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Abstract
Obesity poses a global health challenge and is a major risk factor for diabetes mellitus, cardiovascular diseases, hypertension, stroke and certain kinds
of cancers. Although the effects of nicotinamide (NAM) on liver metabolism and diseases were well documented, its effects on adipose tissue are yet to be
characterized. Herein, we found that NAM supplementation signiﬁcantly reduced fat mass and improved glucose tolerance in obese mice. Proteomic analysis
revealed that NAM supplementation upregulates mitochondrial proteins while quantitative polymerase chain reaction showed that PPARα and PGC1α were
both upregulated in adipose tissues, proposing that NAM increased mitochondrial biogenesis in adipose tissue. Indeed, NAM treatment increased proteins
related to mitochondrial functions including oxidative phosphorylation, fatty acid oxidation, and TCA cycle. Furthermore, isotope-tracing assisted metabolic
proﬁling revealed that NAM activated NAMPT and increased cellular NAD+ level by 30%. Unexpectedly, we found that NAM also increased glucose derived
amino acids to enhance glutathione synthesis for maintaining cellular redox homeostasis. Taken together, our results demonstrated that NAM reprogramed
cellular metabolism, enhanced adipose mitochondrial functions to ameliorate symptoms associated with obesity.
© 2022 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction
Obesity and associated diseases, such as stroke, cardiovascular
diseases, diabetes, and certain cancers are becoming global epidemic. According to the ageing and health fact sheet from World
Health Organization, over two billion people worldwide are overweight and nearly 35% of these individuals are severely obese [1].
Nicotinamide adenine dinucleotide (NAD+ ), one of the biological
redox cofactors, plays a central role in cellular energy regulation
and metabolism. NAD+ has gained a resurgence of interest over
recent years for its roles in obesity. It has been documented that
NAD+ levels decrease in adipose tissue, liver, and muscle of obese
rodents and human [2–5]. Furthermore, interventions such as exercise and calorie restriction ameliorate metabolic disorders by increasing NAD+ content [6–9].
Nicotinic acid, nicotinamide (NAM), nicotinamide riboside,
and nicotinamide mononucleotide (NMN) are NAD+ precursors.
Metabolic ﬂux analysis in mice showed that NAD+ synthesis in
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adipose tissue, muscle, and brain relied on circulating NAM, postulating the crucial role of NAM [10,11]. It was reported that NAM
supplementation improved insulin sensitivity in diabetic human
and rodent models [12–14]. NAM also decreased oxidative stress
and protected hepatocytes against saturated fatty acids-induced
cell death in obese rats [14–16]. Recently, Mitchell et al. used
a high dose NAM to treat aged mice and found that NAM prevented hepatosteatosis and ameliorated liver glucose metabolism
by inhibiting de novo lipid synthesis [17,18]. NAM increased lipid
catabolism by upregulating genes associated with carnitine synthesis in obese rat liver and muscle [19]. Molecular mechanisms
of NAM were deeply investigated in liver tissue, but the effects
of NAM on adipose tissue have not been comprehensively investigated.
In the present work, we aimed to examine the effects of NAM
on the fat loss and lipid metabolism in obese mice induced by a
high fat diet. We performed multi-omics analysis including quantitative proteomics, metabolomics, lipidomics, and isotope tracing
analysis to delineate the effects of NAM supplementation on adipose tissue. We reveal that NAM supplementation reverse obesity
and ameliorate comorbidities associated with obesity by boosting NAD+ , enhancing oxidation of fatty acids and increasing GSH
biosynthesis.
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2. Materials and methods
2.1. Animal experiments
Mice experiments were performed in the animal facility of Tsinghua University
(Beijing, China) with approval of the Institutional Animal Care and Use Committee of Tsinghua University. C57BL/6J WT mice was purchased from Jackson Laboratory through Laboratory Animal Research Center and housed in animal facility of
Tsinghua University with ad libitum access to diet and tap water. Animal rooms
were maintained at 20–22◦ C with 30–70% relative humidity and a 12-h light/dark
cycle. Four-week C57BL/6J male mice were fed high fat diet (Research Diets, New
Brunswick, USA, D12492, with 60 kcal% fat) for 8 weeks, and then randomized
into two groups: one fed normal water and the other fed water with NAM (SigmaAldrich, N0636) supplementation (18.75 g NAM/100 mL water as a clear solution)
which was corresponding with 37.5 mg/g BW/d [17]. Mice were continuously fed
a high-fat diet throughout the study. Bodyweight and food intake were examined
every 1 week from NAM supplementation to the sacriﬁce of mice. Metabolic cage
(TSE, Germany, 30202-c-08) and glucose tolerance test were performed during the
third week of NAM supplementation. Animals were sacriﬁced at the end of third
week, and liver, brown adipose tissue (BAT), subcutaneous adipose tissue (SCAT),
and epididymal adipose tissue (eWAT) were weighed, frozen quickly in liquid nitrogen and stored at –80◦ C. Blood protein aspartate aminotransferase (AST), lactate
dehydrogenase (LDH), creatine kinase (CK), and alkaline phosphatase (ALP) were
measured with Roche Cobas 60 0 0 (C501) Chemistry Analyzer.

30 0 0 UPLC system coupled to a TSQ Quantiva Ultra triple-quadrupole mass spectrometer (Thermo Fisher Scientiﬁc, Waltham, MA, USA), equipped with a heated
electrospray ionization probe. Extracts were separated by a synergi Hydro-reverse
phase column (2.0 × 100 mm, 2.5 μm, phenomenex). A binary solvent system was
used, in which mobile phase A consisted of 10 mM tributylamine adjusted with
15 mM acetic acid in water, and mobile phase B of methanol. This analysis used a
25-min gradient from 5% to 90% mobile B. Data acquired in selected reaction monitoring for metabolites in positive-negative ion switching mode. The resolution for
Q1 and Q3 are both 0.7 FWHM. The source voltage was set at 3500 v for positiveor 2500 v for negative-ion mode. The source parameters are set as follows: capillary
temperature: 350◦ C; heater temperature: 300◦ C; sheath gas ﬂow rate: 35; auxiliary
gas ﬂow rate: 10. Traceﬁnder 3.2 (Thermo Fisher Scientiﬁc, Waltham, MA, USA) was
applied for metabolite identiﬁcation and peak integration.
2.6. Ingenuity pathway analysis
Signiﬁcantly changed proteins (fold change < 0.76 or >1.30, P < .05) were uploaded to Ingenuity Pathway Analysis software to perform pathway analysis. The
pathways’ P-values were calculated based on Fisher’s exact test right-tailed methods. The match between observed gene expression and expected relationship direction is presented as z-score. Z-score >2 is considered that pathway is signiﬁcantly
activated, and z-score < −2 is considered that pathway is signiﬁcantly inhibited
[23].

2.2. Cell cultures

2.7. Immunoprecipitation and Western Blot

3T3L1 pre-adipocytes cells were purchased from American Type Culture Collection and were grown in Dulbecco’s Modiﬁed Eagle’s Medium (DMEM) (Wisent,
Nanjing, China) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin (Wisent, Nanjing, China) in a humidiﬁed incubator containing 5% CO2 at 37°C. 3T3-L1 pre-adipocytes were induced to differentiated mature adipocytes as described by the protocol of American Type Culture
Collection. In brief, cells were grown 2 d after conﬂuence in DMEM/FBS and then
in DMEM/FBS supplemented with 5 μg/mL insulin, 1 μM dexamethasone, and 0.5
mM isobutylmethylxanthine for an additional 2 d. The medium was then changed
to DMEM/FBS supplemented with 5 μg/mL insulin. Cells were used for experiments
8 d after differentiation.

The total protein was extracted from fat tissue and immunoprecipitation assay was performed using protein A/G beads (Thermo Fisher Scientiﬁc, Waltham,
MA, USA, 78609). Brieﬂy, equal amount of protein from each adipose homogenate
was immunoprecipitated with protein A/G beads and SOD2 antibody (Cell Signaling Technology, Boston, MA, USA, 13141) rotated overnight at 4°C in a rotary wheel.
Then, the beads were washed three times, boiled with loading buffer and separated on sodium dodecyl sulfate–polyacrylamide gel electrophoresis gel. For western blotting, cells lysates and tissue homogenate were prepared with radioimmunoprecipitation assay buffer at 4◦ C. Equal amount of protein was subjected to
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred
onto a polyvinylidene diﬂuoride membrane. After blocked with 5% skimmed milk,
the membrane was incubated with ﬁrst antibodies against NAMPT (Cell Signaling
Technology, Boston, MA, USA, 61122), COXIV (Abcam, Waltham, MA, USA, AB33985),
GDH1 (Proteintech, Rosemont, USA, 14299-1-AP), Acetylated lysine (Millipore, Millipore, Burlington, MA, USA, 2452518), or β -actin (Cell Signaling Technology, Boston,
MA, USA, 3700) at 4◦ C overnight. HRP-conjugated secondary antibodies at room
temperature for 1 h. The proteins on the membrane were detected by using enhanced chemiluminescence.

2.3. Quantitative proteomic analysis by LC-MS/MS
Proteomic analysis was carried out as described previously [20]. Firstly, about
100 mg subcutaneous adipose tissue was homogenized with radioimmunoprecipitation assay buffer, centrifuge at 4◦ C to collect the supernatant. Then mix the supernatant with iced acetone as one volume supernatant: four volume acetone for 4
h at –20◦ C to precipitate protein. Dissolved the precipitate with 8 M urea and then
100 μg protein from each sample was digested with trypsin for 16 h at 37°C. Next,
tryptic peptides were desalted and labeled with the tandem mass tag (TMT, Thermo
Fisher Scientiﬁc, Waltham, MA, USA, 90061), according to the manufacturer’s protocol. The labelled peptides then were mixed, desalted and separated by reverse
phase chromatography. Lastly, MS data was acquired with data-dependent acquisition method by Orbitrap Q-Exactive mass spectrometer, utilizing Xcalibur 3.0 software (Thermo Fisher Scientiﬁc, Waltham, MA, USA). The MS/MS spectra from the
mass spectrometer were searched across the UniProt mice database using the SEQUEST search engine of Proteome Discoverer software (version 2.1).

2.8. RNA extraction and real-time polymerase chain reaction
Total RNA was extracted from cells or adipose tissue using TRIzol extraction
method. Complementary DNA was synthesized from 1 μg total RNA using reverse
transcription system according to the manufacturer’s protocols (CWbiotech, Beijing,
China, CW0659). Quantitative real-time polymerase chain reaction was performed
with the Roche LightCycler 480II Detection System with SYBR green according to
the manufacturer’s instructions and the β -actin was used as an internal reference.
Primers used in this study were listed in Table S2.

2.4. Metabolome analysis

2.9. Glucose tolerance test

Iced methanol extraction was used to collect of tissue metabolites as previously
established [21]. Brieﬂy, about 100 mg subcutaneous adipose tissue was homogenized with pre-chilled 80% methanol (−80°C). Then, macromolecules and debris
were removed by centrifugation at 14,0 0 0 g for 20 min at 4°C. The metabolites
within the supernatant were concentrated by drying completely using a Speedvac
(Labconco, Kansas City, USA) for mass spectroscopy analysis. The chromatographic
peak area was used to quantitated the relative abundance of a metabolite.

Glucose tolerance test was performed with a dose of 2 g glucose/ kg BW, intraperitoneally injected to 16-h fasted mice, and tail vein blood were collected at
predeﬁned time intervals (0, 15, 30, and 60) for blood glucose assessment.

2.5. Isotope tracing metabolomics
The isotope tracing metabolomics was carried out following a method we reported previously [22]. For NAD+ tracing experiment, related to Fig. 2, we cultured 3T3L1 cells using glucose-free DMEM, supplemented with 4.5 g/L 13 C6 -glucose
(Cambridge Isotope Laboratories, Andover, MA, USA, CLM-1396) for 24 h. For glutathione tracing experiments, related to Fig. 4, we cultured 3T3L1 cells using glucose and glutamine-free DMEM supplemented with 4.5 g/L 13 C6 -glucose for 24 h.
In parallel with this, an unlabeled culture was prepared by adding equal concentrations of unlabeled glucose to the medium to identify endogenous metabolites.
The metabolites were extracted by cold methanol extraction methods for LC-MS/MS
analysis. Detecting metabolites in tracing experiments used The Dionex Ultimate

2.10. Quantiﬁcation and statistical analysis
Statistical analysis was performed using GraphPad Prism (version 7.0). Data
were shown as mean ± SD. Independent samples between two groups used student
t-test to analyze differences of mean values and the signiﬁcance was established at
P < .05.
2.11. Body composition analysis
Fat mass and lean mass were measured with EchoMRI analyzer (Houston, USA).
Firstly, calibrate the system with a standard subject which was pure oil weighed of
30.3 g. The calibration need about 5 min and then place mice into container and
begin to scan the composition of each mouse. Each mouse was scanned 3 times
and the average value served as readout. During scanning, there was no need to
anaesthetize the mouse and the duration of scanning one mouse was about 2 min.
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Fig. 1. NAM supplementation reduced fat accumulation. (A) NAM supplementation decreased bodyweight of high fat diet induced obese mice. Data were presented as mean
± SD. Statistical signiﬁcance was calculated between NAM and control group mice, ∗∗∗ P < .001, n = 6 mice per group. (B) NAM supplementation decreased percentage of fat
mass to body weight and increased percentage of lean mass to body weight. Data were presented as mean ± SD. ∗∗∗ P < .001, n = 6 mice per group. (C) Wet weight of liver,
subcutaneous adipose tissue (SCAT), epididymal adipose tissue (eWAT), brown adipose tissue (BAT) of control and NAM treated mice. Data were presented as mean ± SD. ∗∗ P <
.01, n = 6 mice per group. (D) Representative photograph of SCAT and eWAT dissected from mice under NAM supplementation or control, scale bar = 1 cm. (E) Representative
HE staining of liver, BAT, SCAT, and eWAT, scale bar = 50 μm. HE, h ematoxylin and eosin; NAM, nicotinamide; ns, not signiﬁcant.

2.12. Data and code availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRoteomics IDEntiﬁcations are available via ProteomeXchange with identiﬁer PXD019089 [24].

3. Result
3.1. NAM effectively decreased fat accumulation in
diet-induced-obesity mice
Previous studies indicated that long-term treatment with NAM
induced glucose intolerance and skeletal muscle lipid accumulation [25,26], and thus we aimed to examine whether a shortterm NAM treatment can ameliorate diet-induced-obesity (DIO).
A 3-week NAM supplementation signiﬁcantly decreased the body
weight in mice (Fig. 1A). NAM also decreased fat mass by 47%
as measured by magnetic resonance imaging (9.39 ± 0.64 g fat
mass of CTR group vs. 2.94 ± 0.27 g of NAM group), while lean
mass was increased by 1.4-fold (22.04 ± 0.46 g lean mass of CTR
group vs. 18.55 ± 1.35 g of NAM group) (Fig. 1B). In addition,
weights of SCAT, eWAT, BAT, and liver were all signiﬁcantly decreased (Fig. 1C). Especially, the volume of SCAT and eWAT also
declined (Fig. 1D). Consistently, HE staining showed that NAM decreased hepatic lipid content and the size of adipocytes from several anatomical locations including SCAT, eWAT, and BAT (Fig. 1E).
In addition, NAM supplementation lowered the glucose level at
each time point over glucose tolerance test (GTT) (Fig. S1A and
B). Meanwhile, we observed carefully raw phenotype of the mice
treated with NAM, and no symptoms including diarrhoea and vomiting were observed during NAM supplementation. In addition, we
found hair color of NAM-treated mice looked black and glossy as
control group mice did with less oil on the surface of hair induced by high fat diet than control group (Fig. S1C). NAM-treated

mice move as much as control group and showed similar daynight rhythm (Fig. S1D). Food intakes were similar between mice
treated with NAM and control (Fig. S1E). In order to examine
whether NAM supplementation induced injury of liver and heart,
we checked the serum protein AST, LDH, and CK. We found that
AST and CK were not changed (Fig. S1F and G), and LDH were decreased by NAM treatment (Fig. S1H), indicating NAM supplementation did not change signiﬁcant injury of liver and heart. In addition, after measuring serum content of creatinine and uric acid by
LC-MS/MS, we found that level of creatinine was not changed and
uric acid even decreased (Fig. S1I and J), so it can be concluded
that NAM supplementation did not lead to injury of kidney. Furthermore, we examined the effects of NAM on 16-week C57BL/6J
male mice fed a chow diet. NAM decreased body weight of mice
fed a normal diet (Fig. S1K). As obese mice, AST, ALP, CK, or LDH
were not increased by NAM supplementation, suggesting NAM supplementation did not induce injury of liver and heart (Fig. S1L–O).
The data indicated that NAM reduced fat content in DIO mice and
improved glucose metabolism.
3.2. NAM increased NAMPT to enhance NAD+ biosynthesis
In order to examine the changes in NAM associated metabolites upon NAM supplementation in SCAT, we performed targeted
metabolic analysis. As showed in Figure 2A, NAD+ , NADP+ , NAM,
and N1 -methylnicotinamide were all dramatically increased in adipose tissue from NAM-treated mice. The total pool size of NAD+
is dependent on the relative rates of synthesis and degradation,
so we checked the level of NAMPT. Consistently with the increase
in NAD+ level, western blot analysis showed that NAMPT was increased about 1.6-fold (Fig. 2B and S2A). To further characterize
the effects of NAM on cellular metabolism, we measured the levels of cellular NAD+ at 1 mM and 5 mM, but NAD+ level increased
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Fig. 2. NAM increased NAMPT and enhanced NAD+ biosynthesis (A). NAD+ , NADP+ , NAM, and N1 -methylnicotinamide (MeNAM), which were corrected with the tissue mass,
were increased in adipose tissue by NAM supplementation. Data were presented as mean ± SD, ∗ P < .05, ∗∗ P < .01, n = 4–6 mice per group. (B) Representative image showed
that NAM supplementation increased abundance of NAMPT in adipose tissue. (C) Graphic model showing stable isotopic tracing with 13 C6 -glucose in 3T3L1 cells. Red blots
represented 13 C labels of the intermediates. (D) The relative level of NAD+ traced with 13 C6 -glucose in 3T3L1 cells treated with or without NAM (10 mM). m + 0: zero carbon
atom were labelled with 13 C, m + 5: ﬁve carbon atoms were labelled with 13 C, m +10: ten carbon atoms were labelled with 13 C. Data were presented as mean ± SD, ns: not
signiﬁcant, ∗∗∗ P < .001, n = 4/ group. (E) Western blot showed that NAM supplementation increased abundance of NAMPT of 3T3L1 adipocytes. (F) mRNA level of NAMPT and
NNMT of 3T3L1 adipocytes under NAM treatment at different dosages. Data were presented as mean ± SD. ∗∗ P < .01 and ∗∗∗ P < .001, n = 4/ group. mRNA, messenger RNA;
NAM, nicotinamide. (Color version of ﬁgure is available online.)

less than 1.5-fold even at concentration of 5 mM NAM (Fig. S2B).
In order to boosted NAD+ level, so we tried to use higher concentration of NAM (10 mM). Examined with oil red o staining, 10 mM
NAM treatment did not change cell morphology or induce cell debris accumulation (Fig. S2C). So we performed isotope-tracing assisted metabolic proﬁling in 3T3L1 cells to examine the biosynthesis of NAD+ from NAM at 10 mM. Brieﬂy, 3T3L1 cells were cultured in DMEM supplemented with 13 C6 -glucose instead of normal
glucose upon NAM treatment and metabolites were analyzed with
LC-MS/MS to identify metabolites containing 13 C atoms.
As shown in Figure 2C, glucose was consumed via glycolysis pathway to produce intermediate metabolites, such as F16BP,
3PG and pyruvate, or pentose phosphate pathway to produce 5-

phosphoribosyl-1-pyrophosphate (PRPP). NAM treatment did not
change the levels of F16P, and 3PG (Fig. S2D and E), suggesting
glycolysis was not altered in NAM treated cells while PRPP was decreased (Fig. S2F). PRPP was used to synthesize NMN, which were
converted into (m + 5) and (m + 10) NAD+ , in which 22% and
55% of NAD+ were in (m + 5) and (m + 10) forms, respectively
(Fig. 2C). NAM treatment increased the labelling eﬃciency in both
(m + 5) and (m + 10) forms (Fig. 2D), suggesting that supplementary NAM enhanced NAD+ biosynthesis. Moreover, in 3T3L1 cells,
both protein level and messenger RNA (mRNA) level of NAMPT
were increased while NNMT was not changed as the dosage of
NAM increased (Fig. 2E and F). These data demonstrated that NAM
increased NAMPT and enhance NAD+ synthesis.
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Fig. 3. NAM treatment enhanced mitochondrial biogenesis and functions (A) Volcano plot of proteome data from NAM treated SCAT versus control SCAT, red dots indicate the
proteins with P < .05 and fold change > 1.3, green dots mean fold change <0.77 (1/1.3) and P < .05. (B) Signiﬁcantly changed proteins (fold change < 0.76 or >1.30, P < .05)
were uploaded to Ingenuity Pathway Analysis (IPA) software to perform pathway analysis. Red indicated activated pathways and blue indicated downregulated pathways. (C)
Immunoblot of SCAT using antibodies against SOD2, COXIV and β -actin. (D) mRNA level of SCAT treated with NAM or control. Data were presented as mean ± SD. ∗ P < .05
and ∗∗ P < .01, n = 6/ group. (E) NAM treatment increased carnitine level in SCAT relative to control group. Data were presented as mean ± SD, ∗ P < .05 and ∗∗ P < .01, n = 6/
group. (F) NAM increased SCAT mRNA level of carnitine synthesis gene. Data were presented as mean ± SD, ∗ P < .05, n = 6/ group. (G-J) NAM enhanced O2 consumption (G,
H) and CO2 production (I, J) of mice, measured with metabolic cage and corrected with lean mass. Data were presented as mean ± SD. D: dark, L: light, n = 4/ group. NAM,
nicotinamide. (Color version of ﬁgure is available online.)

3.3. NAM treatment enhanced mitochondrial biogenesis and functions
To systematically examine the effects of NAM on adipose tissue, we performed quantitative proteomics of adipose tissues from
untreated and NAM-treated mice, and we identiﬁed 4,716 proteins
from adipose samples. Using the threshold of 1.3-fold change and P
value <.05 from references [27,28], we identiﬁed 154 differentially
expressed proteins (DEPs), in which 64 proteins were upregulated
and 90 proteins were downregulated in NAM-treated adipose sam-

ples (Fig. 3A, Table S1). We performed ingenuity pathway analysis
of these 154 DEPs to identify the biological pathways regulated by
these DEPs. The results showed that NAM dramatically increased
the abundance of proteins associated with oxidative phosphorylation (OXPHOS), fatty acid β -oxidation, TCA cycle and oxidative
stress defense system (Fig. 3B). To conﬁrm that mitochondrial proteins were upregulated, western blot analysis was used to examine
the expressions of COXIV and SOD2 and found that NAM upregulated both proteins (Fig. 3C). Additionally, mRNA levels of mito-
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Fig. 4. NAM increased glutathione biosynthesis (A, B) NAM supplementation increased adipose GSH and GSSG. Data were presented as mean ± Data were presented as mean
± SD. ∗ P < .05, ∗∗ P < .01, n = 8 mice per group. (C) Schematic picture showed the percentages of labelled GSH and GSSG traced with 13 C6 -glucose in 3T3L1 control cells
(without treatment of NAM). N = 4/ group. (D) Heat map demonstrated the relative changes of GSH, GSSG, glycine (Gly), and glutamate (Glu) in 3T3L1 cells treated with or
without 10 mM NAM. N = 4/ group. (E) NAM increased protein level of glutamate dehydrogenase 1 (GDH1) in 3T3L1 adipocytes. Immunoblots shown were representative of
three independent experiments. (F) NAM increased protein level of glutamate dehydrogenase 1 (GDH1) in SCAT. NAM, nicotinamide.

chondrial genes, such as COXIV, COX8b, SOD1, SOD2, ACADm, and
ACADl were increased (Fig. 3D). To conﬁrm that NAM enhanced
mitochondrial biogenesis, we performed quantitative polymerase
chain reaction on PPARα and PGC1α and found that both genes
were upregulated in NMN-treated mice (Fig. 3D).
It has been known that NAD+ , NAM, and N1 methylnicotinamide mediate activity of SIRT1 and SIRT3 [29–31],
and thus it is important to examine whether NAM supplementation alter the global protein acetylation. We analyzed the protein
acetylation of adipose tissue and found that NAM globally decreased protein acetylation in adipose proteins (Fig. S3A). In
particular, we identiﬁed that superoxide dismutase [Mn] (SOD2), a
target of SIRT3, was less acetylated in NAM-treated adipose tissue
(Fig. S3B), indicating that NAM enhanced activity of SIRT3, which
was considered as a key regulator of mitochondrial biogenesis
[32–35]. To further explore how NAM enhanced mitochondrial
functions, we examined the levels of adipose carnitines that are
essential in fatty acid oxidation by importing fatty acids into
mitochondria [36,37], and found that acylcarnitine species were
increased (Fig. 3E). Consistently, the gene expression levels of
TMLD and TMABADH, which catalyze carnitine biosynthesis, were
increased in NAM –treated adipose tissues (Fig. 3F). The expression of OCTN2, which encodes the transporter of free carnitine
into cells from extracellular ﬂuid, was also increased in NAM
treated adipose tissue (Fig. 3F). Furthermore, NAM increased O2
consumption and CO2 production in DIO mice, which indicated the

enhanced OXPHOS in vivo (Fig. 3G-J). These data conﬁrmed that
NAM improved mitochondrial biogenesis and functions in adipose
tissue.

3.4. NAM increased glucose derived glutathione to maintain redox
homeostasis
For GSH is important cellular antioxidant, we examined GSH
and GSSG and found that NAM increased both GSH and GSSG in
adipose tissue (Fig. 4A and B), which suggested that NAM increased
the biosynthesis of glutathione. NAM meditated improvement of
TCA provided abundant substrates for synthesis of glutathione. Accordingly, isotope-tracing assisted metabolic proﬁling revealed that
about 67% of GSH and 90% of GSSG incorporated carbons from glucose (Fig. 4C). As intermediates for biosynthesis of GSH and GSSG,
glutamate and glycine labeled from glucose were found to have
distinct regulation by NAM treatment-increased abundance of glutamate but decreased abundance of glycine (Fig. 4D). Based on the
labeling results in Figure 4D, enhanced biosynthesis of GSH and
GSSG by NAM treatment was concluded through activating production of glutamate from glucose. Respectively, NAM increased the
expression of GDH1, the enzyme linking the TCA and glutamate
synthesis, both in 3T3L1 adipocytes and in adipose tissue (Fig. 4E
and F). These data suggested that NAM increased TCA-mediated
glutathione synthesis.
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4. Discussion
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Herein, we reported that NAM supplementation ameliorated
metabolic dysfunction in high fat DIO mice. We found that NAM
strikingly decreased mass of SCAT, and boosted adipose NAD+ ,
NADP, and N1 -methylNAM, in which NAD+ was increased by 32fold. The increase of lean mass partly contributed to the dramatic increase of NAD+ level. Interestingly, NAM also upregulated
NAMPT expression, the rate limiting enzyme in NAD+ synthesis
from NAM [38,39], and thus suggested that NAM reprogrammed
NAD+ salvage pathway. The elevated NAD+ activated SIRTUINs.
Consequently, protein acetylation was decreased in NAM-treated
adipose tissue. Furthermore, the decreased acetylation intensity of
SOD2 suggested that NAM improved the function of SIRT3, the major mitochondrial deacetylase to control mitochondrial biogenesis
[33,35,40,41]. NAM-enhanced mitochondrial biogenesis was conﬁrmed by proteomic analysis showing that mitochondrial proteins
involved in fatty acid β oxidation, OXPHOS and TCA were all upregulated in adipose tissue. Consistently, NAM also increased O2
consumption, CO2 production, and adipose acylcarnitine levels by
increasing expression of genes for carnitine biosynthesis in DIO
mice. However, our study used four mice each group for metabolic
cage measurement and six mice each group for metabolites quantitation, GTT and body composition analysis. Experiments using a
larger pool of animals are needed to provided more quantiﬁable
evidence.
On the other hand, mitochondria ROS, mainly from the complexes I and III of electron transport chain, are major source of cellular ROS [42–44]. Enhanced OXPHOS and oxidation of fatty acids
alter the production of OXPHOS-associated ROS [45,46]. Excessive
ROS can cause damages to DNA, lipids, and proteins [47]. GSH was
increased by 3-old while GSSG was increased by 1.5-fold in NAMtreated adipose tissue, indicating biosynthesis of glutathione was
enhanced to be able to defend against oxidative stress. TCA not
only generates NADH for ATP production, but it also provides intermediate metabolites for glutathione synthesis. Isotopic tracing with
13 C -glucose in adipocytes showed that NAM treatment increased
6
glucose-derived glutathione, suggesting that NAM supplementation
increased the SOD2 activity and GSH levels to eliminate excessive
ROS.
This study has evaluated the function and mechanism of highdose NAM on obesity and concluded that high-dose NAM ameliorated obesity after 2 weeks. In OLETF rats, 4-week supplementation of 100 mg NAM/kg BW/d increased NAD+ and improved glucose metabolism [14]. However, in mice, 8-week supplementation of 100 mg NAM/kg BW/d induced glucose intolerance and skeletal muscle lipotoxicity [25]. Accordingly, in human,
long-term intake of NAM was reported to result in depletion of
S-adenosylmethionine and induce metabolic disorders [26,48,49].
NAM supplementation improved obesity eﬃciently and quickly.
NAM did not change activities and food intakes of obese mice.
NAM did not result in diarrhoea or vomiting. Blood AST, LDH, CK,
creatinine, and uric acid were not increased, suggesting NAM did
lead to injury of liver, heart, and kidney. Besides, for lean mice,
blood proteins including AST, LDH, CK, and ALP were not increased
by NAM supplementation, suggesting NAM supplementation did
not cause injury in liver and heart for lean mice.
In conclusion, our results provided a systemic perspective of effects of NAM on adipose tissue by reprogramming metabolic pathway to enhance mitochondrial biogenesis, and increased GSH production. These results suggested that NAM supplementation was
an effective approach to increase fatty acid catabolism and to ameliorate obesity.
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