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NAD metabolic therapy in metabolic
dysfunction-associated steatotic liver
disease: Possible roles of gut microbiota

Xinyi Lu,1,2 Rui Yang,2 Yu Chen,2,* and Daozhen Chen1,2,3,*
SUMMARY

Metabolic dysfunction–associated steatotic liver disease (MASLD), formerly named non-alcoholic fatty
liver disease (NAFLD), is induced by alterations of hepatic metabolism. As a critical metabolites function
regulator, nicotinamide adenine dinucleotide (NAD) nowadays has been validated to be effective in the
treatment of diet-induced murine model of MASLD. Additionally, gut microbiota has been reported to
have the potential to prevent MASLD by dietary NAD precursors metabolizing together with mammals.
However, the underlyingmechanism remains unclear. In this review,wehypothesized thatNADenhancing
mitochondrial activity might reshape a specific microbiota signature, and improve MASLD progression
demonstrated by fecal microbiota transplantation. Here, this review especially focused on themechanism
ofMicrobiota-Gut-Liver Axis together with NADmetabolism for theMASLD progress. Notably, we found
significant changes in Prevotella associatedwith NAD in a gut microbiome signature of certainMASLD pa-
tients. With the recent researches, we also inferred that Prevotella can not only regulate the level of NAD
pool by boosting the carbon metabolism, but also play a vital part in regulating the branched-chain amino
acid (BCAA)-related fattyacidmetabolismpathway.Altogether, our results support thenotion that thegut
microbiota contribute to the dietary NAD precursors metabolism inMASLD development and the dietary
NAD precursors together with certain gut microbiota may be a preventive or therapeutic strategy in
MASLD management.

INTRODUCTION

MASLD prevails as a leading chronic liver condition globally, with an anticipated impact on 190 million individuals in the United States by

2030.1 The rising prevalence in China introduces distinctive features, including notable youthfulness among patients.2 MASLD manifests

across a spectrum, ranging frommild steatosis to severe metabolic steatohepatitis (MASH), potentially progressing to liver fibrosis, cirrhosis,

and hepatocellular carcinoma.3 The intricate connection between metabolic syndrome and MASLD, extending beyond liver pathology to

impact extrahepatic organs, underscores the complexity of this condition.4 Despite ongoing research into metabolic targets, drug therapy

for MASLD remains inconclusive.

As a central metabolite, nicotinamide adenine dinucleotide (NAD) plays a vital role in DNA repair, protein deacetylation, energy, and

redox homeostasis.5 The association between NAD metabolism and MASLD has been explored extensively, with NAD deficiency identified

as a contributor to MASLD in murine models.6 NAD precursors such as nicotinamide riboside (NR) have shown promise in mitigating MASLD

in animal models. However, the precise mechanisms linking NAD metabolic abnormalities in MASLD and gut microbiota remain elusive.

In this review, we provide an overview of the relationship betweenNADmetabolism andMASLD, with a focus on the role of the gut micro-

biota and its metabolites. Notably, the potential of specific gut microbiota, including Prevotella, in influencing NAD levels and MASLD pro-

gression is explored. Additionally, we discuss the therapeutic implications ofmanipulating gutmicrobiota forMASLD treatment, emphasizing

the need for personalized approaches considering regional, dietary, and individual variations.

THE EFFECT OF NAD METABOLISM ON MASLD

NAD metabolism, mainly controlled by various metabolic enzymes, may regulate MASLD. In one way, NAD can be consumed by key meta-

bolic enzymes, such as poly(ADP-ribose) polymerase (PARP), CD38, and Sirtuins, which have been reported in different metabolic disorders

associated withMASLD.7 In another, NAD levels in the liver are typically increased by theNAD synthesis pathway, which primarily includes the

nicotinamide phosphoribosyltransferase (NAMPT)-mediated salvage pathway (nicotinamide (NAM) as the precursor), the nicotinate
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Table 1. Reported associations between levels of NAMPT and MASLD and its high-risk factors

Study Experimental grouping

Changes in levels of NAMPT

and related indicators

High-risk factors

related to NAMPT

Hosseinzadeh-Attar et al.14 Severely obese patients (n = 35) after 6-week

weight reduction

Decreased levels of serum NAMPT None

Dahl et al.15 Patients with MASLD (n = 58) vs. healthy

controls (n = 27)

Decreased levels of serum NAMPT

and hepatic mRNA levels of Nampt

PPAR a, glucose

Gaddipati et al.16 Patients with MASLD combined with

moderate steatosis (n = 77) vs. non MASLD

with or without simple steatosis (n = 38)

Decreased levels of visceral NAMPT None

Qiu et al.17 Patients with MASLD (14 females and 86

males) vs. healthy controls (20 females

and 91 males)

Decreased levels of circulating

NAMPT

None

Auguet et al.18 Women with obesity and MASLD (n = 69) vs.

women with obesity without MASLD (n = 19)

Higher levels of serum NAMPT BMI, resistin, CRP, IL-6, TNF a

Motawi et al.19 Patients with T2DM（44without CVD and 46

with CVD) vs. healthy controls (n = 60)

Higher levels of serum NAMPT T2DM, CVD, resistin gene

Akbal et al.20 MASLDpatients with increased liver enzymes

(n = 30) vs. healthy controls (n = 27)

Higher levels of serum NAMPT None

Elkabany et al.21 Children with obesity andMASLD (n = 31) vs.

children with obesity without MASLD (n = 49)

Higher levels of serum NAMPT Age, BMI, waist circumference,

waist/hip ratio, ALT, total

cholesterol, liver stiffness, CAP

Martos-Moreno et al.22 Prepubertal obese Caucasian children

(n = 100) vs. healthy controls (n = 42)

Higher levels of serum NAMPT Age, BMI, waist circumference,

the surrogate markers of

body fat, resistin, IL-6a

aPPAR a, peroxisome proliferator-activated receptor a; BMI, body mass index; CRP, C-reaction protein; CVD, cardiovascular disease; ALT, alanine aminotrans-

ferase; CAP, controlled attenuation parameters.
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phosphoribosyltransferase (NAPRT)-mediated Preiss-Handler pathway (nicotinic acid (NA) as the precursor), and the quinolinate phosphor-

ibosyltransferase (QPRT)-mediated De novo pathway (relatively rare).

NAMPT, which is an intracellular enzyme catalyzes the first step in the biosynthesis of NAD fromNAM, is a core regulator of the intracellular

NAD pool. Low hepatic NAD levels have reportedly been associated with the onset of MASLD, however, the NAMPT levels have been found

to be diversity in a number of MASLD patients. (Table1) The levels of NAMPT may be influenced by multiple factors, including suffering from

other metabolic diseases, age, gender,8 exercise,9 etc., which could partly be attributed to differences in basal metabolism. High expression

of NAMPT is associated with other high-risk factors in most studies and is more suitable as a joint judgment indicator, while low expression of

NAMPT is usually a single factor and may serve as a monitoring indicator for MASLD. Therefore, in-depth stratified research should be con-

ducted to expand understanding of individual differences in NAMPT levels in MASLD patients. Moreover, after weight loss, NAMPT was

accompanied by an increase in Sirtuin1 (SIRT1) levels and a decrease in PARP activity in healthy obese subjects.10 In fact, the NAMPT-

SIRT1-AMPK axis reportedly plays a role in inducing lipolysis,11 alleviating liver steatosis,12 and improving vascular repair after ischemia.13

Consequently, the level of NAMPT is expected to become a comprehensive metabolic assessment indicator, and single factor analysis, as

animal experiments have demonstrated, can better help understand its role in evaluating MASLD.

Correspondingly, in HFD-induced MASLD mice models with a single factor, supplementation with NAD precursor or NAMPT activator

P7C3 has been shown to be significantly effective, with the potential to partially reverse the symptoms of MASLD. (Table 2) NAD precursor

supplementation can improve glucose tolerance and insulin sensitivity and reduce body weight and liver damage in mice. Significantly,

several experiments have reported that NAD can alleviate liver steatosis and inflammation, however, it has not been found in other experi-

ments, which might be closely related to the type of mice, the purpose of induction, and the type and dosage of precursors. Anyway, animal

experiments have shown promising prospects.

However, although in several clinical trials, NAD supplementation did increase the circulating concentration of NAD and its metabolites,30

and a time-dependent decrease in liver enzyme ALT and g-glutamyl transferase (GGT) circulating levels was observed, other significant ef-

fects have not been observed during a certain trial period compared with animal experiments.31 But hopefully, in another clinical trial target-

ing postmenopausal women with prediabetes who were overweight or obese, supplementing with NMN enhances muscle insulin sensitivity,

insulin signaling, and remodeling,32 while similar experiments conducted in middle-aged and elderly men did not yield consistent results.33

Moreover, the carnitinemetabolic pathway and its derivativesmetabolic pathway, which transferred BCAA, short-chain fatty acid and hydroxy

fatty acid esters to mitochondria, is up-regulated in skeletal muscle by different NAD precursors in several researches.34,35 Meanwhile, it is

reported that the ratio of NAD+/NADH significantly affected the irreversible oxidation reaction mediated by branched-chain a-keto acid
2 iScience 27, 109174, March 15, 2024



Table 2. The therapeutic effects of supplementing NAD on diet-induced MASLD mice

Study Study design Results

X. Pham et al.23 Male C57BL/6 J mice: (i) low-fat control，

(ii) HF/high-sucrose/high-cholesterol control (iii) HF diet

supplemented with NR at 400 mg/kg/day for 20 weeks.

NR supplementation significantly reduced body weight and

collagen accumulation in the liver, and inhibited the activation

of hepatic stellate cells, but did not attenuate serumALT levels,

liver steatosis, or liver inflammation.

Manickam et al.24 (i) C57Bl/6J wild-type male mice (WT) (ii) the type

2 diabetic B6.BKS(D)-Leprdb/J (db/db) male mice

with P7C3 10 mg/kg body weight for 4 weeks, daily, i/p.

P7C3 treatment alleviates the fasting blood glucose, insulin

resistance and glucose intolerance and increases the number

of pancreatic b cells in db/db mice. Forthermore, P7C3

treatment increases the circulating HDL levels and decreases

the inflammatory lipid mediators.

Cantó et al.25 (i) HFD-fed C57Bl/6J (ii) control mice.

NR/MNM/NA was treated at the dose of

400 mg/kg/day for one week.

NR increases intracellular and mitochondrial NAD content in

mammalian cells and tissues and enhances sirtuin activity.

Foremore, NR lowers HFD-induced body weight gain by

enhancing energy expenditure and make mice more sensitive

to insulin.

A.J. Trammell et al.26 Male C57Bl/6J mice: (i) normal chow (ii) HFD

(iii) HFD plus two low doses of streptozotocin.

Half of the three groups were supplemented with

3g of NR chloride per kg of their diet.

NR improved glucose tolerance, reduced weight gain, liver

damage and the development of hepatic steatosis both in

prediabetic and T2DM mice.

Lee et al.27 Male, 8-week-old KK/HlJ mice were allocated

to the control or NR group.

NR (100 mg/kg/day) was administrated by an

osmotic pump for 7 days.

NR treatment lowers the total cholesterol concentration in the

liver and improves glucose control and levels of serum insulin

and adiponectin. Hepatic proinflammatory markers such as

TNF a and IL-6 are significantly improved, with no change in

body weight gain, food intake, and liver function.

Yoshino et al.28 HFD-induced T2D model. NMN was treated

at the dose of 500 mg/kg body weight/day

NMN ameliorates NAD biosynthesis and glucose metabolism

and hepatic insulin sensitivity and restores gene expression

related to oxidative stress, inflammatory response, and

circadian rhythm.

Mitchell et al.29 male C57BL/6J mice: (i) synthetic low-fat diet (ii) HFD.

Both were supplemented with two doses of NAM

(0.5 and 1.0 g/kg of diet).

NAM supplementation is associated with reduced hepatic

steatosis and inflammation concomitant with increased

glycogen deposition and flux through the pentose phosphate

and glycolytic pathways without extending lifespan.a

aHF, high-fat; HDL, high-density lipoprotein; NMN, nicotinamide mononucleotide.
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dehydrogenase (BCKDH) in BCAA metabolism,36 highlighting the possible role of NAD precursors in promoting the metabolism of BCAA

and short-chain fatty acid. Importantly, the supplementation of 1000mgNR per day has not reported any adverse reactions in long-term trials,

and only a few acute experiments have reported some mild adverse reactions such as flushing reactions.34,37 Therefore, the poor efficacy of

NAD precursor supplements is an urgent issue that needs to be addressed.

Currently, NAD precursors are mainly supplemented orally. In one way, the availability of NAD precursor supplements in the liver may be

much lower than oral doses due to the complex digestive system and different absorption efficiency of humans, so that appropriate adjust-

ments should be made to the drug dosage and administration method under the premise of safety. In another, MASLD patients often suffer

from gut microbiota disorders, with lower diversity of gut microbiota compared to healthy subjects. Numerous studies have shown that the

gut microbiota participates in human metabolic function, and the disorders of the microbiota may disrupt the interaction network with hu-

mans, thereby potentially reducing the conversion efficiency and therapeutic efficacy of NAD precursor supplements. Finally, it should be

emphasized that supplementing NADmay greatly increase the level of NAMPT, which may be a risk factor for MASLD patients with elevated

NAMPT expression. Activation of the eNAMPT/TLR4 inflammatory pathway have been reported to contribute to the progression of MASLD,

MASH, and liver fibrosis.38

Overall, considering factors such as gut microbiota, drug dosage, administration method, gender and age, the treatment efficiency of

NAD precursor supplements in future is still promising, which requires more clearly grouped clinical trials.

NAD METABOLISM CAN REGULATE THE COMPOSITION OF GUT MICROBIOTA IN MASLD

Recent research has linked the gut microbiota and its metabolites to the occurrence and development of MASLD. In one way, unhealthy di-

etary habits and lifestyles affect the composition and homeostasis of gut microbiota. The disruption of signal homeostasis between bacteria
iScience 27, 109174, March 15, 2024 3



Table 3. studies on gut microbiota associating with MASLD in animals and human

Study Study design Results

Zhang et al.40 C57BL/6 male mice: (i) High-fat/high-cholesterol

(ii) high-fat/low-cholesterol (iii) normal chow

diet for 14 months.

Mucispirillum, Desulfovibrio, Anaerotruncus and

Desulfovibrionaceae were sequentially increased along stages of

MASLD–HCC formation, and Bifidobacterium and Bacteroides

were depleted in high-fat/high-cholesterol-fed mice.

Schwimmer et al.41 Children with biopsy-proven MASLD (n = 87) vs.

children with obesity without MASLD (n = 37).

High abundance of Prevotella copri was associated with more

severe fibrosis. Proteobacteria and TM7 were higher in patients

with MASH while Fusobacteria, Verrucomicrobia, and

Lentisphaerae were higher in patients with MASLD but not MASH.

Boursier et al.42 Biopsy-proven MASLD patients: (i)Fibrosis F0/1

(n = 30, 10 with MASH) (ii)Fibrosis F R 2 (n = 27).

Bacteroidaceae increased with the severity of liver lesions, whereas

Prevotellaceae and Erysipelotrichaceae decreased. Patients with

MASH had higher abundance of Bacteroides and lower abundance

of Prevotella campared with those without MASH.

Jiang et al.43 MASLD patients (n = 53) vs. healthy

subjects (n = 32)

Alistipes and Prevotella were significantly decreased in MASLD

patients while Escherichia, Anaerobacter, Lactobacillus and

Streptococcus were increased.

Shen et al.44 MASLD patients (n = 25) vs. healthy

subjects (n = 22)

Proteobacteria and Fusobacteria phyla were more abundant in

MASLD patients, however, there was a lower abundance of

Prevotella in the MASLD group.

Moran-Ramos et al.45 Well-characterized patients with obesity and biopsy-

proven MASLD: non-alcoholic fatty liver controls

(n = 11) vs. fatty liver (n = 11) vs. MASH (n = 23).

Parabacteroides distasonis and Alistipes putredeniswere enriched

in fatty liver but not in MASH patients. Prevotella copri dominant

cluster was associated with a greater risk of developing MASH.a

aHCC, hepatocellular carcinoma.
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and host leads to a break in intestinal barrier function, thereby promoting bacterial translocation to the liver. Exposure of the liver to gut

derived bacterial products can cause chronic endotoxemia and related changes in the gut-liver axis, leading tometabolic disorders.39 Luckily,

with the development of omics technology, gut microbes related to MASLD are gradually being discovered. Similar to the results of NAMPT,

the composition of gut microbiota also exhibits diversity in MASLD patients. (Table 3)

In another, diet is also a powerful regulator of the gut microbiota. Peluso et al.46 reported that supplementing NR in HFD-induced

rats not only reproduced the improvement results in mice but reshaped the microbiota composition of the lower digestive tract (cecum,

proximal colon, and distal colon). Increased a-diversity was observed in HFD-induced animals treated with NR at 4, 8, and 12 weeks. NR

was found to modulate the rat fecal microbiota by inducing a sustained increase in Erysipelotrichaceae and Ruminococcaceae species.

Moreover, a significant increase in the relative abundance of a species of Prevotellaceae was also observed in the lower gastrointestinal

tract. Interestingly, the regulatory effect of NR on gut microbiota showed similar results in another group of HFD-induced mice

experiments.47

Additionally, NAD-dependent histone deacetylase SIRT1 seems to serve as a core enzyme in regulating gutmicrobiota, epithelial biology,

and inflammation.48 Mice with gut-specific SIRT1 deficiency have more Paneth and Goblet cells and reshape the gut microbiota,49 which may

be the key point for the connection between MASLD and gut microbiota.

In general, NADmetabolism can regulate the composition of gutmicrobiota inMASLD animalmodels, but the role of reshaped gutmicro-

biota is still unknown, which needs more research to demonstrate the complex relationship between NAD metabolism and gut microbiota.

THE EFFECT OF GUT MICROBIOTA ON MASLD BY REGULATING NAD METABOLISM

The gutmicrobiota has uniqueNADmetabolic pathways thatmay help enhance hostmetabolic flexibility. In comparison with the liver, the gut

microbiota converted NAD precursors into NAD through a specific De novo synthesis pathway via the key enzyme NaMNAT and NADS. Fu-

sobacterium, Firmicutes, and Proteobacterium synthesized NAD through this pathway. Notably, some Firmicutes possessed alternative syn-

thetic pathways as well. This pathway converts quinolinic acid (QA) intoNaMNand synthesizesNAD throughNMNS andNMNAT. In addition,

the supplementation of NAD precursor NAM, NA, and NR by gut microbiota also plays an important role in the synthesis of NAD. Only Ac-

tinomycetes, Firmicutes, and Proteobacterium are capable of uptakingNAMandNA, while the salvage of NR is only present in Firmicutes and

Proteobacteria.50 (Figure 1)

Different from NAMPT, a homologous nicotinamide enzyme was found in Escherichia coli and Saccharomyces cerevisiae.51 Nicotinamide

deamidase (PncA) can convert NAM into NA, thus up-regulating the Preiss-Handler pathway. The recovery routes of NAM in different micro-

biota and eukaryotes are different. Vertebrates carry a nadV-like nicotinamide phosphoribosyltransferase gene and no nicotinamidase gene,

while the pncA-like nicotinamidase gene is more common in microbiota.52
4 iScience 27, 109174, March 15, 2024



Figure 1. The metabolic pathway of nicotinamide adenine dinucleotide (NAD) and the interaction between gut microbiota and host

When the imbalance of gut microbiota leads to damage to the intestinal barrier, the microbiota or metabolites can translocate to the liver through the gut-liver

axis, affecting liver NAD metabolism. On the one hand, the host utilizes amino acids or vitamins from dietary to synthesize NAD and its precursors, and the host

derived circulating NAM is one of themain sources ofmicrobial NAD synthesis. On the other hand, the gutmicrobiota can utilize dietary fiber that the host cannot

metabolize to synthesize NAD and supplement the liver’s NAD pool. In summary, exogenous NAD supplements or dietary can promote gut microbiota and host

NAD metabolism and their crosstalk, jointly promoting liver NAD pool levels. L-Asp, L-Aspartic acid; Trp, tryptophan; R5P, ribose 5-phosphate; QA, quinolinic

acid; NaMN, nicotinic acid mononucleotide; NAAD, nicotinate adenine dinucleotide; NA, niacin; NAM, nicotinamide; NMN, nicotinamide mononucleotide; NR,

nicotinamide riboside; ACMS, aminocarboxymuconate semialdehyde decarboxylase. (Created with BioRender.com).

ll
OPEN ACCESS

iScience
Review
In particular, the NAD deamidation metabolites synthesized by gut microbiota using PncA contribute to most of the synthesized liver

NAD.53 Chellappa et al.54 revealed that gut microbiota, together with the host’s NA synthesis pathway bypass the intestinal salvage pathway,

suggesting a unique bidirectional interaction between the host and gut microbiota when sharing NAD biosynthesis precursors. Gut micro-

biota also endows the host with resistance toNAMPT inhibitors. The deamidatedNADprecursors are sufficient to salvage theNAD reduction

and energy consumption inducedbyNAMPT inhibitors, highlighting the equally important role of the Preiss-Handler pathway in the liver NAD

synthesis. Moreover, overexpression of the pncA gene in Escherichia coli could affect the liver NAD metabolism. Further optimization of the

PncA sequence of Escherichia coli for direct expression in mammals resulted in significantly higher NAD levels compared to the control

group, even about five times higher than the normal diet group, and improved diet-induced MASLD mice. However, due to the limitation

of liver cell absorption efficiency, the widely used and efficient NAD precursors NR and NMN only increased liver NAD levels by 1.5– to

2-fold.55

Therefore, direct incorporation into the NAD through NR is insufficient to significantly raise the total NAD pool in the liver without the

effect of gut microbiota, which highlighting the role of gut microbiota in absorption of NR supplements into the liver NAD levels, even if there

isn’t much evidence to support this. Particularly, gut microbiota with high pncA gene expression may greatly increase NAD levels in the liver,

thereby enhancing the therapeutic effect of NAD precursor supplements on MASLD.
FACTORS AFFECTING HOST-BACTERIA NAD METABOLISM: PHYSIOLOGICAL STRUCTURE AND DIETARY HABITS

The obvious vertical structure, horizontal structure, pH, oxygen concentration and reduction potential of the intestinal tract shape the colo-

nization, distribution and density of bacterial community in the intestinal tract.56

The small intestine maintains a high intracellular oxygen concentration, and the main use of oxygen or nitrate as electron acceptors drives

themicrobial community to be composedmainly of facultative anaerobic bacteria and aerobic bacteria, such as Streptococcus, Lactobacillus,

and Enterobacterium.57 Meanwhile, dietary habits dynamically affect the composition of gut microbiota. Dietary amino acids are the main

precursors of NAD synthesis. Since they are primarily absorbed in the upper digestive tract, microbes colonized in the distal sections of

the small and large intestine cannot use them. Bacteria in the small intestine can almost rely on host derivedNAM formicrobial NAD synthesis,

with circulating NAM accounting for 80–90% of microbial NAD synthesis.54

The colon is where the majority of intestinal bacteria colonize. Long retention time of intestinal contents, adequate nutrition supply, slow

intestinal peristalsis, and low anaerobic electrification in situ promote colonization and reproduction of bacteria. Anaerobic bacteria, such as
iScience 27, 109174, March 15, 2024 5
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Bacteroides, Bifidobacterium, Bacteroides, can outnumber aerobic bacteria by a factor of 100–1000 due to restrictions on oxygen and nitrate

uptake.58

Carbohydrate fermentation is the core activity of gut microbiota, driving the energy and carbon economy of the colon.59 Colonic bacteria

synthesize NAD by decomposing and fermenting food dietary fiber that cannot be absorbed by the small intestine. The abundance of Bac-

teroides and Prevotella is significantly related to fiber rich diet.60–62 Dietary fiber mainly promotes the synthesis of microbial NAD in large

intestine through Aspartic acid and ribose 5-phosphate. About half of the colon microbial NAD is produced by De novo synthesis passway

from fiber, with the other half made up of circulating NAM.54

Importantly, diet is also a key source of BCAA. On the one hand, a higher NAD+/NADH ratio is the main factor promoting the irreversible

oxidation reaction of BCAA, on the other hand, specific gut microbiota also encode genes that mediate the degradation of BCAA.63 Corre-

spondingly, BCAA metabolism participates in mitochondrial energy metabolism by producing acetyl CoA and succinyl CoA, and regulates

theNAD+/NADH ratio. Therefore, gutmicrobiota also plays a significant role in regulating the balance of NAD and BCAAmetabolism in host.

Additionally, Litvak et al.64 proposed that colonocytemetabolism functions as a control switch,mediating a shift between homeostatic and

dysbiotic communities. Specifically, the oxidative phosphorylation metabolism of colon cells induces the epithelial hypoxia environment,

which helps maintain the colonization of specific anaerobic bacteria. In turn, anaerobic bacteria provide benefits for the host through fermen-

tation fibers, which supports a new strategy to promote the stability of gut microbiota by restoring the intestinal environment.65,66 However,

there is limited research on the NAD metabolism of gut microbiota, focusing on the NAD metabolism of gut microbiota may help to better

understand the metabolic interactions between hosts and microbiota.

PROBIOTICS MAY ENHANCE THE EFFICACY OF NAD AND ITS PRECURSORS IN MASLD

Based on the relationship between gut microbiota and MASLD, researchers have conducted numerous researches on NAD regulated domi-

nant microbiota to improve MASLD. For example, after supplementing HFD-induced C57BL/6 male mice with NR, fecal matter was trans-

ferred to another mouse to establish an NR-conditioned microbiota. NR conditioned fecal microbiota transplantation (FMT) reshaped the

gut microbiota and reduced HFD-induced weight gain by increasing energy expenditure, similar to the effect of NR supplements.47 More-

over, in HFD-inducedmice withmethylation-controlled J protein knockoutmicrobiota, intestinal NAMPT and SIRT1 expression as well as total

NAD levels and NAD+/NADH ratio were significantly increased, and the availability of NAD in the liver was improved, which slowed the pro-

gression of MASH.67 Consequently, it is speculated that the NAD regulated probiotics can influenceMASLD favorably independently of NAD

precursor supplements.

Interestingly, Roy et al.68 proposed that gut microbiota influences MASLD susceptibility; thus, a healthier gut microbiota is beneficial for

both treating and preventingMASLD. However, in a latest research, NR supplementation failed to change the a and b diversity of fecal micro-

flora of 40 non-diabetes and obesemen within 12 weeks,46 whichmay be due to the complexity and diversity of the humanmicrobiota. There-

fore, the limited effect of NAD precursor supplements may be due to the lack of synergistic effects with NAD regulated probiotics, thus

enhancing the proportion and diversity of probiotics is necessary.

Currently, someprobiotic supplements have shown good effects in vitro and vivomodels. For instance, in HepG46 cells stimulated by oleic

acid and cholesterol, Lactobacillus sakei MJM60958 significantly inhibited 79.2% of lipid accumulation. Furthermore, in HFD-induced mice,

Lactobacillus sakei MJM60958 and ADM14 both reduced weight, total blood cholesterol, and protein expression related to lipid accumula-

tion, At the same time, the ratio of Firmicutes/Bacteroides was restored, and the relative abundance of specific microbiota was increased,

which had a positive impact on metabolic disorders such as obesity and fatty liver.69–71 Therefore, probiotic supplements combined with

NRmay be a more promising treatment option for MASLD. However, which microbiota may become NAD regulated probiotics and the spe-

cific mechanisms by which they respond to NAD precursor supplements to improve MASLD are still unclear.

NAD-METABOLIZED WITH PREVOTELLA MIGHT HAVE POTENTIAL EFFECTS ON THE TREATMENT OF MASLD

Prevotella is a kind of gram-negative obligate anaerobe, which has always been reported to be related to human infections such as caries and

periodontal disease, as well as other diseases such as chronic osteomyelitis, bite related infections, rheumatoid arthritis and intestinal

diseases.72

However, Prevotella is also associated with vegetarian or high fiber, which is consistent with the prevention and intervention of MASLD. D.

Corbin et al.73 observed that the microbiome enhancer diet (MBD) reduced the host’s metabolizable energy by increasing gut microbiota

fermentation and metabolites without changing energy intake and physical activity. The high abundance microbial communities detected

in MBD are mainly fiber degrading or butyrate producers, including Prevotella copri and Lachnospira pectinoschiza. This study supports

enhancing the body’s energy metabolism system and shaping the microbiota through a fiber-rich diet and fewer processed foods, which

may serve as a potential future treatment for the global obesity problem. In fact, theMediterranean diet has been reported to be significantly

associated with the increase of Prevotella and some fiber-degrading Firmicutes.74 Hence the intervention of dietary fiber on intestinal micro-

biota can also be used as a novel protective therapy for diabetes nephropathy.75 In addition, the use of Lactobacillus plantarumDad-13 pow-

der in Indonesia significantly reduced average weight and BMI in 30 overweight adults after 90 days of treatment. Gut microbiota showed a

significant increase in Bacteroides, especially Prevotella, while Firmicutes significantly decreased.76 Moreover, in nervous system disease,

whether probiotic therapy or microbiota transfer therapy, Prevotella is significantly increased and participates in reshaping the gut micro-

biota.77,78 To conclude, the metabolic relationship between Prevotella and the host, as well as its potential as a probiotic, are highlighted

by these studies.
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Figure 2. The hypothesis that Prevotella may improve MASLD by enhancing carbon metabolism and BCAA metabolism after supplementation with

NAD

On the one hand, Prevotella encodes all the enzymes required for the Embdenmeyerhof pathway. The succinate produced by enhanced carbonmetabolism can

undergo glucose neogenesis through Prevotella, while Phosphoenolpyruvate (PEP) or Pyruvate can participate in the liver TCA cycle and regulate the NAD+/

NADH ratio. On the other hand, Prevotella contains BCAA biosynthesis genes, which can be converted into metabolic intermediates in the TCA cycle

through skeletal muscle and liver metabolism, and further regulate the NAD+/NADH ratio. Therefore, specific microorganisms such as Prevotella may play a

unique role in using NAD supplements to improve MASLD. (Created with BioRender.com).
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Moreover, in MASLD mice, NAD supplements regulate the composition of several intestinal bacteria, including Prevotella. Prevotella is

reported to possess a Vitamin B3 biosynthesis pathway that contributes to an increase in the source of NAD precursors.79 Likewise, by regu-

lating ammonium assimilation, carbon metabolism, and BCAAmetabolism, Prevotella also regulates the ratio of NAD+/NADH and enhance

the level of NAD in accordance with host.

Therefore, Prevotella may serve as NAD regulatory microbiota, who is crucial for preserving metabolic balance in MASLD. The NAD

related carbon metabolism and BCAA metabolic pathway regulated by Prevotella are closely related to MASLD, and in-depth study of its

abundance and function may be of great significance for NAD supplementation therapy.
Prevotella might improve MASLD by enhancing carbon metabolism and regulating NAD metabolism pool

As an important intermediate product of energymetabolism,NADplays an important role in carbonmetabolism. Franke et al.80 predicted the

central energy and carbon metabolism of Prevotella copri through bioinformatics and found that Prevotella copri’s genome encodes all the

enzymes required for the Embden-Meyerhof pathway but lacks the key enzymes of the oxidative branch of the pentose phosphate pathway

and the 2-keto-3-deoxy-6-phosphogluconate aldolase and 6-phosphogluconate dehydratase of the Entner–Doudoroff pathway, so the

glycolysis pathway is the central process in the cytoplasmic sugar degradation of Prevotella copri. Glucose is metabolized into phosphoenol-

pyruvate, and the phosphoenolpyruvate pathway is divided into two branches. （Figure 2）
The first branch of phosphoenolpyruvate is carboxylated to oxaloacetate and produces adenosine 50-triphosphate (ATP). Oxaloacetate

participates in the TCA cycle and finally converts into succinate. Succinate, a new perspective of metabolites derived from the gutmicrobiota,

is essential in regulating intestinal homeostasis and energy metabolism.81 For example, in inflammatory intestinal epithelial cells, activated

hypoxia inducible factor-1 a (HIF-1 a) is believed to alleviate inflammation by improving epithelial barrier function and reducing epithelial cell

apoptosis. Prolyl hydroxylase domain (PHD) enzyme converts oxygen and alpha-ketoglutarate (a-KG) into succinate and CO2. High levels of

succinate slowed down PHD and inhibited HIF-1 a hydroxylation by inhibiting the product, thus contributing to HIF-1 a Stability and activa-

tion. In fact, the accumulation of succinate itself also triggered HIF-1 a activation.82,83

More importantly, succinic acid can be used as a substrate for gluconeogenesis to improve glucose homeostasis. Succinate supplemen-

tation not only reduced liver glucose production and enhanced glucose and insulin tolerance inmice by intestinal gluconeogenesis, but it also

reduced weight gain in mice by boosting energy consumption.84 Since increased hepatic glucose release is thought to be one of the con-

tributors of insulin resistance and type 2 diabetes (T2DM),85 thus inhibiting this mechanism can help prevent obesity and diabetes. What’s

more, after feeding barley kernel bread, the feces of responders with improved glucose metabolism were enriched with Prevotella and

showed the potential for increased fermentation of complex polysaccharides. Moreover, compared with the nonresponders, the proximal

colon biopsy of the responders showed a significant increase in glucose-6-phosphatase catalytic subunit (G6pc) expression but a decrease
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in glycogen phosphorylase L (Pygl).61 G6pc is the main enzyme for glucose homeostasis and matters in gluconeogenesis and glycogenolysis,

while Pygl mediates the conversion of glycogen to glucose.86 Therefore, Prevotella not only improves metabolism by producing succinates,

but it may also improve glucose metabolism in some people by promoting increased glycogen storage.61 Additionally, succinate is essential

for promoting host immunity. Through SUCNR1 as a negative feedback signal, it can stimulate macrophages’ anti-inflammatory responses,

although its dynamic level variations are tightly correlated with those of other metabolites. As a consequence, it is necessary to further deter-

mine the concentration of succinate that affects the polarization direction of macrophage polarization.87

In the second branch phosphoenolpyruvate is converted to pyruvate and pyruvate is further converted to acetyl CoA and can finally be to

acetate.80 Acetatemediates the activation of FFAR2 throughG（i/o）bg-PLC-PKC-PTEN to inhibit insulin signaling and promote energy con-

sumption, thereby inhibiting fat accumulation in adipose tissuewhile promoting lipid andglucosemetabolism in other tissues, which prevents

the development of MASLD/MASH.88,89 What’s more, Alisol A 24-Acetate may improve liver steatosis through adiponectin, which activates

the AMPK a signaling pathway to downregulate sterol regulatory element-binding protein (SREBP)-1c, acetyl-CoA carboxylase (ACC), and

factor-related apoptosis (FAS) and inhibit inflammation, potentially serving as a therapeutic medicine for MASLD.90 In addition, the preser-

vation ofmucosal homeostasis is another critical function of acetate. By regulating the interaction between immunological and epithelial cells,

it induces the production of T-cell-dependent IgA, which alters the position of particular bacteria in the colon.91 In summary, the increased

Prevotella may improve MASLD by promoting the carbon metabolism with NAD supplementation.
BCAAs: Potential targets for Prevotella to improve MASLD

More importantly, NAD can upregulate BCAA-related fatty acid metabolism, while Prevotella, strongly correlated with BCAA levels, contains

BCAA biosynthesis gene.92,93 BCAAs involve three essential amino acid, including Leucine, Isoleucine and Valine, which can promote the

repair of liver injury and restore its detoxification function. Given that branched-chain aminotransferase (BCAT) activity is strong in the colon,

kidneys, and skeletalmuscles but low in the liver, BCAA typically avoid the liver’s first pass catabolism and instead convert into branched-chain

a-keto acid (BCKA) in tissues like skeletal muscles.94 BCATs catalyze the transamination reaction of amino groups from BCAAs to a-KG, pro-

ducing BCKAs and glutamate. BCAAs transaminationmatters more than oxidation, and effective transamination produces alanine and gluta-

mine respectively, which are important gluconeogenesis substrates in the liver and kidney.95 The conversion of BCKAs by BCKDH is the next

step in BCAAs catabolism, which is a rate limiting step in the BCAAs catabolism pathway. BCKDH, regulated by BCKDH kinase (BCKDK), is

most active in the liver and brain, but lower in resting skeletal muscles, so the liver is responsible for the extraction and decomposition of

BCKAs.95 BCKAs are decomposed into a-ketoisocaproate, a-ketoisovalerate and a-keto-b-methylvalerate and furthermetabolized into acetyl

CoA and succinyl CoA, participating in mitochondrial TCA cycle.96 Prevotella ruminicola 23 encodes two different redox dependent gluta-

mate dehydrogenase (GDH) and three different glutamine synthetase (GS) (GSI, GSIII-1 and GSIII-2).97 GDH controls the assimilation of

ammonium in the nitrogen cycle. The coupling of GDH and glutamate synthase can catalyze the direct conversion of ammonium into

a-KG and ATP dependent glutamine synthetase, supporting the transamination of BCAAs. GSIII-1 participates in the recovery of ammonia

and the maintenance of intracellular glutamate pools, providing amine groups to synthesize other N-containing cellular components such as

amino acids, purines, pyrimidines, and polyamines.98 Amino acid metabolism is essential to regulate intestinal epithelial barrier function, in-

testinal endocrine system and glucose metabolism homeostasis99; The deoxyhypusine synthase-deoxyhypusine hydroxylase-eukaryotic

translation initiation factor 5A (DHPS-DOHH-EIF5AH) pathway associated with polyamines can increase the liver protein synthesis and mito-

chondrial fatty acid oxidation, making it a therapeutic target to prevent the progression of MASH.100 Therefore, Prevotella is of great signif-

icance in promoting BCAAs metabolism.

One of the characteristics of MASLD is that BCKDH activity is inhibited because of the high expression level of BCKDK, leading to the

accumulation of BCKAs in plasma and dysfunction of the TCA cycle and mitochondria.101,102

Interestingly, BCAAs supplement has been proven effective to improve some symptoms in vitro and vivo models. (Table 4) In animal

models, supplementing with BCAA can reduce weight gain and lower hepatic triglycerides while improving the function of muscle. More

delightfully, AXA1125, an orally administered endogenous metabolic modulator comprised of five amino acids (leucine, isoleucine, valine,

arginine, glutamine) and N-acetylcysteine, may have significant therapeutic effects on MASLD patients, and its biologic activity tends to

be more pronounced in those with comorbid T2D.103 After treatment, the liver fat content, insulin resistance, liver enzymes, liver necrosis,

and liver fibrosis levels in MASLD patients were significantly improved within 16 weeks, and its further improvement on MASLD requires

long-term observation. Significantly, AXA1125 showed good safety and tolerability. Consequently, with NAD supplementation, the increased

Prevotella may also improve the symptoms and delay the progression of MASLD by supplementing BCAAs.

BCAA supplement may improve MASLD through multiple passways. (Figure 3) By activating AMPK, BCAAs upregulate PPAR amediated

liver uncoupling protein2 (UCP2) and muscle UCP3 levels, thereby affecting fatty acid oxidation and reducing tissue TG accumulation.105,108

UCP2 is a mitochondrial anion membrane transport protein, which not only regulates the production of mitochondrial ATP and reactive ox-

ygen species (ROS), but is essential in regulating cell metabolism, cell proliferation and cell death. Recently, UCP2 is considered as a potential

biomarker for tumor management.109 In addition, leucine supplement increased the expression of SIRT1 and NAMPT and increased the level

of intracellular NAD. Activation of SIRT1 leads to a decrease in the degree of acetylation of PGC1 a and FoxO1.110 The deacetylation of FoxO1

inhibits the expression of tribbles homologous protein 3 (TRB3) and prevents the interaction between TRB3 and Akt, thereby enhancing in-

sulin sensitivity.111 PGC1 aDeacetylation not only increases genes that regulate mitochondrial biogenesis, but also activates signal transduc-

tion that controls fatty acid oxidation, thereby reducing subcutaneous and visceral fat content and preventing lipid accumulation in the liver.

SIRT1 may be an important target for BCAAs supplement in treating HFD-induced obesity, insulin resistance, and metabolic disorders.110 In
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Table 4. The improvement effects of supplementing BCAA on MASLD

Study Experimental subjects Study design Results

Wang et al.104 The human-hepatoma-derived

cell line HepG2

pretreated with adenosylmethionine betaine,

taurine, and BCAA for 24 h, followed by

treatments of a high concentration of glucose

(50 mM) or palmitic acid (0.5 mM)

Pretreatment of BCAA inhibited the fat

accumulation, and the mRNA expression of

lipogenic enzymes was decreased while the

PPAR-g expression was increased.

Nishimura et al.105 Male C57Bl/6J mouse 45% high-fat food for 6 weeks. In last 4 weeks, a

concentration of 2.5% Ile in 0.5%

methylcellulose or 0.5% methylcellulose alone

was added to the drinking water.

Improve weight gain, signficantly decreased

levels of hepatic and skeletal muscle

triglyceride and hyperinsulinemia

Honda et al.106 Male C57BL/6J mice (1) choline-sufficient HF diet (2) HF plus 2%

BCAA in drinking water (3) CDHF diet (4)

CDHF-BCAA for 8 weeks.

Hepatic steatosis and liver injury associated

with MASH were alleviated along with

significantly lower levels of serum ALT, hepatic

TG, lipid droplet areas, hepatic total and free

cholesterol.

Lee et al.107 Male and female C57BL/6J

wild-type mice

high-fat high-sucrose or high-fat diet with free

access to deiodonized water supplemented

with or without BCAAs

BCAA supplementation raised circulating

BCAA and branched-chain a-keto acid levels

and C5-OH/C3-DC acylcarnitines in muscle

without worsening insulin resistance or glucose

tolerance. Valine oxidation was increased in

muscle while leucine oxidation did not change.

Harrison et al.103 102 MASLD patients

(40 with type 2 diabetes)

Subjects were randomized 2:2:2:1 to receive

twice-daily AXA1125 24 g (22.6-g free AA);

AXA1957 (13.5 g or 20.3 g, the latter isocaloric

and isonitrogenous to AXA1125); or a placebo

24 g orally for 16 weeks.

Reduced liver fat content and a reduction of

MRI-PDFF; a reduction in HOMA-IR and

improved insulin sensitivity; ALT levels

continue to decrease throughout the

treatment; soluble markers of hepatic

fibrogenesis cT1 and plasma Pro-C3 were

reduced; K-18 M65 was significantly reduced.a

aCDHF, choline-deficient high-fat; TG, triglyceride.
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addition, BCAAs inhibit the activation of Akt throughmTORC1 andmTORC2 dependent pathways, leading to downregulation of adipogenic

genes such as SREBP1, FAS, and ACC.112 The activation of AMPK and SIRT1 is involved in inhibiting SREBP1 as well.113 What’s more, exper-

iments in AML1 liver cells have shown that SREBP1 inhibition can reduce the expression of BCKDKmRNA.101 Inhibition of BCKDK activity can

enhance the activity of BCKAs rate limiting enzyme BCKDH, alleviating the problem of plasma BCKAs accumulation. BCKAs catabolites can

participate in the liver TCA cycle and gluconeogenesis to improve glucose homeostasis. Moreover, after treatment, Acetate derived fromgut

microbiota can improveMASLDby downregulating the expression of FAS and ACC in the liver, and induce the proliferation of gut microbiota

like R. flavefaciens.114 Importantly, BCAAs treatment of cirrhotic rats also improved glucose tolerance, possibly by inducing GLUT4 and

GLUT1 translocation to the plasma membrane to promote glucose uptake in skeletal muscles.115 A systematic evaluation and meta-analysis

showed that supplementing BCAAs improved prognostic factors in patients with liver cirrhosis, with a potential positive impact on

mortality.116

The Contradictions of Prevotella in MASLD

However, it must be acknowledged that the potential therapeutic effects of Prevotellamay be specific to a particular population. As the mul-

tiple studies listed, the abundance of Prevotella among different MASLD patients is contradictory. A study on fatty liver disease among His-

panics in Texas suggests that, the high abundance of Prevotella copri seems to be significantly correlated with Hispanics, which is closely

related to their dietary and lifestyle habits.117 For example, although the Mediterranean diet is advocated in Mediterranean countries, the

amount of alcohol consumed by Hispanics in Texas increases, which is positively correlated with the Prevotellaceae and Prevotella copri.

In addition, long-term ethanol feeding of mice also resulted in an increase in Prevotella not only in the mucous layer of the ileum, but also

in liver samples,118 all of which emphasizing it is the changes in dietary structure that reshape the gutmicrobiota and lead to diversity of results

in the population.

Equally important, prevotella has two sides, and its potential therapeutic effects may depend on the individual. Patients with MASLD and

relatively high abundance of P. copri are more likely to suffer from impaired glucose metabolism,119 and the accumulation of TCA related

products are positively correlated with circulating total cholesterol, low-density lipoprotein cholesterol, and IL-1b.120 Moreover, Prevotella

has been associated with individuals having elevated trimethylamine N-oxide (TMAO), a potential cardiovascular biomarker,121 suggesting

a potential correlation between Prevotella and cardiovascular disease. Therefore, a joint evaluation of gut microbiota and its metabolites with
iScience 27, 109174, March 15, 2024 9



Figure 3. Prevotella along with NR supplements improving the signaling pathway of BCAA metabolism in MASLD

NAD precursor supplements can affect fatty acid oxidation and lipid synthesis as well as the TCA cycle and insulin sensitivity. Simultaneously, Prevotella may

mediate the improvement of BCAA metabolism and corresponding signaling pathways after NR supplementation, playing a synergistic role with NR

supplementation in improving BCAA metabolism in MASLD. (Created with BioRender.com).
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TMAO should be conducted to screen patients whomay benefit fromNAD regulatedmicrobiota or have risk factors. On the whole, it is more

feasible to supplement dietary fiber along with NAD precursor to increase the abundance of Prevotella and achieve better treatment out-

comes for those who experience a decrease in Prevotella abundance due to a high fat and high protein diet.

Meanwhile, high levels of BCAAs in MASLD patients have a negative impact on the occurrence and development of MASLD, despite its

effectiveness in improving MASLD.122–124 Yu et al. found that the adverse metabolic effects of BCAAs in diet-induced obese mice may be

mediated by Isoleucine and Valine while Leucine plays a beneficial role in the treatment of various liver and tumor diseases.125,126 Conse-

quently, further research is necessary to determine whether the conflicting roles served by BCAAs in the pathophysiology and therapeutic

strategies for MASLD are due to differences in the kinds of amino acids.

To sum up, dietary habits, genetic factors, age, etc. may all have a significant impact on how well MASLD is improving as a result of

increased Prevotella abundance. Therefore, selective and specific therapy should be given to MASLD patients.
FUTURE PERSPECTIVE

In conclusion, the gut microbiota may be a key factor in improving MASLD with NAD supplements as demonstrated by the MASLD mouse

model. Interventions through diet or exercise may enhance the absorption efficiency of NAD supplements by promoting metabolic interac-

tions between gutmicrobiota and the host, thereby enhancing the liver NADpool. In addition, diet also affects the BCAAsmetabolism of host

and intestinal microbiota, which further regulates the NAD+/NADH ratio. Focusing on the metabolic balance between NAD and BCAAs may

be a future research direction.

NAD precursor supplements have demonstrated considerable therapeutic effects in MASLD animal models, bringing high expectations.

The results of numerous clinical researches, however, need additional validation. The precise mechanism of the beneficial effects of NAD and

itsmetabolites onMASLD is still elusive. The renamingofMASLDonce again emphasizes the necessity of stratified treatment for patients. The

therapeutic dose and preferred route of administration of NAD supplements require to be optimized according to the etiology and unique

characteristics of MASLDpatients. Overall, more research is needed, but NAD supplements may be a promising treatment option for MASLD

patients. Fortunately, the current research work still brings us many noteworthy research highlights.

(1) Gut microbiota, particularly those with high pncA gene expression, may synergistically improve NAD levels by upregulating NAPRT to

fully utilize the ignored Preiss-Handler pathway, making NAD supplements more effective in improving the liver NAD availability.

(2) Probiotic therapy has shown promise in animal models, but due to the difficulty in reshaping the human gut microbiota through single

supplementation, we suggest a combination therapy approach that includes adding to theNR conditionedmicrobiota through oral or

fecal microbiota transplantation.
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(3) Prevotella has demonstrated potential in the treatment of MASLD, and NR supplement in combination with a high-fiber diet may be

more efficient in increasing the diversity of this microbiota as well as the expression of NAMPT, thereby restoring the ratio of Firmi-

cutes/Bacteroides and Bacteroides/Prevotella and exerting greater therapeutic effects.

(4) The abundance of Prevotella varies throughout populations tested, which could be attributable to BMI, MASLD progression, gender,

or other factors, and further research is needed.

(5) Although BCAAs supplement can successfully prevent cirrhosis, but the development and treatment of MASLD may involve various

roles for each of the three amino acids in BCAAs. By identifying these roles, BCAAs may be more effective in treating MASLD.

(6) NAD is affected by the metabolic pool and circadian rhythm. It is difficult to accurately and repeatedly monitor the dynamic NAD and

its metabolites in patients, which calls for an effective monitoring indicator. Luckily, the metabolites of gut microbiota might serve as a

more stable indicator and could be combined with corresponding clinical indicators to provide patients for specific treatment through

clearer stratification.
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7. Szántó, M., Gupte, R., Kraus, W.L., Pacher,
P., and Bai, P. (2021). PARPs in lipid
metabolism and related diseases. Prog.
Lipid Res. 84, 101117. https://doi.org/10.
1016/j.plipres.2021.101117.

8. Amirkalali, B., Sohrabi, M.R., Esrafily, A.,
Jalali, M., Gholami, A., Hosseinzadeh, P.,
Keyvani, H., Shidfar, F., and Zamani, F.
(2017). Association between Nicotinamide
Phosphoribosyltransferase and de novo
Lipogenesis in Nonalcoholic Fatty Liver
Disease. Med. Princ. Pract. 26, 251–257.
https://doi.org/10.1159/000455862.

9. Costford, S.R., Bajpeyi, S., Pasarica, M.,
Albarado, D.C., Thomas, S.C., Xie, H.,
Church, T.S., Jubrias, S.A., Conley, K.E., and
Smith, S.R. (2010). Skeletal muscle NAMPT is
induced by exercise in humans. Am. J.
Physiol. Endocrinol. Metab. 298, E117–E126.
https://doi.org/10.1152/ajpendo.
00318.2009.

10. Rappou, E., Jukarainen, S., Rinnankoski-
Tuikka, R., Kaye, S., Heinonen, S.,
Hakkarainen, A., Lundbom, J., Lundbom,N.,
Saunavaara, V., Rissanen, A., et al. (2016).
Weight Loss Is Associated With Increased
NAD+/SIRT1 Expression But Reduced PARP
Activity in White Adipose Tissue. J. Clin.
Endocrinol. Metab. 101, 1263–1273. https://
doi.org/10.1210/jc.2015-3054.

11. Imi, Y., Amano, R., Kasahara, N., Obana, Y.,
and Hosooka, T. (2023). Nicotinamide
mononucleotide induces lipolysis by
regulating ATGL expression via the SIRT1-
AMPK axis in adipocytes. Biochem. Biophys.
Rep. 34, 101476. https://doi.org/10.1016/j.
bbrep.2023.101476.

12. Wang, L.-F., Wang, X.-N., Huang, C.-C., Hu,
L., Xiao, Y.-F., Guan, X.-H., Qian, Y.-S., Deng,
K.-Y., and Xin, H.-B. (2017). Inhibition of
NAMPT aggravates high fat diet-induced
hepatic steatosis in mice through regulating
Sirt1/AMPKa/SREBP1 signaling pathway.
Lipids Health Dis. 16, 82. https://doi.org/10.
1186/s12944-017-0464-z.

13. Wang, P., Li, W.-L., Liu, J.-M., and Miao,
C.-Y. (2016). NAMPT and NAMPT-
controlled NAD Metabolism in Vascular
Repair. J. Cardiovasc. Pharmacol. 67,
474–481.

14. Hosseinzadeh-Attar, M.J., Golpaie, A.,
Janani, L., and Derakhshanian, H. (2013).
Effect of Weight Reduction Following
Bariatric Surgery on Serum Visfatin and
Adiponectin Levels in Morbidly Obese
Subjects. Obes. Facts 6, 193–202. https://
doi.org/10.1159/000351162.

15. Dahl, T.B., Haukeland, J.W., Yndestad, A.,
Ranheim, T., Gladhaug, I.P., Damås, J.K.,
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26. Cantó, C., Houtkooper, R.H., Pirinen, E.,
Youn, D.Y., Oosterveer, M.H., Cen, Y.,
Fernandez-Marcos, P.J., Yamamoto, H.,
Andreux, P.A., Cettour-Rose, P., et al. (2012).
The NAD+ Precursor Nicotinamide
Riboside Enhances Oxidative Metabolism
and Protects against High-Fat Diet-Induced
Obesity. Cell Metabol. 15, 838–847. https://
doi.org/10.1016/j.cmet.2012.04.022.

27. Trammell, S.A.J.,Weidemann, B.J., Chadda,
A., Yorek, M.S., Holmes, A., Coppey, L.J.,
Obrosov, A., Kardon, R.H., Yorek, M.A., and
Brenner, C. (2016). Nicotinamide Riboside
Opposes Type 2 Diabetes and Neuropathy
in Mice. Sci. Rep. 6, 26933. https://doi.org/
10.1038/srep26933.
12 iScience 27, 109174, March 15, 2024
28. Lee, H.J., Hong, Y.-S., Jun, W., and Yang,
S.J. (2015). Nicotinamide Riboside
Ameliorates Hepatic Metaflammation by
Modulating NLRP3 Inflammasome in a
Rodent Model of Type 2 Diabetes. J. Med.
Food 18, 1207–1213. https://doi.org/10.
1089/jmf.2015.3439.

29. Mitchell, S.J., Bernier, M., Aon, M.A.,
Cortassa, S., Kim, E.Y., Fang, E.F., Palacios,
H.H., Ali, A., Navas-Enamorado, I., Di
Francesco, A., et al. (2018). Nicotinamide
Improves Aspects of Healthspan, but Not
Lifespan, in Mice. Cell Metabol. 27, 667–
676.e4. https://doi.org/10.1016/j.cmet.
2018.02.001.

30. Pencina, K.M., Valderrabano, R., Wipper, B.,
Orkaby, A.R., Reid, K.F., Storer, T., Lin, A.P.,
Merugumala, S., Wilson, L., Latham, N.,
et al. (2023). Nicotinamide Adenine
Dinucleotide Augmentation in Overweight
or Obese Middle-Aged and Older Adults: A
Physiologic Study. J. Clin. Endocrinol.
Metab. 108, 1968–1980. https://doi.org/10.
1210/clinem/dgad027.

31. Dellinger, R.W., Holmes, H.E., Hu-Seliger,
T., Butt, R.W., Harrison, S.A., Mozaffarian,
D., Chen, O., and Guarente, L. (2023).
Nicotinamide riboside and pterostilbene
reduces markers of hepatic inflammation in
NAFLD: A double-blind, placebo-
controlled clinical trial. Hepatology 78,
863–877. https://doi.org/10.1002/hep.
32778.

32. Yoshino, M., Yoshino, J., Kayser, B.D., Patti,
G.J., Franczyk, M.P., Mills, K.F., Sindelar, M.,
Pietka, T., Patterson, B.W., Imai, S.-I., and
Klein, S. (2021). Nicotinamide
mononucleotide increases muscle insulin
sensitivity in prediabetic women. Science
372, 1224–1229.

33. Dollerup, O.L., Christensen, B., Svart, M.,
Schmidt, M.S., Sulek, K., Ringgaard, S.,
Stødkilde-Jørgensen, H., Møller, N.,
Brenner, C., Treebak, J.T., and Jessen, N.
(2018). A randomized placebo-controlled
clinical trial of nicotinamide riboside in
obese men: safety, insulin-sensitivity, and
lipid-mobilizing effects. Am. J. Clin. Nutr.
108, 343–353. https://doi.org/10.1093/ajcn/
nqy132.

34. Li, X., Yang, H., Jin, H., Turkez, H., Ozturk, G.,
Doganay, H.L., Zhang, C., Nielsen, J., Uhlén,
M., Borén, J., andMardinoglu, A. (2023). The
acute effect of different NAD+ precursors
included in the combined metabolic
activators. Free Radic. Biol. Med. 205, 77–89.
https://doi.org/10.1016/j.freeradbiomed.
2023.05.032.

35. Remie, C.M.E., Roumans, K.H.M., Moonen,
M.P.B., Connell, N.J., Havekes, B.,
Mevenkamp, J., Lindeboom, L., de Wit,
V.H.W., van de Weijer, T., Aarts, S.A.B.M.,
et al. (2020). Nicotinamide riboside
supplementation alters body composition
and skeletal muscle acetylcarnitine
concentrations in healthy obese humans.
Am. J. Clin. Nutr. 112, 413–426. https://doi.
org/10.1093/ajcn/nqaa072.

36. Hole�cek, M. (2020). Why Are Branched-
Chain Amino Acids Increased in Starvation
and Diabetes? Nutrients 12, 3087. https://
doi.org/10.3390/nu12103087.

37. Nadeeshani, H., Li, J., Ying, T., Zhang, B.,
and Lu, J. (2022). Nicotinamide
mononucleotide (NMN) as an anti-aging
health product – Promises and safety
concerns. J. Adv. Res. 37, 267–278. https://
doi.org/10.1016/j.jare.2021.08.003.
38. Sun, B.L., Sun, X., Kempf, C.L., Song, J.H.,
Casanova, N.G., Camp, S.M., Reyes Hernon,
V., Fallon, M., Bime, C., Martin, D.R., et al.
(2023). Involvement of eNAMPT/TLR4
inflammatory signaling in progression of
non-alcoholic fatty liver disease,
steatohepatitis, and fibrosis. Faseb. J. 37,
e22825. https://doi.org/10.1096/fj.
202201972RR.

39. Lian, C.-Y., Zhai, Z.-Z., Li, Z.-F., and Wang, L.
(2020). High fat diet-triggered non-alcoholic
fatty liver disease: A review of proposed
mechanisms. Chem. Biol. Interact. 330,
109199. https://doi.org/10.1016/j.cbi.2020.
109199.

40. Zhang, X., Coker, O.O., Chu, E.S., Fu, K.,
Lau, H.C.H., Wang, Y.X., Chan, A.W.H., Wei,
H., Yang, X., Sung, J.J.Y., and Yu, J. (2021).
Dietary cholesterol drives fatty liver-
associated liver cancer by modulating gut
microbiota and metabolites. Gut 70,
761–774. https://doi.org/10.1136/gutjnl-
2019-319664.

41. Schwimmer, J.B., Johnson, J.S., Angeles,
J.E., Behling, C., Belt, P.H., Borecki, I., Bross,
C., Durelle, J., Goyal, N.P., Hamilton, G.,
et al. (2019). Microbiome Signatures
Associated With Steatohepatitis and
Moderate to Severe Fibrosis in Children
With Nonalcoholic Fatty Liver Disease.
Gastroenterology 157, 1109–1122. https://
doi.org/10.1053/j.gastro.2019.06.028.

42. Boursier, J., Mueller, O., Barret, M.,
Machado, M., Fizanne, L., Araujo-Perez, F.,
Guy, C.D., Seed, P.C., Rawls, J.F., David,
L.A., et al. (2016). The severity of
nonalcoholic fatty liver disease is associated
with gut dysbiosis and shift in the metabolic
function of the gut microbiota. Hepatology
63, 764–775. https://doi.org/10.1002/hep.
28356.

43. Jiang, W., Wu, N., Wang, X., Chi, Y., Zhang,
Y., Qiu, X., Hu, Y., Li, J., and Liu, Y. (2015).
Dysbiosis gut microbiota associated with
inflammation and impaired mucosal
immune function in intestine of humans with
non-alcoholic fatty liver disease. Sci. Rep. 5,
8096. https://doi.org/10.1038/srep08096.

44. Shen, F., Zheng, R.-D., Sun, X.-Q., Ding,
W.-J., Wang, X.-Y., and Fan, J.-G. (2017). Gut
microbiota dysbiosis in patients with non-
alcoholic fatty liver disease. Hepatobiliary
Pancreat. Dis. Int. 16, 375–381. https://doi.
org/10.1016/s1499-3872(17)60019-5.

45. Moran-Ramos, S., Cerqueda-Garcı́a, D.,
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50. Magnúsdóttir, S., Ravcheev, D., de Crécy-
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