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ARTICLE INFO ABSTRACT

Keywords: Obesity, a chronic state of energy overload, is characterized by adipose tissue dysfunction that is considered to
Obesity be the major driver for obesity associated metabolic complications. The reasons for adipose tissue dysfunction
MiFOChon_dria are incompletely understood, but one potential contributing factor is adipose tissue mitochondrial dysfunction.
Ad‘p?se tissue Derangements of adipose tissue mitochondrial biogenesis and pathways associate with obesity and metabolic
:Jrltyu(I}I\IIS)P-ribose) polymerases diseases. Mitochondria are central organelles in energy metabolism through their role in energy derivation
NAD* through catabolic oxidative reactions. The mitochondrial processes are dependent on the proper NAD*/NADH

redox balance and NAD" is essential for reactions catalyzed by the key regulators of mitochondrial metabolism,
sirtuins (SIRTs) and poly(ADP-ribose) polymerases (PARPs). Notably, obesity is associated with disturbed
adipose tissue NAD" homeostasis and the balance of SIRT and PARP activities. In this review we aim to
summarize existing literature on the maintenance of intracellular NAD* pools and the function of SIRTs and
PARPs in adipose tissue during normal and obese conditions, with the purpose of comprehending their
potential role in mitochondrial derangements and obesity associated metabolic complications. Understanding
the molecular mechanisms that are the root cause of the adipose tissue mitochondrial derangements is crucial
for developing new effective strategies to reverse obesity associated metabolic complications.

1. Introduction

Adipose tissue is the most plastic organ in the body, with an ability
to enlarge and contract several-fold in response to alterations in energy
balance. This process requires fine-tuned regulation of the number of
adipocytes through adipogenesis of new and removal of nonviable cells,
and the size of the existing adipocytes through lipogenesis and lipolysis.
In addition, the other cell types present in adipose tissue namely the
preadipocytes, fibroblasts, endothelial cells and immune cells must
work in concert with the adipocytes to support proper adipose tissue
function and homeostasis. Adipose tissue can be categorized into white
and brown adipose tissue (WAT and BAT, respectively) based on cell
morphology and tissue function. While brown adipocytes have multiple
lipid droplets and are rich in mitochondria, enough to contribute
to their brown color, white adipocytes have a unilocular lipid
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droplet with relative rarefaction of mitochondria and other cytosolic
organelles.

The primary function of WAT is considered to be to buffer whole
body energy balance through lipid handling, whereas BAT is specialized
to produce heat by an energy dissipating process of non-shivering
thermogenesis — both relevant for systemic energy balance home-
ostasis. Moreover, adipose tissue secretes hormones and adipocyto-
kines that affect metabolic health through systemic effects on the
metabolism of other tissues. Adipose tissue needs to continuously
respond to physiological stimuli, such as alterations in energy yield,
fasting and meals (WAT), or cold exposure (BAT). In these responses,
adipose tissue mitochondria are relevant organelles for both the energy
handling and endocrine function [1,2]. Thus it is perhaps not surpris-
ing that activity of adipose tissue mitochondria seems to be especially
important for the maintenance of whole-body metabolic health,
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characterized by high insulin sensitivity, low liver fat, and absence of
low-grade inflammation [3,4].

According to the adipose tissue expandability hypothesis [5,6], the
root cause for ectopic lipid accumulation is the inability of the adipose
tissue to enlarge and handle excess nutrients leading to lipid spill over
to ectopic sites (such as to the liver and muscle) and to the systemic
lipotoxic insults [6]. Interestingly, subsequent studies have demon-
strated that downregulation of mitochondrial pathways in adipose
tissue correlates with hepatic steatosis and insulin resistance [7]. Thus,
mitochondrial dysfunction may be the underlying reason for the
adipose tissue expandability problem. In line with this notion, adipose
tissue derived stem cells from obese individuals have reduced prolif-
erative capacity and loss of viability [8]. As a source of building blocks
for biosynthetic processes and ATP, mitochondrial metabolism is
essential for active adipocyte proliferation and differentiation for tissue
maintenance and expansion [9]. Moreover, earlier global transcrip-
tomics results showed that pathways regulating adipocyte differentia-
tion, together with mitochondrial oxidative metabolism, were signifi-
cantly downregulated in obese adipose tissue [7], especially in the
metabolically unhealthy obese subjects [10]. Thus, loss of mitochon-
drial function may result in reduction of adipogenic capacity and
maintenance of mature adipocytes, which can contribute to cell death,
inflammation and global adipose tissue dysfunction. This mitochon-
drial downregulation may also explain the paradox why adipose cell
differentiation and storage of triglycerides has been proposed to be
hampered in obesity [7,11,12].

Mitochondria are thus key organelles in several fundamental
aspects of adipose tissue physiology. Mitochondrial metabolic pro-
cesses are largely dependent on the NAD*/NADH redox couple, and
the disruption of NAD* homeostasis as well as mitochondrial dysfunc-
tion have been suggested to be major causes for obesity and metabolic
complications. Mitochondrial metabolism is regulated via two NAD*-
dependent enzyme families, sirtuins (SIRTs) and poly(ADP-ribose)
polymerases (PARPs), which have opposing effects on metabolism
[13,14]. Until now, most studies on SIRTs and PARPs have been
performed in nonadipose tissue and mouse models. Less is known
about their functions in adipose tissue or in obesity, especially in
humans. The purpose of this review is to discuss the NAD*/NADH
redox couple dependent mitochondrial pathways in obesity and the
maintenance of adequate NAD* homeostasis in adipose tissue.
Moreover, we will present the current knowledge of SIRTs and
PARPs in adipose tissue and elucidate what is known about their role
in mitochondrial metabolism, obesity and metabolic health.

2. Mitochondrial metabolism and obesity
2.1. Mitochondrion as an organelle

Mitochondria are essential organelles of eukaryotic organisms and
are present in all nucleated mammalian cells. They are double
membrane bound subcellular structures where the membranes line
two distinct compartments: the matrix within the inner membrane and
the intermembrane space between the two membranes. Mitochondria
possess their own genome, mitochondrial DNA (mtDNA), which
encodes for 13 proteins essential for the function of the organelle
and the RNA molecules for their translation. However, as over a 1000
proteins have been found in mitochondria [15], the majority of them
are encoded in the nucleus and the proteins are imported into
mitochondria after synthesis in the cytosol, thus, necessitating a
uniquely coordinated effort of the nuclear mitochondrial genes and
mtDNA encoded genes for proper mitochondrial function.

Mitochondria are highly dynamic structures and their morphology,
which is relevant for function, can vary from fragmented separate
mitochondria to elongated interconnected reticulum depending on the
cell type or tissue and physiological signals [16]. The morphology is
determined by the balance of fusion and fission events mediated by a
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set of dedicated GTPase proteins, namely optic atrophy 1, mitofusin 1
and mitofusin 2 for fusion and dynamin-1-like for fission. Moreover,
mitochondria form functionally relevant and stable contacts with other
subcellular organelles, especially the endoplasmic reticulum. These
contacts with the endoplasmic reticulum have recently been shown to
participate in determination of mitochondrial morphology through
mitochondrial fission [17].

In addition to morphology, mitochondrial mass and activity,
determined by the balance of mitochondrial biogenesis and turnover,
vary greatly between different tissues and in response to physiological
signals. The biogenesis of mitochondria is a tightly regulated process.
Key regulators in coordinating mitochondrial biogenesis and metabo-
lism in response to physiological demand are two co-transcriptional
regulators, peroxisome proliferator-activated receptor gamma coacti-
vator 1l-alpha (PGC-1a) and nuclear receptor co-repressor 1, which
have opposing effects on mitochondrial biogenesis and oxidative
metabolism. While PGC-1a increases mitochondrial biogenesis and
oxidative metabolism during conditions of increased cellular energy
demands, such as exercise and cold exposure, [18-20], nuclear
receptor co-repressor 1 represses mitochondrial biogenesis during
energy excess [21-23]. These regulators affect several transcription
factors, the peroxisome proliferator-activated receptor (PPAR) and
estrogen related receptor families for example, to regulate gene
expression of mitochondrial genes [24].

Less is known about mitochondrial turnover, which is governed by
several processes. Mitochondrial proteins can be degraded through
proteases within the mitochondria and by the proteasome system on
the mitochondrial outer membrane [25,26]. If the proteolytic system is
overwhelmed or mitochondrial proteostasis is otherwise disrupted, a
protective stress response called the mitochondrial unfolded protein
response is triggered. The mitochondrial unfolded protein response
leads to upregulation of mitochondrial chaperones and proteases to
alleviate the stress [27]. Mitochondria can also bud off vesicles
containing proteins destined for degradation in the lysosomes [28].
Furthermore, degradation of entire organelles through macroauto-
phagy (referred to as mitophagy) has been described. During mito-
phagy damaged mitochondria are segregated from the mitochondrial
network and targeted for degradation through a mechanism dependent
on PTEN-induced putative kinase 1 and E3 ubiquitin ligase parkin
proteins [29]. However, the relative contribution of these various
mechanisms to turnover of mitochondria in vivo in different tissues
is at present unclear.

2.2. Mitochondrial metabolism and NAD*/NADH redox reactions

Mitochondria have many important functions in the cell, but given
the scope of this review, we will here focus on their vital role in cellular
energy and metabolic homeostasis. One of the most prominent
mitochondrial functions is oxidative metabolism, in which carbon fuels
from food (carbohydrates, proteins and fats) are catabolized and
converted to ATP, the major cellular energy currency, through mito-
chondrial respiration. ATP is also produced in the cytosol through
glycolysis, but mitochondrial oxidative energy production is more
efficient than anaerobic energy metabolism. Both anaerobic and
aerobic metabolism rely on the NAD*/NADH redox couple for the
production of energy. In these reactions NAD" accepts a hydride ion
(H) from the coupled reactant, reducing NAD" consequently to NADH
and oxidizing the reactant. The role of NAD" in transferring hydrogen
in biochemical reactions was first discovered almost 100 years ago by
Otto Warburg and colleagues [30].

In the cytoplasm, aerobic glycolysis requires two NAD™ molecules to
convert one glucose molecule to pyruvate (Fig. 1) [31]. In this process
glucose is first converted to two glyceraldehyde-3-phosphate molecules
and successively oxidized into 1-3-biphosphoglycerate by glyceralde-
hyde-3-phosphate dehydrogenase. In parallel, glyceraldehyde-3-phos-
phate dehydrogenase reduces NAD* to NADH. Through a few inter-
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Fig. 1. Adipose tissue metabolic and mitochondrial pathways in white (A) and brown (B) adipose tissue. Pyruvate and fatty-acyl-carnitines derived from glycolysis and break-down of
fatty acids, respectively, enter the mitochondria where they are further catabolized to acetyl-CoA by the pyruvate dehydrogenase complex and beta-oxidation. The acetyl-CoA enters the
TCA cycle and the high-energy electrons derived from the TCA cycle are used to power ATP production through oxidative phosphorylation (OXPHOS). Citrate derived from the TCA cycle
is used a precursor for lipogenesis. In white adipose tissue, acetyl-CoA and succinyl-CoA derived from branched chain amino acid (BCAA) catabolism also enter the TCA cycle (A). In
brown adipose tissue, the uncoupling proteins (UCPs) induce thermogenesis by uncoupling mitochondrial respiration from ATP production (B). Pathways downregulated by obesity are
highlighted in blue. CS; citrate synthase, FA; fatty acid, FOXO1; forkhead box O1, GAPDH; glyceraldehyde-3-phosphate dehydrogenase, mtDNA;mitochondrial DNA, PARP; poly(ADP-
ribose) polymerases, PGC-1a; peroxisome proliferator-activated receptor gamma coactivator 1-alpha, PPARy; peroxisome proliferator-activated receptor gamma, PRDM16; PR domain
containing 16, SDH; succinate dehydrogenase, SIRT; sirtuin, TCA; tricarboxylic acid, TF; transcription factor and TG; triglycerides.

mediate steps 1-3-biphosphoglycerate is converted to pyruvate, which is
then directed to mitochondria for aerobic respiration, i.e. glucose
oxidation. In mitochondria, pyruvate undergoes irreversible oxidative
decarboxylation, catalyzed by pyruvate dehydrogenase complex, result-
ing in the formation of acetyl-CoA and the reduction of NAD* to NADH.
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As the mitochondrial inner membrane is impermeable to both NAD*
and NADH, NADH is transferred into the mitochondria via either the
malate-aspartate or the glycerol-3-phosphate shuttles [32].

In addition to glucose oxidation, acetyl-CoA and NADH can be
generated from fatty acids through B-oxidation (Fig. 1) [33]. Fatty acids
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are conjugated with a CoA group in the cytosol, converted to long-chain
acyl carnitine to be transported across the mitochondrial membranes
and converted back to long-chain acyl-CoA, which enters the fatty acid
-oxidation pathway, i.e. degradation of acyl-CoA to acetyl-CoA. One
cycle of B-oxidation is a four-step process during which acetyl-CoA,
NADH, FADH, and new two carbons shorter acyl-CoA are produced.

The acetyl-CoA produced either through glucose oxidation or fatty
acid B-oxidation is directed to the mitochondrial tricarboxylic acid
(TCA) cycle, the final common pathway for oxidation of fuel molecules
(Fig. 1). In the TCA cycle, in concert with other enzymatic reactions
isocitrate dehydrogenase, a-ketoglutarate dehydrogenase and malate
dehydrogenase oxidize their substrates and at the same time reduce
NAD* to NADH [34].

Finally, the high-energy electrons derived from the TCA cycle
carried by NADH and FADH, are sequentially transferred through
the respiratory chain complexes (Fig. 1) [31] and their energy is used to
generate a proton motive force across the inner mitochondrial mem-
brane by coupling the electron transport to pumping of protons across
the inner mitochondrial membrane by complexes I, III and IV. This
electrochemical gradient is utilized by the ATP synthase to generate
ATP in oxidative phosphorylation (OXPHOS). In the respiratory chain,
the oxidation of NADH by complex I yields NAD".

Mitochondria are also central for other metabolic processes. One of
them is catabolism of branched chain amino acids (BCAAs), valine,
leucine and isoleucine. BCAAs are first deaminated to a-ketoacids and
subsequently converted into TCA cycle intermediates acetyl-CoA or
succinyl-CoA through oxidative reactions that yield NADH (Fig. 1A)
[35]. In addition to its role in oxidative metabolism, the TCA cycle is an
essential anabolic pathway providing precursor carbon metabolites for
biosynthetic processes, such as citrate for fatty acid and sterol synth-
esis, and oxaloacetate and a-ketoglutarate for non-essential amino acid
synthesis [31].

Overall, many of the metabolic reactions in mitochondria are
dependent on the NAD*/NADH redox couple. Thus, disruption of the
cellular NAD*/NADH homeostasis has the potential to cause pervasive
disturbances in mitochondrial function and metabolism.

3. Obesity-associated adipose tissue mitochondrial
derangements

3.1. WAT derangements

The relatively low abundance of mitochondria in white adipocytes
has led to the underestimation of their role in WAT. However, quite
recently, the WAT mitochondrial function has gained more interest,
especially after the notion that mitochondrial biogenesis and oxidative
functions are downregulated in human subcutaneous WAT in obesity
[11]. Importantly, downregulation of mitochondrial oxidative path-
ways in obesity was recapitulated in isolated mature adipocytes [36],
showing that despite their assumed primary function as lipid storage,
white adipocytes do have an important oxidative role in regulating the
energy balance. As mentioned before, mitochondrial transcriptional
downregulation in WAT has been closely linked to metabolically
unhealthy obese phenotypes [10] and may thus have an effect on the
development of metabolic disturbances in obesity.

The majority of the data available from mouse and human studies
show that mitochondrial mass is reduced in obese WAT. Mitochondrial
mass in tissues is assessed through analysis of several parameters
including relative mtDNA copy number, protein amount of mitochon-
drial proteins and transmission electron microscopy based evaluation
of mitochondrial area. The copy number of mtDNA is reduced in
genetic mouse models of obesity, human obese diabetic patients, the
heavier co-twin of monozygotic twins discordant for BMI, and corre-
lates inversely with BMI (Fig. 1) [1,7,11,37-39]. A reduction in the
WAT OXPHOS subunit protein amount is also seen in high-fat diet
(HFD) and genetically induced obesity in mice, in the heavier mono-
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zygotic twins compared to their leaner co-twins and in isolated
adipocytes from obese individuals [1,11,36,38,40]. Moreover, a reduc-
tion in mitochondrial size or total area within the adipocytes was
observed by transmission electron microscopy analysis in obese and
obese diabetic mice, respectively [38].

To link changes in mitochondrial mass to biogenesis and turnover, the
gene expression and protein levels of key regulators in these pathways
have been analyzed. In mice, the expression of PGC-1a is reduced in WAT
in both HFD and genetically induced obesity (Fig. 1) [40,41]. Moreover,
PGC-1a expression is diminished in both WAT and isolated adipocytes of
the heavier co-twin of BMI discordant monozygotic twins [11,36] and in
obese diabetic patients [37], indicating a reduced activity of the mito-
chondrial biogenesis program. Data on mitochondrial turnover in obese
WAT are less clear. In HFD induced obese mouse WAT, the protein levels
of mitophagy markers including PTEN-induced putative kinase 1 and E3
ubiquitin ligase parkin are increased, indicating increased mitochondrial
turnover [40]. In contrast, WAT mRNA levels of the same markers
correlate inversely with body weight and positively with insulin sensitivity
in mice [42]. Current data on the mitochondrial unfolded protein
response pathway in obese WAT is also limited, but expression level of
genes in this pathway were decreased in the heavier co-twin of BMI
discordant monozygotic twins [43], and increased by treatment with anti-
diabetic medication in WAT of obese diabetic mice [41].

Transcriptomics analyses of WAT in obesity have consistently
shown a global downregulation of gene expression in pathways related
mitochondrial metabolism and function, such as OXPHOS, fatty acid
beta-oxidation and BCAA catabolism (Fig. 1A), in both mouse models
and humans. In mice, HFD and genetically induced obesity led to
reduction in gene expression in mitochondrial pathways including the
TCA cycle, OXPHOS, fatty acid beta-oxidation and BCAA catabolism in
WAT [41,44,45]. In diabetic obese patients, genes in OXPHOS pathway
were downregulated in both visceral and subcutaneous WAT [46]. In
healthy monozygotic BMI discordant twins, many mitochondrial path-
ways including the TCA cycle, OXPHOS, fatty acid beta-oxidation and
BCAA catabolism are downregulated in the heavier co-twin [7,11], and
the downregulation of OXPHOS and BCAA catabolism is also seen in
isolated adipocytes of the heavier co-twin [36]. Global proteomics
analysis supports the transcriptomics findings of downregulation of
mitochondrial pathways [47,48]. Hence, it seems clear that obesity
leads to a systemic downregulation of mRNA and protein level
expression in mitochondrial pathways in both mice and humans.

The key enzyme of the mitochondrial TCA cycle, citrate synthase
(Fig. 1A), catalyzes the formation of citrate that is used as a precursor
for fatty acid synthesis. The activity of citrate synthase is often used as
a marker for mitochondrial mass, but given the role of this enzyme in
fatty acid metabolism, it is likely that its abundance and activity is
regulated by HFD/obesity and should thus be considered separately.
The activity of citrate synthase is reduced in HFD and genetically
induced obesity mouse models, and it should be noted that mtDNA
copy number was not significantly altered in these models [40,41].
Reduced citrate synthase activity has also been demonstrated in
mitochondria of both subcutaneous and visceral adipocytes of obese
humans [49-51], but no difference in citrate synthase activity in
mitochondria isolated from subcutaneous WAT between lean con-
trols, obese or obese diabetic patients has also been reported [52].
Despite this discrepancy the majority of the existing data support a
reduction of citrate synthase activity in obese WAT in mice and
humans.

The mitochondrial oxidative capacity has also been directly as-
sessed in WAT. A recent study used high-resolution respirometry to
show reduced respiration capacity in mitochondria isolated from both
subcutaneous and visceral adipocytes of several genetically and HFD
induced obesity mouse models, providing strong evidence for impaired
WAT mitochondrial oxidative capacity in obesity (Fig. 1A) [53]. These
results are in agreement with previous studies that showed reduced
oxygen consumption and fatty acid oxidation rate when normalized to
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cell number in white adipocytes isolated from obese mice [38,54].
However, no alterations in basal oxygen consumption levels has been
reported when measured from WAT explants and normalized to tissue
mass [40]. Most human studies show that respiration or enzymatic
activities of the respiratory chain complexes are reduced in isolated
mitochondria from obese subcutaneous adipocytes and adipose tissue
[50,51] or visceral adipocytes [51]. Recent findings examining pre-
adipocytes isolated from mouse and human WAT in cell culture setting
indicate that the obesity-associated defects in mitochondrial respira-
tion persist in cell culture [8].

Overall, the association between mitochondrial abnormalities in WAT
and obesity is strong, but the causal pathogenic relationship and whether
mitochondria are per se defective or if mitochondrial dysfunction is a
reflection of decreased mitochondrial content is uncertain. Based on the
limited number of studies showing impaired mitochondrial respiration in
isolated mitochondria, it appears probable that functional defects intrinsic
to mitochondria are present in obese WAT in addition to decreased
content. Interestingly, acquired obesity associates with impaired mito-
chondrial biogenesis and low mitochondria number in young metaboli-
cally healthy monozygotic obesity-discordant twin pairs [11]. Thus, we
suspect that mitochondrial abnormalities precede the development of
metabolic syndrome in obese subjects.

3.2. BAT derangements

BAT is abundant and active in small rodents and newborn humans
but also in adult humans upon cold exposure [55,56]. Brown adipo-
cytes regulate body temperature via thermogenesis by uncoupling ATP
synthesis from OXPHOS (Fig. 1B), and thus, dissipating energy as heat.
An essential gene for the induction of thermogenic response and
characteristic of brown adipocytes is uncoupling protein 1 (UCP1)
(Fig. 1B). Its transcription is activated by the co-operation of the
transcriptional regulators PGC-1a, PPARy and PR domain containing
16 (Prdm16), which also promote the expression of the fatty acid
oxidation and respiratory complex subunit genes in BAT [57-59].

Obesity is characterized by impaired function, enlargement and
whitening of BAT, as evidenced by several animal and human studies
[60—63]. Impaired function of BAT in obesity has been proposed to be
caused by the rarefaction of vasculature and development of hypoxia
[62]. The impaired BAT function is described by diminished B-
adrenergic signaling, reduction of thermogenesis and the UCP1 protein
amount, decreased mitochondrial content, and impaired respiratory
complex activities (Fig. 1B) [62,64]. This results in the formation of a
large, unilocular lipid droplet in brown adipocytes, and hence, in-
creased brown adipocyte size and expansion of the overall tissue size
giving obese BAT a whitened appearance.

4. The maintenance of NAD* homeostasis in adipose tissue
4.1. Introduction

As discussed in the previous section, obesity is characterized with
derangements of mitochondrial metabolism. As many of the mitochon-
drial enzymatic pathways rely on the redox couple NAD*/NADH, it is
not surprising that obesity was recently noticed to associate with
deteriorated NAD" metabolism in adipose tissue in mice [65-67] and
humans [68,69]. Thus, the preservation of adequate NAD™ homeostasis
is most likely essential for the function of adipose tissue mitochondrial
metabolism and metabolic health. In the next section, we will thus
discuss intracellular NAD* pools, NAD" biosynthesis and consumption
pathways, and potential NAD* boosting strategies in obesity.

4.2. Intracellular NAD" levels and compartmentalization

Total intracellular NAD" levels are normally maintained around
50 pmol/mg tissue in mouse WAT whereas NAD™ levels are markedly
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higher (approximately 100—-500 pmol/mg tissue) in mouse BAT and
other peripheral tissues [70,71]. There are four different subcellular
NAD* compartments inside the mammalian cell: nuclear/cytosolic,
mitochondrial, peroxisomal and endoplasmic reticulum/golgi [72].
Nuclear and cytosolic pools of NAD* are considered to form one
combined pool as NAD* has been suggested to be freely exchangeable
between these two cell compartments. As mitochondrial membrane is
impermeable to NAD*, the mitochondrial and nuclear/cytoplasmic
NAD™ pools are connected via the malate/aspartate and the glycerol-3-
phosphate shuttles [73]. Adequate NAD* homeostasis is maintained in
nuclear/cytosolic and mitochondrial pools by autonomous NAD*
biosynthesis [72,73]. The peroxisomal NAD* pool is possibly preserved
by the import of the NAD* from the cytosol through the carrier protein.
Currently, the role of NAD™" in endoplasmic reticulum and golgi is not
well understood. Of the different subcellular compartments, NAD*
concentration is highest in the mitochondrial compartment which
contains almost 70% of total cellular NAD* [73]. However, this notion
needs to be confirmed when future technical improvements will allow
us to measure NAD" levels in different cell compartments.

4.3. NAD" biosynthesis

Intracellular NAD™ availability is controlled by biosynthesis of
NAD™", which can occur via de novo synthesis from the dietary
derived amino acid tryptophan or salvage pathways (Fig. 2A). As
enzymes involved in the de novo synthesis pathway are not well
expressed in adipose tissue [74], this pathway most likely has a
negligible role in NAD" biosynthesis in adipose tissue in mammals.
Thus, the majority of the NAD" in adipose tissue is synthesized via
salvage pathways, which require the uptake of NAD" precursors
from the diet [74]. Forms of the dietary vitamin B3, niacin (NA),
nicotinamide (NAM) and nicotinamide riboside (NR), can serve as
the NAD" precursor in the salvage pathways (Fig. 2A).
Unfortunately, the preference for the NAD" precursor use in WAT
and BAT has not yet been properly investigated. As BAT is more
metabolically active than WAT, BAT is likely to possess higher
capacity for NAD" biosynthesis than WAT. This notion is supported
by the finding that expression of the key enzymes involved in the
salvage pathways is higher in BAT versus WAT [75].

The NAD" precursor NAM can be derived from the diet but it is
also the end product of several intracellular NAD* degradation
reactions (see next Section 4.4). WAT and BAT most likely recycle
and use intracellularly produced NAM readily for NAD* synthesis. In
the cytosol, NAM is first converted to NAM mononucleotide (NMN)
by the rate-limiting enzyme, NAM phosphoribosyltransferase
(NAMPT) (also known as visfatin) (Fig. 2A). Interestingly, in
addition to an intracellular form of NAMPT, an extracellular
circulating form [76] secreted from both WAT and BAT exists, but
the function of this extracellular form is still unclear. However, it has
been suggested to maintain normal NAD" levels in hypothalamus
[70] and regulate insulin secretion in pancreas [76]. After the rate-
limiting NAMPT step, NMN is converted to NAD* by NMN adeny-
lyltransferases (NMNATSs) (Fig. 2A). There are three NMNAT iso-
forms (NMNAT1-3) with different subcellular distributions in mam-
malian adipose tissue. NMNAT]1 is mainly a nuclear enzyme, while
NMNAT?2 is localized to the golgi complex and cytosol, and NMNAT3
is found in cytosol and mitochondria. Thus, these different NMNAT
isoforms are most likely responsible for modulating cell compart-
ment-specific NAD* pools.

Adipose tissue seems to also utilize NR as a precursor for NAD*
biosynthesis [71]. After entering the cell via equilibrative nucleoside
transporters, NR is converted to NMN in the cytosol by the rate-
limiting enzyme, NR kinase 1 (NRK1) (Fig. 2A) [75]. The subsequent
conversion of NMN to NAD" is catalyzed by NMNATSs (Fig. 2A). NRK1
gene and protein expression is higher in BAT by comparison to WAT
suggesting that NR is more readily metabolized in BAT [75]. This



R. Jokinen et al. Redox Biology 12 (2017) 246—-263

a) Preiss-Handler

pathway
(0]
" oH
7
N
Niacin (NA)
Salvage pathways
NAPRTl o NH
O<NH, 2 0
X Xy NH,
B De novo synthesis o) Ne_- L
o_N_~ — N
» /_g from tryptophan Hoﬁgj; )
o OH HO
NA mononucleotide (NAMN) Nicotinamide Nicotinamide
riboside (NR) (NAM)
NMNAT1-3
(0]
9 _ “ NRK1-2 NAMPT
O T oo, G
0=P-0 i - L
NAD 0 0<_NH,
0 synthase OHOH NH, | NMNATI-3
‘ OHOH NH, 2770 ‘ N -— Q
SN |
N X v
0=P-0 < )N 0=P-0 <N lN/) /~<OJ/N+/
i NN o LO© HO
o O OH
HO
OH OH OH OH
NA adenine dinucleotide (NAAD) NAD* NAM mononucleotide (NMN)

DNA damage, ROS, aging,
&~~~ high-fat feeding, obesity
[— Fasting, weight loss,

PARP inhibitors

Exercise, energy shortage ----p
Aging, high-fat feeding, obesity ——

PARP activity

SIRT activity

Aging, high-fat
feeding, obesity

Exercise, NAM
calorie restriction +
weight IOSS, z_o-acetyl-
AMPK activators ADP-ribose

Fig. 2. Cellular NAD" biosynthesis and consumption processes. (A) NAD* can be synthesized de novo from the amino acid tryptophan and through the salvage pathway from
nicotinamide (NAM) or nicotinamide riboside (NR) or niacin (NA). (B) The competition of SIRTs and PARPs for the same intracellular NAD"* pool in the cell. In addition, effect of
physiological stimuli on cellular NAD* biosynthesis via nicotinamide phosphoribosyltransferase (NAMPT) and the activities of sirtuins (SIRTs) and poly(ADP-ribose) polymerases
(PARPs). AMPK; AMP-activated protein kinase, NRK; nicotinamide riboside kinase, NMNAT; nicotinamide mononucleotide adenylyltransferase, NAPRT; niacin phosphoribosyl-
transferase and ROS; reactive oxygen species.



R. Jokinen et al.

notion is supported by the finding that NR supplementation increased
intracellular NAD* more efficiently in BAT than WAT in wild-type mice
[71]. The other isoform of NRK enzyme, NRK2, is not expressed in
WAT or BAT [75].

The third NAD™ precursor, NA, can be converted to NAD" inside
the cell via the Preiss-Handler pathway in adipose tissue [74] (Fig. 2A).
NA is initially metabolized to form NA mononucleotide (NAMN) in the
reaction catalyzed by NA phosphoribosyltransferase (NAPRT)
(Fig. 2A). This is followed by the conversion of NAMN to NA adenine
dinucleotide (NAAD) by NMNATs. In the final step in this pathway
NAAD is amidated to form NAD* by the NAD synthase in an ATP-
dependent manner (Fig. 2A).

4.4. NAD" consumers SIRTs and PARPS

The intracellular NAD™ levels are also influenced via the action of
several NAD" consumer families such as SIRTs, PARPs and the
NAD" glycohydrolases CD38 and CD157 [77]. All these enzymes
cleave NAD" to produce different ADP-ribosyl products and NAM.
However, in this review we focus on two most studied enzyme
families: SIRTs and PARPs, which are critical regulators of several
distinct cellular processes, such as DNA repair, inflammation, and
differentiation but also have an important role in mitochondrial
metabolism with opposing functions.

SIRTs are regulators that affect their target proteins activities
through protein post-translational modifications such as deacetylation
[14]. The most of the SIRTs transfer an acetyl group from their target
proteins to ADP-ribose moiety of NAD™ to form 2-O-acetyl-ADP-ribose
and NAM (Fig. 2B) [14]. The family comprises of seven proteins
(SIRT1-SIRT7), which vary in tissue specificity, subcellular localiza-
tion, enzymatic activities and targets. Importantly, SIRTs and espe-
cially SIRT1, the most-studied SIRT family member, play an important
role in the regulation of metabolic health by activating mitochondrial
biogenesis and function.

PARPs, the enzyme family of up to 17 members, constitute the
major NAD* consuming activity in the cell [78]. PARP1 is considered
to be the isoform responsible for the main PARP activity (85-90%)
in the cell while PARP2 accounts for the remaining PARP activity.
PARPI1 and PARP2 are ubiquitously expressed in mammalian tissues
and mainly localized in nucleus. PARPs catalyze the reaction in
which ADP-ribose moiety from NAD" is transferred to form
branched poly(ADP-ribose) polymers on their target proteins and
as a side-product NAM is generated (Fig. 2B) [79]. PARPs have an
opposing effect of mitochondrial function than SIRT1. Deletion of
Parpl or pharmacological PARP inhibition improve mitochondrial
function in mice [80,81].

It has been suggested that SIRT1 and PARP1 can interact and
subsequently influence each other's enzyme activities because they
compete for the same intracellular NAD" pool (Fig. 2B) [78].
However, as the K,, of PARP1 for NAD" is many fold lower than
intracellular NAD* levels, SIRT1 activity is unlikely to reduce NAD™*
content to the level limiting for PARP1 activity. Instead, SIRT1 can
reduce PARP1 activity via deacetylation of PARP1 [82]. In contrast
to PARP1, the K, of SIRT1 for NAD" is within the physiological
range of intracellular NAD* concentrations. Therefore, SIRT1 activ-
ity is critically affected by changes in NAD* levels and PARP1 may be
able to dampen SIRT1 activity as its activation can deplete intracel-
lular NAD* pools even by 80-90% [74]. In support of this notion,
genetic deletion of Parpl or pharmacological PARP inhibition
increase intracellular NAD" levels and activates SIRT1 in muscle
and BAT in mice [80,81]. It has been also suggested that PARP1
might inhibit SIRT1 via PARylation but this type of cross-modifica-
tion has not been observed at least in myotubes [80]. Overall, the
SIRT1-PARP1 interaction seems to exist in muscle and BAT but
needs to be studied in more detail in adipose tissue.
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4.5. The effect of physiological conditions and obesity on NAD*
biosynthesis and consumption in adipose tissue

Intracellular NAD" levels fluctuate through the day in response to
various physiological stimuli but normally not more than 2-fold [74].
The regulation of the rate-liming enzyme for conversion of NAM,
NAMPT, is the best studied and understood. Gene and protein
expression of NAMPT shows diurnal oscillation regulated by a core
clock machinery in WAT in mice [83]. In addition, gene and protein
expression of NAMPT can be increased by physiological conditions that
activate AMP-activated protein kinase (AMPK) (Fig. 2B). For example,
exercise, caloric restriction and weight-loss have been shown to
increase expression of NAMPT in WAT (Fig. 2B) [69,84-86]. In
contrast, obesity, high-fat feeding and aging decrease NAMPT in
WAT (Fig. 2B) [43,66-68,87]. The regulation of BAT NAMPT is
currently poorly understood.

The NAD" consumers, SIRTs and PARPs, respond to similar type of
physiological and stress conditions. Energy shortage, such as caloric
restriction, starvation and exercise, activate SIRTs due to an increase in
NAD™ availability (Fig. 2B). In contrast, aging and high-fat feeding
blunt SIRT activity by decreasing NAD" biosynthesis (Fig. 2B). High-
fat feeding, obesity, aging, oxidative stress and DNA damage stimulate
PARPs while fasting suppresses PARP enzymes in peripheral tissues
(Fig. 2B) [80,88]. Moreover, long-term calorie restriction was demon-
strated to lower PARP activity in subcutaneous WAT in obese subjects
(Fig. 2B) [69]. The observation that obesity is characterized with low
adipose tissue NAD" levels [43,66—68,87] has raised an important
question: what are the factors diminishing NAD" levels in adipose
tissue in obesity? One likely factor is that energy or fat excess, such as
HFD-feeding, disturbs WAT NAMPT expression (Fig. 2B) [43,66—
68,87] and stimulates PARP activity (Fig. 2B) [80]. Inflammation and
oxidative stress may also reduce Nampt expression [67] and activate
PARPs [88], but whether this occurs in adipose tissue has not been
investigated. Sedentary life-style may also impair NAD* biosynthesis as
evidence supports the role of exercise in the maintenance of adequate
NAD* homeostasis in adipose tissue [84]. Collectively, deteriorated
NAD* homeostasis in obesity is likely to reflect poor life-style and
dietary habits as well as adipose tissue stress condition.

4.6. Strategies to boost adipose tissue NAD* levels and SIRTI in
obesity

Recent animal studies have demonstrated that NAD" restoration
therapy is a promising approach to activate SIRT1 [67,71]. As SIRT1
activation has been shown to protect against diet-induced weight and
fat gain during HFD [71,89,90], NAD" restoration therapy has recently
emerged as a potential treatment option for obesity [71,89,90]. Cellular
NAD" levels can be restored by stimulating NAD" biosynthesis or by
inhibiting the activity of NAD* consuming enzymes. Currently, the
most commonly tested approach has been the stimulation of NAD*
biosynthesis, which can be achieved either via treatment with pharma-
cological compounds that induce NAD™ biosynthesis enzymes or diet-
ary supplementation of NAD™ precursors, vitamin B3 forms, 5° AMP-
activated protein kinase activators such as resveratrol, AICAR and
metformin have been established to increase mRNA and protein
expression of NAMPT in several tissues (Fig. 2B) [18]. However,
metformin is the only 5’ AMP-activated protein kinase activator
demonstrated to stimulate Nampt gene expression in adipose tissue
so far [87]. PPARa, PPARy and PPARS agonists may also provide a tool
to stimulate WAT Nampt expression [91,92]. Recently, the therapeutic
possibilities of NAD" precursors, have been widely investigated in
different disease models. NR and the NAD" intermediate generated
from NR or NAM, NMN (Fig. 2B), have been observed to efficiently
boost intracellular NAD" levels in BAT [71,75] and WAT [67,93],
respectively, in mice (Fig. 2B). NA and NAM are known to robustly
increase intracellular NAD™ levels in liver [14], but unfortunately their
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effect on adipose tissue NAD" levels have not been examined. NAD™*
precursors are well-tolerated and not associated with severe side-
effects. However, NA is known to cause cutaneous flushing via
GPR109A receptor-activation mediated vasodilatation [94]. As NR
and NMN do not activate GPR109A receptor [71], their use in the
tissue NAD™ restoration therapy is nowadays preferred over NA. Both
of these vitamin B3 metabolites, as water-soluble compounds are
probably safe and cost-effective potential therapy options. However,
long-term data in humans are still mostly lacking.

An attractive NAD" restoration therapy approach is also the
inhibition of main NAD"* consuming enzymes PARPs (Fig. 2B).
Deficiency of Parpl and Parp2 can cause an enormous rise in tissue
NAD™ levels in BAT and muscle [13,80,95]. Development of pharma-
cological pan-PARP [88] inhibitors have opened new avenues for
targeting NAD* consuming enzymes. As expected, PARP inhibitors
have been shown to elevate NAD" levels in multiple tissues such as
muscle and liver [81,96,97], but adipose tissue has not been investi-
gated in these studies. Furthermore, there are no human studies in
which the effect of PARP inhibitor treatment on tissue NAD" levels has
been investigated. Thus, further work is required to evaluate the
efficacy of PARP inhibitors on adipose tissue NAD" levels in mice
and humans. It is also of interest to develop specific PARP1 inhibitors
since Parp2 deletion leads to glucose intolerance due to failure of
pancreatic function in mice [13]. As PARP1 is involved in DNA repair,
further studies are also needed to ensure the safety of chronic
inhibition of this enzyme. However, long-term treatment with pan-
PARP inhibitor was not observed to cause DNA damage in treated mice
[81].

In spite of above mentioned pharmacological approaches, the most
cost-effective therapy options to replenish the adipose tissue NAD*
levels in obesity are diet-induced weight-loss and exercise, as they are
known to activate NAMPT in WAT [69,84] and attenuate PARP
activation in subcutaneous WAT in obese subjects (Fig. 2B) [69].
Notably, lifestyle modifications combined with the vitamin B3 nutri-
tional therapies could be a powerful approach to improve NAD*
metabolism. Several ongoing human clinical trials with NAD" pre-
cursors will reveal their efficacy in humans in the near future.

5. SIRTs and PARPs in adipose tissue function in basal and
obese conditions

5.1. Introduction

The role of NAD*-dependent SIRTs and PARPs in the regulation of
metabolic and mitochondrial functions has been mostly investigated in
tissues considered to be metabolically active, such as muscle and liver,
but less is known about their function in adipose tissue and obesity. In
the following section we aim to review what is known about these two
families in regard to the central functions of WAT and BAT. We provide
an update on the physiological actions of SIRTs and PARPs in adipose
tissue based on the lessons learned from mouse and human studies
(Table 1).

5.2. Expression of SIRTs and PARPs in WAT in basal and obese
conditions

Studies in both rodent models and humans have shown that all
SIRT genes are expressed in WAT and regulated by obesity (Fig. 3). In
rodents, HFD induced obesity decreases the WAT expression level of
Sirt1-4 and Sirt6, whereas acute HFD increases the WAT expression of
Sirt5 [40,98-102]. In contrast, caloric restriction increases Sirtl and
Sirt2 but reduces Sirt4 mRNA and protein level in WAT [85,103-105].
Human studies have similarly shown that SIRTI is expressed in both
subcutaneous and visceral WAT and reduced by obesity [43,69,106—
110]. The expressions of SIRT2, SIRT3 and SIRT5 were reported to be
either reduced [43,69,102], or unaffected in obese subcutaneous WAT
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[108]. For SIRT7 results between different studies have also been
varied: Rappou and colleagues [69] found decreased expression in
obese subcutaneous WAT, whereas no expression difference [43] or
increased expression [108] has also been reported. Caloric restriction
and weight loss induced by gastric band operation increased the
expression of SIRT1, SIRT3 and SIRT6 in subcutaneous WAT in obese
subjects [111], whereas long-term weight loss based on conventional
caloric restriction diet regiment increased the mRNA levels of SIRT1
and SIRT7, but in contrast to gastric banding, SIRT3 expression was
further reduced [69].

PARP expression has been less studied in WAT. Thus, we examined
the mRNA expression of all 17 PARP family members from microarray
data of the lean, metabolically healthy twin of BMI discordant
monozygotic twins from our earlier publication [43] to elucidate
WAT expression of PARP family genes. Expression of 13 out of 17
PARP gene family members was detected in human WAT, with the
expression level of PARPI being the highest (Supplemental Fig. 1).
Recent human studies showed that total PARP activity is elevated in
obesity and is reduced by weight loss (Fig. 3) [43,69].

5.3. The function of SIRTs and PARPs in WAT

5.3.1. Adipogenesis

Adipose tissue is renewed by recruitment of mesenchymal stem
cells to differentiation into adipocytes, adipogenesis. Adipogenesis is
orchestrated by transcriptional program where the master regulator is
Ppary that works in concert with other transcriptional regulators, most
notably the CAAT enhancer binding proteins transcription factor
family to promote adipocyte differentiation (Fig. 1A) [112].
Interestingly, activation of mitochondrial biogenesis program and an
increase of mitochondrial mass and oxidative capacity characterize
adipocyte differentiation, highlighting the importance of mitochondrial
function for adipocytes [113].

Studies with the mouse 3T3-L1 cell line capable of differentiating
into adipocytes have shown that Sirtl inhibits adipogenesis (Fig. 3).
Overexpression of Sirtl reduces gene expression of the adipogenic
transcriptional program and markers of terminal differentiation,
whereas Sirtl knock-down has the opposite effect [114].
Mechanistically Sirtl interacts with Ppary and its co-repressors,
suggesting that Sirtl impairs adipogenesis through inhibiting Ppary
signaling by docking with these co-repressors [114]. In vivo data
confirm Sirtl as a negative regulator of adipogenesis. Adipocyte-
specific Sirtl deletion increased the adipogenic capacity of WAT in
mice in response to chronic HFD as demonstrated by white adipocyte
hyperplasia and hyperacetylation mediated activation of Ppary [115],
and increased WAT mass [101,115] even under normal conditions. In
agreement, mouse embryonic fibroblasts derived from mice homo- or
heterozygous for Sirtl deletion, were shown to possess higher adipo-
genic capacity in cell culture [116,117]. By contrast, treatment with
pharmacological SIRT1 activators decreases WAT mass during HFD
[71,89,90]. Bone marrow derived mesenchymal stem cells with SirtI
deletion have a serious defect in self-renewal and osteoblast differ-
entiation, while adipocyte differentiation was only modestly affected
but adipocytes were smaller containing less lipids [118]. Taken
together these results demonstrate that while Sirtl inhibits adipocyte
differentiation, it is required for maintenance of the mesenchymal stem
cell pool and sustained renewal of WAT in vivo.

Based on studies in cultured adipocytes Sirt2 has a similar
inhibitory effect on adipogenesis as Sirtl; overexpression of Sirt2
inhibits adipogenesis whereas Sirt2 inhibition promotes it (Fig. 3). The
underlying mechanism is suggested to be Sirt2 mediated deacetylation
of forkhead box protein O1, which binds and represses Ppary after
nuclear localization (Fig. 3) [105,119]. However, the effect of Sirt2 on
adipogenesis has not yet been investigated in vivo.

In contrast to Sirtl and Sirt2, Sirt7 appears to be a positive
regulator of adipogenesis (Fig. 3) [120]. Gene expression level of the
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Table 1 (continued)

Reference

BAT phenotype

WAT phenotype

Overall metabolic phenotype

Intervention (length)

Study model

[43]

SIRT1/SIRT3/SIRT5 expression |
SIRT7 expression unaffected

Basal condition Clinically healthy

BMI discordant

monozygotic twins

Correlation (-): SIRT1/SIRTS5 expression and inflammation
Correlation (+): SIRT1/SIRT5 and insulin sensitivity

Correlation (-): SIRT1/SIRT5 and insulin resistance

[110]

SIRT1 expression |

Non-diabetic

Basal condition

Obese

Correlation (+): SIRT1 and adiponectin expression

[111]

Correlation (+): SIRT1/SIRT3/SIRT6 and adiponectin expression

Mixed group of subjects with (10%)/without diabetes

Basal condition

Obese

SIRT1/SIRT3/SIRT6 expression 1

Gastric band surgery

[106]

SIRT1 expression |

Not reported

Basal condition

Obese

[109]

SIRT1 expression |

Clinically healthy

Basal condition

Obese

[102]

SIRT2/SIRT3/SIRT5 expression |

Clinically healthy

Basal condition

Obese
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adipogenic transcriptional program in WAT from mice homozygous for
Sirt7 deletion was reduced, and freshly isolated early adipogenic
precursor cells were diminished in number and had impaired adipo-
genic capacity in culture. Furthermore SIRT7 knockdown in primary
human preadipocytes impaired lipid accumulation and decreased the
number of cells that expressed the terminal adipocyte differentiation
marker fatty acid-binding protein 4 [120]. It has been proposed that
the opposite effects of Sirtl and Sirt7 on adipogenesis could be
mediated by direct inhibition of Sirtl by Sirt7 [121]. However, SIRT7
has been reported to either behave similarly to SIRT1 and be down-
regulated [69], or in an opposite manner and be upregulated [108] in
obese by comparison to lean subjects in humans. Thus, further
research is required to clarify whether SIRT7 truly has opposing effects
on adipogenesis as SIRT1.

Parpl and Parp2 have been shown to promote adipogenesis in cell
lines and in vivo (Fig. 3). Parp activity increases during adipogenesis
and lentiviral Parpl knockdown or Parp inhibition in 3T3-L1 cells
impairs adipogenic differentiation through reduced gene expression of
Ppary and Ppary responsive adipogenic genes [122]. Parpl deletion in
mice leads to morphologically abnormal WAT with small adipocytes
upon HFD and preadipocytes isolated from these mice exhibit impaired
capacity for adipogenic differentiation in culture [123]. In agreement,
Parp inhibition during HFD leads to small adipocyte morphology
similar to Parpl deletion in mice and is associated with reduced gene
expression level of Ppary target genes in WAT [124]. Mechanistically
Parpl was shown to associate with Ppary responsive promoters and
enhance Ppary ligand binding, which mediates co-activator and co-
repressor exchange in a poly(ADP-ribosyl)ation dependent manner
(Fig. 1A) [124]. Similarly to Parpl, Parp2 deletion in mice resulted in
small and irregular adipocyte morphology and reduced gene expression
Ppary target genes, even under unchallenged conditions [125]. In
agreement, differentiation of mouse embryonic fibroblasts with Parp2
deletion into adipocytes was impaired in culture [125]. Mechanistically
Parp2 seems to directly interact with Ppary on the chromatin and
increase Ppary-driven gene expression. In humans, the effect of PARPs
on adipogenesis has not yet been studied. However, recent study
demonstrated that WAT PARP activity correlates positively with fat
mass in humans [69], which may in part reflect the capability of PARPs
to promote adipogenic capacity.

5.3.2. Lipid homeostasis

WAT lipid homeostasis is determined by lipid synthesis, storage
and utilization through lipolysis and mitochondrial fatty acid -
oxidation. Based on current evidence SIRTs regulate lipid homeostasis
in WAT, but to our knowledge the role of PARPs has not been
investigated.

The majority of in vitro and vivo data indicate that Sirt1 regulates
adipocyte lipolysis (Fig. 3). Pharmacological Sirtl activation increased
lipolysis and fatty acid release from rodent adipocytes in culture under
basal and B-adrenergic stimulated conditions, whereas Sirt1 inhibition
had the opposite effect [114]. In agreement, heterozygous loss of Sirtl
decreases plasma free fatty acid concentrations in mice through a
reduction of -adrenergic mediated fatty acid release from adipocytes
[114]. Adipocyte specific overexpression of human SIRTI in mice
increases basal lipolytic rate and the expression level of adipose
triglyceride lipase, a key enzyme in the lipolytic pathway [126].
However, in another Sirtl overexpression model, WAT lipolysis rate
was unaffected [127]. Mechanistic studies in cultured adipocytes have
indicated that Sirt]l promotes lipolysis via deacetylation and activation
of forkhead box protein O1, which in turn stimulates the expression of
adipose triglyceride lipase [128]. SIRT1 may also have an effect on
adipocyte fatty acid -oxidation as a trend for increased WAT fatty acid
-oxidation was observed in SIRTI overexpressing mice (Fig. 3), but
these results did not reach statistical significance [126]. Similar to
Sirtl, Sirt2 overexpression also promoted basal and insulin stimulated
lipolysis [105] and increased fatty acid oxidation in 3T3-L1 differen-
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tiated adipocytes, while Sirt2 knock down impaired fatty acid oxidation
(Fig. 3) [102]. Further research is required to investigate the role of
Sirt2 in WAT lipolysis and fat oxidation in vivo.

SIRTs are also involved in the regulation of lipogenesis in mouse
WAT. Genetic or pharmacological Sirtl activation reduces the rate-
limiting enzyme in de novo lipogenesis, acetyl-CoA carboxylase, and
expression of genes in the lipogenic pathway in mice or a human
preadipocyte line, respectively [126,129]. Therefore, based on these
studies, Sirtl appears to inhibit lipogenesis in WAT (Fig. 3). In
contrast, deletion of the mitochondrial Sirt4 decreased lipogenesis in
freshly isolated adipocytes and WAT (Fig. 3) [104]. This finding can be
explained by the dual role of Sirt4 in the regulation of fat catabolism
and anabolism. In fed state Sirt4 promotes lipid synthesis by deacety-
lating and inactivating the malonyl-CoA decarboxylase, which increases
the amount of malonyl-CoA, the metabolite that represses lipid
oxidation [130]. During fasting WAT Sirt4 expression reduces leading
to an activation of malonyl-CoA carboxylase and lipid oxidation. Sirt6
has also been implicated in the control of lipogenesis. Sirt6 may act as a
negative regulator of lipid triglyceride synthesis based on transcrip-
tional changes in WAT of Sirt6 overexpressing mice during HFD
(Fig. 3). Notably, the expression levels of Ppary responsive lipid
metabolism genes and diacylglycerol acyltransferases, key enzymes in
triglyceride synthesis, were significantly downregulated in the Sirt6
overexpressing mice in comparison with controls [131].

5.3.3. OXPHOS

SIRTs are described as regulators of mitochondrial respiration and
oxidative metabolism in non-adipose tissues [14], but their role in WAT
respiration during basal conditions or obesity is poorly investigated.
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Fasting has been shown to induce both SirtI expression and increase in
mitochondrial function assessed as mtDNA copy number, expression of
OXPHOS genes and mitochondrial respiration capacity in WAT [100].
Moreover, pharmacological activation of Sirt1 protects from HFD induced
obesity [71,89,90], which may in part be explained by upregulation of
genes involved in oxidative metabolism (such as PGC-1a) in WAT along
with non-adipose tissues and inhibition of adipogenesis [89]. In contrast,
Sirt] overexpression in mice did not affect mitochondrial respiration
capacity determined by high-resolution respirometry or OXPHOS
complex subunit protein amount in mouse WAT during unchallenged
conditions or caloric restriction [127,132]. However, it is worth noting
that the caloric restriction employed in this study, every other day feeding,
did not induce an increase in Sirtl expression in WAT in wild type mice.
Therefore, further research is needed to clarify the role of SIRTs in
regulation of WAT mitochondrial respiration under basal conditions and
during metabolic challenges such as obesity or fasting. Studies examining
the role of PARPs on WAT respiration are at present lacking.

5.3.4. WAT inflammation and cytokine secretion

WAT inflammation is a key characteristic of obesity and is
considered to contribute to obesity related pathologies. Current in
vitro and in vivo data support an anti-inflammatory role for Sirtl in
WAT (Fig. 3). In 3T3-L1 adipocytes genetic or pharmacological SirtI
inhibition increased the expression of inflammatory cytokines upon
tumor necrosis factor 1 alpha stimulation, whereas Sirt] activation had
the opposite effect [133]. In agreement, genetic or antisense
oligonucleotide mediated SirtI deficiency in rodents leads to elevated
inflammation characterized by increased macrophage infiltration and

In obesity
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Fig. 3. Adipose tissue pathways regulated by sirtuins (SIRTs) and poly(ADP-ribose) polymerases (PARPs) based on current literature in mouse models, adipocyte cell lines and human
studies. The effect of obesity on white and brown adipose tissue NAD™" levels and expression levels of SIRTs, PARPs and NAD" biosynthesis gene nicotinamide phosphoribosyltransferase
(NAMPT) are also shown in separate boxes next to both tissues. Arrows indicate increased (1), decreased (]) or unchanged (-) pathway activity/gene expression level. OXPHOS;

oxidative phosphorylation.
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mRNA expression of inflammatory cytokines in WAT under normal
[107] and HFD conditions [101,115,117,134]. However, during long-
term HFD adipocyte specific SirtI deletion reduced WAT inflammation
in contrast to the other findings [115]. Consistent with a role for Sirt1l
in repressing inflammation, overexpression of Sirtl reduced WAT
macrophage infiltration and nuclear factor kappa B and tumor
necrosis factor 1 alpha signaling during HFD [107]. In humans, WAT
SIRT] expression levels correlate inversely to markers of inflammation
in obese subjects [43,69,107]. Notably, as mentioned earlier, obesity
reduces expression of SIRT1 in WAT both in mouse and humans. This
can be likely explained by the finding that caspase-1, activated by the
inflammasome, promotes Sirtl degradation [101]. Therefore,
inflammation and reduced Sirtl amount appeared to be associated
with obesity and could contribute to WAT dysfunction.

The role of other SIRTs and Parps in WAT inflammation has been
poorly investigated. In humans, WAT SIRT5 expression levels correlate
inversely to markers of inflammation (Fig. 3) [43]. Deletion of Sirt7 in
mice reduced WAT inflammatory gene expression during HFD (Fig. 3)
[135], providing another piece of evidence for the opposite functions of
Sirtl and Sirt7 in WAT as discussed in relation to adipogenesis.
Similarly, Parps may play a role in promoting WAT inflammation as
Parpl deletion or Parp inhibitor treatment reduced interleukin-6 and
other inflammatory gene expression levels (Fig. 3) [123,124].

5.3.5. Adipokine secretion

Adipose tissue affects other tissues involved in systemic energy
homeostasis through secretion of adipokines, most notably the satiety
hormone leptin and the insulin sensitizer adiponectin. Mitochondrial
function has been tied to adipokine secretion through studies in
cultured adipocytes showing that inhibition of mitochondrial function
reduces while activation increases the production and secretion of
adiponectin [1,2]. Obesity is characterized by increased leptin and
decreased adiponectin levels.

Initial studies with 3T3-L1 adipocytes were inconclusive in regard
to the role of Sirt1 in the regulation of adiponectin. Qiao and colleagues
showed that Sirt]l promotes adiponectin expression through deacetyla-
tion of forkhead boxO1, which facilitates the transcription factor CAAT
enhancer binding protein alpha binding to the adiponectin promoter
[136]. In contrast, Qiang and colleagues showed that Sirtl inhibits
adiponectin secretion [137]. However, based on in vivo studies Sirt1 is
a positive regulator of adiponectin production and secretion (Fig. 3).
Genetic Sirt] deficiency leads to decreased circulating adiponectin level
and gene expression in WAT during HFD whereas circulating leptin
levels were either increased [101] or unaffected [138] by Sirtl
depletion. SIRT1 activation has the opposite effect increasing mRNA
and circulating levels of adiponectin upon aging or HFD [138,139], but
in contrast SIRT1 activation decreased circulating adiponectin level in
unchallenged conditions [140]. Sirt7 deletion reduced plasma leptin
during HFD, whereas adiponectin level was not affected (Fig. 3) [135].
In obese patients expression levels of WAT SIRTI [110,111], SIRT3
and SIRT6 [111] correlate positively to the expression of adiponectin
and its receptor (Fig. 3).

5.3.6. Systemic glucose homeostasis

Systemic glucose homeostasis is determined by the intricate
interplay of different tissues participating in glucose metabolism.
Loss of WAT Sirtl during aging or short to intermediate HFD in
mice leads exacerbated insulin resistance and glucose intolerance
(Fig. 3) [101,115]. Overexpression of human SIRTI in adipose
tissue during aging has the opposite effect and delays the
development of insulin resistance and glucose intolerance [126].
In humans, WAT SIRT1 and SIRT5 correlate positively with insulin
sensitivity (Fig. 3) [43,69]. Overall, WAT Sirtl appears to be a
modifier of glucose homeostasis especially in challenged conditions
such as HFD or aging. The whole-body Parpl deletion as well as
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pharmacological inhibition of Parps have been shown to improve
glucose homeostasis [13,80,81] but the role of WAT PARP activity
and other SIRTs in glucose homeostasis remains to be investigated
by future studies.

5.4. SIRT and PARP expression in BAT

All seven members of mammalian SIRT family are expressed in BAT.
The expression levels of Sirt2, Sirt4 and Sirt6 are comparable to that seen
in WAT whereas levels of Sirt] and Sirt7 are lower and levels of Sirt3 and
Sirt5 higher in BAT by comparison to WAT [141]. Calorie restriction and
short-term food deprivation as well as cold exposure increase the
expression of Sirtl, Sirt2 and Sirt3 in BAT [105,141-144]. The knowl-
edge of factors affecting the expression of other SIRTs in BAT is currently
very restricted as well as SIRT expression in human BAT. The effect of
obesity on BAT Sirt expression has remained obscure.

Out of the 17 members of PARP family, ParpI-12 and Parpl6 have
been shown to be expressed in BAT in mice, the expression level of
Parp5b/Tnks2 (tankyrase 2) being the highest [80]. However, it is not
known how physiological stimuli related changes in cellular energy
demand or metabolic state affects the expression level of Parps in BAT
and how PARPs are expressed in human BAT.

5.5. The function of SIRTs and PARPs in BAT

5.5.1. SIRTs and brown adipocyte differentiation

The acquisition of brown adipocyte phenotype depends on the
coordinated action of transcriptional co-regulators PGC-la PPARy and
Prdm16. See chapter 3 for details. A limited number of studies have been
conducted to investigate the role of SIRTs in brown adipocyte
differentiation. Boutant and colleagues [127], showed that the
differentiation capacity of immortalized brown preadipocytes isolated
from homozygous Sirtl overexpressing mice is similar to that of wild-
type cells. In contrast, Sirt3 has been shown to participate in PGC-1a
mediated activation of BAT-specific thermogenic response in differentiating
primary brown adipocytes [141,145]. In agreement, PGC-1a was not able
to fully induce the expression of thermogenic genes in response to [3-
adrenergic stimuli in Sirt3 deficient brown adipocytes [146]. Thus, of the
SIRTs, Sirt3 seems to be required for the differentiation of brown
adipocytes (Fig. 3). The role of Parps in the brown adipocyte
differentiation is not yet understood.

5.5.2. Browning of WAT

Thermogenic adipocytes are not exclusive to BAT but also adipocytes
in WAT can gain thermogenic capacity through browning in response
to various stimuli, at least in rodents [147]. These cells, called beige or
brite adipocytes, show comparable amounts of UCP-1 to brown
adipocytes when stimulated. Activation of PGC-la, PPARy and
Prdm16 in white adipocytes also drives them towards brown
adipocyte phenotype by enhancing brown adipocyte characteristics.

Sirt] has been shown to be an important factor in facilitating

browning of WAT by mediating Prdm16 driven activation of thermo-
genic program in white adipocytes (Figs. 1 and 3). SIRT1 deacetylates
PPARy which leads to recruitment of coactivator Prdm16 and con-
comitant clearance of the nuclear co-repressor 1 from the PPARy
complex, and thus, induction of thermogenic genes [148]. Qiang and
colleagues [148] showed that Sirtl promotes browning of white
adipocytes in vivo in response to cold exposure but not under basal
conditions in different models of increased Sirt1 activity. Deficiency of
Sirt1 has the opposite effect and results in lower levels of BAT markers
in subcutaneous WAT in mice [138,148]. Currently, there are no
studies available of the role of other SIRTs or PARPs in WAT browning.
These processes in humans are also unclear.
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5.5.3. Whitening of BAT in obesity

Whitening of BAT results from mitochondrial dysfunction.
Therefore, as an important regulator of cellular energy homeostasis
and mitochondrial biogenesis, SIRT1 has the potential to regulate BAT
whitening. Indeed, while Sirtl gain-of-function models lead to
browning of white adipocytes (see above), Sirtl deficiency in BAT is
related to whitening of the tissue (Fig. 3). Sirtl deficiency in mice
results in accumulation of lipid droplets as well as in reduction of
mitochondrial content and respiratory chain complex subunit
abundance in brown adipocytes upon HFD [138]. Moreover, adipose
tissue specific Sirt1 deletion increases the weight of BAT by increasing
its adiposity [101]. Mechanistically SIRT1 has also been shown to
control the angiogenic activity of endothelial cells [149], and thus, it
remains to be clarified whether Sirtl deficiency mediates BAT
whitening through affecting vasculature of BAT, mitochondrial
metabolism of brown adipocytes, or both. As a whole, it seems clear
that SIRT1 is needed for the proper function of BAT. The role of other
SIRTs and Parps in whitening of BAT has been poorly investigated and
their role remains to be elucidated by future research.

5.5.4. Mitochondrial biogenesis and OXPHOS

Among the key factors activating BAT mitochondrial biogenesis and
OXPHOS are cofactors PGC-la and PGC-1f [59]. Genetic and
pharmacological activation of Sirtl have been shown to increase
expression and/or activity of PGC-1a and OXPHOS genes in BAT in
mice but unexpectedly this has not been translated into higher
mitochondrial content in most of the studies [71,89,90,127]. Of the
other SIRTs, SIRT3 has been suggested to play a role in the stimulation
of OXPHOS in BAT as it deacetylates and activates subunits of the
respiratory chain complex IV subunits as well as activates complex II
(SDH) [141,150]. The most potent activator of BAT mitochondrial
biogenesis and OXPHOS has been shown to be Parpl. Deletion of
Parpl activates both PGC-1a activity and mitochondrial biogenesis,
but also OXPHOS in BAT [80]. Surprisingly, deletion of Parp2 does not
influence PGC-la expression and mitochondrial biogenesis in BAT
despite of increased SIRT1 content [13]. Thus, it can be speculated that
maybe additional mediators, such as PGC-1f, are required in addition
to PGC-1a and SIRT1 for the activation of mitochondrial biogenesis in
some situations. In summary, SIRT1 activation likely has beneficial
impacts on BAT OXPHOS while Parpl may dampen both
mitochondrial biogenesis and OXPHOS in BAT (Fig. 3).

5.5.5. Fatty acid oxidation

SIRTs have been shown to be involved in the control of BAT fatty
acid oxidation, which is the main energy production pathway in this
tissue. Pharmacological activation of SIRT1 enhances expression of the
fatty acid oxidation promoting gene, PPARq, in BAT [90]. Moreover,
overexpression of Sirtl leads to a strong induction of the genes
involved in fatty acid B-oxidation in BAT via activation of UCP-1,
PPARaq, forkhead box O1 and forkhead box O3 [127]. It has been also
suggested that SIRT1 activation may mediate its stimulatory effect on
fatty acid oxidation in brown adipocytes by enhancing the
transcriptional response to 3-adrenergic stimuli. Of the other SIRTs,
SIRT3 may enhance fatty acid oxidation by deacetylating and activating
the long-chain acyl coenzyme A dehydrogenase [142] in BAT [151].
Indeed, fatty-acid oxidation is decreased upon fasting in BAT as well as
in other peripheral tissues of Sirt3 deficient mice [142]. Parpl may
also play a role in regulating BAT fatty acid oxidation as whole-body
Parpl deletion increases the expression of medium-chain acyl-CoA
dehydrogenase gene probably via activation of SIRT1 (Fig. 3) [80].
Overall, in the light of current data Sirtl and Sirt3 enhance whereas
Parpl possibly inhibits fatty acid oxidation of brown adipocytes
(Fig. 3), while the potential role of other SIRTs or Parps has not
been investigated.
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5.5.6. Thermogenesis and systemic glucose homeostasis

Cold-activation increases BAT thermogenesis with concomitant
increase in glucose uptake and utilization, thus, subsequently
improving overall glucose metabolism of an organism [152,153].
Genetic and pharmacological activation of SIRT1 have been
consistently shown to increase BAT thermogenesis and improve
systemic glucose tolerance in mice [71,89,90,127,154]. In agreement,
Sirtl deficiency in mice has the opposite effect and results in
diminished cold tolerance and exacerbated glucose intolerance and
insulin resistance in response to HFD [138]. Sirt3 has also been
suggested to play a role in adaptive thermogenesis. Sirt3 deficient mice
exhibit cold intolerance and impaired glucose metabolism during
simultaneous fasting and cold exposure [142]. Furthermore,
overexpression of Sirt3 in HIB1B brown adipocytes enhances the
expression of thermogenic genes. However, due to the lack of Sirt3
overexpression mouse model it remains to be clarified whether
activation of Sirt3 can lead to beneficial effects on systemic glucose
metabolism. The role of SIRT6 in thermogenesis is not well understood
but Sirt6 deficient mice exhibit drastic hypoglycemia due to increased
BAT uptake of glucose [155]. In contrast, Sirt7 deficient mice show
increased body temperature and increased expression of thermogenic
genes in BAT along with enhanced glucose tolerance [135]. At present
the role of other SIRTs in BAT in systemic glucose homeostasis is not
known. Nevertheless, based on current data, BAT SIRT1, SIRT3 and
SIRT7 potentially participate in the control of overall glucose
homeostasis through thermogenesis (Fig. 3).

Parpl deficiency leads to similar beneficial effects on cold tolerance
and glucose metabolism as SIRT1 activation models (Fig. 3) [80],
whereas Parp2 deletion does not affect adaptive thermogenesis of BAT
[13] despite increased SIRT1 activity in BAT in both models. The role
of other Parps on activation of BAT thermogenesis and glucose
metabolism has not been investigated. Like mentioned earlier whole
body deletion of Parpl and PARP inhibition improve whole body
glucose homeostasis [13,80,81] but as there are no BAT specific models
for Parps available, it is difficult to estimate their role in the regulation
of BAT and whole body glucose metabolism conclusively.

6. Conclusions

Based on the current knowledge reviewed here we are for the very
first time closer to understanding what is the complex mechanism
behind obesity-associated adipose tissue dysfunction; the key driver for
metabolic complications. It has recently become evident that adipose
tissue dysfunction is tightly associated with mitochondrial derange-
ments and disturbed NAD* homeostasis. This implies that the main-
tenance of NAD" intracellular levels and mitochondrial function is
required for adipose tissue health. Mitochondrial metabolism is
regulated by two NAD*-consuming enzyme families, SIRTs and
PARPs, which sense energy and stress status of the cell and translate
this information to mitochondria with opposing effects on adipose
tissue metabolism. These two enzyme families are relevant for myriad
aspects of adipose tissue function and metabolic health. Obesity
interferes with the balance of SIRT and PARP activities in adipose
tissue, which may be one of the underlying causes for the adipose tissue
mitochondrial dysfunction and adverse metabolic health complications
associated with obesity.

In WAT SIRT1 is by far the most studied member of the SIRT
family. It appears to be involved in the regulation of several adipose
tissue processes such as adipogenesis, lipid homeostasis, inflammation,
adipokine secretion and the influence on systemic glucose homeostasis.
In general, SIRT1 promotes healthy adipose tissue function and
preserves systemic metabolic health. In the coming years, further
research is needed to elucidate and confirm the role of other SIRTSs
in WAT function. The impact of PARPs on adipose tissue health has
been less investigated and so far, the information is mainly limited to
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Parpl and Parp2. Collectively, Parpl and Parp2 seem to promote
adipogenesis and inflammation in WAT. However, we need to inves-
tigate whether other PARP family members also have important
functions in adipose tissue. Currently, another caveat in the research
field is the lack of understanding how SIRTs and PARPs affect WAT
mitochondrial function. Therefore, further research should focus on
elucidating their potential crosstalk in WAT in the regulation of
mitochondrial metabolism during normal and obese conditions. This
could solve the still open question whether the opposing effects of
SIRTs and PARPs on metabolic health are mediated by alterations in
WAT mitochondrial function.

In BAT, an antagonistic crosstalk of SIRTs and PARPs in the
regulation of mitochondrial metabolism has been observed in different
mouse models. Sirtl and Sirt3 seem to increase mitochondrial thermo-
genesis with concomitant activation of OXPHOS and fatty acid beta-
oxidation, and improvement of systemic glucose metabolism while
Parp1 has the opposite effect on BAT mitochondrial pathways. What is
lacking in the research field, however, are studies using tissue-specific
loss-of-function and gain-of-function approaches in mice to clarify the
role of SIRTs and PARPs in the BAT metabolic health. Despite recent
improvements in the understanding of SIRTs and PARPs mitochon-
drial functions in BAT in mice, their biology and the effect on
mitochondrial metabolism in humans has remained obscure. Thus,
new methods and techniques to study human BAT metabolism are
welcomed.

Increasing tissue level SIRT activity through boosting intracellular
NAD" levels either by stimulating NAD* synthesis with vitamin B3
derived NAD™ precursors or inhibiting PARPs is currently a focus of
intensive research as a potential treatment for obesity and associated
metabolic complications. However, improving adipose tissue metabolic
health through NAD" restoration therapy will require further under-
standing of efficacies of different NAD* boosters in increasing the
intracellular NAD" levels, SIRT activity and mitochondrial function in
WAT. Importantly, future studies with NAD* boosters should strive to
target WAT and/or BAT in mouse models and humans, as systemic
metabolic health is likely to be dependent on the concerted effort of
both adipose tissues. As NAD* precursors, vitamin B3 forms are water-
soluble vitamins, they are considered to be safe and cost-effective
potential therapy options. In the coming years, new vitamin B3 based
nutritional therapies to activate SIRTs may be developed, not only for
treatment of obesity and associated metabolic complications, but also
for disease prevention and health maintenance.
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