plasma non-HDL from ApoE-deficient mice was pursued as
previously described (section 3.2.4). Non-HDL were isolated by
ultracentrifugation from freshly isolated pools of plasma from 5-6 mice as
previously described (section 3.2.3). This lipoprotein fraction was kept in desntity

solution until its use for radiolabeling within 2 weeks.

2. Mouse HDL isolated from male, wildtype (on a genetic background C57BL/6J)
mouse plasma (5 mL) were obtained as previously described (section 3.2.3) and
dialyzed against 8 L of dialysis buffer (i.e., Tris-HCI buffer, containing Tris-HCI
10 mM, NaCl 0.15 M, EDTA 1 mM, sodium azide 0.5 g/L, pH 7.4) at 4°C for 24

h. This step was repeated twice.

3. Human lipoprotein-depleted plasma concentrate (section 3.2.3) was dialyzed

as previously described.



Incorporation of [*H]-cholesteryl oleoyl ether to non-HDL

This process is composed of two main parts. The incorporation of [3H]-
cholesteryl oleoyl ether to HDL ([®*H]-HDL) is first needed as it will be used as a
[®H]-cholesteryl oleoyl ether donor to non-HDL in a reaction catalyzed by human

CETP (from lipoprotein-depleted plasma concentrate).
Obtaining [*H]- HDL

1. In a glass tube, cholesteryl oleoyl ether (20 uCi, 20 uL) was mixed with 80 pL
of hydroxytoluene butylate (BHT) solution (from a solution containing 5.5 mg of

BHT in a final volume of 25 mL of chloroform), and 1.8 mg of egg lecithin.
2. The mixture was dried under a nitrogen steam in a fume hood.

3. Eight mL of dialysis buffer was added and vigorously mixed by vortexing for 2

min.

4. Next, this mixture was sonicated in a Braun Sonicator on an ice bath for 10

min.

5. Once sonicated, the mixture was mixed with the dialyzed mouse HDL (7 mL),
and the lipoprotein-depleted concentrate (10 mL) in the presence of 1mM (final
concentration) of 5,5-dithiobis(2-nitrobenzoic acid (lecithin:cholesterol

acyltransferase inhibitor), and incubated in a 37°C bath for 24 h.

6. After the 24-h incubation, the mixture (at a density 1.006 g/mL) was
centrifuged at 100,000 g at 4°C for 20 h, to remove floating liposomes from the

resulting supernatant.

7. Next, the mixture density (1.006 g/mL) was adjusted at 1.063 g/mL as
previously described and centrifuged at 100,000 g at 4°C for 20 h, to remove

remaining floating liposomes from the resulting supernatant.
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7. Next, the mixture density (1.063 g/mL) was adjusted at 1.210 g/mL as
previously described and centrifuged at 100,000 g at 4°C for 48 h. [®*H]-HDL from
the resulting supernatant was obtained into the minimum volume. This
procedure was repeated as many times as needed dialyze the whole HDL

suspension.

8. Finally, this fraction was incorporated into dialysis buffer using a PD-10
desalting column, eluted by gravity. PD-10 columns were first equilibrated with
25 mL of dialysis buffer before adding 2.5 mL of non-HDL. Elute with 3.5 mL of
dialysis buffer and collect by gravity the non-HDL-containing eluate into a
separate tube. This procedure was repeated one more time. The non-HDL
suspensions were pooled and the concentration of cholesterol determined in a
COBAS autoanalyzer. Desalted [°*H]-HDL were pooled and the concentration of
cholesterol determined in a COBAS autoanalyzer. Desalted [3H]-HDL
suspension contained 2 mM of cholesterol, 20-10% cpm/mL, specific activity

10-108 cpm/umol.
Radiolabeling of mouse [*H]-non-HDL

1. Plasma non-HDL from ApoE-deficient mice were incorporated to dialysis
buffer using a PD-10 desalting column, eluted by gravity. PD-10 columns were
first equilibrated with 25 mL of dialysis buffer before adding 2.5 mL of non-HDL.
It consisted of eluting non-HDL with 3.5 mL of dialysis buffer and collecting by
gravity the non-HDL-containing eluate into a separate tube. This procedure was
repeated one more time. The non-HDL suspensions were pooled and the
concentration of cholesterol determined in a COBAS autoanalyzer. The
suspension was filtered through a non-sterile filter with 0.2 um diameter pores
to avoid aggregated non-HDL. Desalted [*H]-non-HDL suspension contained 20

mM of cholesterol.

2. Next, desalted [®*H]-non-HDL suspension (7 mL) was incubated with desalted
[*H]-HDL (7 mL) (10:1, mmol:mmol) in the presence of 14 mL of desalted

lipoprotein-depleted plasma concentrate, and incubated at 37°C for 24 h.



3. After the 24-h incubation, the mixture (at a density 1.006 g/mL) was adjusted
at 1.063 g/mL as previously described and centrifuged at 100,000 g at 4°C for
20 h, to capture the floating [*H]-non-HDL.

4. [3H]-non-HDL were then incorporated to dialysis buffer using a PD-10
desalting column, eluted by gravity. PD-10 columns were first equilibrated with
25 mL of dialysis buffer before adding 2.5 mL of hon-HDL. It consisted of eluting
non-HDL with 3.5 mL of dialysis buffer and collecting by gravity the non-HDL-
containing eluate into a separate tube. This procedure was repeated one more
time. The non-HDL suspensions were pooled and the concentration of
cholesterol determined in a COBAS autoanalyzer. The suspension was filtered
through a non-sterile filter with 0.2 um diameter pores to avoid aggregated non-
HDL. Desalted [3H]-non-HDL suspension contained 0.75 mM of cholesterol

0.7-105 cpm/mL, specific activity 0.9-105 cpm/umol.
In vivo kinetics of [*H]-non-HDL
Mice were fasted for 4 h.

Autologous [®H]-cholesteryl oleoyl ether-labeled non-HDL lipoproteins
(containing 1 x 10° cpm in 0.1 mL of 0.9% NaCl) obtained from KOE mice were
isolated (as shown in section 3.2.2) and intravenously injected into each mouse.

Labeled cholesterol was <5% of the total mass of plasma cholesterol.

Serum was collected into tubes at 2 min (initial point), and after 3 h, 6 h, and 9
h after injection, under isoflurane anesthesia. Blood was collected through a
small incision at the end of the tail and radioactivity levels in 25 pL of serum was

monitored by liquid scintillation counting.

Serum decay curves for the tracer were normalized to radioactivity were
expressed taking the initial 2-min timepoint as 100% of activity after tracer

injection.
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At the end of the experiment, livers were collected and subjected to lipid
extraction. Liver [*H]-tracer was expressed as percentage of injected dose was
also determined. The lipid extraction of the different tissues / organs is
performed as indicated in section 3.3.4.

The area under the curve from the curves drawn by plasma radioactivity levels
measured for each individual. Fractional catabolic rates (FCR) were calculated
from the area under the serum disappearance curves fitted to a nonlinear, two-
phase exponential decay model. The non-HDL FCR values were used to
calculate the non-HDL cholesterol (non-HDL-C) secretion rate using the formula
[(pool size x FCR)/g]. To that effect, serum volume was estimated to be 4% of
body weight.

3.5.2 Distribution of intragastrically-administered [3H]-cholesterol in mice

Principle

Administration of [3H]-cholesterol dissolved in olive oil to mice by oral fat gavage
was pursued as an alternative approach to non-HDL Kkinetics analysis
in evaluating the effect of NAM treatment on 'dietary cholesterol' kinetics and

tissue distribution in vivo.

Procedure

1. Mice were fasted for 4 h
2. Take a blood sample of mice, as time O.

3. Mice were given an oral fat gavage (OFG) consisting of 20 uCi [3H]-
labeled cholesterol ([1a,2a(n)- *H]-cholesterol, Perkin Elmer) in 200 uL of

virgin olive oil.



4. Plasma cholesterol levels were monitored at 3 and 6 h after oral
administration, through a small incision at the end of the tail. Food was

replaced.

5. Mice were bled by cardiac puncture at 24 h, after previous anesthesia

with isoflurane.

6. The radioactivity in total plasma and the non-HDL fraction, and liver were

determined by scintillation counting using a 3 counter (Perkin Elmer).

7. Data was expressed as percentage of activity vs. administered dose or
in relation to the average value of the control group in plasma (at different
times indicated) or tissue/organs at the end of the study, as appropriate.

8. The area under the curve from the curves drawn by plasma radioactivity

levels measured for each individual.

9. The lipid extraction of the different tissues / organs is performed as

indicated in section 3.4.3.

3.5.3 Assessment of oxygen consumption in mouse by indirect calorimetry

Indirect calorimeter is a tool to monitor resting energy metabolism through the
measurement of oxygen (02) consumption and carbon dioxide (CO2)
production. From the measurement of VO2 and VCO2, the respiratory exchange
ratio (RER) can be calculated to assess energy fuel utilization and energy
expenditure [317, 318]. Previously, indirect calorimeter has been widely used in
metabolic disease research in mice to reveal the potential roles of specific genes
or treatments in regulating energy metabolism [319, 320]. This analysis was
externalized to Parc Cientific de Barcelona and conducted by Dr. David

Sebastian.
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Energy expenditure were assessed using Micro-Oxymax multiple sensor
(Columbus Instruments). Mice (n=5-6 per group) kept on HFD were housed
individually in Oxymax chambers and kept on a 12:12-h light—dark cycle (with
lights on from 6 am to 6 pm) and room temperature of 22-24°C). Animals had
free access to food and water during both dark and light cycles. Constant airflow
(0.5 L/min) was drawn through each chamber. After 1 day of acclimation, O,
consumption, CO, production, RQ, heat and ambulation parameters were
recorded during 72 h, using software provided by Columbus Instruments. Gas
exchange measurements were made every 20 min with room air composed of
20.5% Oz and 0.05% CO,.

3.5.4 Magnetic resonance imaging (MRI) analysis

For the in vivo magnetic resonance imaging (MRI) studies mice (n=16) were
used, of which 5 were untreated, 6 NAM LD-treated mice, and 5 NAM HD-treated
mice. MRI studies were performed at the at the joint nuclear magnetic
resonance facility of the Universitat Autbnoma de Barcelona and Centro de
Investigacion Biomédica en Red—Bioingenieria, Biomateriales y Nanomedicina
(CIBER-BBN) (Cerdanyola del Vallés, Spain) in a 7T Bruker BioSpec 70/30 USR
(Bruker BioSpin GmbH, Ettlingen, Germany) system equipped with a mini-
imaging gradient set (400 mT/m) and using a 72 mm inner diameter quadrature
1H volume coil with. MR data were acquired and processed on a Linux computer

using Paravision 5.1 software (Bruker BioSpin GmbH, Ettlingen, Germany).

Before the MR study, the animals were first induced with Nembutal (70 mg/kg)
in a single intra-peritoneal injection. A catheter was then inserted in the
intraperitoneal cavity to administer a maintenance dose of anesthesia (20 mg/kg
every 45 minutes or as needed). The animals were then placed in a supine
position inside the coila birdcage 1H coil with a 35 mm inner diameter. Bodyre
temperature and respiration rate wereas then monitored using MR-compatible
temperature probes. At the end of the study, animals were euthanized through
an overdose of pentobarbital. At the time of dissection the WAT areas were

readily recognizable by gross inspection of whole-body fat depots.



For fat enhancement imaging, T1l-weighted images were acquired using a
respiratory gated spin echo sequence (repetition time (TR)/echo time (TE) = 600
ms/10.5 ms) acquiring 23 coronal sections with field of view = 10x5 cm?, matrix
size = 512x256 and slice thickness of 1 mm with a 0.1 mm gap between slices.

In order to quantify fat volume, bright pixels with signal intensity above 30% of
the maximum intensity, were considered to correspond to abdominal and/or
subcutaneous fat and were computed in all mouse slices. Total mouse fat pixels
were then multiplied by its corresponding pixel volume to obtain the whole body

fat volume for each mouse.

Whole Body Fat fraction magnetic resonance spectroscopy (MRS)
measurements were performed using a pulse-acquisition sequence (number of
points (NP) = 4096, spectral width (SW) = 9014 Hz). Spectra were calibrated to
water signal (4.7 ppm) and the area under the fat (FP, at 1.3 and 0.95 ppm) and
water (WP at 4.7 ppm) peaks was quantified in fixed frequency intervals (lipids:
0.5 - 1.8 ppm, water: 3.1 — 6.2 ppm). Fat fraction (FF) was estimated for each
mouse from the fat-to-water peak ratios according to FF= FP/(FP+WP) [321].

Fat content in liver tissue was quantified by localized 1H-NMR spectroscopy
using a point resolved spectroscopy (PRESS) sequence. Non-water-suppressed
spectra were obtained from a 3 x 3 x 3 mm? voxel localized within the liver (TE
=12 ms, TR = 5s, number of scans = 16, NP = 4096, SW = 4006 Hz). Liver

spectra were processed as described above.

3.5.5 Palmitate p-oxidation measurement in isolated mitochondria

Principle

The conversion of acid-insoluble [**C]palmitoyl-CoA to acid soluble [**C]acetyl-
CoA was measured in isolated mitochondria as described [322]. This analysis

was made at Nuria Roglans’ lab.
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Reagents

[1-14C]palmitoyl-CoA, 60 Ci/mol, 20 uCi/mL

Perchloric acid, 6 g/100 mL

Procedure

This assay method may be applied to mitochondria by omitting triton X-100 and
including final concentrations of 0.25 M sucrose and 1 mM carnitine in the assay,
and using freshly isolated organelles diluted with 0.25 M sucrose.

1. BAT biopsies (100-150 mg) were extracted and homogenized in 1 mL of buffer
containing 0.25 M sucrose; 50 mM KH>PO4, pH 7.4; 150 mM NacCl; 30 mM
EDTA; 1 mM dithiothreitol, on ice using a potter. Homogentes were next
centrifuged at 700 g at 4°C for 10 min.

2. Enough volume of ice-cold mixture of reagents was prepared for analysis. The
amount of each component per an individual assay was: 472 L of Tris-HCL
buffer, 50 mM, pH 8.0; 5 puL of NAD, 20 mM; 1.5 pL of dithiohreitol, 0.33 M; 2.5
pL of bovine serum albumin (fraction V), 1.5 g/100mL; 2.5 pL of Triton X-100, 2
g/100mL; 5 pyL of CoA, 10 mM; 5 pL of FAD, 1 mM; 1 uL of unlabeled palmitoyl-
CoA, 5 mM; 0.5 pL of [1-**C]palmitoyl-CoA [322].

3. Duplicated 100-pL aliquots of this mixture were taken for liquid scintillation
counting. The measured counts per minute (cpm) were divided by the 1 nmol of
total palmitoyl-CoA present in the aliquot to obtain the specific activity, which

was generally abouyt 3,400 cpm/nmol.

4. For the assay, aliquots of 495 pL of the reaction mixture were placed in 1.5-

mL plastic microcentrifuge (Eppendorf type) tubes in an ice-water bath;

5. 5-pL samples of enzymes were added to the tubes and incubated at 37°C for

10 min.



6. After 11 min of incubation, the tubes were returned to the ice bath and 250 pL

of ice-cold perchloric acid was added to each tube.

7. The tubes were then vortexed, left on ice for 1 h, and spun for 2 min in a

microcentrifuge.

8. The radioactivity in 500 pyL of the supernatant was determined by liquid
scintillation counting. Two control tubes without enzyme source were similarly
treated to determine the acid-soluble radioactivity present in the substrate. This
typically represented less than 5% of the total cpm.

9. For calculation, the mean cpm in the control tubes were substracted from the
acid-soluble fraction of each sample. The difference was multiplied by 1.5 (to
correct to the total supernatant volume), divided by the specific activity and by

10 min.

10. The resulting rate was expressed as nanomols of palmitoyl-CoA per min that

had undergone at least one cycle of -oxidation per mg of tissue.
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3.6 In vitro studies

3.6.1 NAM-mediated prevention of lipopolysaccharide(LPS)-induced

inflammation

Principle

Mouse macrophages J774A.1 stimulated with lipoplysaccharide (LPS) (from
E.coli O111:B4; ref. L-4391-1MG, Sigma Aldrich) were incubated with different
concentrations of NAM to test its potential possible anti-inflammatory activity.
Anti-inflammatory activity was revealed by analyzing the relative mRNA levels

of Tnfa in cell extracts by real time RT-qPCR.

Procedure

1. J774A.1 macrophages (ATCC® TIB-67™) were cultured in 6-well flat-
bottom cell culture plates at 1x10° cells/well in growth medium containing
RPMI 1640 medium supplemented with 2 mM glutamine, 100 U/L of
penicillin, 100 pL of streptomycin, 5% fetal bovine serum at 37°C in an
atmosphere of 5% CO..

Cultured macrophages were stimulated with 100 ng/mL of LPS for 24h.

3. After 24h, the medium was removed, and fresh growth medium was
added in the absence (untreated) or presence of different final
concentrations of NAM, ranging from 1-10 mM, for 24 h. In each assay,
each experimental condition was assayed in duplicate.

4. After 24 h of exposition culture the cells and supernatants were collected
and frozen at -80°C until use.

5. Cells were processed for mMRNA extraction to pursue gene expression

analysis by real time gPCR. This experiment was repeated up to 5 times.
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Figure 18. Effect of NAM on the production of TNFa by LPS-stimulated macrophages.
Cells stimulated with LPS (100 ng/ml) were exposed to NAM in the culture medium for 24 h and

then the content of TNFa in the medium was measured by real time gPCR.

P 3.7 Statistical analysis

The data are presented as means + SEM. Statistical analyses were performed
using GraphPad Prism software (GPAD, version 5.0, San Diego, CA, USA). The
effects of NAM or NA administration on gross and plasma and tissue chemical
parameters, histological traits, kinetic studies, or gene expression levels were
determined using either a nonparametric Kruskal-Wallis test followed by the
Dunn multiple comparison test or a parametric one-way ANOVA followed by the
Newman-Keuls multiple comparison test, as appropriate. The relationships
between hepatic gene expression and hepatic triglyceride levels or between
weight gain and food intake were determined by calculating Pearson’s
correlation coefficients. Differences between groups were considered

statistically significant when the P value was <0.05.
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e 4. RESULTS

4.1 Evaluating vitamin Bs forms tolerance

4.1.1 Choosing the best dose

On a pilot experiment we first sought to determine the impact of vitamin Bz forms
in a range between 0.1% to 1.0%, on different gross parameters, including body

and liver weight (Figure 19) in non-obese mice fed a regular diet.

At increasingly higher doses, both NAM and NA were well dissolved in drinking
water and well tolerated by mice, as revealed by no appreciable changes in
water consumption among groups (average of 4 mice/cage; untreated: 2.50
mL/day, NAM 0.1%: 2.75 mL/day, NAM 0.5%: 2.70 mL/day, NAM 1.0%: 3.00
mL/day, NA 0.1%: 3.00 mL/day, NA 0.5%: 2.75 mL/day, NA 1.0%: 3.00 mL/day).

The average intake of NAM and NA, through drinking water at 1.0%
concentration, was approximately 0.8 g/kg/day.
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Figure 19. Effect of vitamin B3 forms on body and liver weight.

(A) Body weight and (B) liver weight of 3 month-old mice, treated with NAM-NA for 1 month (n =8
mice per group). Data are expressed as the mean + SD. Differences between the mean values
were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA
followed a Newman-Keuls posttest, as appropriate. *Indicates statistical significance between
untreated and treated mice. Specifically, *P<0.05 vs. untreated group. Abbreviations used: NAM,
nicotinamide; NA, nicotinic acid.



The impact of each vitamin Bs form on body weight of mice in the range of doses
below 1.0% was rather negligible. However, body weight was significantly
reduced at the maximal dose of NAM (1.0%) (Figure 19). In contrast, NA
administration did not produce any changes in weight prevention.

Interestingly, the food intake in mice treated with either NAM or NA determined
at the maximal dose (Untreated: 3.69 g (0.27); NAM 1%: 3.92 g (0.41); NA 1%:
3.78 g (0.38)) did not differ from that of untreated mice.

Liver weight changes paralleled those of body weight (Figure 19). The liver
weight reduction observed in NAM treated mice was proportional to that of body
weight. Of note, the liver-to-body ratio did not differ among groups (all groups
displayed a close to 0.04 ratio) thereby suggesting absence of hepatic
dysfunction in vitamin Bs; forms-treated mice. Consistently with this view, there
was a significant reduction (-9.8%, P<0.05) in the plasma AST levels in mice
treated with NAM 1.0%. Conversely, the administration of NA at 1.0% resulted
in a significant increase (1.7-fold, P<005) in plasma ALT levels as compared to
untreated mice (Table 5).

NAM  NAM  NAM NA NA D
Untreated 900 050  1.0%  01%  05%  NAL1O0%

AST 89.83 9300 8829 8113 8963 8317 8838  <0.05

[UIL] (7.87) (265 (5.09) (9.75% (7.01) (7.94)  (15.04)

ALT 2360 2667 2714  27.93  27.63 2800 3917  <0.05

[UL]  (11.65) (5.78) (8.99)  (14.9) (7.44) (6.32)  (12.06)*

Table 5. . Effect of vitamin B3 forms on hepatic transaminases in mice fed a RD.

Results are expressed as the means (standard deviation) (n=8 mice per group). All analyses were
made at 3 month-old mice, treated with NAM-NA for the last month. The biochemical measurement
was made by commercial kits adapted to a COBAS auto analyzer. Differences between the mean
values were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or
ANOVA followed a Newman-Keuls posttest, as appropriate; differences were considered
significant when P<0.05. Specifically, *P<0.05 vs. untreated group. Abbreviations used: FFA, free
fatty acids; NAM, nicotinamide; NA, nicotinic acid



The intake of either NAM or NA did not influence the plasma levels of glucose
and main circulating lipids (i.e., cholesterol, free fatty acids, and triglycerides)
under fasting conditions at 1 mo. of the beginning of administration (Table 6). In
contrast, only the administration of the highest dose (1.0%) of NA produced a
raise in plasma levels of glucose. Moreover, a significant reduction in the plasma
levels of total cholesterol was found at the two highest doses of NA assayed as
compared with untreated mice, which would be consistent with its lipid-lowering
effects [323].

Glucose Triglycerides FFA Total cholesterol
[mg/dL] [mM] [mM] [mM]
Untreated 122.30 (25.70) 0.68 (0.23) 1.27 (0.20) 3.26 (0.50)
NAM 0.1 104.80 (15.41) 0.61 (0.27) 1.34 (0.17) 3.36 (0.25)
NAM 0.5 122.80 (22.53) 0.94 (0.31) 1.23 (0.08) 3.26 (0.38)
NAM 1.0 115.1 (19.79) 0.75 (014) 1.15 (0.17) 3.60 (0.35)
NA 0.1 140.1 (28.39) 0.87 (0.08) 1.50 (0.11) 3.67 (0.35)
NA 0.5 97.14 (14.19) 0.59 (0.11) 1.12 (0.21) 2.78 (0.37)*
NA 1.0 159.3 (22.70)* 0.78 (0.11) 1.46 (0.37) 2.51 (0.13)*
p <0.001 0.15 0.78 <0.001

Table 6. Effect of vitamin B3 forms on plasma biochemical parameters in mice fed a RD.
Results are expressed as the means (SD) (n=4-6 mice per group). All analyses were made at 3
month-old mice, treated with NAM-NA for 1 month. The biochemical measurement was made by
commercial kits adapted to a COBAS auto analyzer. Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate; differences were considered significant when P<0.05.
Specifically, *P<0.05 vs. untreated group. Abbreviations used: FFA, free fatty acids; NAM,
nicotinamide; NA, nicotinic acid
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The effect of NAM was also tested at doses higher than 1.0% (Table 7). In these
cases, water consumption by mice was significantly decreased (NAM 2.5%:
35%, P<0.05; NAM 5.0%: 34%, P<0.05) suggesting that concentrations higher
than 1.0% NAM affected palatability (Table 7). Importantly, food intake was
significantly lower (22%, P<0.05) in the mice receiving the maximal dose
assayed of NAM (i.e. 5.0%). In both higher doses (2.5-5.0%) a dose-dependent
weight loss was observed (Figure 20). The body weight gain of mice receiving
NAM 2.5% and 5.0% was significantly reduced (NAM 2.5%: -0.5g, P<0.05; NAM
5.0%: -2.0g, P<0.05) vs. initial weight compared with untreated mice (untreated:
+3.25q). Also, plasma levels of creatinine was elevated (~30%, P<0.05) in the
mice group receiving NAM 5.0% compared with untreated mice (Table 7). Due
to affected palatability and non-physiological results, the higher doses test was

aborted before planning, at 2 months of treatment.

Untreated NAM 2.5% NAM 5.0% p
Gross parameters
Diet intake [g/day] 3.76 (0.33) 3.55 (0.37) 2.96 (0.61)*  <0.001
Water intake [g/day] 4.08 (0.57) 2.67 (0.55)* 2.70 (1.93)* <0.05
Plasma biochemistry
Glucose [mM] 11.70 (0.80) 10.15 (2.46) 13.62 (2.07) 0.41
Creatinine [uM] 25.24 (1.53) 27.38 (3.11) 32.07 (4.17)*  <0.05
AST [U/L] 64.60 (4.88) 83.75 (33.73) 70.00 (22.63) 0.18
ALT [U/L] 24.40 (4.72) 40.50 (54.59) 26.00 (12.66) 0.66

Table 7. Effect of vitamin B3 forms on plasma biochemical parameters in mice fed a RD.

Mice were 4 month-old treated with different doses of NAM for 2 consecutive months. Results are
expressed as the means (standard deviation) (n=4-5 mice per group). All analyses were made at
four months of age. The biochemical measurement was made by commercial kits adapted to a
COBAS auto analyzer. Differences between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls
posttest, as appropriate; differences were considered significant when P<0.05. Specifically,



*P<0.05 vs.

Weight gain
[g vs. initial point]

NAM [%]

untreated group. Abbreviations used: NAM, nicotinamide; AST, Aspartate
aminotransferase; ALT, Alanine aminotransferase

0.0

Figure 20. Effect of vitamin B3 forms on body weight
gain.

Body weight of 4 month-old mice, treated with NAM for 2
consecutive months. (n = 4-5 mice per group). Differences
between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn’s posttest
or ANOVA followed a Newman-Keuls posttest, as
appropriate. *Indicates statistical significance between
untreated and treated mice. Specifically, *P<0.05 vs.
untreated group. Abbreviations used: NAM, nicotinamide.

Based on this data, in following studies we established as 1% the safest dose of

both vitamin Bsforms and assessed their effect on gross parameters and plasma

biochemistry.

Interestingly, the prevention in the body weight gain observed at 1% NAM dose

shown at short-term (i.e., 1 mo.) (Figure 19), was maintained in a long-term

analysis (i.e., 3 mo.) (Figure 21).

Figure 21. Effect of vitamin B3 forms on body weight

gain.

Body weight of 5 month-old mice, treated with NAM-NA for
3 consecutive months (n = 4-6 mice per group). Differences
between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn’s posttest
or ANOVA followed a Newman-Keuls posttest, as
appropriate.*Indicates  statistical
untreated and treated mice. Specifically, *P<0.05 vs.
untreated group. Abbreviations used: NAM, nicotinamide;

NA, nicotinic acid.

Body weight gain
[g vs. initial point]

significance between

NAM [%] 0.0 05 1.0 0.0 0.0
NA [%] 0.0 0.0 0.0 0.5 1.0
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P 4.2 Impact of vitamin B;forms on body weight and adiposity in non-

obese mice fed a regular diet (RD)

After determining the safe dose to use, we first aim to validate preliminary

results, replicating the previous pilots experiment in order to analyze the effects

on body weight of vitamin B3 forms administration in non-obese mice fed a RD.

The next 8 figures and 5 tables, indicate the results obtained in this first set of

experiments.

4.2.1 Gross parameters and systemic phenotype

At 2 month-old of age, mice were challenged to treatment with either NAM or

NA, and body weight was followed up for 3 consecutive months after the

beginning of treatments. As observed in Figure 22 and Table 8, NAM

supplementation significantly reduced body weight gain in mice.
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Figure 22. Body weight follow-up in mice fed a RD.
Body weight of 5 month-old mice, treated with NAM-NA
for 3 consecutive months. (n= 8 mice per group).
Abbreviations used: NAM, nicotinamide; NA, nicotinic
acid.



Gross parameters

Final body weight [g]

Body weight gain [g]

Fat Pad [g]

Lean Weight [g]

Liver weight [g]

Liver-to-body weight ratio

Diet intake [g/day]

Water intake [g/day]

Calculated dose [g/kg/day]

Calculated feed efficiency
[mg per consumed kcal]

Untreated NAM NA p
29.58 (1.54) 26.70 (1.45)* 27.88 (1.51) <0.05
4.76 (1.55) 1.45 (1.49) * 3.86 (1.61) t <0.05
1.73 (0.25) 1.11 (0.19)* 1.24 (0.22)* <0.001
27.85 (1.43) 25.59 (0.73)* 26.64 (1.36) <0.05
1.53 (0.14) 1.11 (0.26)* 1.24 (0.14)* <0.05
0.05 (0.00) 0.04 (0.00) 0.04 (0.00)* <0.05
3.65 (0.39) 3.61 (0.55) 3.99 (0.80) 0.62
5.47 (0.59) 6.04 (1.21) 5.72 (2.18) 0.76

- 2.43 (1.27) 2.15 (1.25)
164.2 (75.9) 75.7 (41.4)* 137.9 (61.3) <0.05

Table 8. Effect of vitamin B3 forms on gross parameters in mice fed a RD

Results are expressed as the means (standard deviation) (n=8 mice per group). All analyses were
made at 5 month-old mice, treated with NAM-NA for 3 consecutive months. The dose of either
NAM or NA effectively consumed by the mice was calculated by considering the amount of water
consumption and the concentration of both vitamin Bs forms in tap water. Food intake was
measured at the end of the study as described in the Materials and Methods section. Differences
between the mean values were assessed by the nonparametric a Kruskal Wallis followed by
Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate; differences were
considered significant when P<0.05. Specifically, * P<0.05 vs. untreated group; or T P<0.05 vs.

NAM-treated mice. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid.
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As shown in Table 8, the group of mice treated with NAM during 3 months
significantly gained 30% less body weight ( P<0.05) respect to untreated mice.
In contrast, the body weight in NA-treated mice did not differ from the untreated
mice and was significantly higher (30%, p<0.05) than that of NAM-treated mice
(Table 8).

Reduction in the body weight found in mice receiving NAM were accompanied
by a concomitant decrease in their fat pad (NAM: 36%, P<0.05), and to a lesser
extent also lean weight (8%, P<0.05).

Intriguingly, although NA treatment did not produce change in total body weight,
it did reduce fat (28%, P<0.05) and liver weight (18%, P<0.05) compared with

untreated mice.

These findings were not associated with alterations in the pattern of food intake
in the mice groups treated with the two vitamin Bs forms, thus suggesting that a
significant portion of ingested calories (kcal) were not eventually being
accumulated as fat in NAM-treated mice. Feed efficiency (body weight change
per kcal of food eaten) was determined before body weights diverged, in order
to eliminate confounding measures by body weight differences. Our data
revealed that feed efficiency was reduced around 50% in NAM-treated mice
(Table 8) compared with untreated mice. No differences were observed in feed

efficiency between NA-treated mice and untreated mice.

Consistently with our previous studies, no changes in water consumption were

observed in the mice groups receiving either NAM or NA.

Plasma levels of leptin were significantly reduced in NAM-treated mice and were
close-to-significance in NA-treated mice (NAM: 70%, p<0.05; NA: 68%, p=0.05)



(Table 9). Leptin concentration only showed a trend to be correlated with total
body weight (Pearson r= 0.3572, P=0.14) (Figure 23, panel A) but correlated
directly with adiposity (Pearson r= 0.7283, P<0.05) (Figure 23, panel B). Plasma
levels of adiponectin were elevated in NAM-treated mice (60%, p<0.05) (Table
9) compared with untreated mice, whereas no differences were found in NA-
treated mice compared with untreated mice. Adiponectin concentration inversely
correlated significantly with body weight (Pearson r= -0.5400, P<0.05) and
adiposity (Pearson r=-0.5051, P<0.05) (Figure 23, panel C and D).

Some authors, have discussed the importance of adiponectin:leptin ratio as a
marker of dysfunctional adipose tissue [324] as it is reported to be decreased in
obese subjects. Our results showed a significant increase (3-fold, P<0.05) of this
ratio in NAM-treated mice compared with untreated mice. However, no
significant changes were found in the case of NA-treated mice compared with

untreated mice.

Untreated NAM NA p
Leptin [ng/mL] 14256 (8742) 4108 (1774)* 4588 (1974) <0.05
Adiponectin [ng/mL] 59.70 (10.14) 98.40 (36.87)* 67.52 (13.13) <0.05
Ratio adiponectin: leptin 0.00 (0.00) 0.03 (0.01)* 0.02 (0.00) <0.05

Table 9. Effect of vitamin B3 forms on critical hormones involved in adiposity in mice fed a
RD.

Results are expressed as the means (standard deviation) (n=8 mice per group). All analyses were
made at 5 month-old mice, treated with NAM-NA for 3 consecutive months. Food intake was
measured at the end of the study as described in the Materials and Methods section. Differences
between the mean values were assessed by the nonparametric a Kruskal Wallis followed by
Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate; differences were
considered significant when P<0.05. Specifically, * P<0.05 vs. untreated group; or T P<0.05 vs.
NAM-treated mice. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid.
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Figure 23. Relation between body weight and adiposity with adipokines related with
obesity.
Direct correlation between leptin concentration and (A) body weight, (B) fat pad. Inverse

correlation between adiponectin concentration and (C) body weight and (D) fat pad. Body weight
and fat pads of 5 month-old mice, treated with NAM-NA for 3 consecutive months. (n =6 mice per
group). A parametric Pearson test was used to analyze whether these parameters were correlated.

In order to dissect the magnitude of changes produced by the treatment of mice
with either NAM or NA, we analyzed body and tissue weights, including the liver
and regional fat pads, in all groups of mice at necropsy (Figure 24). Our data
revealed a significant reduction in different regional fat pads.

Visceral WAT (viscWAT), epididymal WAT (eWAT), perirenal WAT (prWAT) are
significantly decreased in NAM-treated mice compared with untreated mice,
whereas subcutaneous WAT (scWAT) just show a close-to-significant trend to
be diminished. On the other hand, the treatment with NA led to significant
changes only in prWAT and eWAT (Figure 24)



Figure 24. Effect of vitamin B3 forms on Liver
gross parameters in mice fed a RD.

Tissue weight of 5 month-old mice, treated with SCWAT
NAM-NA for 3 consecutive months (n= 8 mice

per group). *Indicates statistical significance = ViscWAT
between untreated and treated mice.

I Untreated

Specifically, *P<0.05 vs. untreated group. prw AT B NAM
Abbreviations used: eWAT, epididymal white El NA
adipose tissue; prWAT, peri- renal white eW AT

adipose tissue; VisCWAT, visceral white f T T T 1
adipose tissue; scWAT, subcutaneous white o o N8 o B
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nicotinic acid.

There was a direct correlation between fat pad and body weight (Pearson r=
0.8311, p<0.05) (Figure 25).
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Figure 25. Relationship between total body and fat pad weights.

Total body were correlated with fat pad weights. Mice were 5 month-old and treated with NAM for
3 consecutive months. A parametric Pearson test was used to analyze whether these parameters
were correlated.
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Histological sections of eWAT and scWAT (Figure 26) revealed no apparent

differences among experimental groups.

2% R SRR NS eWAT
¥ 7 R : sCWAT
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Figure 26. Effect of vitamin B3 forms on fat cell size from eWAT and scWAT in mice fed a

RD.
Histological sections of epididymal and subcutaneous WAT stained with hematoxylin/ eosin from

mice fed a RD + NAM at 5 month-old mice, treated with NAM-NA for 3 consecutive months.
Abbreviations used: NAM, nicotinamide; NA, nicotinic acid; eWAT, epididymal white adipose
tissue; sSCWAT, subcutaneous white adipose tissue.



4.2.1a Biochemical parameters

Plasmatic biochemistry was also evaluated in these same set of animals,
indicating that even though cholesterol levels did not differ among groups,
triglycerides and FFA were significantly lower in NAM-treated mice compared
with untreated mice (Table 10). Interestingly, plasma FFA were directly related
to body weight (Spearman r= 0.8000, P<0.05) and adiposity (Spearman
r=0.8500, P<0.05) (Figure 27). In contrast, plasma levels of FFA remained
unchanged in NA-treated mice compared with untreated mice, even though
plasma triglycerides were also significantly lower compared with untreated mice.
Although, cholesterol levels in plasma did not differ among groups, HDL
cholesterol were significantly lower (30%, P<0.05) in mice receiving NA

compared with untreated mice.

Untreated NAM NA P
Triglycerides [mM] 0.81(1.19) 0.54 (0.17)* 0.48 (0.17)* <0.05
FFA [mM] 1.46 (0.15) 1.14 (015)* 1.32 (0.20) <0.05
Total cholesterol [mM] 3.46 (0.50) 2.91 (0.91) 2.74 (0.38) 0.07
HDL cholesterol [mM] 3.00 (0.35) 2.44 (0.82) 2.09 (0.35)* <0.05
Non-HDL cholesterol [mM] 0.55 (0.20) 0.47 (0.13) 0.66 (0.23) 0.27

Table 10. Effect of vitamin B3 forms on plasma biochemical parameters in mice fed a RD.
Results are expressed as the means (standard deviation) (n=8 mice per group). All analyses were
made at 5 month-old mice, treated with NAM-NA for 3 consecutive months. Fasting plasma levels
of the HDL fractions were determined in the plasma supernatants after precipitating with
phosphotungstic acid (Roche); the non-HDL fraction was calculated by subtracting the HDL moiety
to the total plasma. The biochemical measurement was made by commercial kits adapted to a
COBAS autoanalyzer. Differences between the mean values were assessed by the nonparametric
a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as
appropriate; differences were considered significant when P<0.05. Specifically, *P<0.05 vs.
untreated group; or T P<0.05 vs. NAM-treated mice. Abbreviations used: FFA, free fatty acids;
HDL, high-density lipoprotein; NAM, nicotinamide; NA, nicotinic acid
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Figure 27. Relationship between total body and fat pad weights and plasma levels of FFA.

Total body and fat pad weights were correlated with circulating FFA. Only mice treated with NAM
and untreated were considered. Mice were 5 month-old mice, treated with NAM-NA for 3
consecutive months. A non-parametric Spearman test was used to analyze whether these
parameters were correlated. Abbreviations used: FFA, fatty acids.

Both renal and hepatic parameters shown in Table 11 did not differ among

groups, suggesting that none of the treatments caused clear hepatic or renal

damage.

Fecal analysis showed no changes in fat (triglycerides) release in NAM- treated
mice (Untreated: 0.73 (0.24) umol/g, NAM: 0.86 (0.44) umol/g, NA: 0.54 (0.09)

umol/g), thereby suggesting that triglyceride from food was not differentially

drained into feces in treated mice.



Untreated NAM NA P

Creatinine [uM] 23.48 (1.67) 22.26 (2.03) 24.46 (2.83) 0.22
AST [U/L] 85.50 (26.02) 126.00 (44.81) 176.5(12.80)  0.13
ALT [U/L] 20.00 (6.46) 27.14 (17.46) 35.88 (32.65)  0.36
Triglycerides [umol/g liver] 1.30 (1.81) 1.81 (1.69) 0.77 (0.56) 0.17

Table 11. . Effect of vitamin B3 forms on hepatic and renal parameters in mice fed a RD.
Results are expressed as the means (standard deviation) (n=8 mice per group). All analyses were
made at 5 month-old mice, treated with NAM-NA for 3 consecutive months. The biochemical
measurement was made from lipid extracts by commercial kits adapted to a COBAS auto analyzer.
The data is expressed in relation to g of liver and feces. Differences between the mean values
were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA
followed a Newman-Keuls posttest, as appropriate; differences were considered significant when
P<0.05. Specifically, *P<0.05 vs. untreated group; or 1 P<0.05 vs. NAM-treated mice.
Abbreviations used: AST, Aspartate aminotransferase; ALT, Alanine aminotransferase; BUN,
blood urea nitrogen; NAM, nicotinamide; NA, nicotinic acid.

4.2.1b Glucose homeostasis

Plasma biochemical analyses did not reveal changes in basal levels of glucose
and insulin (Table 12).

Untreated NAM NA p
Glucose [mM] 10.34 (3.14) 10.86 (2.45) 11.49 (1.39) 0.64
Insulin [ug/L] 1.69 (0.36) 1.21 (0.12) 1.22 (0.25) 0.11

Table 12. Effect of vitamin B3 forms on glucose homeostasis in mice fed a RD.

Results are expressed as the means (SD) (n=8 mice per group). All analyses were made at 5
month-old mice, treated with NAM-NA for 3 consecutive months. The biochemical measurement
was made by commercial kits adapted to a COBAS autoanalyzer. Differences between the mean
values were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or
ANOVA followed a Newman-Keuls posttest, as appropriate; differences were considered
significant when P<0.05. Specifically, *P<0.05 vs. untreated group; or ¥ P<0.05 vs. NAM-treated
mice. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid
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To assess if glucose homeostasis was altered in treated mice compared with
untreated, we also performed a GTT on 5 month-old mice (a week before the
end of the 3™ month of treatments). As shown in Figure 28, the vitamin B3 forms-
treated mice groups cleared blood glucose to the same extent as the untreated
group, suggesting that peripheral glucose disposal was not altered by treatments

with different vitamin B3 forms.
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Figure 28. Functional analysis of glucose metabolism in mice on a RD: GTT.

(A) GTT was performed on 5-h fasted mice. Blood glucose levels were measured at 0, 15, 30,
60,120 and 180 min after an intraperitoneal injection (2g/kg). (B) Area under curve of GGT
associated curves. (n=8 mice per group). Mice were 5 month-old, and the test was made one week
before the 3™ month of HFD and NA-NAM treatment. Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate; differences were considered significant when P<0.05.
Specifically, *P<0.05 vs. untreated group; or + P<0.05 vs. NAM-treated mice. Abbreviations used:
AUC. Area under the curve; NAM, nicotinamide; NA, nicotinic acid.

Results depicted in Figure 29 demonstrated that supplementation with vitamin
Bs forms, did not produce any effect on the insulin-stimulated glucose uptake,
suggesting that insulin sensitivity was not altered in the treated mice as

compared with untreated mice.

Taken together, our results rather showed that glucose homeostasis was not
altered in mice fed with a RD regardless the treatment with each vitamin Bs

forms.
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Figure 29. Functional analysis of glucose metabolism in mice on a RD: insulin sensitivity.
(A) ITT was performed on 5h- fasted mice. Blood glucose levels were measured at 0, 15, 30,
60,120 and 180 minutes after an intraperitoneal injection (0.9U/ kg). (B) Area under curve of ITT
associated curves. (n=8 mice per group). Mice were 5 month-old, and the test was made one week
before the 3 month of HFD and NA-NAM treatment. Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate; differences were considered significant when P<0.05.
Specifically, *P<0.05 vs. untreated group; or 1 P<0.05 vs. NAM-treated mice. Abbreviations used:
NAM, nicotinamide; NA, nicotinic acid.
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4.3 Impact of vitamin B3 forms on body weight and adiposity in a

mouse model of diet-induced obesity (DIO)

Next, we wanted to reproduce the results obtained in non-obese mice, in a model
of induced obesity, analyzing the effects on body weight of vitamin B3 forms
administration in DIO mice. The next 8 figures and 5 tables, indicate the results
obtained in this second set of experiments.

4.3.1 Gross parameters and systemic phenotype

In a new batch of animals, mice at 2 months of age were challenged to a HFD
and initiated the treatment with either NAM or NA, as appropriate, for 3
consecutive months. Consistent with previous data, and compared with
untreated mice, only the group of mice treated with NAM prevented weight gain
(69%, P<0.05) (Table 13). Similar to our previous observations in treated mice
fed a RD, the impact of NAM on body weight change was mainly due to a
decrease in fat pad as compared with that of untreated mice. The percentage of
fat pad compared to body weight, was significantly decreased in NAM-treated
mice compared to untreated mice. There were no changes in NA-treated mice
compared to untreated mice (Untreated: ~10%, NAM: ~6.6%, NA: ~8.2%).
Notably, the latter was not associated with an alteration in either food or water
intake.

As previously described (section 4.2.1), feed efficiency (body weight change per
kcal of food eaten) was reduced more than 85% (P<0.05) in NAM-treated mice

compared with untreated mice (Table 13).

The liver weight was significantly decreased (20%, P<0.05) in the mice receiving
either NAM or NA respect to control mice (Table 13). The liver-to-body weight

ratio did not differ between NAM-treated and untreated mice; however it was



significantly reduced in NA-treated mice compared with both NAM-treated and

untreated mice.

Untreated NAM NA P

Final body weight [g] 34.36 (3.83) 27.73 (1.91)* 31.59 (2.48)t <0.05
Body weight gain [g] 11.10 (3.34) 3.55 (2.00)* 6.31 (1.80)*t <0.05
Fat Pad [g] 3.46 (1.23) 1.84 (1.01)* 2.58 (1.00) <0.05
Lean weight [g] 30.23 (2.70) 26.58 (1.47)* 28.48 (1.63) <0.05
Liver weight [g] 1.70 (0.21) 1.42 (0.13)* 1.41 (0.21)* <0.05
Liver-to-body weight ratio 0.05 (0.00) 0.05 (0.00) 0.04 (0.00)*t <0.05
Diet intake [g/day] 2.52 (0.80) 2.80 (0.10) 3.12 (0.46) 0.64
Water intake [g/day] 3.81 (0.69) 4.04 (1.14) 3.25(1.16) 0.29
Calculated dose - 1.28 (0.33) 1.14 (0.41)

[g/kg/day]

Calculated feed efficiency

*
(mg per consumed keal] 210.60 (14.6) 28.80 (1.18) 181.20 (18.0)f  <0.05

Table 13. Effect of vitamin B3 forms on gross parameters in DIO mice.

Results are expressed as the means (standard deviation) (n=8-12 mice per group). All analyses
were made at 5 month-old mice, fed with a HFD and treated with NAM-NA for 3 consecutive
months. Food intake was measured at the end of the study as described in the Materials and
Methods section. Differences between the mean values were assessed by the nonparametric a
Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as
appropriate; differences were considered significant when P<0.05. Specifically, * P<0.05 vs.
untreated group; or T P<0.05 vs. NAM-treated mice. Abbreviations used: HFD, high-fat diet; NAM,
nicotinamide; NA, nicotinic acid.
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Fecal excretion of triglycerides did not differ among groups (untreated: 2.46
(0.74) umol/g; NAM: 3.36 (1.14) umol/g; NA: 5.16 (0.98) umol/g) suggesting that
the loss of a representative energy substrate did not explain weight gain

prevention in the NAM-treated mice.

Consistent with previous data (Table 13), prevention of body weight gain was
mainly attributed to changes in the adipose tissue in NAM-treated mice
compared with untreated mice (Figure 30, panels A and B). Body and tissue
weights, including the liver and regional fat pads (Figure 30, panel B) revealed
a reduction (scWAT: 35%, P=0.06; eWAT: 52%, P<0.05, prWAT: 35%, P=0.08,
ViscCWAT: 30%, P<0.05) in different regional fat pads only in NAM-treated mice
compared with untreated mice. Of note, the liver weight was also found reduced

in mice treated with any of the two vitamin Bz forms (NAM: 16.4%, P<0.05; NA:
17%, P<0.05).
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Figure 30. Effect of vitamin B3 forms on DIO mice.

Gross parameters in DIO mice (A) Body weight and (B) tissue weight of 5 month-old mice, fed with
a HFD and treated with NAM-NA for 3 consecutive months. (n= 8 mice per group). Differences
between the mean values were assessed by the nonparametric a Kruskal Wallis followed by
Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate; differences were
considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group; or + P<0.05 vs.
NAM-treated mice. Abbreviations used: eWAT, epididymal white adipose tissue; HFD, high-fat
diet; prWAT, peri- renal white adipose tissue; viscWAT, visceral white adipose tissue; sCWAT,
subcutaneous white adipose tissue; NAM, nicotinamide; NA, nicotinic acid.



Plasma levels of leptin were significantly reduced in both NAM and NA-treated
mice (Table 14) (NAM: ~80%, p<0.05; NA: 78%, p<0.05). Leptin concentration
correlated directly with total body weight (Pearson r= 0.8265, p<0.05) (Figure
31, panel A) and adiposity (Pearson r= 0.8241, P<0.05) (Figure 31, panel B).
Plasma levels of adiponectin were elevated in NAM-treated mice (Table 14)
(~40%, p<0.05) compared with untreated mice and with NA-treated mice (25%,
p<0.05), whereas no differences were found in NA-treated mice compared with
untreated mice. Adiponectin concentration inversely correlated significantly with
body weight (Pearson r= -0.5684, P<0.05) and adiposity (Pearson r= -0.6039,
P<0.05) (Figure 31, panel C and D).

In accordance to results found in mice fed with a RD, NAM also displayed a
significant increase in adiponectin:leptin ratio compared to untreated mice
(Table 14).

Untreated NAM NA p
Leptin [ng/mL] 30809 (16913) 6448 (5569)* 6540 (4311)* <0.05
Adiponectin [ng/mL] 75.96 (11.13) 105.4 (15.80)* 78.77 (14.8)t <0.05
Ratio adiponectin:leptin 0.00 (0.00) 0.03 (0.01)* 0.02 (0.02) <0.05

Table 14. Effect of vitamin B3 forms on critical hormones involved in adiposity in DIO mice.
Results are expressed as the means (standard deviation) (n=8 mice per group). All analyses were
made at 5 month-old mice, fed with a HFD and treated with NAM-NA for 3 consecutive months.
Food intake was measured at the end of the study as described in the Materials and Methods
section. Differences between the mean values were assessed by the nonparametric a Kruskal
Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate;
differences were considered significant when P<0.05. Specifically, * P<0.05 vs. untreated group;
or 1 P<0.05 vs. NAM-treated mice. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid.
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Figure 31. Relation between body weight and adiposity with adipokines involved in obesity
in DIO mice.

Direct correlation between leptin concentration and (A) body weight, (B) fat pad. Inverse
correlation between adiponectin concentration and (C) body weight and (D) fat pad. Body weight
and fat pads of 5 month-old mice, fed with a HFD and treated with NAM-NA for 3 consecutive
months. (n = 6 mice per group). A parametric Pearson test was used to analyze whether these
parameters were correlated.

Subcutaneous and epididymal fad pads (i.e., sSSWAT and eWAT) were also
histologically examined (Figure 32). Hematoxylin-eosin analysis revealed that
the size of adipocytes of eWAT from NAM-treated mice was significantly smaller
(adypocytes area (um?); Untreated group: 48231 + 14032; NAM group: 19554 +
6082)(-53%, P<0.05) compared with untreated mice.

Adiposity is frequently associated with chronic inflammation [325]. The gene
expression of selected inflammation markers (i.e Cd68, Ucp2) were found
significantly down-regulated (Cd68: 0.4-fold, P<0.05; Ucp2: 0.5-fold, P<0.05) in
eWAT from NAM-treated mice compared with untreated mice (Figure 33). In
contrast, no histological or molecular changes were observed in mice treated

with NA in either eWAT or scWAT, as compared with untreated mice.
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Figure 32. Histological images of epididymal and subcutaneous WAT in DIO mice.
Representative histological sections of (A) epididymal WAT and (B) subcutaneous WAT stained
with hematoxylin/eosin from 5 month-old mice, fed with a HFD and treated with NAM-NA for 3
consecutive months. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid.
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Figure 33. Gene expression of molecular targets involved in inflammatory processes in
eWAT in DIO mice.

(A) Down-regulation of Cd68 in NAM- treated mice. (B) Down-regulation of Ucp2 in NAM- treated
mice. Results are expressed as the means (standard deviation) (n=6-10 mice per group). All
analyses were made at 5 month-old mice, fed with a HFD and treated with NAM-NA for 3
consecutive months. Differences between the mean values were assessed by the nonparametric
a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as
appropriate; differences were considered significant when P<0.05. Specifically, *P<0.05 vs.
untreated group; or + P<0.05 vs. NAM-treated mice. Abbreviations used NAM LD, nicotinamide
low dose; NAM HD, nicotinamide high dose.
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4.3.1a Biochemical and molecular parameters

Plasma triglycerides did not differ among groups. FFA showed a close-to-
significant trend to be diminished in NAM-treated mice compared to untreated
mice. Also, plasma levels of cholesterol were significantly lower (18%, P<0.05)
in NA-treated mice compared with untreated mice, which was mainly associated
with a significant decrease (48%, P<0.05) in the non-HDL fraction and, to a less
extent, in the HDL (12%, P<0.05) in these mice (Table 15). There were no
changes in the lipid profile of NAM-treated mice respect to untreated mice.

Untreated NAM NA P
Triglycerides [mM] 0.56 (0.09) 0.52 (0.08) 0.39 (0.04) 0.38
FFA [mM] 1.92 (0.77) 0.66 (0.33) 1.62 (1.19) 0.13
Total cholesterol [mM] 3.85(0.07) 4.09 (0.16) 3.15(0.28)*t <0.05
HDL cholesterol [mM] 3.14 (0.08) 3.27 (0.11) 2.76 (0.22)*+ <0.05
Non HDL cholesterol [mM] 0.73 (0.19) 0.81 (0.20) 0.38 (0.14)t <0.05

Table 15. Effect of vitamin B3 forms on biochemical parameters in DIO mice.

Results are expressed as the means (standard deviation) (n=8-12 mice per group). All analyses
were made at 5 month-old mice, fed with a HFD and treated with NAM-NA for 3 consecutive
months. Fasting plasma levels of the HDL fractions were determined in the plasma supernatants
after precipitating with phosphotungstic acid (Roche); the non-HDL fraction was calculated by
subtracting the HDL moiety to the total plasma. The biochemical measurement was made by
commercial kits adapted to a COBAS self- analyzer robot. Differences between the mean values
were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA
followed a Newman-Keuls posttest, as appropriate; differences were considered significant when
P<0.05. Specifically, *P<0.05 vs. untreated group; or t P<0.05 vs. NAM-treated mice.
Abbreviations used: FFA, free fatty acids; HDL, high-density lipoprotein; HFD, high-fat diet; NAM,
nicotinamide; NA, nicotinic acid.



Even though, FFA did not change significantly, it did show a direct correlation

with body weight and adiposity (Figure 34, panel A and B).
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Figure 34. Relationship between total body and fat pad weights and plasma levels of FFA
in DIO mice.
Total body and fat pad weights were correlated with circulating FFA. Mice were 5 month-old mice,

fed with a HFD and treated with NAM for 3 consecutive months. A non-parametric Spearman test
was used to analyze whether these parameters were correlated. Abbreviations used: FFA, free
fatty acids.

Mice treated with the different vitamin B3 forms did not show significant changes
in the plasma levels of hepatic and renal-related parameters compared with
untreated mice (Table 16). Indeed, plasma levels of hepatic transaminases and
hepatic content of triglycerides were similar in all experimental groups. Also

creatinine levels did not differ among groups.

151



Untreated NAM NA P

Creatinine [uM] 21.87 (0.38) 20.95 (0.47) 21.43 (0.56) 0.57
AST [U/L] 420 (228) 201 (61) 166 (74) 0.27
ALT [U/L] 68 (43) 32 (7) 32 (8) 0.25
Liver triglycerides [umol/g] 5.6 (1.5) 4.1 (2.6) 6.99 (1.9) 0.53

Table 16. . Effect of vitamin B3 forms on hepatic and renal parameters in DIO mice.
Results are expressed as the means (standard deviation) (n=8-12 mice per group). All analyses
were made at 5 month-old mice, fed with a HFD and treated with NAM-NA for 3 consecutive
months. The biochemical measurement was made from lipid extracts by commercial kits adapted
to a COBAS self- analyzer robot. The data is expressed in relation to g of liver and feces.
Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate;
differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group;
or T P<0.05 vs. NAM-treated mice. Abbreviations used: AST, Aspartate aminotransferase; ALT,
Alanine aminotransferase; HFD, high-fat diet; NAM, nicotinamide; NA, nicotinic acid.

Hepatic gene expression of Cd36, which is regarded as a marker of obesity-
related fatty liver in morbidly obese patients and experimental models of obesity
[326] was significantly decreased in NAM-treated mice (50%, P<0.05) compared
with that of untreated mice. Of note, the relative expression of this gene was not
significantly changed in the livers of NA-treated mice. (Figure 35)

2.0 7
Figure 35. Gene expression of Cd36 in liver in

DIO mice.

Results are expressed as the means (standard
deviation) (n=6-10 mice per group). All analyses
were made at 5 month-old mice, fed with a HFD
and treated with NAM-NA for 3 consecutive
months. Differences between the mean values
were assessed by the nonparametric a Kruskal
Wallis followed by Dunn’s posttest or ANOVA
followed a Newman-Keuls posttest, as
appropriate;  differences  were  considered
significant when P<0.05. Specifically, *P<0.05 vs.
untreated group; or T P<0.05 vs. NAM-treated
mice.
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4.3.1b Glucose homeostasis

Plasma levels of glucose and insulin did not differ among groups (Table 17).

Untreated NAM NA P
Glucose [mM] 12.10 (1.19) 15.66 (0.33) 15.01 (1.10) 0.06
Insulin [ug/L] 1.63 (0.79) 1.65 (0.73) 1.45 (0.39) 0.75

Table 17. Effect of vitamin B3 forms on glucose homeostasis in DIO mice.

Results are expressed as the means (SD) (n=8 mice per group). All analyses were made at made
at 5 month-old mice, fed with a HFD and treated with NAM-NA for 3 consecutive months. The
biochemical measurement was made by commercial kits adapted to a COBAS autoanalyzer.
Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate;
differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group;
or 1 P<0.05 vs. NAM-treated mice. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid.

Functional analyses of glucose metabolism were also analyzed in these mice
(Figures 36 and 37). GTT analysis did not reveal changes in either glucose
disposal (Figure 36) or insulin sensitivity (Figure 37) among groups. It was also
included the group of untreated mice fed with RD to compare the altered glucose

homeostasis expected in mice fed with a HFD.
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Figure 36. Functional analysis of glucose metabolism in DIO mice: GTT.

(A) GTT was performed on 5h- fasted mice. Blood glucose levels were measured at 0, 15, 30,
60,120 and 180 minutes after an intraperitoneal injection (2g/kg). (B) Area under curve of GGT
associated curves. (n=8 mice per group). Mice were 5 month-old, and the test was made one week
before the 3 month of HFD and NA-NAM treatment. Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate; differences were considered significant when P<0.05.
Specifically, *P<0.05 vs. untreated group; + P<0.05 vs. NAM-treated mice; or # P<0.05 vs.RD
group. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid; RD, regular diet.
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Figure 37. Functional analysis of glucose metabolism in DIO mice: insulin sensitivity.

(A) ITT was performed on 5h- fasted mice. Blood glucose levels were measured at 0, 15, 30, 60,
120 and 180 minutes after an intraperitoneal injection (0.9U/ kg). (B) Area under curve of IST
associated curves. (n=8 mice per group). Mice were 5 month-old, and the test was made one week
before the 3 month of HFD and NA-NAM treatment. Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate; differences were considered significant when P<0.05.
Specifically, *P<0.05 vs. untreated group; + P<0.05 vs. NAM-treated mice; or #t P<0.05 vs.RD
group. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid; RD, regular diet.



4.4 Impact of different doses of NAM on body weight and adiposity

in DIO mice

So far, our results indicated that the weight gain prevention directly associated
with less adiposity accumulation, seems specific to NAM treatment. So, this third
chapter is focused in the effects of two doses of NAM (and not NA) in the
phenotype of DIO mice. This subdivision includes 31 figures and 7 tables.

4.4.1 Gross parameters and systemic phenotype

In this set of experiments, a new batch of mice were treated with different doses
of NAM (i.e., NAM high dose, NAM HD: 1%, NAM low dose, NAM LD: 0.25%)
(See methods section). Water intake was similar among mice groups (Table 18).
The calculated dose of NAM intake was higher in the NAM-HD treated mice
(25%, P<0.005) compared with NAM LD-treated mice. As shown in Table 18 and
Figure 38- panel A, body weight was significantly reduced (25%, P<0.05) in NAM
HD-treated mice compared with untreated mice, mainly as a result of a
significant decrease in adiposity (Figure 38, panel B). Of note, the lowest dose
of NAM only reached non-significant trends in body weight compared with
untreated mice (Table 18). Again, the percentage of fat pad compared to total
body weight was significantly reduced in the highest dose of NAM compared to
untreated mice (Untreated: ~12%, NAM-LD: ~8%, NAM-HD: ~4%). Interestingly,
the mice that received the highest dose of NAM also showed a slight, but

significant reduction in the lean weight.

As previously shown (section 4.2.1), the effect of NAM on the body weight and

adiposity was not associated with changes in food intake (Table 18).
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As previously described (sections 4.1.1 and 4.2.1), feed efficiency (body weight
change per kcal of food eaten) showed a significant reduction (more than 85%,
P<0.05) in NAM HD-treated mice compared with untreated mice (Table 18). Of
note, feed efficiency calculations also revealed a significant reduction (30%,
P<0.05) of NAM LD-treated mice compared with untreated mice (Table 18).

Untreated NAM LD NAM HD p
Body weight [g] 37.72 (1.39) 31.08 (1.79) 28.42 (1.15)* <0.0001
Final weight gain [g] 11.40 (2.17) 7.32(0.75) 3.48 (1.01)* <0.0001
Fat Pad [g] 4.55 (1.55) 2.55 (0.50) 1.31 (0.19)* <0.0001
Lean Weight [g] 31.17 (1.26) 28.54 (1.36) 27.11 (1.14)* <0.05
Liver weight [g] 1.21 (0.26) 1.08 (0.28) 1.06 (0.22) 0.63
'r‘;‘t’iir'to'b‘)dy weight 4 43 (0.00) 0.03 (0.00) 0.04 (0.00) 0.78
Diet intake [g/day] 2.74 (0.63) 2.92 (0.22) 2.99 (0.56) 0.64
Water intake [g/day] 4.95 (1.58) 4.17 (0.77) 4.39 (1.26) 0.67
Calculated dose - 0.32 (0.08) 1.40 (0.26)
[9/kg/day]
Calculated feed
efficiency [mg per 260.40 (24.10) 183.70 (19.80)* 38.2 (12.62)*t <0.05

consumed kcal]

Table 18. Effects of different doses of NAM in DIO mice.
Results are expressed as the means (standard deviation) (n=5-6 mice per group). All analyses

were made at 5 month-old mice, fed with a HFD and treated with NAM for 3 consecutive months.
Food intake was measured at the end of the study as described in the Materials and Methods
section. Differences between the mean values were assessed by the nonparametric a Kruskal
Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate;
differences were considered significant when P<0.05. Specifically, * P<0.05 vs. untreated group;
or T P<0.05 vs. NAM LD-treated mice. Abbreviations used: NAM LD, nicotinamide low dose; NAM
HD, nicotinamide high dose.



The effect of NAM administration on body and different tissue weights, including
the liver and regional fat pads, was further dissected (Figure 38). Our data
showed a significant reduction (scWAT: 74%, P<0.05; eWAT: 75%, P<0.05,
prWAT: 72%, P<0.05, viscWAT: 52%, P<0.05) in different regional fat pads only
in NAM HD-treated mice respect to untreated. Also, regional fat pads of NAM
LD- treated mice showed a significant reduction (prWAT: 52%, P<0.05;
VisScC(WAT: 52%, P<0.05) while other fat pads only reached a close-to- significant
trend to be reduced (scWAT: 0.54-fold, P= 0.05; eWAT, 0.58-fold, P= 0.05) in
mice treated with lowest dose of NAM as compared with untreated mice (Figure
38, panel B). These data confirmed data from previous serial trials, nevertheless
the difference in liver weight was not replicated in this experiment (Figure 38,
panel B). However, like in previous ones, the liver-to-body ratio did not differ
among groups (Table 18).

401

A B
154 Liver 2=
2 periw AT -8
o 30
r SCW AT iy
2

-8~ Untreated I Untreated

25 i e
-8~ NAM LD VISCWAT BE NAM LD
T NAMHD oy AT = Bl NAM HD
20 T T 1
0 5 10 15

_ eW AT 2=
time [weeks]

Weight [g]

Figure 38. Effect of different doses on NAM on gross parameters in DIO mice.

(A) Body weight and (B) tissue weight of 5 month-old mice, fed with a HFD and treated with NAM
for 3 consecutive months. (n= 5-6 mice per group). Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate. *Indicates statistical significance between untreated
and treated mice. Specifically, *P<0.05 vs. untreated group. Abbreviations used: eWAT,
epididymal white adipose tissue; prWAT, peri- renal white adipose tissue; viscWAT, visceral white
adipose tissue; scWAT, subcutaneous white adipose tissue; periWAT, pericardial white adipose
tissue; NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose.

157



The correlation between fat pad and body weight was highly significant (Pearson
r=0.9522, p<0.05) (Figure 39).
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Figure 39. Relationship between total body and fat pad weights in DIO mice.
Total body were correlated with fat pad weights. Mice were 5 month-old mice, fed with a HFD and
treated with NAM for 3 consecutive months. A parametric Pearson test.

4.4.1a MRI analysis

A series of magnetic resonance imaging (MRI) analysis were made to confirm
reduced accumulation of fat and to further analyze regional adipose tissue
distribution within the body of alive mice using an independent approach
(Figures 40 and 41). As observed in Figure 40, MRI analysis revealed that
estimated body weight size (0.7-fold, P<0.05) (Figure 41, panel A) and adiposity
accumulated in NAM HD-treated mice (0.47-fold, P<0.05) (Figure 41, panel B)
was much lower than that of untreated mice. Conversely, no differences in the
above mentioned parameters were observed between NAM LD-treated mice
and untreated mice. In accordance with previous data collected at necropsy,
lean weight was also- through slightly- significantly reduced in NAM HD-treated
mice compared with untreated mice (~0.8-fold, P<0.05) (Figure 41, panel C).
Additionally, MRI analysis also revealed that the liver was less fatty (0.3-fold,
P<0.05) than that of untreated mice (Figure 41, panel D).



1001-MEME

Figure 40. Representative T1W used to measure total fat pad in DIO mice and treated with
different doses of NAM for 3 consecutive months.

(A) MRI of representative untreated mice (B) MRI of representative mice treated with NAM LD (C)
MRI of representative mice treated with NAM HD. Mice were 5 month-old. Abbreviations used:
NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose.
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Figure 41. . Box-plot representing relative values or ROIs showing total fat pad and liver fat
in DIO mice and treated with different doses of NAM for 3 consecutive months.

Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
*Indicates statistical significance between untreated and treated mice. Specifically, *P<0.05 vs.
untreated group. Data is presented as mean + SEM. (A) Total body fraction of mice (B) Fat fraction
(C) Lean weight. (D) Liver fat fraction. Mice were 5 month-old. Abbreviations used: NAM LD,
nicotinamide low dose; NAM HD, nicotinamide high dose.



The liver fat fraction directly correlated to both, fat depot (Spearman r= 0.9301,
P<0.05) and body weight (Spearman r= 0.7552, P<0.05) fractions (Figure 42).
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Figure 42. Relationship between total body and fat pad weights with liver fat fraction in DIO
mice.

Liver fat fraction was correlated with (A) Fat depot fraction and (B)Total body fat fraction. Mice
were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months. A non-
parametric Spearman test was used to analyze whether these parameters were correlated.
Abbreviations used: pu, pixels unit.

4.4.1b Biochemical parameters

Plasma levels of NAM and its methylated derivative, me-NAM, were both
consistently elevated in NAM treated groups (NAM LD: 6.5-fold, P<0.05; NAM
HD: 18-fold, P<0.05) compared with untreated mice (Figure 43) showing a dose

dependent shape which was concomitant to the administered dose, respectively.
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Figure 43. NAM and its methylated form (me- NAM) displayed a dose-dependent shape in
plasmain DIO mice.

(A) NAM concentration (relative units) in plasma (B) me- NAM concentration (relative units) in
plasma. (n= 5-6 mice per group). Mice were 5 month-old, fed with a HFD and treated with NAM
for 3 consecutive months Differences between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls
posttest, as appropriate. *Indicates statistical significance, *P<0.05 vs. untreated group or t
P<0.05 vs. NAM-treated mice. Abbreviations used: NAM LD, nicotinamide low dose; NAM HD,
nicotinamide high dose.

Plasma biochemistry did not reveal any significant changes in most of the
parameters among groups, but a significant reduction was observed in the
plasma levels of FFA, which were significantly decreased in NAM-treated groups
(NAM LD: 20%, P<0.05; NAM HD: 40%, P<0.05) compared with untreated mice
(Table 19). Importantly, plasma levels of FFA were directly related to body
weight (Spearman r = 0.6386, P<0.05) and adiposity (Spearman r = 0.5827,
P<0.05) (Figure 44).



Untreated NAM LD NAM HD p
Glucose [mM] 13.18 (1.85) 12.92 (2.16) 15.19 (1.47) 0.13
Triglycerides [mM] 0.83 (0.31) 1.01 (0.40) 1.44 (0.57) 0.22
FFA [mM] 0.85 (0.11) 0.67 (0.05) 0.54 (0.10)" <0.05
Total cholesterol [mM] 3.97 (1.07) 3.71 (0.53) 3.88 (0.10) 0.82
HDL cholesterol [mM] 2.66 (0.48) 2.44 (0.47) 2.77 (0.47) 0.65
Non-HDL cholesterol [mM] 1.30 (0.66) 1.10 (0.57) 1.30 (0.18) 0.77

Table 19. Effect NAM on plasma biochemical parameters in DIO mice.

Results are expressed as the means (standard deviation) (n=5-6 mice per group). All analyses
were made at 5 month-old mice, fed with a HFD and treated with NAM for 3 consecutive months.
Fasting plasma levels of the HDL fractions were determined in the plasma supernatants after
precipitating with phosphotungstic acid (Roche); the non-HDL fraction was calculated by
subtracting the HDL moiety to the total plasma. The biochemical measurement was made by
commercial kits adapted to a COBAS auto- analyzer. Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate; differences were considered significant when P<0.05.
Specifically, *P<0.05 vs. untreated group; or 1+ P<0.05 vs. NAM-treated mice. Abbreviations used:
FFA, free fatty acids; HDL, high-density lipoprotein; NAM LD, nicotinamide low dose; NAM HD,
nicotinamide high dose.
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Figure 44. Relationship between total body and fat pad weights and plasma levels of FFA
in DIO mice.

Total body and fat pad weights were correlated with circulating FFA. Mice were 5 month-old and
treated with NAM for 3 consecutive months. A non-parametric Spearman test was used to analyze
whether these parameters were correlated. Abbreviations used: FFA, free fatty acids.
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There were no differences in any of the hepatic and renal parameters among
groups (Table 20), indicating that any of the NAM doses used caused neither
hepatic nor renal damage.

Untreated NAM LD NAM HD P

Creatinine [mM] 0.03 (0.00) 0.03 (0.00) 0.03 (0.00) 0.23
BUN [uM] 7.58 (2.00) 6.94 (1.60) 8.69 (1.93) 0.23
AST [U/L] 152.8 (61.04) 173.1(66.15)  124.6 (58.06)  0.56
ALT [U/L] 59.18 (46.07) 39.17 (17.77) 21.98 (6.49) 0.27
Liver triglycerides 14.12 (6.06) 12.90 (1.13) 10.25 (6.52) 0.14
[umol/liver]

Liver triglycerides [umol/g] 5.44 (1.98) 2.06 (0.66) 3.23 (2.69) 0.11

Table 20. Effect of NAM on hepatic and renal parameters in DIO mice.

Results are expressed as the means (standard deviation) (n=5-6 mice per group). All analyses
were made at 5 month-old mice, fed with a HFD and treated with NAM for 3 consecutive months.
The biochemical measurement was made from lipid extracts by commercial kits adapted to a
COBAS self- analyzer robot. The data is expressed in relation to g of liver. Differences between
the mean values were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest
or ANOVA followed a Newman-Keuls posttest, as appropriate; differences were considered
significant when P<0.05. Specifically, *P<0.05 vs. untreated group; or 1 P<0.05 vs. NAM-treated
mice. Abbreviations used: AST, Aspartate aminotransferase; ALT, Alanine aminotransferase;
NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose.

In contrast with our previous data (section 4.1.2 and 4.2.1), liver weight was not
found significantly reduced in mice treated with NAM HD compared with
untreated mice. As in previous experiments, the liver-to-body weight ratio was
unchanged neither among groups (Table 20). However, the hepatic triglyceride
content only showed a trend to be reduced (30%, P=0.14) in NAM HD-treated

mice compared with that of untreated mice.



4.4.1c Histologic and molecular analysis on fatty liver

Hepatic histological analysis of livers from NAM HD-treated mice also suggested
an improvement of the steatosis of mice in HFD, compared to untreated mice
(Figure 45).

C 400000+

Figure 45. Effect of NAM on fatty liver in DIO mice.
Representative histological sections of (A) Liver from
untreated mice and (B) Liver from NAM HD-treated
mice (C) Quantification of the H&E-stained sections in
both groups. Data are mean + SD. Mice were 5 month-
old, fed with a HFD and treated with NAM for 3
consecutive months. Abbreviations used: DIO, diet-
induced-obesity; NAM, nicotinamide.
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Consistent with this view, and as previously demonstrated in WAT, two gene
markers of macrophage infiltration (i.e., Cd68 and Ucp2) were also found
significantly reduced in the liver (Cd68 and Ucp2 40%, P<0.05) in NAM HD-

treated mice compared with untreated mice (Table 21).
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Untreated NAM LD NAM HD P

Liver
Cd68 1.00 (0.13) 1.05 (0.14) 0.59 (0.11)* <0.05
Ucp2 1.00 (024) nd 0.56 (0.11)*  <0.05

Table 21. Gene expression of molecular targets involved in macrophages infiltration and
inflammation in DIO mice

Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months Differences
between the mean values were assessed by the nonparametric a Kruskal Wallis followed by
Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate. Differences were
considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group. Data are
expressed as mean = SEM (n= 5-6 group). Abbreviations used NAM LD, nicotinamide low dose;
NAM HD, nicotinamide high dose.

Hepatic gene expression of Cd36 was also significantly down regulated in NAM
HD-treated mice (50%, P<0.05) (Figure 46, panel A), as in previous
experiments, compared with untreated mice. Circulating Fgf21, which is
increased in human fatty liver [327], was significantly reduced (-6 fold, P<0.05)
in NAM HD-treated (Figure 46, panel B) compared with untreated mice. The liver
is the main source of plasma Fgf21 [328]. Our data showed that Fgf21 gene
expression was concomitantly down- regulated (Figure 46, panel C), even
though to a lower extent, in the livers of mice treated with the highest dose of
NAM.
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Figure 46. Impact of NAM over fatty liver-related
markers in DIO mice.

(A) Hepatic mMRNA Cd36 (B) Circulating Fgf21 (C)
Hepatic mRNA Fgf21. Mice were 5 month-old, fed
with a HFD and treated with NAM for 3 consecutive
months. Data are expressed as mean + SEM (n= 5-
6 group). Differences between the mean values
were assessed by the nonparametric a Kruskal
Wallis followed by Dunn’s posttest or ANOVA
followed a Newman-Keuls posttest, as appropriate;
differences were considered significant when
P<0.05. Specifically, *P<0.05 vs. untreated group.
Abbreviations used NAM LD, nicotinamide low
dose; NAM HD, nicotinamide high dose.

It was observed a down-regulation of Nnmt in the liver in mice receiving the

highest dose of NAM. However, the mRNA levels of Nnmt in the livers of mice

treated with the lowest dose of NAM did not differ from that of untreated mice

(Table 22). In contrast, the relative content in mRNA levels of Nnmt were
significantly up-regulated in eWAT (2.2-fold, P<0.05) and scWAT (2.8-fold,

P<0.05). Conversely, the relative content in mRNA levels of the two other genes

involved in NAM metabolism (i.e. Nampt and Nmrk1) did not differ among

groups.
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Untreated NAM LD NAM HD P

Liver

Nnmt 1.00 (0.54) 1.08 (0.17) 0.55 (0.11)* <0.05
Nampt 1.00 (0.37) 1.39 (0.79) 1.27 (0.64) 0.63
Nmrk1 1.00 (0.68) 2.40 (1.41) 1.80 (0.42) 0.11
eWAT

Nnmt 1.00 (0.32) 1.25(0.37) 2.16 (1.18)* <0.05
Nampt 1.00 (0.52) 1.26 (0.45) 1.60 (0.72) 0.46
Nmrk1 1.00 (0.47) 1.14 (0.37) 0.90 (0.35) 0.77
SCWAT

Nnmt 1.00 (0.56) 0.98 (0.71) 2.81 (1.53)* <0.05
Nampt 1.00 (0.74) 1.18 (0.93) 1.65 (1.15) 0.23
Nmrk1 1.00 (0.65) 0.89 (0.43) 1.52 (0.85) 0.28

Table 22. Gene expression of molecular targets involved in NAM metabolism in liver and
adipose tissue in DIO mice.

Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months.
Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
*Indicates statistical significance, *P<0.05 vs. untreated group. Data are expressed as mean + SD
(n=5-6 group). Abbreviations used NAM LD, nicotinamide low dose; NAM HD, nicotinamide high
dose.

The down-regulation of Nnmt in the liver showed a significant inverse correlation
with the plasmatic levels of NAM (Spearman: -0.5290, p<0.05) and a trend with
me-NAM levels (Spearman: -0.4321, P=0.10) (Figure 47)
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Figure 47. Gene expression of molecular targets involved in NAM metabolism in liver and
adipose tissue in DIO mice.

Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months. A non-
parametric Spearman test was used to analyze whether these parameters were correlated.

4.4.1d Glucose homeostasis

Glucose intolerance and insulin resistance are common metabolic alterations of
obesity [3]. Thus, we tested whether they were improved in the treated mice.
Analysis did not reveal changes in either glucose disposal (Figure 48) or insulin
sensitivity (Figure 49) among groups. This finding was consistent with previous
data (section 4.2.2c) but contrasted with the reduction in the plasma levels of
FFA of mice treated with NAM (Table 19).
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Figure 48. Effect of different doses of NAM on functional analysis of glucose metabolism
in DIO mice: glucose tolerance test.

(A) GTT was performed on 5h- fasted mice. Blood glucose levels were measured at 0, 15, 30,
60,120 and 180 minutes after an intraperitoneal injection (2g/kg). (B) Area under curve of GGT
associated curves. (n=5-6 mice per group). Mice were 5 month-old, fed with a HFD and treated
with NAM for 3 consecutive months. Differences between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn'’s posttest or ANOVA followed a Newman-Keuls
posttest, as appropriate; differences were considered significant when P<0.05. Specifically,
*P<0.05 vs. untreated group; + P<0.05 vs. NAM-treated mice; or #t P<0.05 vs.RD group.
Abbreviations used: NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose; RD,
regular diet.
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Figure 49. Effect of different doses of NAM on functional analysis of glucose metabolism
in DIO mice: insulin sensitivity

(A) ITT was performed on 5h- fasted mice. Blood glucose levels were measured at 0, 15, 30,
60,120 and 180 minutes after an intraperitoneal injection (0.9U/ kg). (B) Area under curve of IST
associated curves. (n=5-6 mice per group). Mice were 5 month-old, fed with a HFD and treated
with NAM for 3 consecutive months. Differences between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn'’s posttest or ANOVA followed a Newman-Keuls
posttest, as appropriate; differences were considered significant when P<0.05. Specifically,
*P<0.05 vs. untreated group; + P<0.05 vs. NAM-treated mice; or #t P<0.05 vs.RD group.
Abbreviations used: NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose; RD,
regular diet.



4.4.2 Energy metabolism

4.4.2a Global energy expenditure by indirect calorimetry analysis

There was an increase in whole-body O, consumption in NAM HD-treated mice
compared with untreated mice (Figure 50, panel A and B). RER (CO:
production/O, uptake) is commonly used to indirectly determine the relative
contribution of carbohydrate and lipids to overall energy expenditure [329]. As
shown in panels C and D of Figure 50, O, consumption was significantly
increased during the light (1.2-fold, P<0.05) and dark period (1.2-fold, P<0.05)
in NAM HD-treated mice. Consistently, both RER and energy expenditure
(Ancova corrected, see methods) (Figure 50, panels E and F) were also elevated
in this group. Both O2 consumption and RER were also significantly elevated (O;
consumption: 1.11-fold, P<0.05; RER: 1.03-fold, P<0.05) in NAM LD-treated
mice only during the dark period (i.e., night).

Glucose oxidation fluxes showed a trend to be increased in NAM LD-treated
mice in both diurnal and nocturnal phases. Ancova corrected glucose oxidation
confirmed a close to significant trend (P=0.13) to be higher in NAM LD-treated
mice (Figure 51) compared with untreated mice. The induction of glucose
oxidation was significantly greater in NAM HD-treated mice compared with
untreated mice. In contrast, changes in lipid oxidation in NAM-treated mice did

not differ among mice groups (Figure 52).
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Figure 50. Analysis of energy expenditure of DIO mice measured in metabolic cages.

(A) Oxygen consumption through day and night of mice groups represented as mean £ SD (B)
Total oxygen consumption represented by bars as mean + SD (C) RER through day and night of
mice groups represented as mean + SD (D) Total RER represented by bars as mean + SD (E)
Energy expenditure of untreated and NAM LD- treated mice, corrected by body weight by
ANCOVA posttest (F) Energy expenditure of untreated and NAM HD- treated mice, corrected by
body weight by ANCOVA posttest. ANCOVA correction made for each group based on body
weight: NAM LD: 33.396g; NAM HD: 32.53g. Mice were 5 month-old, fed with a HFD and treated
with NAM for 3 consecutive months. (n=5-6 mice per group). Differences between the mean values
were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA
followed a Newman-Keuls posttest, as appropriate. Differences were considered significant when
P<0.05. Specifically, *P<0.05 vs. untreated group. Abbreviations used: VO2 ; oxygen uptake;
RER, respiratory exchange ratio; NAM LD, nicotinamide low dose; NAM HD, nicotinamide high
dose.
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Figure 51. Analysis of glucose oxidation measured in metabolic cages of DIO mice.

(A) Glucose oxidation through day and night of mice groups represented as mean + SD. (B) Total
glucose oxidation represented by bars of untreated and NAM LD- treated mice, corrected by body
weight by ANCOVA posttest. (C) Total glucose oxidation represented by bars of untreated and
NAM HD- treated mice, corrected by body weight by ANCOVA posttest. ANCOVA correction made
for each group based on body weight: NAM LD: 33.396g; NAM HD: 32.53g. Mice were 5 month-
old, fed with a HFD and treated with NAM for 3 consecutive months. (n=5-6 mice per group).
Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’'s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
Differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group.
Abbreviations used NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose.
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Figure 52. Analysis of lipid oxidation measured in metabolic cages of DIO mice.

(A) Lipid oxidation through day and night of mice groups represented as mean + SD (B) Total lipid
oxidation represented by bars of untreated and NAM LD- treated mice, corrected by body weight
by ANCOVA posttest. (C) Total lipid oxidation represented by bars of untreated and NAM HD-
treated mice, corrected by body weight by ANCOVA posttest. ANCOVA correction made for each
group based on body weight: NAM LD: 33.396g; NAM HD: 32.53g. Mice were 5 month-old, fed
with a HFD and treated with NAM for 3 consecutive months. (n=5-6 mice per group). Differences
between the mean values were assessed by the nonparametric a Kruskal Wallis followed by
Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate. Differences were
considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group. Abbreviations

used NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose.



In our study, RER was inversely related to body weight (Figure 53, panel A) and
adiposity (Figure 53, panel B).
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Figure 53. Relationship between total body and fat pad weights with RER in DIO mice.

(A) Inverse correlation between total body weight and both RER during day and night. (B) Inverse
correlation between fat pad and both RER during day and night. Mice were 5 month-old and
treated with NAM for 3 consecutive months. (n= 5-6 mice per group), A non-parametric Spearman
test was used to analyze the relationship between parameters. Abbreviations used: RER,

respiratory exchange ratio.
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4.4.2b Energy metabolites in sCWAT

As NAM is a precursor for the synthesis of NAD+, and its phosphorylated
derivative NADP+, we aimed at determine NAD+ and NADH levels in the
adipose tissue where the impact of treatment was more elevated (i.e., SCWAT).
The content in total NAD and the NAD+/NADH ratio were higher in scCWAT of
NAM HD-treated mice (1.5-fold, P<0.05) compared with untreated mice,
suggesting increased bioavailability of NAD (Figure 54).
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Figure 54. Analysis of NADt, NAD+, NADH and NAD+/NADH in scWAT in DIO mice.

(A) NAD total concentration in sScWAT (B) NAD+/NADH ratio in sScWAT. (n=5-8 mice per group).
Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months.
Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
*Indicates statistical significance of total NAD, *P<0.05 vs. untreated group; (a) Indicates statistical
significance of NAD+, *P<0.05 vs. untreated group. Abbreviations used NAM LD, nicotinamide low
dose; NAM HD, nicotinamide high dose.

Given that Nampt is a key enzyme in the conversion of NAM to NMN in the
generation of NAD+, the mRNA expression of Nampt was measured in sCWAT
(Table 22). Even though mRNA levels of Nampt were not significant up-
regulated of NAM-treated mice compared to untreated mice, it showed a

marginal significant direct correlation with NAD+ content (Spearman r= 0.5804,



p=0.05) in this tissue and also, with total NAD (Spearman r= 0.5944, p<0.05)
(Figure 55)
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Figure 55. Relationship between NAD+ and NADt and Nampt mRNA in scWAT in DIO mice.
Mice were 5 months-old and treated with NAM for 3 consecutive months. A non-parametric
Spearman test was used to analyze whether these parameters were correlated.

Adipose tissue content in [ATP+ADP+AMP] was also evaluated in this same
tissue to ascertain if the increased bioavailability of NAD+ did result in elevations
of ATP (Figure 56). Of note, the levels of AMP and [ATP+ADP+AMP] were
elevated in NAM HD-treated mice compared to untreated mice (Figure 56, panel
A). The NAM LD-treated groups did not show changes in any of these
metabolites. In contrast, the calculated AMP/ATP ratio in this fat pad did reach

significance among groups (Figure 56, panel B).
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Figure 56. Analysis of [ATP+ ADP+ AMP] and AMP/ATP ratio in sSCWAT in DIO mice.

(A) ATP, ADP, AMP total concentration in sSSWAT (B) AMP/ATP ratio in SCWAT. (n=5-8 mice per
group). Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months.
Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
*Indicates statistical significance of [ATP+ADP+AMP], *P<0.05 vs. untreated group (c) Indicates
statistical significance of AMP levels, P<0.05 vs. untreated group. Abbreviations used NAM LD,
nicotinamide low dose; NAM HD, nicotinamide high dose.

Interestingly, levels of [ATP+ADP+AMP] displayed a direct correlation (r=
0.5180, P<0.05) with NAD*/NADH content in scWAT (Figure 57).
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Figure 57. Relationship between [ATP+ADP+AMP] and [NAD+/ NADH] ratio in sScWAT in DIO
mice.

Mice were 5 months-old and treated with NAM for 3 consecutive months. A parametric Pearson
test was used to analyze whether these parameters were correlated.



The AMP-activated protein kinase (AMPK) cascade is activated by an increase
in the AMP/ATP ratio within the cell. Even though a significant change was not
displayed in the AMP/ATP ratio in the analyzed tissues, AMP did reveal higher
levels in NAM HD-treated mice in scWAT. AMPK is regulated allosterically by
AMP and by reversible phosphorylation. The protein abundance of
phosphorylated AMPK was measured by western blot, showing an increased
protein levels in NAM HD-treated mice (2.2-fold, P<0.05) compared with
untreated mice. (Figure 58, panel A and B). Phosphorylated AMPK protein
abundance correlated with RER (Figure 58, panel C).
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expressed as mean + SEM (n= 5-6 group).

AMPK protein abundance [relative units] Mice were 5 month-old, fed with a HFD and

treated with NAM for 3 consecutive months.

Differences between the mean values were assessed by the nonparametric a Kruskal Wallis

followed by Dunn’'s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.

Differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group.
Abbreviations used NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose.
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However, the increase in tissue content of the active form of AMPK only showed
a tendency to be directly related to those of AMP (Figure 59, panel A) and the
concentration of AMP / ATP (Figure 59, panel B).
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Figure 59. AMPK activity and its relationship with adenosine phosphate in subcutaneous
white adipose tissue.

A) Correlation of phosphorylated AMPK concentrations with AMP concentrations; C) Correlation
of AMPK concentrations with the AMP / ATP ratio. Mice were 5 months-old and treated with NAM
for 3 consecutive months. A parametric Pearson test was used to analyze whether these
parameters were correlated.

4.4.2c Mitochondrial activity and mass surrogates in iBAT

3-oxidation of fatty acids could be elevated in NAM-treated mice, as suggested
by elevation in NAD and AMP in adipose tissues. This was shown to be the case
in mitochondria isolated from iBAT (~2 fold, P<0.05) of NAM HD-treated mice
(Figure 60).

Figure 60. Analysis of mitochondrial activity in

BAT of DIO mice.
* T Mitochondrial - oxidation in BAT. Data are
expressed as mean = SEM (n= 5-6 group). Mice were
5 month-old, fed with a HFD and treated with NAM for
3 consecutive months. Differences between the mean
values were assessed by the nonparametric a
Kruskal Wallis followed by Dunn’s posttest or ANOVA
followed a Newman-Keuls posttest, as appropriate.
Differences were considered significant when
P<0.05. Specifically, *P<0.05 vs. untreated group; T
] P<0.05 vs. NAM LD-treated mice. Abbreviations
Untreated NAM LD NAM HD used NAM LD, nicotinamide low dose; NAM HD,

nicotinamide high dose.
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To ascertain if the observed increase in mitochondrial activity was due to a
greater number of mitochondria in iBAT or if it was due to increased
mitochondrial efficiency, the mitochondrial mass in this tissue was determined
by quantifying the relative abundance of Complex Ill. This is a protein present in
the mitochondria of all animals, and plays a critical role in ATP generation of
ATP (oxidative phosphorylation) [330]. TIM44, which as well is an essential
component of the presequence translocase-associated motor (PAM) complex
and is required for the translocation of transit peptide-containing proteins from
the inner membrane into the mitochondrial matrix in an ATP-dependent manner

[331], was also quantified (Figure 61)
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Figure 61. Western blot analysis of Complex Il and TIM44 protein in iBAT of DIO mice.

(A) Representative Western blot of total protein extracts from Complex Ill. (B) Signals were
normalized to stain free (SF) gels and data presented as mean of integrated relative density value.
Data are expressed as mean + SEM (n= 5-6 group). (C) Representative Western blot of total
protein extracts from TIM44. (D) Signals were normalized to stain free (SF) gels and data
presented as mean of integrated relative density value. Data are expressed as mean + SEM (n=
5-6 group). Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months.
Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
Differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group.
Abbreviations used NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose.
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The relative content in both Complex 1ll and TIM44 in iBAT did not show
differences among groups (Figure 61) evidencing no changes in the
mitochondrial mass among groups and thereby suggesting that increased
mitochondrial [3- oxidation was due to an increased mitochondrial activity.

4.4.3 Molecular and plasticity analysis on adipose tissue

4.4.3a Browning

An analysis of microscopy preparations of adipose tissue revealed the presence
of small-sized adipocytes in mice treated with NAM HD. Of note, such small-
sized adipocytes containing not a single (i.e., unilocular) but multiple, smaller
lipid vesicles (i.e., multilocular) in their cytosol were commonly observed only in
adipose tissue from mice treated with NAM HD (Figure 62). The number of
clusters of small-sized adipocytes containing multiple lipid vesicles were
increasingly present in white adipose tissue from NAM HD-treated mice in
clusters showing a brown-like phenotype. These data revealed that NAM
treatment might be inducing the conversion of adipocytes from white adipose
tissue into adipocytes showing a cell morphology close to that of brown adipose
tissue. The process leading to an increase in the accumulation of adipocytes
with cellular morphologic characteristics similar to brown adipose tissue in a
white adipose tissue, is commonly defined as “browning” [65]. This cellular

phenotype is frequently associated with increased thermogenesis [332].
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Figure 62. Effect NAM over browning on scWAT in DIO mice.

Representative histological sections of scWAT stained with hematoxylin/ eosin from mice fed a
HFD. (A) Representative scWAT from an untreated mice. (B) Representative scWAT from a NAM
HD-treated mice. Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive
months.(n=5-6 mice per group).

Histologic analysis of iBAT stained with H&E showed that brown adipocytes in
iBAT from NAM HD-treated mice had much less accumulation of large lipid
vesicles than those in iBAT from untreated mice (Figure 63).

Untreated

C 400000+ Figure 63. Effect NAM on iBAT in DIO mice.
Representative histological sections of BAT stained
300000 . with hematoxylin/ eosin from DIO mice (A) Untreated
mice, 40x. (B) NAM HD-treated mice, 40X. (C)
Quantification of the H&E-stained sections in both
groups. Data are mean + SD. Mice were 5 month-old,
fed with a HFD and treated with NAM for 3 consecutive
100000 months.

200000

Light intensity

Untreated NAM HD

183



Consistently, both the relative gene expression and protein abundance analysis
of Ucp1, which is considered a marker of brown adipose tissue [333] by both
real time RT-PCR and western blot analysis, respectively revealed significant
elevations of this target in scWAT from NAM HD-treated mice (mRNA: 10-fold,
P<0.05; protein: 2.5-fold, P<0.05) compared with untreated mice (Figure 64,
panel A, B and C). Importantly, Ucp1 concentration correlated significantly with
RER (Figure 64, panel D).
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Figure 64. Analysis of Ucp1 protein in scWAT of DIO mice.

(A) Gene expression of Ucp1 in sScCWAT. (B) Representative Western blot of total protein extracts
from Ucp1 with antibody Anti-Ucp1. (C) Signals were normalized to stain free (SF) gels and data
presented as mean of integrated relative density value. (D) Direct relationship between RER
values and Ucp1 protein abundance. Data are expressed as mean + SEM (n= 5-6 group). Mice
were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months. Differences
between the mean values were assessed by the nonparametric a Kruskal Wallis followed by
Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate. Differences were
considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group. Abbreviations used
NAM LD, nicotinamide low dose; NAM HD, nicotinamide high dose.



Ucpl protein abundance was also measured by western blot in iBAT, revealing
no differences among groups (Figure 65), in accordance to mRNA levels of Ucpl
(Table 23). However, the total protein abundance of Ucpl corresponding total
iBAT was calculated, and showed a significant increase in NAM HD-treated mice

in comparison with untreated mice.
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Figure 65. Western blot analysis of Ucpl
protein in BAT of DIO mice.
(A) Representative Western blot of
1.0 1 total protein extracts from Ucpl with antibody
Anti-Ucpl. (B) Signals were normalized to
—|— stain free (SF) gels and data presented as

%ﬁ mean of integrated relative density value. (C)
0.5 o Corrected levels of Ucpl in accordance to

%ﬁ total protein BAT. Data are expressed as

%ﬁ mean + SEM (n= 5-6 group). Mice were 5

e month-old, fed with a HFD and treated with
NAM for 3 consecutive months. Differences
between the mean values were assessed by
the nonparametric a Kruskal Wallis followed
by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
Differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated
group. Abbreviations used NAM LD, nicotinamide low dose; NAM HD, nicotinamide high
dose.
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Gene expression analysis of SCWAT also showed elevations in the mRNA levels
of molecular targets involved in energy homeostasis (Table 23 and Figure 66).
Relative gene expression of Pgcla/b and Sat were significantly up-regulated in
SCWAT of NAM HD-treated mice (Pgcla: 3-fold, P<0.05, Ppargclb: 2.5-fold,
P<0.05, Sat: 1.6-fold, P<0.05) compared with that of untreated mice, whereas
the mRNA levels of Cptlb just showed a close-to-significant elevation.
Importantly, the mRNA levels of Mfn2 were up-regulated in sSCWAT of mice
receiving a NAM HD, suggesting enhanced mitochondrial biogenesis in this

tissue.
Untreated NAM LD NAM HD P

SCWAT

Ucpl 1.00 (0.45) 1.54 (1.22) 10.46 (8.98)  <0.05
Pparg 1.00 (0.74) 1.15 (0.94) 2.06 (0.97) 0.09
Pgcla 1.00 (0.80) 2.63 (2.46) 3.03(1.88)*  <0.05
Ppargclb 1.00 (0.75) 1.46 (0.83) 252 (1.14)*  <0.05
Cptla 1.00 (0.77) 1.30 (1.03) 1.29 (0.73) 0.74
Cptlb 1.00 (1.14) 1.74 (1.42) 2.63 (1.78) 0.07
Mfn2 1.00 (0.37) 3.68 (4.68) 4.29 (3.11)*  <0.05
Sat 1.00 (0.33) 1.08 (0.39) 1.57 (0.60)*  <0.05
BAT

Ucpl 1.00 (0.33) 1.04 (0.47) 0.75 (0.32) 0.29



Pparg 1.00 (0.43) 1.66 (0.52) 1.26 (0.50) 0.26

Pprgclb 1.00 (0.66) 1.16 (0.27) 0.81 (0.45) 0.48
Cptlb 1.00 (0.35) 0.90 (0.49) 1.23 (0.24) 0.31
Cox4 1.00 (0.41) 1.20 (0.18) 0.84 (0.29) 0.17
Mfn2 1.00 (0.65) 1.39 (0.57) 0.99 (0.75) 0.58
Sat 1.00 (0.44) 1.32 (0.26) 1.06 (0.49) 0.36

Table 23. Gene expression of molecular targets involved in energy homeostasis and
browning of sScWAT and iBAT in DIO mice.

Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate. Mice
were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months. Differences
were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group. Data are
expressed as mean (SD) (n= 5-6 group). Abbreviations used NAM LD, nicotinamide low dose;
NAM HD, nicotinamide high dose.

The relationship between gene expression and RER was calculated in all gene
targets, regardless if they were significantly changed or not. Only those showing

significant correlation were shown.

Interestingly, RER showed a direct relationship with the gene expression of
Pparg, Cptla, Cptlb, and Mfn2, targets involved in browning and mitochondrial
biogenesis (Figure 66).

On the other hand, the gene expression in iBAT of Ucpl, Pparg, Pgcla,
Ppargclb, as well as Cptlb, Cox4, Mfn2 and Sat, did not differ among groups
(Table 23).
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Figure 66. Relationship mRNA levels of browning and mitochondrial targets with RER in
scWAT of DIO mice.
(A) Gene expression of Pparg in sScWAT. (B) mRNA Pparg directly correlated with RER, but only

during day. (C) Gene expression of Cptf1a in sScWAT. (D) mRNA Pparg directly correlated with
RER, but only during day and close-to-significant during night. (E) Gene expression of Cpt1b in
scWAT. (F) mRNA Cpt1b directly correlated with RER, but only during day. (G) Gene expression
of Mfn2 in scWAT. (H) mRNA Mfn2 directly correlated with RER during day and night periods.
Mice were 5-month-old and treated with NAM for 3 consecutive months. A non-parametric
Spearman test was used to analyze whether these parameters were correlated. Abbreviations
used: RER, respiratory exchange ratio; Mfn2, gene that encodes mitofusin 2.
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4.4.3b Obesity-related inflammation

The obese phenotype is generally accompanied by an increased inflammation
in white adipose tissue [312]. Histological analysis of eWAT revealed the
presence of characteristic crown-like structures (CLS) in untreated mice fed a
HFD (Figure 67). Of note, the number of these structures was significantly
diminished in eWAT from NAM HD-treated mice (Figure 67) (300 = 30
CLS/10000 adipocytes in untreated mice in contrast with 45 + 8 CLS/10000
adipocytes of NAM-HD-treated mice (n=5 fields/5 mice per group)) (-85%,
P<0.05). Consistent with this view, two gene markers of macrophage infiltration
were found significantly reduced in eWAT (Cd68: ~40%, P<0.05, Ucp2: ~45%,
P<0.05) in NAM HD-treated mice compared with untreated mice (Table 24). Of
note, //70 was significantly up-regulated (2.7-fold, P<0.05) in eWAT from NAM
HD-treated mice compared with untreated mice. A close-to-significant trend was
found in the case of Tnfa. Overall, these data might be revealing an anti-

inflammatory effect by NAM in WAT of treated mice.
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Figure 67. Effect NAM over crown-like structures (CLS) on eWAT in DIO mice.
Representative histological sections of eWAT stained with hematoxylin/eosin from mice fed a
HFD. (A) Representative e WAT from an untreated mice. (B) Representative eWAT from NAM HD-
treated mice. Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive
months.



Untreated NAM LD NAM HD P

eWAT

Tnfa 1.00 (0.19) 0.83 (0.47) 0.78 (0.44)  0.12
Cd68 1.00 (0.46) 1.12 (0.34)t 0.58 (0.09)*  <0.05
Ucp2 1.00 (0.24) nd. 0.56 (0.11)*  <0.05
110 1.00 (0.32) 1.23(0.78) 2.73(0.83)*  <0.05

Table 24. Gene expression of molecular targets involved in macrophages infiltration and
inflammation in DIO mice.

Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate. Mice
were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive months. Differences
were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group. Data are
expressed as mean = SEM (n= 5-6 group). Abbreviations used NAM LD, nicotinamide low dose;
NAM HD, nicotinamide high dose.

In order to dissect further the effect of NAM over inflammatory phenotype
produced by obesity, plasma levels of pro- and anti-inflammatory cytokines were
measured. A close-to-significant increase in the anti-inflammatory IL-10 (Figure
68, panel A) was found. Similarly, plasma levels of pro-inflammatory Tnfa, IL-6
and IL-4 showed a trend, though not significant, to be higher in NAM-treated

mice compared with untreated mice (Figure 68, panel B, C and D).
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Figure 68. Evaluation of plasma cytokines associated with inflammation in DIO mice.

Plasma levels of (A) IL-10, (B) Tnfa, (C) IL-6 and (D) IL-4. Data are expressed as mean + SEM
(n= 5-6 group). Mice were 5 month-old, fed with a HFD and treated with NAM for 3 consecutive
months. Differences between the mean values were assessed by the nonparametric a Kruskal
Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.

Differences were considered significant when P<0.05. Abbreviations used NAM LD, nicotinamide
low dose; NAM HD, nicotinamide high dose.



P 4.5 Effect of NAM-treated ApoE-deficient mice on chronic

inflammation: Atherosclerosis

Previous published data indicated a favorable effect by NAM in the amelioration
of systemic and adipose-tissue inflammation. In this order, in our last set of
experiments, we wanted to demonstrate the effect on inflammation of NAM in

ApoE-deficient mice. This chapter includes 13 figures ant 7 tables.

4.5.1 Inflammation analysis in vitro

Compelling evidence suggests that NAM has may have anti-inflammatory effect
in cultured macrophages [290], which is a cell type frequently associated with
vascular inflammation. To directly replicate these results, we incubated J774A.1
macrophages with different NAM doses, and found a dose-response effect,
when we evaluated the gene expression of a representative pro-inflammatory

marker, i.e., Tnfa (Figure 69).

40
Figure 69. Gene expression of an inflammation
target in an in vitro assay.

J774A.1 macrophages incubated for 24h with doses of
NAM. Data are expressed as mean + SEM (n= 5-6
group). Abbreviations used NAM, nicotinamide; LPS,
Lipopolysaccharide.

gene expression of Tnfa
[vs. Ctrl]

LPS [0.1 g/L] - + + + +

NAM [mM] 0 0 1 5 10

In the following sections, the impact of different doses of NAM were checked to
directly assess their impact on the development of atherosclerosis in Apo E-
deficient mice. Similar to the studies made with DIO mice, a 25% of the highest
dose (NAM LD) was used to also dissect the potential effect of lower doses of
NAM on atherosclerosis.
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4.5.2 Gross parameters and systemic phenotype

The impact of NAM on body weight changes were monitored weekly. Even
though, the term of treatment in this case was shorter (1 month), the results
obtained were similar to DIO mice (treated for 3 months) and the data reported
in the previous section with the same mouse genotype, NAM administration
prevented body weight gain (Figure 70, panel A). At necropsy, this finding was
mainly attributed to the fact that NAM-treated mice, at the highest dose,
accumulated less adiposity than untreated mice (Figure 70). The lower dose of
NAM was not effective in preventing weight gain or adiposity as the highest dose
(Figure 70, panel A and B). No significant changes were observed in the liver
weight among groups (Figure 70, panel B). Overall, our data revealed a

significant reduction only in different regional fat pads.

Interestingly, and compared with untreated mice, the treatment of mice with NAM
HD also led to a reduction in the lean weight in these mice (Table 25). This result
was consistent with previous data showing the same effect of NAM HD in the
lean weight in DIO mice (section 4.2.3a). The liver weight and liver-to-body
weight ratio did not differ among groups (Table 25).
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Figure 70. Effect of vitamin B3 forms on gross parameters in ApoE-deficient mice.

(A) Body weight and (B) tissue weight of 3 month-old mice, challenged with a HFD and treated
with NAM-NA for 1 month. (n= 8 mice per group). Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate. Differences were considered significant when P<0.05.
Specifically, *P<0.05 vs. untreated group. Abbreviations used: eWAT, epididymal white adipose
tissue; prWAT, peri-renal white adipose tissue; viscWAT, visceral white adipose tissue; sSCWAT,
subcutaneous white adipose tissue; NAM, nicotinamide.



Untreated NAM LD NAM HD p

Gross parameters

Body weight [g] 29.59 (1.72) 30.35 (1.21) 26.58 (1.46) <0.05
Final weight gain [g] 4.27 (1.26) 2.55 (0.79)t -2.06 (3.20)* <0.05
Fat Pad [g] 1.57 (0.53) 1.70 (0.45)t 0.92 (0.06)* <0.05
Lean Weight [g] 28.02 (1.24) 28.65 (0.83)t 25.67 (1.44)* <0.05
Liver weight [g] 1.31 (0.18) 1.35 (0.16) 1.41 (0.14) 0.57
Liver-to-body weight ratio 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) 0.06
Diet intake [g/day] 3.00 (0.79) 2.85(0.19) 2.78 (0.23) 0.54
Water intake [g/day] 3.82 (0.75) 4.51 (0.86) 4.37 (0.97) 0.11
Calculated dose [g/kg/day] - 0.48 (0.12) 1.62 (0.25)

Table 25. Effect of NAM on gross parameters in ApoE-deficient mice.

Results are expressed as the means (SD) (n=8-12 mice per group). All analyses were made at
three months of age. Mice were 3 month-old, fed with a HFD and treated with NAM for 1 month.
Food intake was measured at the end of the study as described in the Materials and Methods
section. Differences between the mean values were assessed by the nonparametric a Kruskal
Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate;
differences were considered significant when P<0.05. Specifically, * P<0.05 vs. untreated group;
or T P<0.05 vs. NAM-treated mice. Abbreviations used: NAM LD, nicotinamide low dose; NAM
HD; nicotinamide high dose.
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4.5.2a Biochemical parameters

Compared with untreated mice, NAM levels were significantly elevated (55-fold,
P<0.05) in NAM-treated groups, displaying a dose-dependent shape (Figure 71,
panel A). Consistently, me-NAM was also elevated in NAM HD-treated mice

(3.5-fold, P<0.05) compared with untreated mice (Figure 71, panel B).
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Figure 71. NAM and its methylated form (me-NAM) displayed a dose-dependent shape in
plasma in ApoE-deficient mice.

(A) NAM concentration (relative units) in plasma (B) me-NAM concentration (relative units) in
plasma. (n= 5-6 mice per group). Mice were 3 month-old, fed with a HFD and treated with NAM
for 1 month. Differences between the mean values were assessed by the nonparametric a Kruskal
Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
Differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group
or T P<0.05 vs. NAM-treated mice. Abbreviations used: NAM LD, nicotinamide low dose; NAM
HD, nicotinamide high dose.

NAM treatment unexpectedly increased total cholesterol levels (1.8-fold,
P<0.05) exclusively due to elevations in the non-HDL fraction (Table 26).
Consistently, total triglycerides levels were also moderately elevated in NAM
HD-treated mice (Table 26). Of note, plasma cholesterol levels were also found
elevated (1.5-fold, P<0.05), in the mice receiving a low dose of NAM. HDL-

cholesterol levels did not differ among groups.

Plasma glucose levels were not changed in NAM-treated mice, regardless the

dose, compared with untreated mice.



untreated NAM LD NAM HD P
Glucose [mM] 12.85 (2.74) 10.69 (1.62) 10.52 (3.32) 0.12
Insulin [ug/L] 0.69 (0.09) nd 0.66 (0.06) 0.34
Triglycerides [mM] 1.19 (0.77) 1.80 (0.59)* 1.65 (0.53)* <0.05
Total cholesterol [mM] 38.74 (5.02) 47.11 (6.84) 71.25 (13.39)* <0.05
HDL cholesterol [mM] 0.38 (0.17) 0.36 (0.05) 0.35 (0.23) 0.91
Non-HDL cholesterol [mM] 38.36 (7.38) 46.75 (6.85) 70.90 (6.88)*  <0.05

Table 26. Effect of NAM on plasma biochemical parameters in ApoE-deficient mice.
Results are expressed as the means (SD) (n=8 mice per group). All analyses were made at 3
month-old mice, fed with a HFD and treated with NAM for 1 month. Fasting plasma levels of the
HDL fractions were determined in the plasma supernatants after precipitating with
phosphotungstic acid (Roche); the non-HDL fraction was calculated by subtracting the HDL moiety
to the total plasma. The biochemical measurement was made by commercial kits adapted to a
COBAS autoanalyzer. Differences between the mean values were assessed by the nonparametric
a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as
appropriate; differences were considered significant when P<0.05. Specifically, *P<0.05 vs.
untreated group; or T P<0.05 vs. NAM-treated mice. Abbreviations used: HDL, high-density
lipoprotein; NAM LD, nicotinamide low dose; NAM HD; nicotinamide high dose.
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4.5.2b Non-HDL metabolism

The analysis of plasma non-HDL particles did not reveal changes in their

composition among groups of mice (Table 27).

choII:(:teerol cizﬁggifrgl Triglyceride Phospholipid Protein
(4] 4] [%] [%] [%]
Untreated 19.9 47.3 2.4 22.0 8.4
NAM LD 204 49.4 2.5 20.6 7.1
NAM HD 22.4 46.2 2.2 21.9 7.4

Table 27.Effect of NAM on the relative composition of non-HDL particles of ApoE-deficient
mice.

Values shown are relative values for each components of non-HDL isolated by ultracentrifugation
from fasting plasma of NAM-treated and untreated mice. A single pool composed of three mice
per condition was used. Abbreviations used: NAM LD, nicotinamide low dose; NAM HD;
nicotinamide high dose.

Kinetic analysis of non-HDL revealed that their clearance was significantly
delayed in mice treated with NAM HD (FCR: 16%, P<0.05) compared with
untreated mice (Figure 72, panel A and B). As non-HDL is mainly cleared by the
liver was also analyzed the relative amount of radiotracer in the livers of i.v.
injected mice. Of note, the relative content in [*H]-tracer showed a trend, though
not significant, to be decreased in the livers of NAM-treated mice compared with
untreated mice (Figure 72, panel C). This finding was further confirmed in an
independent experimental whereby mice were oral gavaged with [*H]-cholesterol
and its distribution into plasma and liver analyzed. Relative levels of radiotracer
in plasma further suggested that circulating non-HDL cholesterol clearance
might be defective in NAM-treated mice (Figure 72, panel D and E). Consistent
with this observation, the relative levels of radiotracer in the livers, were
significantly reduced in NAM-treated mice compared with those of untreated

mice (Figure 72, panel F). The latter was not associated with changes in the



gene expression of hepatic lipoprotein receptors (Table 28), mainly involved in
the clearance of non-HDL, possibly indicating the participation of post
transcriptional mechanisms in particular, NAM mediated effects on non HDL

particles.
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Figure 72. Effect of NAM on metabolic fate of non-HDL lipoproteins in plasma in ApoE-
deficient mice.

Panels (A), (B) and (C). In vivo kinetics of [®H]-cholesterol oleoyl ether non-HDL in plasma (A-B)
and liver (C). Autologous [3H]-cholesterol oleoyl ether non-HDL were injected intravenously into
fasted mice. The amounts of radioactivity remaining in the plasma (expressed as the average
percentage + SEM, n=5-6 mice) were indicated at the indicated times after injection. (B) Fractional
catabolic rate (FCR) and synthetic rates of the different mouse groups. Panels (D) and (E). Oral
fat gavage (OFG) assays in NAM-treated and untreated mice. (D) An olive oil-based emulsion
containing radiolabeled [3H]-cholesterol was prepared and oral gavaged into KOE mice.
Radiolabeled [*H]-cholesterol was, respectively, measured in plasma ((D) Area under the curve of
results expressed in graph (E)) and in the liver (F) after a single bolus of 200 pL of radiolabeled
olive oil-based emulsion (20 pCi per mouse) at the times indicated Results are expressed as the
average percentage vs. injected dose + SEM of individual animals (n=5 mice at each time point).
*P<0.05 compared with the untreated group. Inset: area under the curve of [*H]-cholesterol non-
HDL after the OFG of the different mouse groups. Each data represents the mean + SEM of 5
mice. Mice were3 month-old, fed with a HFD and treated with NAM for 1 month



Untreated NAM LD NAM HD P

Ldlir 1.0+0.3 1.3+0.6 1.2+03 0.76
Lrpl 1.0+0.3 1.7+04 1.3+0.4 0.46
Lrpapl 1.0+0.1 1.3+ 0.4 1.1+0.1 0.67
Vidir 1.0+0.3 0.9+05 1.3+0.6 0.91
Scarbl 1.0+0.2 0.7+0.1 12+01+% 0.77

Table 28. Hepatic gene expression profile of molecular targets involved in non-HDL
clearance in ApoE-deficient mice.

Results are expressed as the means + standard deviation (n=5 mice per group). The signal of Ctrl
mice was set at a normalized value of 1 arbitrary unit. Mice were 3 month-old, fed with a HFD and
treated with NAM for 1 month .Differences between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls
posttest, as appropriate; differences were considered significant when P<0.05. Specifically, *
P<0.05 vs. untreated group; or T P<0.05 vs. low-dose, NAM-treated mice. Abbreviations used: Un,
untreated mice; Lo, low-dose, NAM-treated mice; Hi, high-dose, NAM-treated mice.

4.5.2c Anti-oxidative function of lipoproteins

Oxidative stress is regarded as one of the driving mechanisms involved in the
development of aortic atherosclerosis. The susceptibility to oxidation of non-HDL
particles, as measured by conjugated diens formation, was delayed in NAM HD-
treated mice. (Figure 73, panels A and B). However, the NAM-mediated
protection against oxidation of non-HDL was not observed in lipoproteins

isolated from NAM LD-treated mice.

201



A B 25019
2001
<
0.251
=== Untreated ‘g' 150
3 0.204 - NAM LD ;
@ = NAM HD £
£ ¢ 0.157 o 1004
2s ©
25 00 - o
é’ ® 5054 /
s
e 0.0 : : . ) 0
200 300 400 Untreated NAM LD NAM HD
-0.05- Time [min] nireate

Figure 73. Atheroprotective property of non-HDL particles of ApoE-deficient mice.

(A) Oxidation curves of non- HDL particles of Apo E deficient mice. (B) Lag time of oxidation
curves. Mice were 3 month-old, fed with a HFD and treated with NAM for 1 month. (n= 3-4 plasma
pools/group). Differences between the mean values were assessed by the nonparametric a
Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as
appropriate. Differences were considered significant when P<0.05. Specifically, *P<0.05 vs.
untreated group. Abbreviations used: NAM, nicotinamide; NA, nicotinic acid.

To assess if there was a direct antioxidant effect of NAM over non-HDL particles,
human LDL were incubated with three concentrations of NAM (i.e., 0.1-1.0-2.0
mM) NAM protected these lipoproteins from oxidation at 1.0 mM concentration
(Figure 74). In the graph, the maximum velocity was calculated (Vmax) revealing
an improvement showing a dose- response to oxidation (LDL alone: 0.71
mOD/min; LDL+ NAM 0.10mM: 0.71 mOD/min; LDL+ NAM 1.0mM: 0.55
mOD/min; LDL+ NAM 2.mM: 0.28 mOD/min).
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Figure 74. Antioxidant activity of LDL particles of human plasma incubated with different
concentrations of NAM

Oxidation curves of human LDL, incubated at NAM concentration 0.10 mM and 1.0 mM. This
experiment was replicated twice with similar outcome.

The analysis of relative mRNA levels of gene markers of oxidative stress and
inflammation revealed a potentially favorable induction in the relative gene
expression of the anti-oxidant Hmox1 in the liver of NAM HD-treated mice (Table
29).
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Untreated NAM LD NAM HD P

Liver

Hmox1 1.00 (0.25) 1.15 (0.52) 2.17 (0.94)  <0.05
Sod2 1.00 (0.31) 0.74 (0.10) 1.22 (0.39) 0.18
Cybb 1.00 (0.26) 0.92 (0.24) 1.15 (0.69) 0.94
eWAT

Hmox1 1.00 (0.39) 0.76 (0.25) 0.96 (0.04) 0.44
Sod2 1.00 (0.19) 5.73 (2.06)* 4.56 (5.92)* <0.05
Cybb 1.00 (0.36) 1.63(0.81) 1.48 (0.55) 0.09
Cd68 1.00 (0.37) 1.36 (0.51) 1.31 (0.93) 0.40
1120 1.00 (0.66) 4.19 (4.51) 4.25 (3.62) 0.06
Aorta

Hmox1 1.00 (0.21) 1.51 (0.73) 0.85 (0.27) 0.37
Sod2 1.00 (0.45) 1.17 (0.67) 0.83 (0.92) 0.58
Cybb 1.00 (0.62) 2.67 (1.32) 4.53 (1.64) 0.10
1110 1.00 (0.81) 0.74 (0.38) 2.95 (2.22)* <0.05

Table 29. Gene expression of molecular targets involved in oxidation and inflammatory
properties in liver, eWAT and aorta of ApoE-deficient mice

Mice were 3 month-old, fed with a HFD and treated with NAM for 1 month. Differences between
the mean values were assessed by the nonparametric a Kruskal Wallis followed by Dunn’s posttest
or ANOVA followed a Newman-Keuls posttest, as appropriate. Differences were considered
significant when P<0.05. Specifically, *P<0.05 vs. untreated group. Data are expressed as mean
(SD) (n= 5-6 group). Abbreviations used NAM LD, nicotinamide low dose; NAM HD, nicotinamide
high dose.



On the other hand, the relative mRNA levels of the antioxidant Sod2 was
significantly upregulated in the eWAT of NAM LD-treated mice (~6-fold, P<0.05)
and NAM HD-treated mice (~5-fold, P<0.05) compared with untreated mice.
Importantly, 1110 relative mRNA levels was elevated in the aorta of NAM HD-

treated mice compared with untreated mice.

The relative content of hepatic mMRNA of molecular determinants of NAM
metabolism revealed a significant down-regulation in Nnmt only in those mice
receiving the highest dose of NAM (Table 30). The gene expression analysis of
other molecular targets involved in NAM metabolism were not changed in NAM-

treated mice compared with untreated mice.

Untreated NAM LD NAM HD P
Nnmt 1.00 (0.77) 0.57 (0.16) 0.48 (0.27)* <0.05
Nampt 1.00 (0.37) 0.84 (0.30) 1.47 (0.80) 0.05
Nmrk1 1.00 (0.53) 0.87 (0.29) 1.20 (0.91) 0.54

Table 30. Gene expression of hepatic molecular targets involved in NAM metabolism of
ApoE-deficient mice.

Data are expressed as mean (SD) (n= 5-6 group). Mice were 3 month-old, fed with a HFD and
treated with NAM for 1 month. Differences between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls
posttest, as appropriate. Differences were considered significant when P<0.05. Specifically,
*P<0.05 vs. untreated group Abbreviations used NAM LD, nicotinamide low dose; NAM HD,
nicotinamide high dose.
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4.5.2d Histologic and molecular analysis on fatty liver

Consistent with liver weight and liver-to-body weight ratio previously shown in
Table 25, none of NAM doses exerted negative effects on plasma indicators of
hepatic function (Table 31). Treatment with NAM at highest dose presented with
lower liver triglycerides (63%, P<0.05) compared to untreated ones. Plasma
levels of ALT were significantly decreased in NAM-treated mice compared with
those of untreated mice, whereas no changes were observed in the plasma
levels of AST. Morphologic analysis of livers also suggested an improvement in
hepatic steatosis in the NAM HD-treated groups (Figure 75).

No changes in kidney function between groups of mice were detected by

creatinine measurement.

Untreated NAM LD NAM HD P
Creatinine [mM] 0.02 (0.01) 0.01 (0.01) 0.01 (0.01) 0.17
AST [U/L] 104.40 (70.65) 107.75 (10.97) 101.50 (58.97) 0.30
ALT [U/L] 21.50 (13.44) 14.50 (1.73)* 15.30 (6.33)* <0.05
Triglycerides [umol/liver] 28.59 (12.49) 28.47 (5.21)t 10.73 (5.65)* <0.05

Table 31. Effect of NAM on hepatic and renal parameters in ApoE-deficient mice.

Results are expressed as the means (SD) (n=8 mice per group). All analyses were made at 3
month-old mice, fed with a HFD and treated with NAM for 1 month. The biochemical measurement
was made from lipid extracts by commercial kits adapted to a COBAS auto analyzer. The data is
expressed in relation to g of liver. Differences between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls
posttest, as appropriate; differences were considered significant when P<0.05. Specifically,
*P<0.05 vs. untreated group; or T P<0.05 vs. NAM-treated mice. Abbreviations used: AST,
Aspartate aminotransferase; ALT, Alanine aminotransferase; NAM, nicotinamide; NA, nicotinic
acid.



Figure 75. Effect of NAM in liver in ApoE-
deficient mice.

Representative histological sections of (A) Liver
from untreated mice (B) Liver from NAM LD-treated
mice and (C) Liver from NAM HD-treated mice
stained with hematoxylin/eosin. Abbreviations used:
DIO, diet-induced-obesity; NAM, nicotinamide.

4.5.3 Atherosclerosis development

We next evaluated the impact if any of NAM on this phenotype in ApoE-deficient
mice, a mouse model of massive atherosclerosis, as this disease is directly
involved in the development of cardiovascular disease, and is sustained by a
chronic inflammation mechanism.

Histologic analysis of aortic lesions revealed that NAM-treated mice presented
a significantly lower atherosclerotic areas (NAM LD: 0.42-fold, P<0.05; NAM HD:
0.35-fold, P<0.05) than untreated mice, regardless the dose used (Figure 76).
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Figure 76. Representative images of proximal aorta of ApoE-deficient mice treated with
different doses of NAM for 1 month.

(A) Images of a representative mouse from untreated and NAM stained with Oil Red O. (B) Area
of atherosclerotic lesion quantified from 8-10 mice per group. (C) Development of atherosclerotic
lesions throughout the aortic sinus of ApoE-deficient mice, the mean of 4 different points, 20um
apart from each other. The image insets are representative lesions at the 12-week time-point when
mice were fed diet. Mice were 3 month-old, fed with a HFD and treated with NAM for 1 month
Differences between the mean values were assessed by the nonparametric a Kruskal Wallis
followed by Dunn’s posttest or ANOVA followed a Newman-Keuls posttest, as appropriate.
Differences were considered significant when P<0.05. Specifically, *P<0.05 vs. untreated group
Abbreviations used: NAM LD, nicotinamide low dose; NAM, nicotinamide high dose.

The atherosclerotic plaque found in proximal aortas, correlated inversely with
NAM concentration in plasma (Pearson r=-0.4043, p<0.05) (Figure 77)
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Figure 77. Relationship between circulating plasma NAM levels and atherosclerosis in
ApoE-deficient mice.

Inverse correlation between atherosclerotic lesion area and plasmatic NAM concentration. A
parametric Pearson test was used to analyze whether these parameters were correlated.

This results were confirmed with female mice, endorsing the data obtained is

independent of sex in this animal model (results not shown).

4.5.4 Systemic inflammation markers

Plasma levels of pro- and anti-inflammatory cytokines showed a significant
increase in the anti-inflammatory IL-10 (NAM HD: ~6-fold, P<0.05) in NAM HD-
treated mice compared with untreated mice (Figure 78, panel A). Similarly,
plasma levels of IL-4 showed a trend, though not significant, to be higher in NAM-
treated mice compared with untreated mice (Figure 78, panel B) and Tnfa did
not show differences among groups (Figure 78, panel C). Cytokines analysis
also revealed a close-to-significant trend to be decreased in the plasma levels

of IL-6 (Figure 78, panel D). Of note, the reduction in atherosclerotic lesion area
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was inversely associated with changes in plasma levels of IL-10 (Figure 78,

panel E).
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Figure 78. Evaluation of plasmatic
cytokines associated with inflammation
in ApoE-deficient mice.

Plasmatic levels of (A) IL-10, (B) IL-4, (C) IL-
6 and (D) inverse correlation between
atherosclerotic lesion area and plasmatic IL-
10. Mice were 3 month-old, fed with a HFD
and treated with NAM for 1 month. Data are
expressed as mean £ SEM (n= 5-6 group).
Differences between the mean values were
assessed by the nonparametric a Kruskal
Wallis followed by Dunn’'s posttest or

ANOVA followed a Newman-Keuls posttest, as appropriate. Differences were considered
significant when P<0.05. Specifically, *P<0.05 vs. untreated group A non-parametric Spearman
test was used to analyze whether these parameters were correlated. Abbreviations used NAM LD,
nicotinamide low dose; NAM HD, nicotinamide high dose.



Gene expression analysis revealed a significant elevation in the relative mRNA
levels of 1110 in aorta of NAM-treated mice compared with that of untreated mice
(Fig 79, panel A). Tnfa was also measured, revealing no differences among
groups (Fig 79, panel B).

Adgrel gene expression, which encodes the F4/80 phenotype, was measured
in thoracoabdominal aortas. No differences were found in this target, likely
indicating that the favorable induction in IL-10 was independent of the number
of macrophages present in this tissue (Fig 79, panel C). Interestingly, the relative
MRNA levels of 110 were inversely related to aortic atherosclerosis (Fig 79,
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Figure 79. Gene expression in thoracoabdominal aorta determined by real-time PCR
analysis in ApoE-deficient mice.

(A) mRNA levels of 1110 (B) mRNA levels of Tnfa (C) mMRNA levels of Adgrel encodes the gene
F4/80 (D) Inverse correlation between mRNA 1110 in thoracoabdominal aorta and atherosclerotic
lesion. Mice were 3 month-old, fed with a HFD and treated with NAM for 1 month. Data are
expressed as mean + SEM (n= 8-12 per group). Differences between the mean values were
assessed by the nonparametric a Kruskal Wallis followed by Dunn'’s posttest or ANOVA followed
a Newman-Keuls posttest, as appropriate. Differences were considered significant when P<0.05.
Specifically, *P<0.05 vs. untreated group Abbreviations used NAM LD, nicotinamide low dose;
NAM HD, nicotinamide high dose.
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Immunohistochemical analysis did not show differences on the F4/80 content
(Fig 80), thereby confirming that NAM treatment did not influence macrophage

infiltration in the proximal aorta.

Figure 80. Representative IHQ of F4/80 or thoracoabdominal aortas of ApoE-deficient mice
treated and non-treated with NAM.

Images of IHQ of F4/80 of a representative mouse from (A) untreated and (B) NAM-treated mice.
n= 2/group. Mice were 3 month-old, fed with a HFD and treated with NAM for 1 month

In thoracoabdominal aorta, other molecular targets, were also measured,
including LXR, and some others under LXR regulation. Our data indicates that
NAM HD-treated mice promoted Nr1h2 (encoding for LXRb) (2-fold, P<0.05)
without changing Nr1h3 (encoding for LXRa) (Figure 81). Abca? was up-
regulated in NAM LD-treated mice (2.1-fold, P<0.05) and in NAM HD-treated
mice (2.9-fold, P<0.05), as well Abcg1 increased in NAM HD-treated mice (3.3-
fold, P<0.05). There was a non-significant tendency to increase Abcg5 (1.5-fold,
P=0.10) whereas Abcg8 was not detected in this tissue (Figure 481).
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Figure 81. Gene expression of molecular targets regulated by LXR in the thoracoabdominal
aorta of ApoE-deficient mice.

Data are expressed as mean + SEM (n= 7-10 per group). Mice were 3 month-old, fed with a HFD
and treated with NAM for 1 month. Differences between the mean values were assessed by the
nonparametric a Kruskal Wallis followed by Dunn’s posttest or ANOVA followed a Newman-Keuls
posttest, as appropriate. Differences were considered significant when P<0.05. Specifically,
*P<0.05 vs. untreated group or + P<0.05 vs. NAM-treated mice. Abbreviations used NAM LD,
nicotinamide low dose; NAM HD, nicotinamide high dose.
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* 5. DISCUSSION

5.1 Determination of oral dose of NAM to mice

The term vitamin Bz comprises the two main water-soluble forms NA and NAM.
Both vitamin forms are very stable either in solution or pelleted [334].
Additionally, both are well-absorbed when taken orally. In this work, vitamin
supplementation was accomplished by providing the mice with drinking water
containing NAM or NA at concentrations equal or lower than 1% (g/mL). These
molecules were completely dissolved in the drinking water and given first to mice
to establish a safety range of NAM concentrations. NAM is generally unpalatable
when taken in solution and therefore is usually given in capsules or in tablet form
[335]. In our study, no differences in water consumption were observed among
groups at the different doses assayed. The same was observed for its acid
partner, NA. Short-term administration at the assayed NAM concentrations in
drinking water brought out an effect on the body weight of mice treated at the
highest dose of NAM. Food consumption did not differ in mice receiving NAM as

seen in other series of experiments in this work.

NAM and NA have been used at elevated doses in the intended use for
treatment of a variety of disorders [335]. The pharmacokinetics of NAM is
strongly dependent on dose, species, sex and route of treatment [335] and its
safety has been assessed in different toxicity studies [336, 337]. In general, NAM
intake has been found to have low toxicity in both short- and long-term studies
[246, 270]. In relation to the impact of NAM on body weight, in previous studies,
long-term, parenteral (i.e., intraperitoneal) rats receiving doses of NAM up to 0.6
g/kg/day were reported to have lower weight gain [272]. This effect was mainly
explained by food intake suppression. No effect on the body weight or food

intake was found in rats made obese with a HFD [231]. Of note, in the latter



study, dosed NAM was lower (maximal dose assayed at 0.1 g/kg/day) and thus,

at least partly, this might explain the lack of effect of NAM in treated rats.

As daily parenteral administration of NAM may exert potential metabolic distress
or toxic effects, most studies evaluated the impact on phenotype by supplying

NAM to the drinking water or diet on a preventive mode.

In our study, NAM was supplied in drinking water from the beginning of the study.
NAM intake was not concomitantly associated with undesirable effects in mice
at the highest concentration tested (1%) (0.8 g/kg/day). Indeed, it did not
produce signs of hepato- or renotoxicity in treated mice, as revealed by the
plasma liver enzymes or creatinine, respectively. Liver weights in NAM-treated
mice were concomitantly and proportionally diminished in parallel to the body
weight reduction, as revealed by the liver-to-body weight ratio. Moreover, NAM
treatment did not influence insulin function, as revealed by the functional

analysis of glucose metabolism.

A three months administration of 1% NAM in drinking water significantly
prevented body weight gain to a similar extent in either mice fed a RD or made
obese with a HFD (RD cohort: 30.5%, Table 4; DIO cohort: 69%, Table 9), being
this mainly attributed to a marked decrease in fat pad accumulation. Importantly,
such body weight prevention was not due to differences in food intake among
groups. Intriguingly, this effect was not previously reported using mice with a
different background (i.e., NOD mice) receiving the same dose either in chow
diet [246, 338] or drinking water [246]. In contrast, weight gain was found
reduced in rats treated with NAM supplied in the diet [338-340]. Particularly, a
marked inhibition of weight gain has also been reported in rats fed with NAM at

a concentration of 0.4% [338] and up to 1% [339] supplied in the diet. Consistent



with this view, rats dosed with ~0.215 and 1 g/kg/day of NAM supplied in the diet
showed significant reductions in both the body weight [340], being this
phenotype partly explained by a decreased food intake. Of note, high-dose,
NAM-treated rats displayed a mild liver enlargement as well as in some liver
enzymes. However, the administration of NAM to other species (i.e., rabbits and
guinea-pigs) does not exert such kind of influence on body weight [341]. Taken
together, these data show that the effect of NAM on the body weight is rather

controversial and may be species-specific.

In previous studies, the oral dose of NAM was established at 1.0% to evaluate
the anti-diabetic properties of this form of vitamin B3 [335]. The impact of higher
doses than 1% was also evaluated in mice (i.e., 2.5% and 5%, Table 3). Our
study also revealed that weight gain prevention was much more exacerbated
when the mice were treated with doses of NAM higher than 1%. However, in this
case, it was attributed to a decreased food intake at least in the case of mice
receiving the maximal dose (5%) of NAM. Moreover, water intake was found
decreased in the mice receiving both high doses of NAM, suggesting that at
these concentrations of NAM would make drinking water apparently unpalatable.

Notably, although circulating levels of liver enzymes did not differ among groups,
plasma levels of creatinine were significantly elevated in the mice receiving the
maximal dose of NAM, thereby suggesting renal dysfunction at this
concentration. Given the unfavorable impact of NAM treatment on water
consumption and the extremely negative body weight loss observed the
treatment was discontinued before the end of the three months previously

established.

In agreement with previous reports [339, 342], NA administration did not produce

such preventive effect in weight gain in mice, which suggested a NAM-specific
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effect on this phenotype. As previously reported in independent studies [303,
343, 344], NA administration promoted a significant decrease in total plasma
levels of cholesterol compared with untreated mice. Similar reductions in
circulating cholesterol levels has also been observed in Rhesus monkeys
receiving repeated subcutaneous injections of NA (0.15 g/kg/day) [345], with this
finding being partly explained by a decrease in the hepatic synthesis of
cholesterol. Moreover, NA-treated mice also showed a significant, though
moderate, elevation in the plasma levels of glucose. This finding would be
consistent with those previously reported in mice receiving a dose even lower
(0.03 g/kg/day) than that used in the present study [346]. Hyperglycemia was
explained by a NA-induced insulin resistance in treated mice and attributed to
islet function deterioration. However, the moderate hyperglycemia first observed
in mice treated with NA (0.8 g/kg/day) was not repeated in subsequent
experiments. This could partly be explained by differences in the time of food
deprivation of mice prior glycemic analysis used between this first batch of mice
(overnight fast) and the others (4-h fast). Data on systemic levels of glucose
were significantly lower, and less dispersed, after an overnight fast, than when

mice were studied after just a 4-h fast.

In our studies, with NAM oral administration, we were able to determine the
plasmatic concentrations of NAM and also its methylated derivative, me-NAM,
both of them consistently elevated in treated groups accordingly to the
administrated dose. Oral administration of me-NAM, have been previously
reported to improve the metabolic profile in DIO mice, but showing no changes
in body weight [347], this would suggest, that metabolic effects observed in our
mice could be a synergy of both increased molecules, but the active metabolite

causing the prevention of body weight gain should be NAM.



5.2 Anti-obesity mechanisms of NAM

Despite the wealth of data in rodents and humans showing the efficacy of NAD
intermediates on adipose tissue energy metabolism [194], the mechanisms
accounting for the broad spectrum of health benefits of such interventions are
still poorly understood. Like other NAD+ intermediates (i.e., NMN and NR), NAM
also suppressed body weight gain. NAM-mediated prevention of body weight
gain was mainly explained by decreased adiposity. This phenotype was not
accompanied by changes in food intake, but rather increased whole-body energy
expenditure in NAM-treated mice. NAM treatment was thus revealed as a
determinant of adipose morphology and function.

Our data further unveiled changes in the plasticity and modulation of the
thermogenic and mitochondrial activity of body adipose tissue, particularly in
SCWAT. Indeed, in this depot, NAM administration prevented HFD-induced
adipocyte hypertrophy, and increased the number of clusters with brown/beige
adipocytes. Consistently, Ucpl gene expression and protein abundance, a
known marker of brown adipocyte [46], was significantly up-regulated (gene
expression: 10-fold, P<0.05; protein abundance: 2.5-fold, P<0.05) in this tissue.
Additionally, these whole-body changes were associated by elevations in the
adipose (scWAT) content of total NAD, mainly due to the NAD+ form, and
significant elevations in the tissue content of AMP. Remarkably, AMP/ATP ratio
elevations in scWAT from treated mice were directly related to increased
abundance of the phosphorylated (active) form of AMPK (P-AMPK), a key

energy sensor involved in the regulation of the whole-body metabolism.
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5.3 Effect of NAM on adipose “browning”

Differentiation into brown-like adipocytes is generally referred to as ‘browning’
[348]. Histological, molecular and biochemical data collected in sSCWAT from
treated mice were consistent with a NAM-induced browning of this tissue. NAM-
induced activation of brown-like cells, as revealed by the up-regulation of Ucpl,
was markedly improved in sSCWAT of DIO mice. Potentially, Ucpl up-regulation
in sScWAT could be one of the causes of the enhanced energy expenditure
shown by NAM HD-treated mice. In contrast to adipocytes from WAT, brown-
like adipocytes express Ucpl and harbor high levels of mitochondria and
multilocular lipid droplets [349]. In agreement with this finding, the relative mRNA
levels of gene targets of mitochondrial abundance (i.e., Cptlb) and biogenesis
(i.e., Mfn2) showed a marginally significant elevation in scWAT. Of note, other
molecular targets commonly involved in the browning process (i.e., Pgcla,
Pparg) [350] were significantly up-regulated or showed a trend to be induced in
the subcutaneous fat depot of treated mice receiving the highest dose of NAM.
In line with this view, the increased proliferation of brown-like adipocyte clusters

embedded in scWAT, supported an enhanced browning in this tissue.

Thermogenesis is the main function of BAT, especially in rodents [351]. BAT is
enriched in mitochondria that use Ucpl-mediated uncoupling to convert
significant amounts of chemical energy to dissipate as heat [352]. Our data did
not reveal changes in the relative gene expression or protein abundance of Ucpl
in this tissue. Nevertheless, Ucpl corrected by the total protein amount in the
iBAT deposit, was indeed increased in NAM-treated mice, suggesting that NAM
increases iBAT hypertrophic activity rather than the “relative” levels of Ucp1.
Histological examination showed that brown adipocytes from BAT of mice
treated with NAM were much less loaded with lipids than the untreated mice,
suggesting that this tissue was more active. Consistently, mitochondria in iBAT

were metabolically more active in treated mice than in untreated mice, as



revealed by the enhanced [-oxidation of fatty acids, albeit in the absence of
differences in the gene expression of mitochondrial biogenesis markers in this
tissue, suggesting NAM is boosting mitochondrial activity and not increasing
mitochondria quantity.

Circulating adipokines (adiponectin and leptin) are adipose tissue surrogates of
fat distribution and adipose tissue function [353]. Moreover, both may thus either
directly or indirectly influence adipose phenotype. Remarkably, adipose tissue is
a target of adiponectin. The favorable impact of NAM on adiponectin levels has
previously been reported in treated rats fed an HFD [231]. However, in this study,
NAM-mediated elevations in circulating adiponectin were not accompanied by
concomitant reductions in body weight gain [231]. In our study, systemic levels
of adiponectin were increased in NAM-treated mice compared with untreated
mice, in parallel to prevention in weight gain and total fat depot.

The potential contribution of adiponectin to browning was not deeply explored in
our study, but it could be a critical role in promoting this phenotype in NAM-
treated mice. Indeed, adiponectin-deficient mice are resistant to ScWAT
browning during cold adaptation [354], thereby suggesting that this adipokine
influences thermogenesis and energy expenditure in mice. However, another
study adds some controversy to this concept, by showing that adiponectin was
rather anti-thermogenic and reduced energy expenditure in mice [355]. Of note,
in this last study, adiponectin-mediated inhibition of Ucpl expression was
pursued via down-regulating B3 adrenergic receptor expression in brown

adipocytes, and was independent on adiponectin receptor signaling.
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In response to B-adrenergic stimulation (mostly 3) by the adenylate cyclase,
intracellular of cyclic (c)AMP are elevated. cCAMP is another endogenous signal
involved in brown fat thermogenesis and Ucpl gene transcription [350]. NAM
does not directly influence adenylate cyclase activity [356], but excess NAM has
been suggested to inhibit methylation-mediated meta(nor)epinephrine
degradation [357]. The sympathetic nervous system is the primary effector of
thermogenesis [358]. Even though meta(nor)epinephrines were not eventually
determined in this work; it cannot be ruled out that they might be potentiating 3-

adrenergic signaling in response to elevated levels of NAM.

Inadequate accumulation of ceramides in WAT, which is an intracellular marker
of metabolic stress, is induced by excess fat accumulation [359]. Interestingly,
adipocyte-specific inhibition of ceramide synthesis has recently been reported to

induce scWAT beiging in mice [360].

Moreover, the administration of B-adrenergic agonists to mice, which induce
adipose beiging [82, 84, 361], selectively reduces ceramides in adipose tissue

[360]. In this work, we could not yet determine ceramide content in SCWAT.

Importantly, proliferation of M2 macrophages is a key feature related to WAT
browning [354, 360]. In agreement with this view, the gene expression of 110,
an anti-inflammatory target, was up-regulated, whereas that of Cd68, a target of
macrophage infiltration, was down-regulated in eWAT from NAM-treated mice
compared with untreated mice, suggesting an alleviation in chronic inflammation
in treated mice. As adiponectin promotes the polarization of macrophages
toward the anti-inflammatory M2 phenotype in WAT [362] and counteracts
obesity-induced macrophage infiltration and inflammation [363], a potential role

of adiponectin in the observed browning of NAM-treated mice can be suggested.



Among other functions, leptin plays an important role in modulating food intake
[364]. Plasma levels of leptin were decreased in NAM-treated mice compared
with untreated mice, being this finding in line with the fat pad reduction observed
in these mice. Conversely, elevations of plasma leptin have been reported to act
on the appetite-suppressing proopiomelanocortin (POMC) neurons to promote
WAT browning and reduce adiposity [365]. In addition to the immediate effects
of leptin on food intake, and energy expenditure, by eliciting BAT activity, it has
also been reported that this adipokine in combination with elevations in
postprandial insulin may act to promote sustained overt WAT browning and
increased energy expenditure [365]. Our data, however, might rather suggest
that leptin signaling might not be significantly influencing WAT browning in our
NAM-treated mice, as they present decreased leptin levels. Decreased levels of
leptin could be explained by a reduced fat only in treated mice fed a RD, but not

in DIO mice.

The impact of NA on leptin expression in adipose tissue found is rather
controversial in the literature. For instance, similar results have been yielded in
hypercholesterolemic rabbits treated with NA, being mainly explained by a
significant decrease in leptin mMRNA expression in adipose tissue and cultured
primary adipocytes [366]. In contrast, both NA and acipimox, a long-acting NA
analog, enhanced leptin release from adipocytes isolated from rats [367].
However, in our study, decreased plasma levels of this adipokine were not

accompanied by changes in food intake in NA-treated mice.

223



5.4 Contribution of NAM-mediated NAD+ boost to adipose
phenotype

Given that NAD+ biosynthesis is largely reduced in obese mice and NAD+
bioavailability is compromised by HFD [194], strategies leading to increasing
adipose tissue NAD+ could be a target for treating obesity. In the last years two
other NAD+ precursors (NR, NMN) have been reported to increase NAD+
bioavailability in tissues, primarily in the liver, skeletal muscle and BAT, but not
in WAT [215, 217]. In contrast to these two other NAD+ intermediates, our data
revealed that NAM administration in mice promoted a dose-dependent increase
of NAD+ in scWAT. NAD+ is consumed by NAD+-dependent
deacetyltransferases (Sirtuins) and has gained interest as a critical regulator of
multiple cell signaling pathways, including those involved in energy metabolism
[187]. Nampt determines NAM bioavailability in tissues. The relative mRNA
levels of this enzyme did not differ in WAT among groups. Although it does not
necessarily represents the protein function, the activity of this enzyme would be

expected to be elevated in the presence of enhanced bioavailability of NAM.

Intriguingly, adipose tissue NAD+ elevations were accompanied by a rise of
adenosine phosphates in scWAT, mainly AMP levels. Conceivably, increased
AMP in scWAT could activate AMPK which in turn activates Pgcla via direct
phosphorylation and facilitates Sirt1-dependent Pgcla deacetylation [210, 368].
Additionally, LKB1 which phosphorylates AMPK is also a target of Sirtl [369].
Conceivably Sirtl-mediated activation of these targets in scCWAT might also

contribute to AMPK activation in treated mice.

Pgcla activation may also drive the transcription of the Ucpl gene and
contribute to browning of WAT [370]. Pgcla activation leads to increased
oxidative metabolism and mitochondrial biogenesis in skeletal muscle [370], and
conceivably also in other tissues, including WAT. Supporting to this, up-
regulation of Pgcla in adipose tissues increases mitochondrial biogenesis and
protects from HFD-induced obesity in mice [371, 372]. Considering that AMPK



is a cellular energy-sensor which is mainly activated when AMP is elevated, it
could be plausible that oxidative capacity rather than energy uncoupling would
be primed in WAT following chronic AMPK activation. Supporting this, AMPK
activation has been described to protect against diet-induced-obesity via Ucpl-
independent uncoupling of ATP production [373]. Overall, our data might
suggest that fat depot gain decreases might be accounted for a combination of
both mechanisms in sScCWAT of NAM-treated mice. Global decrease in adiposity
in NAM-treated mice was accompanied by increased levels of NAD+ and AMP
levels, and a direct correlation between NAD+/NADH and AMP/ATP in sSCWAT,

suggesting that energy demand could be augmented in this tissue.
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5.5 Effect of NAM on other mechanisms of energy expenditure

Polyamine flux has a major role in energy homeostasis [197, 374, 375]. Genetic
knockout of Sat results in increased diet-induced obesity and transgenic Sat
overexpression causes leanness owing to increased energy expenditure [374,
375]. As NAM increased hepatic and adipose Sat mRNA levels, this may be
leading a reaction to polyamine flux increasing energy expenditure in treated
mice. Both Odc and Sat activation drives polyamine flux, which consumes the
metabolic substrate, acetyl-CoA, for polyamine acetylation [375]. Our data could
suggest that increased bioavailability of NAM could regulate polyamine flux.

As NAM treatment enhances oxygen consumption, and this depends on
polyamine flux [197], it is fair to make the assumption that NAM could be a
regulator of adiposity by directly altering NAD, polyamine flux, and perhaps, Sirtl
signaling. NAM leads to metabolic substrate consumption or loss from

adipocytes coupled with increased energy expenditure.



5.6 NAM on homeostasis and metabolism of glucose

NAM-induced weight prevention was not accompanied by favorable elevations
in insulin sensitivity and function. Our data is inconsistent with previous data
showing an improved glucose tolerance in rats treated with NAM [231].
Adiponectin is a widely recognized insulin sensitizer, and reduced adiponectin
levels are linked to insulin resistance [376]. Consistently, the improved glucose
metabolism observed in rats treated with the highest dose of NAM could
concomitantly be related to elevated adiponectin levels [231].

Our data showed that NAM supplementtaion did not improve glucose disposal
or insulin resistance in DIO mice. This finding contrasted with previous
observations by others in an independent study [377], whereby glucose
homeostasis was improved in NAM-treated DIO mice [377]. In the latter study,
metabolomic analysis suggested that NAM supplementation might favor liver
glucose catabolism in vivo. It was mainly revealed by relative reductions in the
hepatic levels of glucose and glucose 1-phosphate, and elevations in citrate,
intermediate in the tricarboxylic cycle, in NAM-treated DIO mice compared with
untreated DIO mice. Concomitantly, NAM supplementation to HepG2 cells in the
presence of lipids (mimicking HFD) increased glucose uptake and increased
glucose uptake, enhanced degradation of glycogen stores, and oxygen
consumption rate compared with untreated cells [377]. Consistently with these
observations, we did observe a significant elevation of glucose oxidation in NAM
HD-treated mice as revealed by in vivo analysis. However, the direct analysis of
NAM on hepatic glucose metabolism in our DIO mice could not be addressed in

the present study.
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5.7 NAM on fatty liver

Our data revealed an improvement in fatty liver condition in induced-obesity mice
treated with NAM as shown by reduced lipid content determined by biochemical,
histologically and MRI approaches. This was directly related to reduction of body
fat. In this regard, Cd36, a known fatty liver-related marker [326], was favorably
down-regulated in treated mice. Consistent with this observation, NAM
supplementation to DIO mice has been also accompanied by a significant

amelioration of fatty liver and inflammation in an independent study [377].

Fibroblast growth factor (Fgf)21, which increases in human with fatty liver and
decreases in response to improvement in steatosis and steatohepatitis [327],
was found to be reduced in NAM-treated mice. Moreover, this phenotype was
accompanied by a reduction in gene markers of macrophages infiltration in this
tissue, suggesting a potential role by NAM to prevent inflammation along with

lipid accumulation.

NAM is methylated to me-NAM in a reaction catalyzed by Nnmt. S-adenosyl
methionine (SAM) is a major methyl group donor mainly involved in this process.
In addition to me-NAM, SAM is also involved in the production of many other
products, including polyamine [197]. Me-NAM produced by Nnmt has been
reported to improve hepatic steatosis [347]. Our data showed that Nnmt
expression was reduced in the livers of NAM-treated mice, albeit elevations of
circulating me-NAM. The liver-specific knockdown of Nnmt protected the liver
from hepatic steatosis [197], whereas its overexpression promoted fatty liver
deterioration [378]. There is also published data indicating that elevated levels
of me-NAM in the liver, caused by the inhibition of aldehyde oxidase, enzyme

responsible of me-NAM oxidation, leads to fatty liver amelioration [379].

Although this work has not evaluated yet metabolites such as SAM or me-NAM
in the liver, we could theorize that elevations in plasma me-NAM due to
increasing NAM bioavailability would promote Sirt’s action in this tissue of

treated mice.



5.8 NAM administration prevented vascular chronic inflammation

and atherosclerosis in ApoE-deficient mice

5.8a Anti-inflammatory effect of NAM

The infiltration and activation of cells of the immune system is a characteristic
finding in chronic inflammation processes, such as obesity [380] and
atherosclerosis [381]. Our data showed that the administration with NAM
produced a general amelioration of the inflammatory status in all studied mice.
Importantly, this phenotype paralleled with weight gain prevention and reduced
adiposity.

Advances in adipose biology have provided convincing evidence that adipose
tissue secrete adipokines that influence metabolism in peripheral tissues [382].
Inflammation is often characterized by elevations in plasma concentrations of a
number of pro-inflammatory (e.g., IL-6, TNFa) markers, expressed and released
by adipose tissue [383]. The pro-inflammatory status in obesity is frequently
accompanied by a decrease of anti-inflammatory cytokines, such as IL-10 [384]
and adipokines, such as adiponectin [385]. Our current work reports that plasma
concentrations of IL-10 were significantly elevated in ApoE-deficient mice
treated with NAM. Of note, the relative mRNA levels of the anti-inflammatory 1110
were significantly elevated in aorta. Likewise circulating levels of IL-10, relative
MRNA levels of 1110 were inversely related to atherosclerosis development in
ApoE-deficient mice. Consistently, 1110 was also found up-regulated in eWAT
from both DIO and, showing a close to significant trend to be significant, ApoE-
deficient mice. In humans, circulating levels of IL-10 did not change after
moderate (diet-induced) weight loss [101], but were significantly raised after

surgery-induced excess weight loss [99].
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Our data would suggest that NAM might exert changes (mainly anti-
inflammatory) in the effector state of immune cells in target tissues. In particular,
the up-regulation of 110 rather suggest the activation of M2 macrophages (anti-
inflammatory) in both aorta and adipose tissue of NAM-treated ApoE-deficient
mice [386]. However, mRNA levels of Tnfa in these same tissues only showed
a non-significant trend to differ among groups of either DIO or ApoE-deficient
mice. The latter contrasted with data [290] showing a favorable effect of NAM on
Tnfa synthesis and secretion in vitro. As Tnf-a is mainly released by activated
M1 macrophages [386], this finding might further suggest that NAM
predominantly exert its anti-inflammatory effect mainly by up-regulating 1110 in

macrophages.

The anti-inflammatory phenotype shown by NAM-treated mice was
accompanied by a decrease in the accumulation of macrophages in both
adipose tissue and liver of DIO mice, as shown by the relative gene expression
of tissue marker of macrophage (i.e., Cd68). Consistent with this finding, the
number of CLS, which commonly accumulate in fat depots from obese mice [94],
were also diminished in eWAT from NAM-treated, compared with untreated
mice. In accordance, Cd68 was down-regulated concomitantly to fat reduction.
However, no molecular evidence of differential accumulation of macrophages
was shown, at least, in eWAT, where Cd68 mRNA expression showed no
changes or, in aortas where F4/80 marker did not revealed differences in
macrophages infiltration of ApoE-deficient mice (its expression was not
evaluated in the livers of ApoE-deficient mice). Conceivably, as the mice shared
the same genetic background (i.e., C57BL/6J), differences in macrophage
infiltration might be explained by differences in the time period they both were
challenged on a HFD diet (3 mo. in the case of DIO mice vs. 1 mo. in ApoE-

deficient mice).



Adiponectin influences macrophage function and inflammation in a diverse array
of tissues, not only in adipose tissue [387]. In this regard, this adipokine has also
been reported to be anti-atherogenic [388]. Although plasma levels of
adiponectin were not determined in plasma of ApoE-deficient mice, its plasma
levels were found elevated in DIO mice treated with the highest dose of NAM as

compared with untreated mice.

Adiponectin induces the production of the anti-inflammatory IL-10 in human
myeloid cells, including macrophages and leukocytes [389-391] and inhibits the
release of pro-inflammatory cytokines [392, 393]. Collectively, these data
suggest that adiponectin promotes the polarization of macrophages towards an
M2 (i.e. anti-inflammatory) phenotype. Peritoneal [389], alveolar [392] and
hepatic macrophages [362] all display M2 polarization under the influence of
adiponectin. In the context of atherogenesis, aortic up-regulation of 1110 would
conceivably suggest a M2 phenotype polarization of macrophages in aortas of
NAM-treated, ApoE-deficient mice. Consistently, adiponectin inhibits
macrophage transformation into lipid-laden foam cells [394, 395]. Adiponectin
also impairs the production of the pro-inflammatory cytokine IFN-y in human
macrophages [390]. However, in our work, the mRNA levels of this cytokine in
aorta of ApoE-deficient mice did not differ among groups.

Inflammatory signalling has only recently been recognized as playing a role in
the browning of WAT, emerging as a relevant component of the adipose
alterations in obesity [385]. In agreement with this concept, chronic exposure to
B-adrenergic agonists may not only induce adipose beiging [82, 84, 361], but,
also inhibit the production of pro-inflammatory cytokines, such as Tnfa and IFNg,
and stimulate the production of anti-inflammatory cytokines, such as IL-10, IL-4,
respectively [386]. In our study, the induction of beiging/browning by NAM in

SCWAT in treated mice might be thus proposed as another NAM-mediated anti-
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inflammatory mechanism. Unfortunately, the gene expression of pro- and anti-
inflammatory cytokines was determined in e WAT and the analysis is pending in
SCWAT. However, it would be expected that their expression pattern in response
to NAM treatment would be quite like that found in eWAT.

Contrary to NAM, me-NAM does not changes inflammatory cytokines profile in
immune cells like macrophages [290], but has anti-thrombotic, anti-
inflammatory, and vasorelaxation properties [296, 396], that protects the
cardiovascular system. It has been suggested as a therapeutic factor for
ameliorating the endothelial-dependent disorders such as atherosclerosis [397].

5.8b Anti-oxidant effect of NAM

The anti-inflammatory action by NAM may also involve antioxidant mechanisms.
Indeed, NAM has been defined as an O- radical scavenger, and may also inhibit
free radical (e.g., NO-, O:, HCLO-) generation [398]. In agreement with this
concept, NAM has been reported to protect against both protein oxidation and
lipid peroxidation induced by reactive oxygen species [399]. In this regard,
although plasma non-HDL accumulated in plasma of NAM HD-treated, ApoE-
deficient mice, these lipoproteins were less prone to oxidation than those from
untreated mice. Our data showed a direct effect of NAM in inhibiting lipid
peroxidation, as illustrated by an in vitro protective effect against LDL oxidation.
This direct antioxidant effect of NAM could conceivably contribute to prevent

atherosclerosis prevention, despite the elevation of plasma non-HDL.

The antioxidant effect by NAM in vascular disease has not previously explored
in vivo in detail. However, the administration of other dietary vitamin B3-related

metabolites (i.e., NMN and NR) provided vascular protection against oxidative



stress [297, 298], and reversed arterial dysfunction [298]. As NMN and NR are
NAD+ intermediaries, this effect was mainly attributed to the induction of the
Sirtl signaling in target tissues, involving the acetylation of the p65 NFkB
subunit. Likewise, NAM is also a NAD+ precursor [219]. Therefore, its
administration could also provide tissues with extra source of NAD+ to induce
Sirtl activity. In this regard, the NAD+ content in the liver and adipose tissues
was significantly increased in NAM-treated mice compared with untreated mice.
Additionally, NAM needs to be first converted into NMN by the action of Nampt
to eventually generate NAD+. Consistently, tissue NAD+ elevations were directly
related to the relative mRNA levels of Nampt, at least, in adipose tissue.
Although we did not analyze the relative mRNA levels of neither Nampt nor
NAD+ content in aortas of NAM-treated, ApoE-deficient mice, a similar result
would be expected. Sirtl, by suppressing NFkB signaling, reduces the
inflammatory response [400]. Our data suggests that NAM, by providing NAD+

to cells, might enhance deacetylation of cellular p65 protein.

NAM administration was accompanied by favorable elevations in the gene
expression of Hmox1 in the liver or Sod2 in eWAT. Both are important
determinants of cellular antioxidant status and their up-regulation would support
the concept that NAM could stimulate an antioxidant response in different
tissues. Consistently, NAM has been shown to reduce brain injury in neonatal
rats, in part by reducing oxidative stress in an independent study [401].
Interestingly, our data further revealed tissue-specific mechanisms. For
instance, neither of these genes (Hmox1, Sod2) were expressed differentially in

aortas of NAM-treated, ApoE-deficient mice.

Both Hmox1 and Sod2 are directly controlled by the action of nuclear factor
erythroid 2—related factor 2 (Nrf2). Nrf2 is a key oxidative stress response

modifier that induces transcription of antioxidant genes through binding to the
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antioxidant response element [402]. Although the connection between NAM and
Nrf2 was not studied in this work, a potential, though controversial, crosstalk
between Sirtl and Keapl/Nrf2/ARE anti-oxidative pathway has recently been
reported in vitro [403, 404]. In one of these studies, Sirtl activation was shown
to inhibit Nrf2-dependent gene transcription by virtue of the direct deacetylation
of Nrf2, In contrast, NAM, an in vitro putative inhibitor of SIRT1, induced the Nrf2-
dependent gene transcription [404]. Conversely, in an independent study, Sirtl
was reported to significantly enhance the activity of Keapl/Nrf2/ARE pathway
by promoting transcriptional activity of Nrf2, elevating the protein abundance of
Hmox1, a target gene of Nrf2, which eventually quenched intracellular ROS
overproduction in vitro [403]. The first of these last studies worked under the
premise that NAM acts as a potent inhibitor of Sirtl in vitro. However, compelling
evidences rather suggest that NAM may behave different in vivo [405]. For
instance, NAM would provide cells with an extra source of NAD+ and fuel Sirtl

activity.

Although the differential deacetylation of Sirtl targets was not directly evaluated
in this work, we observed a commensurate elevation in the gene expression of
LXR targets in aorta (Abcal: 2.9-fold, P<0.05; Abcgl: 3.3-fold, P<0.05; Abcg5:
1.5-fold, P=0.10) in NAM-treated mice compared to untreated mice. This data
matches with previous results of our group where evidences that NAM promotes
molecular targets regulated by LXR in other tissues (e.g., liver, small intestine)
[406]. Indeed, Sirtl positively regulates the nuclear receptor LXR [407]. Our data
also showed that mRNA levels of Nr1h2 were significantly increased in aortas
from NAM-treated mice (Nr1lh2: 2-fold, P<0.05) compared with untreated mice.
LXRalpha regulates its own expression in human macrophages [408, 409], but
not that of Nr1h2 [408], indicating that autoregulation is restricted to the Nr1h3

gene.



5.9 Limitations of the study

This study on the effect of NAM supplementation was conducted in male mice.
This work provides quantifiable evidence that NAM may exerts beneficial effects
on weight gain prevention by enhancing global energy expenditure, partly due
to induced adaptive thermogenesis and energy consumption in WAT of treated
mice; however, the contribution of other tissues also important in metabolic
homeostasis in vivo, such as skeletal muscle, was not eventually evaluated. In
addition, although mitochondrial fatty acid B-oxidation was increased in BAT of
treated mice, hence indicating improved mitochondrial activity in that tissue, this
mitochondrial function could not be evaluated in WAT during the development
of this study. In this regard, the direct analysis of glucose oxidation in WAT and
skeletal muscle using an isotopic approach was also pending. Furthermore, a
deeper analysis on the effect of NAM over other determinants of energy
metabolism status, including polyamine’s metabolism or methyl group donors
could also shed light on their potential contribution in energy metabolism of
targets tissues. Finally, the impact of NAM on B-adrenergic response was not
evaluated in the present study. The favorable contribution of
meta(nor)epinephrines in adaptive thermogenesis of WAT is widely reported.
Although the effect of NAM in modulating meta(nor)epinephrine production has
not previously been reported, its direct analysis could also shed light on other

potential mechanism of beiging/browning in WAT of treated mice.

NAM-treated mice had higher WAT content of NAD+. However, whether it
enhanced mitochondrial oxidative metabolism in this tissue remained unclear. In
addition, NAD+ is also a necessary coenzyme for Sirtl activation; however, Sirtl
activity could not directly be assessed. Interestingly, several liver X receptor
(Lxra) gene targets were up-regulated in different tissues. As Lxra is a known
Sirtl target, it could conceivably be proposed that Lxra signaling could be

activated as result of Sirtl-dependent mechanisms; however, the direct analysis
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of the relative abundance of deacetylated Lxra as well as other Sirtl targets,

such as Pgcla or NfkB, in selected tissues was also pending.

Last, the experimental design used in this study was just to assess the
preventive, not therapeutic effects of NAM on different phenotypes associated
with adiposity and inflammation. Longitudinal evaluation of these phenotypes
would have allowed a better assessment of the favorable contribution of NAM in

their reversal upon treatment, i.e., once these phenotypes were established.



* 6. CONCLUSIONS

The range of NAM doses used (0.1-1.0%) in this study was considered
safe as revealed by the absence of toxic effects. Circulating NAM-related

metabolites were dose-dependently increased in NAM-treated mice.

The administration of NAM at 1% in drinking water most effectively
prevented weight gain, mostly by reducing the fat pads of the different
mouse models studied.

The beneficial effects of NAM administration were specific of NAM, as
the obese phenotype was not prevented by the treatment with NA.

The mechanisms studied in NAM treated mice provided, in general,
results consistent with the fat pad gain prevention observed in these

mice, as summarized below:
a. Increase in adipose tissue NAD+/NADH ratio.

b. Increase in total adenosine metabolites, mainly AMP in in sCWAT,

together with a commensurate increase in activated AMPK.

c. While the gene expression of Nampt in scWAT did not
significantly changed, it did correlate with the increased levels of
NAD+ in this tissue.

d. BAT was metabolically more active, as revealed by increased
mitochondrial activity. Also the increased total Ucpl protein,

suggested that thermogenesis could be elevated.



e. Increase in energy expenditure, as determined by indirect

calorimetry and revealed by enhanced oxygen consumption.

f. WAT browning, as evidenced by the presence of brown-like
adipocytes and the up-regulation of Ucpl mRNA and protein in this

tissue.

g. Lack of improvement in glucose disposal or insulin sensitivity.

h. Improvement of fatty liver, as revealed by decreased hepatic lipid
content, down-regulation of Cd36 and Fgf21, and reduced plasma

levels of Fgf21.

5. NAM treatment reverted the pro-inflammatory status of DIO mice, as
illustrated by favorable elevations in circulating IL-10 and gene

expression of 1110 in eWAT.

6. NAM administration prevented aortic lesions in ApoE-deficient mice.

Mechanisms potentially involved in this phenotype included:

a. Circulating IL-10 and aortic mRNA 1110 levels were elevated in
treated ApoE-deficient mice and significantly correlated with aortic
lesions. The II10 up-regulation in aorta suggest a switch to anti-

inflammatory M2 macrophages in this tissue.

b. Plasma non-HDL liver clearance was impaired in treated mice
increasing the plasma concentration of these lipoproteins. Despite
this, non-HDL isolated in vitro from plasma of treated mice were less
prone to oxidation than those from untreated mice. Moreover, human
LDL susceptibility to oxidation was directly prevented by NAM in vitro,
thereby suggesting a direct anti-oxidant effect by this vitamin form.
This mechanism could conceivably contribute to alleviate aortic

inflammation in treated mice.
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