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Summary

Nicotinamide adenine dinucleotide (NAD™) biosynthetic pathway, mediated by nicotinamide
phosphoribosyltransferase (NAMPT), a key NAD* biosynthetic enzyme, plays a pivotal role in
controlling many biological processes, such as metabolism, circadian rhythm, inflammation, and
aging. Over the past decade, NAMPT-mediated NAD* biosynthesis, together with its key
downstream mediator, namely the NAD*-dependent protein deacetylase SIRT1, has been
demonstrated to regulate glucose and lipid metabolism in a tissue-dependent manner. These
discoveries have provided novel mechanistic and therapeutic insights into obesity and its
metabolic complications, such as insulin resistance, an important risk factor for developing type 2
diabetes and cardiovascular disease. This review will focus on the importance of adipose tissue
NAMPT-mediated NAD* biosynthesis and SIRT1 in the pathophysiology of obesity and insulin
resistance. We will also critically explore translational and clinical aspects of adipose tissue NAD*
biology.
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Introduction

The current epidemic of obesity, which is largely driven by our modern lifestyle, crucial
features of which are excess calorie intake and insufficient physical activity, has already
imposed a substantial economic burden on health systems worldwide, and this situation is
projected worsen [1,2]. Obesity is characterized by the pathological expansion of adipose
tissue, and adipose tissue dysfunction that involves dysregulated production of adipose
tissue-secreted proteins (adipokines) and lipids, low-grade inflammation, and accumulation
of extracellular matrix (ECM) [3-6]. Insulin resistance is an important systemic metabolic
abnormality tightly associated with obesity. Insulin-resistant individuals demonstrate
impaired ability of insulin to: i) stimulate glucose uptake in skeletal muscle; ii) suppress
glucose production in the liver; and iii) suppress hydrolysis of triglycerides into fatty acids
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in adipose tissue. Thus, insulin resistance is critically involved in the pathogenesis of many
cardiometabolic diseases, such as type 2 diabetes, atherogenic dyslipidemia, metabolic
syndrome, nonalcoholic fatty liver disease (NAFLD), and coronary heart disease [4,7-9].
Intriguingly, accumulating evidence has demonstrated that insulin sensitivity can be
dynamically modulated by the alterations in nutritional input and these metabolic
adaptations are accompanied by dynamic response of adipose tissue that involves not only
quantity but also quality alterations. For example, a very recent and elegant study conducted
in people with obesity and insulin resistance shows that diet-induced moderate 5% weight
loss is sufficient to reduce intra-abdominal adipose tissue mass as well as intrahepatic
triglyceride contents, and improve insulin sensitivity in liver, skeletal muscle, and adipose
tissue [10]. Additional weight loss of 11-16% induces stepwise changes in adipose tissue
mass as well as adipose tissue expression of genes involved in lipid metabolism, ECM
remodeling, and oxidative stress, and further increases skeletal muscle insulin sensitivity. In
contrast, short-term overfeeding increases adipose tissue mass and deteriorates multi-organ
insulin sensitivity with concomitant increase in adipose tissue markers of oxidative stress
and ECM remodeling [11-13]. Although it is very difficult to address causality of these
fascinating associations, these findings lend support to the hypothesis that adipose tissue
plays a pivotal role in the pathophysiology of obesity and multi-organ insulin resistance and
thereby it could be an important therapeutic target. Supporting these hypotheses, recent data
obtained from the studies conducted in genetically engineered animals have shed light on the
extraordinary capability of adipose tissue to critically regulate whole-body glucose and lipid
metabolism, particularly insulin sensitivity [3—6]. As discussed below, we have recently
identified classical coenzyme nicotinamide adenine dinucleotide (NAD™) as a new
physiological regulator of adipose tissue function and multi-organ insulin sensitivity,
providing important mechanistic and therapeutic insights into obesity-associated multi-organ
insulin resistance [14]. The overall purpose of this review is to explore the
pathophysiological significance and therapeutic potential of adipose tissue NAD™* biology in
obesity and insulin resistance. First, we will summarize recent progress in NAD* biology
research and highlight our recent work regarding the novel role of adipose NAD™"
biosynthesis in regulating whole body glucose metabolism and multi-organ insulin
sensitivity. Second, we will discuss the importance of a key downstream mediator of the
NAD™ biosynthetic pathway, namely the NAD* dependent protein deacetylase SIRT1, in
adipocyte biology and obesity. Finally, we will explore clinical aspects and translational
potential of these experimental findings.

Impaired NAMPT-mediated NAD* biosynthesis in adipocytes: A novel
mechanism for obesity-associated multi-organ insulin resistance

How is NAD* biosynthesized in mammals?

NAD™ is a universal and essential coenzyme found in all species. Intracellular NAD*
homeostasis is dynamically regulated by a balance between synthesis and degradation of
NAD* mediated by multiple enzymatic reactions [15-18]. NAD™* biosynthetic pathways
involve four major precursors, nicotinamide and nicotinic acid (two distinctive forms of
vitamin Bg), tryptophan, and nicotinamide riboside (NR) (Figure 1). Among them, mammals
predominantly use nicotinamide and nicotinamide phosphoribosyltransferase (NAMPT), a
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dimeric type Il phosphoribosyltransferase, functions as the rate-limiting enzyme in this
NAD™ salvage pathway starting from nicotinamide [19,20]. NAMPT generates a key NAD*
intermediate, nicotinamide mononucleotide (NMN), from nicotinamide and 5-
phosphoribosyl 1-pyrophosphate (PRPP). The second enzyme nicotinamide/nicotinic acid
mononucleotide adenylyltransferase (NMNAT) catalyzes the conversion of NMN to NAD*
in the presence of ATP. Mammals have three NMNAT isoforms (NMNAT-1, NMNAT-2 and
NMNAT-3), located in the nucleus, cytosol, and mitochondria, respectively. NR, a newly
identified NAD™ precursor, is phosphorylated and converted into NMN by nicotinamide
riboside kinase. Nicotinic acid, a key NAD* precursor in the classical Preiss-Handler
pathway, is used by nicotinic acid phosphoribosyltransferase (NAPRT) to produce nicotinic
acid mononucleotide (NaMN). NaMN is converted into nicotinic acid dinucleotide (NaAD™)
by NMNAT and NaAD™ is then amidated to NAD™ by NAD* synthase. NAD* is also
synthesized de novo by multiple enzymatic steps starting from tryptophan. As discussed
below, emerging evidence has demonstrated that NAD* acts not only as a classical redox
cofactor but also as a pleiotropic regulator controlling various important biological processes
together with these NAD*-consuming enzymes [15-18,21-23]. In this section, we will
primarily focus on the recent progress in the understanding of the pathophysiological
significance of the key NAD* biosynthetic enzyme, NAMPT, in metabolic regulation.

NAMPT-mediated NAD" biosynthesis plays diverse roles in metabolic regulation

Global knockout of Mamptin mice results in lethality in homozygotes, but, interestingly,
heterozygotes have impaired glucose tolerance [24]. Recent studies have revealed that the
NAD™ biosynthetic pathway mediated by NAMPT is critically involved in regulating a
number of important metabolic pathways in a tissue-dependent manner. In the liver, some
[25-27], but not all, studies [17,28,29] have found that Nampt mMRNA/protein expression
levels decrease in high-fat diet-fed obese mice. Interestingly, fasting increases hepatic
NAMPT levels [30] and enhanced NAD™ biosynthesis improves hepatic metabolic function
by decreasing triglyceride (TG) accumulation [26,27,31]. In contrast, dominant-negative,
enzymatically-inactive Nampttransgenic mice increase TG accumulation and display insulin
resistance and NAFLD phenotype [31]. In skeletal muscle, NAMPT is induced by energy
deprivation or exercise through an AMPK-dependent mechanism [32,33]. Importantly,
although overexpression of Mamptdoes not affect mitochondrial oxidative metabolism or
whole-body glucose metabolism [34], loss of Mampt severely impairs mitochondrial
oxidative metabolism and causes progressive muscle degeneration, which is reversed by
systemic administration of NR [35]. In the heart, Nampt gene expression is reduced by
various stresses such as ischemia, ischemia/reperfusion, and pressure overload [36].
Overexpression of Namptin the heart decreases the number of apoptotic cells and reduces
the size of myocardial infarction after ischemia reperfusion injury [36]. In addition, it was
also reported that cardiac-specific Nampt overexpression suppresses mitochondrial protein
hyperacetylation and protects mice from cardiac dysfunction and hypertrophy induced by
isoproterenol infusion [37]. Interestingly, a very recent study demonstrated that rod or cone
photoreceptor-specific Nampt deletion impairs retinal mitochondrial energy metabolism and
causes severe retinal degeneration [38].
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Although we will not focus on this aspect in this review, it should be noted that mammals
have an extracellular form of NAMPT (eNAMPT) actively secreted by many cell types,
including adipocytes, hepatocytes, immune cells, and cardiomyocytes [17,24]. In fact, the
pioneering studies by Shin-ichiro Imai’s group have suggested that adipose tissue-derived
eNAMPT is enzymatically active and it is critically involved in regulating glucose-
stimulated insulin secretion and physical activity by modulating NAD* biosynthesis in
pancreatic islets and hypothalamus respectively [24,39,40]. Given that efferent sympathetic
nerves to adipose tissue is involved in regulating whole-body insulin sensitivity [41], it will
be of great importance to dissect out this potential complex neuron-adipocyte metabolic
crosstalk composed of two distinct forms of NAMPT. Taken together, these results
demonstrate the pathophysiological importance of NAMPT-mediated NAD* biosynthesis in
tissue-specific and whole-body metabolic function.

NAMPT-mediated NAD* biosynthesis in adipocytes regulates multi-organ insulin

sensitivity

In adipose tissue, NAD* biosynthesis largely relies on NAMPT [14,39]. Intriguingly,
previous studies have suggested that adipose tissue NAMPT-mediated NAD* biosynthesis is
very responsive to the changes in nutritional input and these alterations are associated with
the pathophysiological alterations in whole-body glucose metabolism and insulin sensitivity.
For example, high-fat diet-induced obesity and aging, two major risk factors of insulin
resistance, decrease Nampt mRNA and protein expression and NAD™* contents in adipose
tissue [25,42]. Although the precise molecular mechanisms remain poorly understood,
inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor alpha
(TNFa), could trigger to the reduction in adipose tissue Mamptexpression in obese mice
[43,44]. In contrast, calorie restriction, which improves insulin sensitivity, markedly
increases NAMPT protein levels and NAD* concentrations in adipose tissue [45,46].

These findings led us to hypothesize that adipose NAMPT-mediated NAD* biosynthesis
plays a critical role in regulating whole-body glucose metabolism, particularly insulin
sensitivity. To test these key hypotheses, we recently generated and analyzed adipocyte-
specific Mamptknockout (ANKO) mice using adiponectin Cre transgenic mice [14].
Surprisingly, data obtained from the hyperinsulinemic euglycemic clamp procedures
demonstrated that ANKO mice have severe insulin resistance in liver, skeletal muscle, heart,
and adipose tissue, even under a regular chow-fed condition. Interestingly, such severe
metabolic deterioration is not accompanied by the alterations in body weight or whole-body
adiposity. Loss of NMampt causes severe adipose tissue dysfunction, manifested by local
adipose tissue inflammation, increased plasma FFA concentrations, and decreased
production of a key insulin-sensitizing adipokine, adiponectin. Remarkably, oral
administration of NMN, a key NAD* intermediate (Figure 1), in the drinking water, is able
to largely restore adipose tissue NAD™ biosynthesis and to completely normalize insulin
resistance and the alterations in plasma adiponectin and FFA concentrations in ANKO mice.
Data obtained from the studies conducted in rodents have demonstrated that adiponectin
knockout mice have severe diet-induced insulin resistance [47], whereas administration of
adiponectin recombinant protein improves multi-organ insulin resistance in obese rodents
[48,49]. In addition, it has long been recognized that elevated plasma FFA availability causes

Bioessays. Author manuscript; available in PMC 2017 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

‘Yamaguchi and Yoshino Page 5

insulin resistance in skeletal muscle and liver by increasing the production of lipotoxic fatty
acid metabolites, such as diacylglycerol and ceramide [9]. It is therefore likely that
hypoadiponectinemia and excess FFA availability contribute to the pathogenesis of multi-
organ insulin resistance induced by adipocyte-specific NAD* depletion. Taken together, our
new results have strongly suggested that impaired NAMPT-mediated NAD™ biosynthesis in
adipocytes could constitute a novel mechanism underlying the pathogenesis of obesity-
associated multi-organ insulin resistance (Figure 2). Given that adipose tissue Nampt gene
expression is regulated in a circadian manner [50-52], peaking during the dark period when
mice are active and relatively insulin-sensitive [53], NAMPT-mediated NAD™* biosynthesis
in adipocytes could have a significant impact on physiological changes in whole-body
insulin sensitivity by affecting adiponectin and FFA production. Future studies are warranted
to further investigate the normal physiological functions of adipose NAMPT-mediated
NAD* biosynthesis in the regulation of glucose metabolism and insulin sensitivity.

SIRT1: A key molecular link between NAMPT-mediated NAD* biosynthesis
and adipocyte biology
SIRT1 acts a key downstream mediator of NAMPT-mediated NAD* biosynthesis

What is the downstream mechanism that links NAD* and metabolic function? In mammals,
NAD™ is utilized in various enzymatic reactions mediated by the key NAD*-consuming
enzymes, such as poly ADP ribose polymerases (PARPSs), cyclic ADP ribose hydrolase (e.g.,
CD38), and seven sirtuins (SIRT1-SIRT7) [15-18,21-23]. Among them, SIRT1 has been
well studied and most characterized over the past decade [21,54]. SIRT1 is a NAD*-
dependent protein deacetylase that plays a pivotal role in regulating cellular metabolism
through lysine (Lys) residue deacetylation on both histone and non-histone proteins.
Emerging evidence has suggested that SIRT1 functions as a key downstream mediator of
NAMPT-mediated NAD* biosynthesis in many biological processes, including metabolism,
circadian rhythm, aging, and inflammation [21,55,56]. For example, it was recently reported
that NAMPT-mediated NAD™ biosynthesis and SIRT1 regulate the circadian core clock
mechanism [50,51]. More specifically, both NAMPT protein levels and NAD* contents
display circadian oscillation patterns that are driven by the core clock machinery. NAMPT-
mediated NAD™* biosynthesis suppresses the CLOCK: BMAL1 complex-mediated
transcription through SIRT1 activity. Finally, CLOCK binds to the canonical E-boxes on
Nampt gene and up-regulates Nampt gene expression. These findings have revealed a
fascinating negative feedback loop composed of NAMPT-mediated NAD* biosynthesis,
SIRT1, and CLOCK: BMAL1 complex, providing a novel molecular link between
metabolism and circadian rhythm.

SIRT1 deacetylates and regulates key metabolic regulators in adipocytes

Interestingly, data obtained from the recent acetylome studies identified numerous SIRT1-
reuglated, acetylated proteins in matured adipocytes [57]. Provided that acetylation is a
pivotal posttranslational protein modification that controls protein functions and many
biological processes [58], it is postulated that the alteration in SIRT1 activity has profound
impact on adipocyte biology and functions. Indeed, recent results obtained from in vitro and
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in vivo studies have firmly established the significance of SIRT1 in adipocyte biology and
whole-body glucose metabolism (Figure 3). For example, SIRT1 deacetlyates FoxO1 at
multiple residues (i.e. Lys242, Lys245, and Lys262) and enhances production of
adiponectin, a key insulin-sensitizing adipokine, in a FoxO1-dependent manner [59-61].
Thus, genetic or pharmacological activation of SIRT1 by resveratrol administration increases
plasma adiponectin concentrations and insulin sensitivity in vivo [61-63]. SIRT1 has been
reported to interact physically with the RelA/p65 subunit of the transcription factor nuclear
factor B (NF-xB) and suppress transcriptional activity by deacetylating RelA/p65 at Lys310
[64]. SIRT1 inhibition results in hyperacetylation of NF-xB and increased gene expression
of NF-xB targets, such as IL-6, TNFa, and monocyte chemoattractant protein 1 (MCP1), in
3T3L1 matured adipocytes [65,66]. Similarly, SIRT1 deacetylates Lys136 of cyclic AMP
response element binding protein (CREB) and Lys136 acetylation stimulates CREB activity
and increases the expression of key inflammatory genes in adipocytes [67]. Consistent with
these in vitro results, systemic delivery of antisense oligonucleotides or genetic deletion of
SIRT1 induces adipose tissue inflammation and macrophage activation [42,68—70]. Indeed,
adipocyte-specific Nampt deletion also causes macrophage infiltration in adipose tissue [14],
suggesting the important role of NAMPT-NAD™-SIRT1 as a negative regulator of
macrophage activation, a key feature that contributes to the development of obesity-
associated insulin resistance. Recently, it was also reported that SIRT1 inhibits adipocyte
hyperplasia though the deacetylation of Lys323 on c-Myc [71]. Finally, it should be noted
that SIRT1 enhances the enzymatic activity and secretion of eNAMPT by deacetylating
Lys53 on NAMPT, thus affecting hypothalamic function and physical activity [39].

NAMPT-NAD*-SIRT1 controls PPARy function by post-translational protein modifications

The nuclear receptor peroxisome proliferator activated receptor gamma (PPARy) is a master
regulator of adipocyte biology and a molecular target for the treatment of obesity-associated
insulin resistance [72]. Adiponectin PPARy knockout mice exhibit severe insulin resistance
and hepatosteatosis [73], whereas adipocyte-specific deletion of the Nuclear Receptor
Corepressor (NCoR), a repressor of PPARy, enhances multi-organ insulin sensitivity in
obese mice [74], demonstrating the importance of adipocyte PPARy function in the
regulation of whole-body insulin sensitivity. SIRT1 is classically known to inhibit
adipogenesis by repressing the transcriptional activity of PPARy [75] and thus adipocyte-
specific inactivation of SIRT1 results in increased whole-body adiposity in vivo [42]. More
recently, SIRT1 has been reported to be critically involved in regulating adipocyte PPARy
function through post-translational protein modifications. SIRT1 deacetylates PPARy on
Lys268 and Lys293, leading to browning of white adipose tissue and repressing insulin
resistance genes [76]. Indeed, inhibition of SIRT1 also affects another important post-
translational protein modification of PPARy in adipocytes, namely serine-273 (Ser273)
phosphorylation. Phosphorylation of this particular residue on PPARYy has been reported to
result in the selective deactivation of PPAR~y towards a subset of its obesity-linked target
genes involved in regulating whole-body glucose metabolism and insulin sensitivity [77-80].
Interestingly, ANKO mice have increased acetylation and Ser273 phosphorylation of
PPARY and decreased gene expression in a majority of obesity-linked PPARy targets
including adiponectin and adipsin in adipose tissue, and these alterations are nearly
completely reversed by administration of NMN or the PPARy ligand rosiglitazone [14].
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Adipocyte-specific SirtZ knockout (ATKO) mice also have insulin resistance and very
similar molecular phenotypes in adipose tissue on short-term, but not chronic, high fat diet
feeding [69]. In addition, high-fat diet feeding increases both acetylation and Ser273
phosphorylation of PPAR-y in adipose tissue and these protein modifications are reversed by
administration of PPARy agonists [76,77]. Although the mechanistic link between these two
distinct post-translational protein modifications of PPARy is not entirely clear, one can
speculate that SIRT1 inactivation-induced PPAR~y hyperacetylation leads to Ser273
phosphorylation in adipocytes. Supporting this concept, it was recently reported that
hyperacetylation of Lys293, but not of Lys268, could increase Ser273 phosphorylation of
PPAR-y in human 293 fibroblasts [76]. In addition, recent studies have suggested that SIRT1
mediates such a molecular interplay between acetylation and phosphorylation in proteins
involved in key metabolic signaling pathways, such as insulin receptor substrate 2 (IRS-2)
[81], CREB [67], signal transducer and activator of transcription 3 (STAT3) [82], mitogen-
activated protein kinase kinase-1 (MEK1) [83], and p70 ribosomal S6 kinase (S6K1) [84].
Alternatively or additionally, it is possible that SIRT1 regulates Ser273 phosphorylation of
PPAR-y through post-translational protein modifications of its key upstream kinases, such as
cyclin-dependent kinase 5 (CDKS5) and extracellular signal-regulated kinase (ERK)
[77,78,80]. We found that ANKO mice have increased phosphorylation of CDK5 in adipose
tissue and that pharmacological inhibition of SIRT1 increases CDK5 phosphorylation in
matured adipocytes [14]. Similarly, ATKO mice increase adipose tissue CDK5
phosphorylation under a high fat diet [69]. Indeed, it was recently reported that CDKS5 is
also acetylated at Lys33 residue of ATP binding domain [85], which could be deacetylated
by SIRTL. It will certainly be of great interest to determine whether CDKS5 acetylation
affects its phosphorylation status and thus Ser273 phosphorylation of PPARYy in adipocytes.
Dissecting the complex molecular mechanisms responsible for multi-layer SIRT1-mediated
post-translational protein modifications of PPARy will be one important research direction
in this field.

A NAMPT-NAD*-SIRT1-PPARYy axis in adipocytes: A novel therapeutic target

in obesity and insulin resistance?

High fat diet-induced obesity leads to a decrease in NAMPT-mediated NAD* biosynthesis
and SIRT1 activity [25,42,60] and an increase in acetylation and Ser273 phosphorylation of
PPAR<y [76,77] in adipose tissue. Therefore, the summation of data obtained from animal
and cell culture models outlined above has strongly suggested that impaired adipose
NAMPT-NAD™*-SIRT1-PPARYy axis contributes to the development of obesity and its
metabolic complications and thus it could be a promising therapeutic target for obesity
treatment. Indeed, adipocyte-specific overexpression of human SIRT1 was recently reported
to ameliorate systemic metabolic complications, such as insulin resistance, glucose
intolerance, and dyslipidemia, in aged mice [86]. In addition, adipocyte-specific inactivation
of nicotinamide N-methyltransferase prevents diet-induced insulin resistance by increasing
NAD™ contents and SIRT1 activity in adipose tissue [87]. Numerous studies conducted in
obese rodents have demonstrated that systemic administration of key NAD™ intermediates,
such as NMN and NR, exerts remarkable beneficial effects on obesity and its metabolic
complications, such as insulin resistance and NAFLD [16,18,25,56,88]. However, it is still
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unclear whether enhancing NAD* biosynthesis in adipocytes is sufficient to counteract
obesity-associated pathologies. Further studies are awaited to determine the metabolic
benefits induced by adipocyte-specific Mampt overexpression in obese rodents and to
carefully evaluate the efficacy of NAD* intermediates in adipose tissue function in vivo.
Interestingly, our data suggest that loss of NAMPT results in a decrease in PPAR vy function
through Ser273 phosphorylation without affecting classical PPARy lipogenic targets or
whole-body adiposity [14]. Therefore, it is hoped that enhancing NAD* biosynthesis in
adipocytes alone could be novel mechanism-based, insulin sensitizing therapy that can lead
to the selective activation of PPARy through post-translational protein modifications,
without the unfavorable side effect profile of the PPAR~y agonists [72].

Exploring the translational potential of adipose tissue NAD* biology in
obesity and insulin resistance

As demonstrated above, considerable progress has been made in understanding the
importance of adipose NAMPT-mediated NAD™ hiosynthesis and SIRT1 in the
pathophysiology of obesity and its metabolic complications. The next question is whether
we could translate these experimental findings into practical medicine and provide new
mechanism-based intervention for obesity and insulin resistance in people. Promisingly,
numerous clinical studies have firmly demonstrated the strong association between obesity-
associated metabolic complications and NAMPT-NAD*-SIRT1-PPARYy axis in adipose
tissue in people. Accumulating evidence suggests that subcutaneous adipose tissue
expression of both NAMPT and SIRT1 is negatively correlated with markers of adiposity
(i.e. body mass index [BMI]), is positively associated with whole-body insulin sensitivity,
and thus it significantly decreases in people with obesity, compared to healthy lean people
[68,89-94]. Interestingly, a recent study conducted in BMI-discordant monozygotic twins
demonstrated that subcutaneous adipose tissue gene expression of NAMPT and SIRT1 is
reduced in the heavier twins, compared to their leaner co-twins, suggesting the relationship
between impaired adipose NAMPT-NAD™*-SIRT1 axis and acquired obesity [92]. Contrary
to the alterations associated with obesity, adipose tissue gene expression of NAMPT and
SIRT1increases after the insulin-sensitizing treatments with lifestyle interventions (i.e.
hypocaloric diet and exercise) and bariatric surgery [94-97] in people with obesity.
However, adipose tissue NAD™* concentrations in people have not yet been evaluated or
reported, possibly due to the technical difficulty in accurate NAD* measurement [55].
Additional clinical studies are needed to fully understand the pathophysiological importance
of adipose NAMPT-mediated NAD* biosynthesis in obesity and insulin resistance.
Furthermore, it was recently reported that rosiglitazone treatment decreases adipose tissue
Ser273 phosphorylation of PPARy in patients with early diagnosed type 2 diabetes, and that
these alterations are associated with the improvement in insulin sensitivity [78]. Taken
together, these results are highly consistent with the experimental findings obtained from
studies conducted in rodents discussed above, suggesting the high translational potential of
adipose tissue NAD™ and SIRT1 biology in obesity and insulin resistance.

Remarkably, these promising clinical and experimental data have fueled increasing
enthusiasm to investigate the effects of resveratrol and other synthetic sirtuin-activating
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compounds (STACs) [88] on metabolic health in randomized-controlled trials in the last
decade (Table 1). Resveratrol supplementation has been reported to improve markers of
insulin resistance, such as homeostasis model assessment of insulin resistance (HOMA-IR),
in people who have metabolic abnormalities, including obesity [98], NAFLD [99], and type
2 diabetes [100,101]. However, one limitation of these studies is that they did not use the
hyperinsulinemic euglycemic clamp, a gold-standard method to evaluate insulin sensitivity.
Indeed, conflicting data have also been reported: resveratrol supplementation does not affect
whole-body or tissue-specific insulin sensitivity in different (e.g. healthy non-obese people
[102]) or even similar study populations (e.g. obese [103] and diabetic people [104,105]). In
addition, administration of SRT2104, one of chemical STACs, does not improve insulin
sensitivity in people with type 2 diabetes [106,107]. One possible explanation for these
apparently inconsistent data is that the beneficial effects of STACs supplementation on
insulin sensitivity could depend on very specific pre-existing metabolic health conditions,
dosage and duration of supplementation, bioavailability of STACs, or a combination of these
factors. Additional studies are needed to reach a definitive conclusion about the effect of
STACs on insulin sensitivity in people. Provided that NMN and NR are natural endogenous
compounds found in daily foods and are well-tolerated in rodents [18,108], their
translational and therapeutic potential could be highly promising, and effects of
supplementation of these NAD* intermediates have started to be evaluated in people [109].

Conclusions and prospects

In the past decade, we have witnessed conceptual breakthrough and significant progress in
the research field of NAD* and SIRT1 biology. As discussed in this review, the summation
of studies conducted in adipocyte-specific knockout/transgenic mouse models has revealed
an extraordinary capacity for the adipose NAMPT-NAD™-SIRT1-PPARY axis to regulate
whole-body glucose metabolism and insulin sensitivity, thereby providing important
mechanistic and therapeutic insights into obesity and its metabolic complications,
particularly insulin resistance. Nevertheless, several fascinating questions remain to be
addressed in the future. First, it will be of great interest to elucidate the molecular
mechanism responsible for the regulation of Nampt expression in adipocytes. In other cell
types, Nampt gene transcription has been reported to be controlled by AMP-activated
protein kinase (AMPK) [32], CLOCK: BMAL1 complex [50,51], FoxO transcriptional
factors [110], c-Myc [111], or microRNA (miR-34a) [26]. However, Nampt regulation in
adipose tissue or adipocytes is not clear. A deeper understanding of this regulatory
mechanism will potentially lead to the development of drugs that can specifically target
adipose NAMPT-mediated NAD™ biosynthesis. Second, the precise mechanisms underlying
regulation of NAD™ homeostasis in adipocytes remain to be investigated. Indeed, we found
that both adipose tissue and adipocytes express NARPT protein and administration of
nicotinic acid improves insulin resistance in ANKO mice [14]. The contribution of other
NAD™ biosynthetic enzymes (e.g. NMNATs, NAPRT), NAD™ degrading enzymes (e.g.
CD38), and NAD* intermediates (e.g. NR) in adipocyte NAD™ biology and glucose
metabolism should be further explored. Third, NAD™ is required for the enzymatic activities
of other sirtuins (SIRT2-SIRT7): it will be of great interest to investigate the functional role
of other sirtuins in adipocyte biology, PPARy post-translational protein modifications, and
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whole-body glucose metabolism. Lastly, it is to be hoped that the effects of NAD*
intermediates on adipose tissue function and multi-organ insulin sensitivity will be
comprehensively tested in people with obesity and insulin resistance in randomized,
controlled trials. The results from these studies will further improve our understanding of the
pathophysiological significance and therapeutic potential of adipose tissue NAD* biology in
obesity and insulin resistance.
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Figure 1. Mammalian NAD™ biosynthetic pathways
NAD* biosynthesis is mediated by multiple enzymatic reactions. In mammals, nicotinamide

phosphoribosyltransferase (NAMPT) functions as the rate-limiting enzyme in mammalian
NAD™ biosynthetic pathway from the point of nicotinamide. NAMPT-mediated NAD*
biosynthesis critically regulates metabolic function through key NAD*-consuming enzymes,
such as poly ADP ribose polymerases (PARPS), sirtuins, and CD38, in a tissue-dependent
manner. See the text for the details and references. Abbreviations: NMNAT, nicotinamide/
nicotinic acid mononucleotide adenylyltransferase; NRK, nicotinamide riboside kinase;
NAPRT, nicotinic acid phosphoribosyltransferase; NADS, NAD* synthase; PRPP; 5-
phosphoribosyl 1-pyrophosphate.
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Figure 2. Impaired NAM PT-mediated NAD™ biosynthesisin adipocytes causesinsulin resistance
in liver and skeletal muscle

Obesity is known to decrease adipose tissue NAMPT expression and NAD* contents in
rodents and humans. Reduction of NAMPT-mediated NAD™ biosynthesis in adipocytes
severely impairs insulin action in liver and skeletal muscle by decreasing adiponectin and
increasing free fatty acids (FFA) production [14].
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Figure 3. SIRT 1 deacetylates and regulates key metabolic regulatorsin adipocytes
SIRT1 is a NAD*-dependent protein deacetylase that regulates many biological processes. In

adipocytes, SIRT1 deacetylates lysine residues on key metabolic regulators, including the
forkhead transcriptional factor (Foxol), nuclear factor kappa B (NF-xB), cyclic AMP
response element binding protein (CREB), c-Myc, and PPARy. SIRT1-mediated lysine
deacetylation of these proteins affects key metabolic functions in adipocytes. See the text for
the details and references.
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Randomized controlled trials evaluating the effects of STACs on insulin sensitivity

Table 1

Dose (day) Duration Study subjects M easure of insulin sensitivity Reference
Resveratrol

10 mg 4 weeks T2D men HOMA-IR { [101]
1g 45 days T2D HOMA-IR { [100]
150 mg 30 days Obese men HOMA-IR | [98]
300 mg Single dose  Overweight/obese men  Postprandial insulin levels | [112]
300 mg 12weeks  NAFLD HOMA-IR { [99]
100 mg 60 days T2D HOMA-IR — [105]
1-2g 2 weeks Overweight/obese men HOMA-IR — [113]
159 4 weeks Obese men HECP — [103]
75 mg 12 weeks Nonobese women HECP — [102]
3g 8 weeks NAFLD men HECP — [114]
500 mg 12 weeks NAFLD HOMA-IR — [115]
150 mg 30 days T2D HECP — [104]
SRT2104

0.5-2g 28 days Nonobese elderly Oral glucose tolerance — [107]
0.25-2g 28 days T2D Postprandial glucose/insulin levels — [106]

Page 19

Abbreviations: T2D, type 2 diabetes; NAFLD, non-alcoholic fatty liver disease; HOMA-IR, homeostasis model assessment of insulin resistance;
HECP, hyperinsulinemic euglycemic clamp procedure.
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