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Abstract

The lowering of risk for metabolic disorders, such as diabetes and obesity, by exercise can be
considered “medicinal”. The intensity and duration of exercise determine the mechanism of
energy production by various tissues of the body, especially by muscles, in which the
requirement for adenosine triphosphate (ATP) increases by as much as 100-fold. Naturally,
athletes try to improve their exercise performance by dietary supplementation with, e.g.,
vitamins, and amino acids. Nicotinamide N-methyltransferase (NNMT) transfers a methyl group
from S-adenosylmethionine (SAM) to nicotinamide (NAM) to generate N1-methylnicotinamide
(MNAM), a metabolite of vitamin B3. MNAM induces lipolysis in adipocytes, while at the same
time reducing both serum and hepatic levels of triglycerides and cholesterol. In addition, in the
liver this compound stimulates gluconeogenesis and attenuates cholesterol and fatty acid
synthesis by up-regulating the expression of sirtuinl (SIRT1). The NNMT-MNAM axis is
activated more potently in the muscles of subjects who perform high-volume, low-intensity
exercise combined with caloric restriction. Therefore, during exercise and/or fasting, MNAM
could act as a key myokine that helps provide the substrates required for supplying energy for the
contracting muscle, i.e. through the promotion of lipolysis by adipocytes and gluconeogenesis by
hepatocytes. These observations, among others, lead us to propose that dietary supplementation
with MNAM could boost both exercise capacity and improve performance, especially in
connection with endurance training. However, a definitive recommendation along these lines

requires more detailed insight into the effects of MNAM on various cell types and tissues.

Keyword: MNAM, exercise, sports medicine, dietary supplements

URL: http://mc.manuscriptcentral.com/bfsn Email: fergc@foodsci.umass.edu

Page 2 of 21



Page 3 of 21

oNOYTULT D WN =

Critical Reviews in Food Science and Nutrition

Current Status of Knowledge

1. Metabolism of Exercise

Exercise is well known to exert a variety of beneficial effects on whole-body metabolism, with
physical inactivity being considered one of the key factors leading to a wide spectrum of
metabolic disorders such as obesity and diabetes (Moghetti et al. 2016; Plowman and Smith
2013; Egan and Zierath 2013). From this perspective, exercise is sometimes referred to as

“medicine”.

The type, intensity and duration of exercise are major determinants of how energy is provided in
the form of adenosine triphosphate (ATP) (Mougios 2019) to the different tissues of the body,
and especially to muscles, where the requirement for energy can increase as much as 100-fold
during exercise (Moghetti et al. 2016; Mougios 2019). Synthesis of ATP occurs primarily
through three different pathways — anaerobic synthesis, with or without associated production of
lactate (the latter being referred to as alactic anaerobic synthesis) and aerobic synthesis by

mitochondria (Moghetti et al. 2016).

1.1. Alactic Anaerobic ATP Synthesis
The main metabolite involved in alactic anaerobic ATP synthesis is phosphocreatine, stored
primarily in muscle cells at levels higher than those of ATP under resting conditions (Tiidus,

Tupling, and Houston 2012). During the very first seconds of exercise, phosphate is transferred
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from phosphocreatine to adenosine diphosphate (ADP) in order to produce ATP (Moghetti et al.

2016; Tiidus, Tupling, and Houston 2012).

1.2. Anaerobic Glycolysis

Production of ATP through glycolysis requires glucose, either initially present itself or derived
metabolically from glycogen, triacylglycerol, and/or amino acids (McArdle, Katch, and Katch
1991). The final metabolite in the glycolytic pathway is pyruvate, which, under conditions where
the supply of oxygen is adequate, indirectly supplies electrons for aerobic production of ATP
(McArdle, Katch, and Katch 1991). However, when the supply of oxygen is inadequate, as may
often be the case in exercising muscles, the pyruvate formed by anaerobic glycolysis is converted
to lactate in order to ensure the availability of the cofactor (NADH) required for continued

glycolysis (Moghetti et al. 2016).

1.3. Aerobic (Mitochondrial) ATP Synthesis

Following conversion of pyruvate into acetyl-CoA in the presence of adequate levels of oxygen,
the latter enters the Krebs cycle, which is designed mainly to reduce the co-enzymes
nicotinamide adenine dinucleotide (NAD+) and flavin adenine dinucleotide (FAD) (Stryer
1995). These reduced co-enzymes then funnel electrons into the mitochondrial electron transport

chain for oxygen-dependent production of ATP (Stryer 1995).

2. Different Forms of Exercise

The elevated requirement of exercising muscles for oxygen and sources of energy (primarily

fatty acids originating from lipolysis in adipose tissue and glucose supplied by glycogen
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breakdown and gluconeogenesis in the liver) is met by substantially increasing the blood flow
through these tissues (Moghetti et al. 2016). At the same time, the muscle cells regulate their
own uptake and metabolism of these substances (Moghetti et al. 2016). The manner in which this
metabolism is regulated is determined largely by the type of exercise being performed, basically,
endurance versus strength training, which activate muscles in different ways (Moghetti et al.

2016).

2.1. Endurance Exercise

Endurance exercise requires a substantial supply of oxygen, as reflected in the enhanced
biogenesis of mitochondria, as well as extensive angiogenesis induced by this form of training
(Moghetti et al. 2016). In this context, the master regulator of mitochondrial biogenesis is co-
activator la of the peroxisome proliferator-activated receptor (PPAR)-y (abbreviated as PGC-1a)
(Spiegelman 2007), the expression of which can be up-regulated by SIRT1 and HIF-1 (Moghetti
et al. 2016). At the same time, accumulating evidence indicates that endurance training
stimulates 5' adenosine monophosphate-activated protein kinase (AMPK) by elevating cellular
levels of Ca®*, the AMP/ATP ratio, and reactive oxygen species (ROS) (Hardie and Sakamoto
2006; Moghetti et al. 2016). Coordination of all of these molecular events (Fig. 1a) is required

for generation of the ATP required by muscles performing endurance exercise.

2.2. Strength Training
The muscle hypertrophy that results from strength training (Kvorning et al. 2015) requires
enhanced synthesis of the protein components of muscle myofibrils, which may be partially

dependent on androgens and insulin-like growth factor (IGF)-1 (Kvorning et al. 2015) (Fig. 1b).
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However, the primary molecular regulator of such hypertrophy is the mammalian target of
rapamycin (mTOR), which acts through phosphatidylinositol 3-kinase (PI3K) and Akt (Cleasby

et al. 2007; Kimball and Jefferson 2010) (Fig. 1b).

3. Metabolism during Fasting

During prolonged fasting, animals utilize endogenous energy stores (Champagne et al. 2012)
and, at the same time, reduce energy usage by lowering body temperature, physical activity, and
the overall metabolic rate (Secor and Carey 2011). The first phase of fasting, which is very short,
is associated with highly pronounced reductions in body mass, metabolic rate, and glycogen
reserves (Secor and Carey 2011; Arnould, Green, and Rawlins 2001; Pinheiro et al. 2006). In
connection with the second relatively long and adaptive phase the normal utilization of
carbohydrates for energy metabolism switches to use of lipids, with an accompanying elevation
in circulating levels of ketone bodies (Cherel, Charrassin, and Challet 1994; David et al. 2014;
Secor and Carey 2011). During this same phase synthesis of glucose from glycerol and amino
acids is activated in order to continue to be able to supply the central nervous system with this
energy source (Arnould, Green, and Rawlins 2001; Farley and Robbins 1995; Pernia, Hill, and
Ortiz 1980). The third phase is highly critical, involving switching from the use of lipid to
produce energy to amino acid catabolism for this purpose, which, if prolonged, may lead to

organ failure and death (Nordey et al. 1992; Robin et al. 1988; Secor and Carey 2011).

4. Dietary Supplements
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Dietary supplements such as vitamins, amino acids, and metabolites (Edenfield 2020) are
consumed orally in the forms of powders, liquids, capsules, and gels and can be divided broadly

into sport, medical, and ergogenic supplements (Edenfield 2020).

4.1. Sport Supplements

Sport supplements are typically consumed as drinks, gels, other liquids or powders (Edenfield
2020). Sport gels and drinks usually contain carbohydrates, sodium, and potassium in varying
relative amounts designed to help replenish glycogen depots and improve osmolar homeostasis
and hydration (Marriott, Nesheim, and Rosemont 1990; Maughan et al. 2018; Kerksick et al.
2018). Protein supplements, usually in the form of liquids or powders, are designed to stimulate

protein synthesis and thereby help enhance muscle mass (Kerksick et al. 2018).

4.2. Medical Supplements

A medical supplement is used to compensate for a deficiency in some essential nutrient or other
factor, such as vitamin D, iron, probiotics, and omega 3 (Edenfield 2020). In addition to
eliminating the deficiency in question, such supplements may exert beneficial effects on
performance, e.g., by strengthening the immune system (vitamin D, and probiotics) (Gleeson et
al. 2011; Hao, Dong, and Wu 2015; Institute of Medicine Committee on Military Nutrition 1994;
Owens, Allison, and Close 2018; Shuler et al. 2012), improving energy efficiency (iron)
(Dellavalle and Haas 2014; Rubeor et al. 2018), or through anti-inflammatory and antioxidant

actions (omega 3) (Dellavalle and Haas 2014; Rubeor et al. 2018).

4.3. Ergogenic Supplements

URL: http://mc.manuscriptcentral.com/bfsn Email: fergc@foodsci.umass.edu



oNOYTULT D WN =

Critical Reviews in Food Science and Nutrition

Ergogenic supplements are designed essentially to improve performance during exercise
(Edenfield 2020). For example, caffeine improves performance by stimulating mobilization of
free fatty acids and calcium (Burke 2008; Ganio et al. 2009; Talanian and Spriet 2016;
Wellington, Leveritt, and Kelly 2017; Wiles et al. 2006), while creatine promotes resynthesis of
ATP, especially during intensive training (Edenfield 2020). Moreover, creatine raises the level of
phosphocreatine in muscle cells, thereby improving short-term high-intensity performance,
which could, in turn, augment muscle mass and strength (Branch 2003; Buford et al. 2007;
Lanhers et al. 2017; Peeling et al. 2018). Beta-alanine, another widely used supplement,
attenuates exercise-induced fatigue by elevating the synthesis of carnosine (Chung et al. 2012;
Junior et al. 2015). Nitrate improves tolerance during repeated high-intensity training, possibly
by elevating the level of nitric oxide (NO) (Bailey et al. 2015; Thompson et al. 2015; Wylie,
Bailey, et al. 2016), while also lowering oxygen cost in a dose- and time-dependent manner

(Wylie, Ortiz de Zevallos, et al. 2016).

Therefore, all dietary supplements that improve general health, as well as the performance and
tolerance for exercise may be categorized as sports supplements and, unfortunately, almost all of
these also have side-effects. Consequently, extensive ongoing research focuses on the discovery
and testing of novel supplements that are both more effective and exhibit fewer side-effects. In
this context, N1-methylnicotinamide (MNAM) is receiving considerable attention, for the

reasons described in detail below.

5. Nicotinamide N-Methyltransferase (NNMT), MNAM and Energy Metabolism
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First discovered by Gulio Cantoni in 1951 (Cantoni 1951, 1952), nicotinamide N-
methyltransferase (NNMT) transfers methyl groups from s-adenosylmethionine (SAM) to
nicotinamide (NAM) to produce MNAM (Nejabati et al. 2018; Nejabati et al. 2019; Pissios
2017; Nejabati et al. 2020). This pathway is involved in multiple processes, including energy
metabolism, in a variety of tissues (Nejabati et al. 2018; Nejabati et al. 2019; Pissios 2017,

Nejabati et al. 2020).

5.1. NNMT, MNAM and the Liver

The MNAM generated by NNMT in the liver, the organ that expresses this enzyme in highest
amounts (Aksoy, Szumlanski, and Weinshilboum 1994), promotes glucose production by
inducing  gluconeogenic  enzymes such as  glucose-6-phosphatase  (G6Pc) and
phosphoenolpyruvate carboxykinase (Pckl) (Hong et al. 2015). At the same time, the synthesis
of cholesterol and fatty acid is attenuated, thereby lowering both serum and hepatic levels of
these compounds (Hong et al. 2015). MNAM achieves these effects by up-regulating the

expression of sirtuinl (SIRT1) (Hong et al. 2015; Peng et al. 2015).

5.2. NNMT, MNAM and Adipose Tissue

In contrast to the situation in the liver, knockdown of NNMT in adipocytes elevates oxygen
consumption and the expenditure of energy by elevating the SAM/SAH ratio and subsequently
activating polyamine metabolism (Kraus et al. 2014). Accumulating evidence indicates that
NNMT and MNAM are correlated with insulin resistance, especially in individuals with

metabolic disorders such as diabetes and obesity, and adipose-specific inhibitors of NNMT are
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currently attractive candidates for the prevention of such disorders (Kannt et al. 2015; Kraus et

al. 2014; Liu et al. 2015; Riederer et al. 2009).

The consumption of cellular acetyl-coA in connection with polyamine catabolism is primarily
responsible for the reduction in adipogenesis and elevated usage of oxygen and energy
expenditure (Jell et al. 2007; Koponen et al. 2012; Pirinen et al. 2007). In this connection, the
enhanced SAM/SAH ratio is directly related to the methylation of histones that control
expression of genes that synthesize, catabolize, and excrete polyamines (Kraus et al. 2014).
Furthermore, adipose knockdown of NNMT activates AMPK, visfatin, and SIRT1 (Kraus et al.
2014). It seems that MNAM is not responsible for the actions of NNMT in adipose tissues as
MNAM inhibits adipose NNMT activity and acts like the inhibitors of NNMT activity (Kraus et
al. 2014). MNAM stimulation is similar to NNMT-knockdown as it increases oxygen

consumption, energy expenditure and polyamine catabolism (Kraus et al. 2014).

5.3. NNMT, MNAM and Muscle

It is now clear that the NNMT-MNAM axis is activated both during fasting and exercise (Li et
al. 2017; Strom et al. 2018). Li and colleagues (Li et al. 2017) concluded that anaerobic exercise
stimulates the expression of NNMT more potently than aerobic exercise, especially when
glucose is being utilized as the main source of energy (Li et al. 2017). Furthermore, with either
of these types of exercise, NNMT expression was higher in fast- than slow-twitch muscle (Li et

al. 2017).

Focusing on the combined effects of exercise and fasting, we found that activation of the
NNMT-MNAM axis is particularly enhanced in subjects performing high-volume, low-intensity

exercise under conditions of caloric restriction and also by fasting alone. In addition, MNAM
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induces lipolysis in rat adipocytes without altering the secretion of insulin or glucagon (Strom et
al. 2018). Moreover, expression of NNMT and MNAM secretion by human myotube cells were
found to be significantly greater when the culture medium was enriched in amino acids (Strom et

al. 2018).

Interestingly, the level of MNAM is strongly correlated to that of a-hydroxybutyrate (a-HB)
(Strom et al. 2018), a compound whose level usually increases in response to oxidative stress and
a demand for glutathione (GSH) production (Gall et al. 2010; Lord and Bralley 2008) and has
been suggested as a biomarker for insulin resistance. In support, catabolism of MNAM is
accompanied by transient elevation of the cellular level of ROS and potential subsequent
activation of AMPK, as well as elevation of the levels of antioxidants such as catalase and GSH

(Schmeisser et al. 2013).

Consequently, under conditions of energy stress such as those caused by exercise and/or fasting,
MNAM may act as a key myokine that promotes the usage of amino acids for gluconeogenesis in
the liver and stimulates lipolysis in adipose tissue, thereby providing the energy required by

muscles.

6. MNAM as a Potential Dietary Supplement for Athletes

According to the Food Standards Agency of the United Kingdom, MNAM is safe and non-toxic
(Osgka 2013). It is well documented that MNAM increases the capacity of diabetic mice to
exercise via the PGI2-NO pathway and also reduces cardiovascular risk during exercise in
individuals with metabolic disorders such as diabetes (Przyborowski et al. 2015). In addition,

MNAM is also cardio-protective in connection with other diseases, such as PCOS (Nejabati et al.
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2019). Thus, since MNAM improves both endothelial functions and the cardiovascular system
(Nejabati et al. 2018; Nejabati et al. 2019), this compound could be considered as an ergogenic

supplement.

In addition, MNAM exerts clear anti-inflammatory and anti-thrombotic effects (Nejabati et al.
2018; Nejabati et al. 2019; Pissios 2017) which could improve resistance to mild stress
(Schmeisser et al. 2013). However, intake of antioxidants in combination with MNAM may
attenuate the resistance against stress induced by the latter (Brown et al. 2001; Nordestgaard et

al. 2007).

As mentioned above, SIRT1 and AMPK are the key enzymes involved in the mitochondrial
biogenesis and angiogenesis that occurs in response to endurance training (Hardie and Sakamoto
2006; Moghetti et al. 2016). MNAM activates both of these and, moreover, stimulates the
gluconeogenesis and lipolysis required to provide glucose and fatty acids, respectively, for the
production of energy by muscle cells during training (Hong et al. 2015; Kraus et al. 2014).
Therefore, this compound could well be both an effective and safe supplement in connection

with endurance training.

7. Conclusions

Induction of the myokine MNAM in response to fasting and/or high-volume, low-intensity
exercise enhances lipolysis in adipocytes and gluconeogenesis in hepatocytes. Accordingly,
dietary supplementation with MNAM may boost capacity and improve performance, especially

in connection with endurance exercise. However, the multiple effects of MNAM in adipose
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tissue, liver, and muscle, and perhaps in other tissues as well, remain to be clarified in detail

before such supplementation can be definitively recommended.
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Figure 1. Molecular mechanisms underlying responses to endurance and strength training. A. Following
endurance training, elevation of the intracellular NAD+/NADH and AMP/ATP ratios, as well as the levels of
ROS, followed by activation of SIRT1 and AMPK induce the master regulator of mitochondrial biogenesis,
PGC-1a. B. In response to strength training, androgens and IGF-1 lead to muscle hypertrophy via the PI3K-
AKT-mTOR pathway. NADH, nicotinamide adenine dinucleotide; ATP, adenosine triphosphate; ROS, reactive
oxygen species; SIRT1, sirtuinl; AMPK, 5'-adenosine monophosphate-activated protein kinase, PGC-1a,
coactivator la of the peroxisome proliferator-activated receptor (PPAR)-y; IGF-1, insulin-like growth factor-
1.
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Figure 2. Regulation of energy metabolism during exercise and/or fasting by MNAM. Exercise and/or fasting
activate SIRT1 in skeletal muscles, leading to the release of NAM and its subsequent conversion by NNMT
into MNAM. MNAM acts as a myokine that induces lipolysis in adipocytes and gluconeogenesis in
hepatocytes, thereby providing the circulating free fatty acids and glucose, respectively, required for energy
production by muscles. In addition, by elevating the levels of PGI2 and NO, MNAM improves the functions of

endothelial cells, thereby providing cardioprotection. NAM, nicotinamide; NNMT, nicotinamide N-
methyltransferase; MNAM, N1-methylnicotinamide; SIRT1, sirtuinl; PGI2, prostaglandin I2; NO, nitric oxide.
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