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Abstract

Nicotinamide (NAM), or vitamin B3, is an essential coenzyme for ATP synthesis and an inhibitor of sirtuin 1. Recently, conflicting results were reported
regarding the treatment of NAM in type 2 diabetes and obesity. The aim of this study was to determine whether and how long-term treatment with NAM at
lower dose would affect insulin sensitivity in mice fed chow diet. We treated mice with NAM (100 mg/kg/day) and normal chow for 8 weeks. Strikingly, NAM
induced glucose intolerance and skeletal muscle lipid accumulation in nonobese mice. NAM impaired mitochondrial respiration capacity and energy production
in skeletal muscle, in combination with increased expression of the mediators for mitophagy (p62, PINK1, PARK2 and NIX) and autophagy (FOXO03, Bnip3, CTSL,
Beclin1 and LC-3b). Next, we treated mice with high-fat diet (HFD) and resveratrol (RSV; 100 mg/kg/day) for 8 weeks. RSV protected against HFD-induced
insulin resistance and obesity. HFD increased skeletal muscle lipid content as well as NAM, but this increase was attenuated by RSV. In contrast to NAM, HFD
enhanced fatty acid oxidative capacity. Muscle transcript levels of genes for mitophagy and autophagy were largely suppressed by HFD, whereas RSV did not
rescue these effects. These differences suggest that skeletal muscle autophagy may represent adaptive response to NAM-induced lipotoxicity, whereas reduced
autophagy in skeletal muscle may promote HFD-induced lipotoxicity. Our results demonstrate that chronic NAM supplementation in healthy individuals,

although at lower dose than previously reported, is still detrimental to glucose homeostasis and skeletal muscle lipid metabolism.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Sirtuin 1 (SIRT1), a NAD-dependent histone deacetylase, plays a
positive role in metabolic pathway through its deacetylase activity for
a number of substrates involved in glucose or lipid metabolism [1,2].
As a known activator of SIRT1, resveratrol (RSV) improves mitochon-
drial function and protects against diet-induced obesity and insulin
resistance [3]. SIRT1 is required for the beneficial effects of RSV on
mitochondrial function [4]. Nicotinamide (NAM), a form of vitamin B3
and a NAD+ precursor, is a potent inhibitor of SIRT1 [5]. NAM
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physically inhibits SIRT1 deacetylation activity and increases the levels
of acetylated histone and p53 [6]. Previously, NAM was observed to
have preventive and therapeutic effects on type 1 diabetes and
protected 3-cell against the toxic effects of alloxan and streptozocin
[7-9]. Evidence from animal and human studies suggested that NAM
can be used as a dietary micronutrient to protect against the
development of insulin-dependent diabetes mellitus (IDDM). Recent
studies indicated that NAM treatment (100 mg/kg, 4 weeks) improved
glucose metabolism in a rodent model of obesity and type 2 diabetes
[10]. Nicotinamide riboside (NR) can be used as a natural vitamin to
enhance oxidative metabolism, protect against diet-induced obesity
and ameliorate metabolic and age-related disorders characterized by
defective mitochondrial function [11]. These findings indicate that
NAM is an antidiabetic vitamin for both type 1 and type 2 diabetes. If
so, there may be a paradox in the regulation of SIRT1. In contrast to
NAM as an inhibitor of SIRT1, RSV is a SIRT1 activator used for
improving insulin resistance and mitochondrial function [3]. It is
noteworthy that NAM is also a substrate for nicotinamide N-
methyltransferase (NNMT), which methylates NAM to produce
N(1)-methylnicotinamide (MNAM). Recent studies have suggested
that NNMT activity and plasma MNAM levels are linked to diet-
induced obesity and diabetes in rodents and humans [12-14]. Thus,
the metabolic effects of NAM supplementation are very likely not only
the result of the inhibition of SIRT1 activity. Another paradox is due to
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the dosage of NAM treatment. Previous studies showed that NAM
administration (2 g/day, 2 weeks) caused a decrease in insulin
sensitivity in IDDM patients despite increased insulin secretion,
suggesting that the use of NAM in IDDM may lead to insulin resistance
in humans [15]. Animal study also reported that NAM supplementa-
tion (4 g/kg, 8 weeks) induced detrimental metabolic changes in
young rats, as evidenced by increased hepatic DNA damage and
impaired glucose tolerance and insulin sensitivity [16]. Cumulative
administration of NAM (2 g/kg) promoted the development of type 2
diabetes mellitus (T2DM) [17]. Excess NAM intake leads to
homocysteine-related cardiovascular disease [18]. The antidiabetic
role of NAM as a vitamin and the associated underlying mechanisms
need to be further understood.

Lipotoxicity has been defined as the accumulation of lipid in
nonadipose tissue, leading to cellular dysfunction and death. However,
triglyceride (TAG) within skeletal muscle is thought to be the best fuel
for healthy muscle during exercise [ 19], although intramuscular TAG is
an important contributor to obesity, insulin resistance and type 2
diabetes. The content of skeletal muscle lipids is known as a marker of
insulin resistance, while these neutral triglycerides are not thought to
be harmful [20,21]. Intramuscular lipid content was increased in obese
subjects with T2DM while glycogen stores were simultaneously
reduced [22], suggesting a pathway to modulate oxidative substrate
selection and induce muscle insulin resistance. Surprisingly, recent
findings demonstrate that modulation of oxidative substrate selection
to increase muscle glucose utilization also results in muscle insulin
resistance [23]. Insulin resistance did not increase proportionally to fat
mass or lipid accumulation in obese and nonobese subjects with T2DM
[24]. Thus, the balance between storage and utilization of TAG is
critical for understanding the role of skeletal muscle lipid accumula-
tion in insulin resistance. Mechanistically, reduced skeletal muscle
mitochondrial activity results in ectopic lipid accumulation and
reduced glucose tolerance in elderly adults, independent of obesity
[25]. Skeletal muscle fibers differentiate into specific fiber types with
distinct metabolic properties determined by their oxidative sub-
strates. Mitochondrial quality control is mostly determined by
mitochondrial biogenesis, fusion and fission and mitochondrial
autophagy (i.e. mitophagy) [26,27]. PGC-1a is a master nuclear
coactivator to mediate skeletal muscle mitochondrial biogenesis and
enhance lipid-supported mitochondrial respiration [28,29]. Converse-
ly, nuclear corepressors NCoR1 and RIP140 have been documented to
antagonize the transcription activation of PGC-1a and inhibit muscle
mitochondrial biogenesis and oxidative metabolism [30,31]. In
addition, previous studies have investigated the importance of
autophagy in metabolic regulation. Skeletal muscle autophagy is
essential for muscle mass, mitochondrial function and insulin
sensitivity [32]. Induction of autophagy decreased lipid accumulation
and increased oxidative phosphorylation in hepatic cells. Rapamycin
treatment induced autophagy and decreased hepatic TAG and
glycogen content, as well as corrected hepatic lipid accumulation
[33]. Endothelial autophagy is critically important for limiting lipid
accumulation within the vessel wall. Induction of autophagy pre-
vented the age-dependent decline in autophagic flux and treated
atherosclerosis [34]. These findings had linked autophagy to ectopic
lipid accumulation and the related diseases.

Ecological studies have shown that increased B vitamin consump-
tion is strongly correlated with the prevalence of obesity and diabetes
[35]. Although previous studies emphasized the beneficial or
detrimental effects of NAM in treatment of obesity and type 2
diabetes, the understanding of how NAM modulates lipid metabolism
has not been directly addressed in vivo. To examine this question, we
sought to determine whether long-term treatment with NAM (100
mg/kg/day, 8 weeks) would affect insulin sensitivity and skeletal
muscle lipid metabolism. We found that NAM induced insulin
resistance and skeletal muscle lipotoxicity in nonobese mice.

Compared to diet-induced obesity and insulin resistance, NAM
specifically increased lipid accumulation in skeletal muscle rather
than in adipose tissue and liver.

2. Materials and methods
2.1. Mice and drugs treatment

Male C57/BL6 mice were obtained from Sino-British Sippr/BK Lab Animal
(Shanghai, China) and Jackson Laboratories. The animals were housed in plastic cages
inaroom kept at aroom temperature of 234+2°C and a light-dark cycle, and mice had ad
libitum access to water and food. Mice were fed regular chow (18% fat, 58% carbohydrate
and 24% protein by calories; Harlan Teklad) or 8 weeks of high-fat diet (HFD; 55% fat,
24% carbohydrate and 21% protein by calories; Harlan Teklad). For chronic treatment
with NAM and RSV, the mice received intraperitoneal injection at the dose of 100 mg/kg
body weight/day for 8 weeks. The same volume of vehicle (10% DMSO in saline) was
injected to the control mice. Fat and lean body mass was assessed by magnetic
resonance spectroscopy [magnetic resonance imaging (MRI)]. All experiments were
performed in accordance with the guidelines established by China Ministry of Health for
the Care and Use of Laboratory Animals. Experimental procedures were approved by the
Experimental Animal Care and Use Committee at East China Normal University (ECNU
2006-05) and the local research institution. Every effort was made to optimize comfort
and to minimize the use of animals.

2.2. Glucose and insulin tolerance tests

Three days after the last drug injection, the mice were deprived of food for 16 h and
then subjected to glucose tolerance tests (GTT) and insulin tolerance tests (ITT). GTT
were performed as previously described [36]. Mice were injected intraperitoneally with
glucose (1 g/kg), and blood was collected by tail bleed at 0, 15, 30,45, 60, 90 and 120 min
for plasma glucose measurements. For ITT, mice were injected intraperitoneally with
insulin (0.75 U/kg), and blood was collected for plasma glucose measurements.

2.3. Blood analysis and tissue lipid content

Three days after the last drug injection, the mice were sacrificed to collect blood and
tissues. Fasting serum glucose, triglyceride (TG) and free fatty acids (FFA) were
determined by enzymatic colorimetric assays according to the manufacturer's
instruction. Serum insulin was measured by ELISA (R&D Systems, USA). Tissue
triglyceride was extracted as described previously [37] and measured by an enzymatic
assay (Sigma-Aldrich). Diacylglycerol (DAG) and ceramides were extracted and
subjected to liquid chromatography-tandem mass spectrometry analysis as described
previously [37]. [NAD+]/[NADH] ratio was measured as described by So-young Jang [5].
Tissues were homogenized in the assay buffer and centrifuged for lactate oxidase assay
and pyruvate oxidase assay; the ratio of pyruvate/lactate was used to calculate [NAD+]/
[NADH] ratio.

2.4. Glycogen content assays

Approximately 100 mg of tissues was homogenized in 10:1 volume/weight
dilution, and glycogen content was measured as described previously [38]. Briefly,
homogenates were centrifuged at 5000g for 5 min at 4°C. The supernatants or glycogen
standards were spotted onto GF/A filters. Filters were washed in ice-cold ethanol for 15
min followed by two washes in 70% ethanol at room temperature. After drying
overnight, filters were placed in glass tubes and incubated with 1 ml amyloglucosidase
(0.04% in 0.05 M sodium acetate) for 90 min at 37°C. Glucose present in the reaction was
analyzed using a commercial kit according to the manufacturer's instructions.

2.5. Fatty acid metabolism

As described previously [39], muscle strips were equilibrated in 2 ml of pregassed
Krebs-Henseleit buffer [4% bovine serum albumin (BSA), 30°C] with 1 mM palmitate
and 5 mM glucose in a gentle shaking bath for 30 min. Muscle strips continued to be
incubated for additional 60 min with the addition of 0.5 pCi/ml [1-'“C]palmitate.
Exogenous palmitate oxidation and esterification were monitored by the production of
14C0, and incorporation of [1-'%C] palmitate into intramuscular lipids, respectively.

2.6. Mitochondrial functions

For mitochondrial isolation, fresh gastrocnemius muscle was rinsed with
phosphate-buffered saline and put into ice-cold isolation buffer [0.075 M sucrose,
0.225 M sorbitol, 1 mM EGTA, 0.1% fatty acid (FA)-free BSA and 10 mM Tris-HCl, pH 4].
Tissues were sheared carefully to mince, rinsed to get rid of residual blood and then
homogenized in 1 ml isolation buffer per 100 mg tissue. The homogenate was
centrifuged at 1000g for 5 min at 4°C; the resulting supernatant was decanted and
saved. The pellet was washed once with isolation buffer. The supernatant was combined
and centrifuged at 9000g for 10 min at 4°C. The mitochondrial pellet was washed and
centrifuged twice at 15,000g for 2 min at 4°C with isolation buffer. Mitochondrial
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fractions were used immediately after isolation to determine ATP content with a
luciferin-luciferase based bioluminescence assay, using a kit according to the
manufacturer's instructions (Beyotime Biotech, Jiangsu, China). Enzyme activities of
complex [, I, [I+III, IV and CS were measured as described in our previous study [40].

2.7. Quantitative real-time PCR

RNA was extracted from EDL muscle using Trizol (Invitrogen, Singapore) and
reverse-transcribed with the ReverTra Ace qPCR RT Kit (FSQ-101; TOYOBO, Osaka,
Japan). cDNA was amplified by real-time PCR in a total reaction volume of 20 pl using
SYBR Green Real-time PCR Master Mix (QPK-201; TOYOBO, Osaka, Japan). Real-time
PCR reactions were cycled in StepOne Real-Time PCR System (Applied Biosystems,
California, USA). Primer sets are identified in Table S1. Target gene expression was
normalized to endogenous 3-actin and expressed as 2~ relative to the control group.
For mitochondrial DNA (mtDNA) content, total DNA was extracted from skeletal muscle
and purified. Approximately 10 ng of DNA was used to quantitative PCR as stated above.
3-Actin was used as a nuclear DNA marker. AK140265 were used as mtDNA markers.

2.8. Western blot analysis

The frozen skeletal muscle was pulverized in liquid nitrogen and processed in a 1%
Triton X-100 buffer, and homogenates were centrifuged for 10 min at 8000g and 4°C.
The protein content of the supernatant was quantified using bicinchoninic acid reagents
and BSA standards. Proteins were separated by SDS-PAGE and transferred to PVDF
membrane and incubated with the primary antibody and horseradish peroxidase-
coupled antispecies antibodies. Proteins were visualized by enhanced chemilumines-
cence and quantified by densitometry. Antibodies recognizing acetylated-p53 and
SIRT1 were obtained from Cell Signaling.

2.9. Statistical analysis

Data are reported as the mean4SEM. Comparisons between groups were made
using unpaired, two-tailed Student's t tests. For time course data, two-way and one-way
ANOVA were used where appropriate. A value of P<.05 was considered significant.

3. Results

3.1. NAM treatment impairs glucose homeostasis and insulin sensitivity
in mice fed regular chow

NAM-treated and control mice were fed regular chow for 8 weeks.
Intraperitoneal glucose tolerance tests (IPGTT) were performed to
determine the effect of NAM on glucose homeostasis. IPGTT
demonstrated that plasma glucose concentrations remained higher
in NAM-treated mice than in control mice during 15-90 min after
glucose injection, whereas no pronounced difference was observed at
the end of the entire experiment (Fig. 1A). The area under the curve for
IPGTT was higher for NAM-treated mice than for control mice (Fig. 1C).
Insulin tolerance was tested to determine whether this glucose
intolerance was associated with systemic insulin resistance. After 8
weeks of NAM treatment, the capacity to reduce blood glucose levels
after an injection of insulin was significantly reduced compared with
control mice (Fig. 1B and D). NAM also resulted in higher circulating
TG and FFA levels compared with control mice (Fig. 1G and H). No
changes in fasting blood glucose or insulin level were noted in the
NAM-treated mice (Fig. 1E and F). NAM-treated mice did not differ
significantly from control mice in body weight, body composition or
the weight of fat depots (Fig. 11-K). Our findings suggest that chronic
treatment with NAM results in systemic insulin resistance without
obesity in mice fed a regular chow diet.

3.2. NAM treatment leads to increased lipid accumulation and decreased
glycogen storage in skeletal muscle

Due to the fact that NAM-induced insulin resistance was not
accompanied by obesity, we assessed the lipid content in skeletal
muscle and liver. Skeletal muscle TAG levels were higher in NAM-
treated mice compared with controls, but this difference was not
significantin liver (Fig. 2A). Further, there was a significant decrease in
muscular and hepatic glycogen content in NAM-treated mice (Fig. 2B).

NAM reduced exogenous FA oxidation and increased TAG esterifica-
tion in skeletal muscle (Fig. 2C and D). We measured the concentration
of the intracellular lipid metabolite DAG in skeletal muscle. We found
that NAM led to a significant increase in skeletal muscle DAG content
compared with controls (Fig. 2E) but no change in ceramide content
(Fig. 2F). We also found that NAM caused a significant muscle loss in
EDL (Fig. 2G). The present data demonstrate that NAM alters energy
substrate preference in skeletal muscle and reduces the capacity of
FA oxidation.

Most metabolic genes implicated in glucose and lipid utilization,
including CPT-2, TIGAR, TBC1D1 and PRDM16, were reduced in the
NAM-treated mice, while expression of PDK4, LKB1, AMPKa:2, Cidea
and UCP3, was increased (Fig. 2H-K). Here, we found that NAM
increased the transcript levels of Cidea by 9- to 10-fold, PDK4 by 7- to
8-fold and UCP3 by 2-fold in skeletal muscle (Fig. 2H-K), suggesting a
series of molecular adaptations to the increase in lipid accumulation.
p53-inducible regulator TIGAR inhibits glycolysis and promotes
respiration by reducing cellular levels of fructose-2,6-bisphosphat;
thus, TIGAR expression improves energy yield from glucose via
increased respiration [41]. TBC1D1, a member of the TBC1 Rab-
GTPase family, regulates both insulin- and contraction-stimulated
glucose transport in skeletal muscle [42]. PRDM16 is a transcription
regulator leading to the transcription of genes involved in FA oxidation
and thermogenesis [43]. mRNA content for CPT-2, TIGAR, TBC1D1 and
PRDM16 in skeletal muscle corresponded with the decrease in FA
oxidation and glycogen content after NAM treatment (Fig. 2B and C).
These results were quite consistent with the skeletal muscle changes
in the storage and utilization of triglycerides.

3.3. NAM treatment impairs mitochondrial function and energy
production in skeletal muscle

NAM was previously identified as a neuronal nutrient to maintain
DNA integrity, phosphatidylserine membrane asymmetry and mito-
chondrial membrane potential in neurodegenerative disorders [44].
Thus, NAM may be a potential nutrient for mitochondria. To explore
the molecular mechanisms by which NAM induces insulin resistance
and increases skeletal muscle lipid accumulation, we assayed
mitochondrial function in skeletal muscle and the expression of
genes implicated in mitochondrial biogenesis and autophagy. Com-
pared to controls, NAM significantly decreased ATP production and
mitochondrial complex I, IV activity in skeletal muscle (Fig. 3A and B).
Real-time PCR analysis showed that NAM reduced mtDNA content and
the expression of genes required for mitochondrial complex IV
assembly, such as COX2, SCO1 and SCO2 (Fig. 3C and E). NAM had
no significant effects on the transcript levels of genes involved in
mitochondrial biogenesis except Tfb2m (Fig. 3D). NAM increased the
mRNA expression of NCoR1 and RIP140 (Fig. 3D). These results
suggest that chronic NAM treatment impairs mitochondrial function
and energy production in skeletal muscle.

Next, we assessed the mRNA levels of autophagy-related genes and
the key mitophagy mediators, such as p62, PINK1, PARK2 and NIX [45].
NAM significantly increased the expression of p62, PINK1, PARK2 and
NIX (Fig. 3F). In agreement with the changes in mitophagy mediators,
NAM significantly increased the expression of FOX03, Bnip3 and CTSL
(Fig. 3G). Also, NAM increased the expression of Beclin-1 and LC-3b,
while we found no pronounced changes in ULK1, Atg7, Atg9 and
LAMP2 (Fig. 3H). Furthermore, we found that NAM selectively
increased the expression of type II myosin, such as Ila, IIb and IIx,
and resulted in a nonsignificant reduction in type I myosin (Fig. 31). As
type Il myofiber has lower mitochondrial mass than type [ myofiber
(oxidative muscle fibers), our results are quite consistent with the
skeletal muscle data in that NAM impairs mitochondrial function and
reduces mtDNA content.
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***P<,001 vs. Control, N.S: not significant. Mean data are shown with the SE (error bars).

3.4. NAM treatment inhibits SIRT1 expression and its deacetylase activity

NAM inhibits SIRT1 deacetylase activity by binding to a conserved
pocket adjacent to NAD+ and blocking NAD+ hydrolysis, rather than
by increasing the NAD+ level or [NAD+]/[NADH] ratio. Contrarily,
SIRT1 activity in the absence of NAM is enhanced by an increase in the

NAD+ level or [NAD+]/[NADH] ratio [46]. Interestingly, 5 mM NAM
but not higher concentrations causes SIRT1 activation in fibroblasts, as
demonstrated by decreased acetylation level of histone H3 and p53
[5]. Here, we treated rodents with NAM in order to chronically inhibit
SIRT1 activity in skeletal muscle. As expected, NAM treatment
decreased SIRT1 mRNA and protein expression in skeletal muscle
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(Fig. 4C, E and F). The pronounced increase in acetylation level of p53 inhibited by NAM in skeletal muscle. Meanwhile, NAM increased
was observed in NAM-treated mice (Fig. 4D and F). These results [NAD+]/[NADH] ratio (Fig. 4A), whereas the total NAD(H) levels in
suggest that SIRT1 deacetylase activity, including its expression, was skeletal muscle were not altered.
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3.5. RSV treatment protects against diet-induced insulin resistance with obesity chronic NAM treatment in the regulation of lipid accumulation and
that RSV may have beneficial effects on the oxidative substrate
As NAM induced insulin resistance in mice fed regular chow, next selection of skeletal muscle. To test this hypothesis, we treated mice

we hypothesized that diet-induced insulin resistance may differ from with HFD for 8 weeks and observed that RSV protected against HFD-
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induced insulin resistance and obesity (Fig. 5A, ] and K). HFD also
increased skeletal muscle TAG content, but this increase was
attenuated by RSV (Fig. 5B). Skeletal muscle glycogen content trended
to be higher compared with controls, but this difference did not reach
statistical significance (Fig. 5C). HFD significantly enhanced FA
oxidation (Fig. 5D), suggesting an active response to diets in skeletal
muscle. HFD significantly reduced the expression of myosin I, Ila, IIb
and IIx, whereas the decrease in myosin I and IIx was rescued by RSV
(Fig. 5E). Cidea expression was depressed by HFD, but this reduction
was strongly attenuated by RSV (Fig. 5F). In white adipose tissue, Cidea
expression correlates positively with lipid deposition and insulin
sensitivity [47]. Strikingly, in the current study, skeletal muscle TAG
content correlates negatively with mRNA levels of type I myosin and
Cidea (Fig. 5H, R=—0.635; Fig. 5, R=—0.565). Transcript levels of
genes involved in mitophagy and autophagy were reduced by HFD,
with an 80% reduction in PINK1 and a 40-50% reduction in NIX, FOX03
and LC-3b (Fig. 5G). These findings suggest that diet-induced insulin
resistance is also associated with the increase in skeletal muscle lipid
accumulation, whereas chronic NAM treatment differs greatly from
HFD in the associated underlying mechanisms.

4. Discussion

NAM, a form of vitamin B3, is an essential coenzyme in the
production of ATP or cellular energy. NAM and NAM derivatives have
been proved to preserve neurocognitive function, reduce inflamma-
tion and oxidative stress and inhibit cancer's angiogenesis [48-51]. In
treatment of obesity and type 2 diabetes, NAM is more effective than
nicotinic acid on the regulation of glucose metabolism [10]. However,
long-term NAM intake at higher dose induced insulin resistance-
related metabolic abnormalities [ 16]. NR has similar nutritional effects
to NAM in ameliorating metabolic disorders. However, NR had a

similar toxicity profile to NAM at the highest dose. Target organs of
toxicity were liver, kidney, ovaries and testes [52]. Another NAM
derivative, isonicotinamide, was found to protect against
streptozotocin-induced 3-cell damage and diabetes [53]. Administra-
tion of both streptozotocin and NAM has been frequently used for
inducing type 2 diabetes in rats [54,55]. Therefore, the effects of NAM
supplementation on the whole-body metabolism are still problematic.
NAM is a precursor not only for NAD+ but also for MNAM. Recent
report suggests that increasing NNMT expression or MNAM levels
stabilizes SIRT1 protein and results in metabolic benefits [12]. In some
other studies, NNMT knockdown in white adipose and liver protects
against diet-induced obesity [13]. Plasma MNAM correlates with
increased NNMT expression and the degree of insulin resistance [14].
Given these conflicting results regarding NAM supplementation, we
sought to investigate whether long-term treatment with NAM at
lower dose impairs metabolic homeostasis in mice fed regular chow.
Here, we evaluated the role of NAM in the regulation of glucose
homeostasis and skeletal muscle lipid metabolism.

Our data showed that NAM treatment (100 mg/kg/day for 8 weeks)
induced insulin resistance and skeletal muscle lipid accumulation in
mice fed regular chow. This observation clearly demonstrates an
adverse effect of NAM intake on insulin sensitivity, conflicting with
reported therapeutic effects of NAM in T2DM and obesity [10]. In
agreement with our results, there are several studies reporting
detrimental metabolic effects of NAM at higher dose in rats and
humans, one of which suggests that NAM overload induced an
increase in plasma MNAM level, resulting in oxidative stress and
insulin resistance [15-17]. It should be noted that our study has
examined the effects of NAM only at 100 mg/kg/day. This dosage was
much lower than that used for inducing detrimental metabolic effects
(4 g/kg/day), whereas the duration was similar to each other [16]. The
duration of drug administration in this study was 2-fold longer than
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those in the study reporting therapeutic effects of NAM (4 weeks) [10].
Moreover, we focus on the healthy mice fed regular chow, instead of
mice with type 2 diabetes and obesity. We observed that NAM
treatment (100 mg/kg/day for 8 weeks) induced glucose intolerance
and increased serum lipids. This effect is partially similar to insulin
resistance in type 2 diabetes and obesity. However, we found no
changes in body weight, fat mass and fasting blood glucose and insulin.
Usually, B-cell dysfunction has more contribution to IDDM among
nonobese subjects, whereas insulin resistance contributes more to
hyperglycemia and type 2 diabetes among obese humans. Actually,
insulin resistance was found in nonobese, nondiabetic healthy
individuals and nonobese diabetics [56]. The prevalence of insulin
resistance in nonobese ethnic group reinforces the importance of
maintaining the whole-body energy homeostasis; thus, neither
obesity nor excessive lipid storage in adipose tissue is a featured
appearance of insulin resistance. Here, we investigated the effects of
NAM on lipid content in liver and skeletal muscle. We found no
pronounced increase in hepatic lipid storage. Instead, NAM increased
lipid content and decreased glycogen content in skeletal muscle.
Previous studies demonstrated that nonalcoholic fatty liver disease is
tightly associated with insulin resistance in nonobese nondiabetic
subjects [57]. Intramuscular triglycerides content was inversely
related to insulin sensitivity in nonobese humans [58]. These findings
suggest that ectopic lipid deposition in nonadipose tissue protects
against obesity rather than insulin resistance. Lipotoxicity represents
the elevation of lipids and/or lipid metabolites within blood or tissues
with subsequent metabolic disorders and contributes to skeletal
muscle insulin resistance [59]. In addition, previous studies reported
that insulin resistance decreased activation of glycogen synthase in
skeletal muscle in young nonobese patients with type 2 diabetes [60].
However, fast-induced insulin resistance in healthy individuals was
associated with glycogen accumulation and increased intramuscular
lipid content in skeletal muscle [61], suggesting a great difference from
nonobese diabetics in glycogen metabolism. Together, it can be
concluded that NAM-induced insulin resistance in nonobese mice was
associated with skeletal muscle lipid accumulation. In this work, the
possible explanation for skeletal muscle lipid accumulation is that
NAM reduced the capacity of exogenous FA oxidation and increased
TAG esterification.

Previous studies demonstrated that inhibition of mitochondrial 3-
oxidation promoted hepatic lipid accumulation and impaired glucose
tolerance [62]. Palmitate-induced insulin resistance in muscle was
associated with reduced mitochondrial integrity and oxidative
capacity. Glucose withdrawal or glycolytic inhibition enhanced insulin
sensitivity in muscle cells, suggesting that the dysregulation of
mitochondrial substrate availability induced lipid-induced insulin
resistance [63]. To gain insight into lipid accumulation and glycogen
reduction in skeletal muscle after NAM administration, we explored
mitochondrial ATP production, respiratory capacity and the molecular
mechanisms involved in mitochondrial biogenesis and autophagy.
Here, we show that NAM reduced mitochondrial ATP production and
complex I and IV activity, in combination with reduced mtDNA
content and transcript levels of genes required for mitochondrial
complex IV assembly, such as COX2, SCO1 and SCO2. Further, our
results demonstrated that muscle transcript levels of autophagy-
related genes (FOXO03, BNIP3, CTSL, BECLIN1 and LC-3b/ATGS),
including some specific for mitophagy (P62, PINK1, PARK2 and NIX),

were increased after NAM treatment. Recent studies suggested that
defective mitophagy led to accumulation of damaged mitochondria,
aggravated lipotoxicity and subsequently insulin resistance [64].
Genetic inactivation of signaling adapter p62 led to obesity and
insulin resistance, which correlated with reduced energy expenditure
and increased adipogenesis [65]. Elevated NIX expression was
accompanied by insulin resistance and muscle DAG accumulation in
rodents [66]. Enhanced autophagy was frequently reported to reduce
lipid accumulation in vascular endothelial cells and hepatocytes
[67,68]. These studies proposed that enhanced autophagy reduced
lipid storage in tissues, resulting in lower lipotoxicity and improved
insulin sensitivity. However, a recent report demonstrated that the
levels of autophagy-related genes and proteins in muscle were normal
in obesity and type 2 diabetes, suggesting that skeletal muscle
autophagy has adapted to hyperglycemia [69]. In another study,
intramuscular lipids could contribute to insulin resistance and lead to
the induction of autophagy, which was an adaptive response to
lipotoxicity [70]. Both of these studies emphasized the adaptability of
constitutive autophagy in skeletal muscle in vivo. Our findings implied
that, although NAM caused mitochondrial dysfunction, the induction
of autophagy could be an adaptive response to skeletal muscle
lipotoxicity after long-term administration of NAM.

To further understand the differences between NAM-induced and
diet-induced insulin resistance, we reproduced diet-induced obesity
and insulin resistance and observed the beneficial effects of RSV. Our
results indicated that HFD-induced insulin resistance was also related
to skeletal muscle lipid accumulation. In contrast to NAM, HFD
enhanced the capacity of exogenous FA oxidation, which could be an
adaptive response to diet in skeletal muscle. Muscle transcript levels of
genes for mitophagy and autophagy were largely repressed by HFD,
whereas RSV did not rescue these effects. These findings suggest a
different pathway for skeletal muscle lipid accumulation. Previous
studies demonstrated that palmitate induced mitophagy deficiency,
leading to the accumulation of damaged mitochondria and lipotoxicity
[64]. Impaired mitophagy was paralleled by reduced muscle respira-
tory capacity, lipid accumulation and insulin resistance [71]. Enhanced
autophagic flux reduced lipid accumulation in steatotic hepatocytes
[67]. It can be concluded that HFD-induced lipid accumulation
resulted from the inhibition of autophagy and mitophagy, whereas
NAM-induced lipid accumulation is due to impaired FA oxidation and
abnormal activation of mitophagy. Anyway, lipid accumulation in
skeletal muscle may impair insulin sensitivity, independent of obesity.
However, increased muscle lipid storage is often considered not to
impair insulin sensitivity but to match fat oxidative capacity optimally
when FA availability is elevated by exercise [72]. Previous studies
demonstrated that the depletion of Cidea with RNAi markedly elevates
lipolysis in human adipocytes, whereas Cidea expression in white
adipose tissue increased lipid deposition [47]. Overexpression of Cidea
inmouse liver resulted in increased hepatic lipid accumulation and the
formation of large lipid droplets [73]. The carboxy-terminal domain of
Cidea directs lipid droplet targeting, clustering and TAG accumulation,
whereas the amino-terminal domain is required for Cidea-mediated
development of enlarged lipid droplets [74]. In this study, HFD-
induced lipid accumulation was independent of Cidea expression;
instead, Cidea expression was strongly suppressed by HFD. The
decrease in Cidea expression may contribute to lipolysis and the
adaptive increase in FA oxidation in response to HFD. Compared to

Fig. 5. RSV protects against diet-induced lipid accumulation in skeletal muscle. (A) Plasma glucose during GTT (n=38). (B and C) Triacylglycerol (TAG) and glycogen content in skeletal
muscle (n=8). (D) Exogenous FA oxidation in skeletal muscle (n=6). (E-G) Gene expression analysis of myosins, Cidea and the key regulators of mitophagy and autophagy (n=6).
(Hand I) Negative correlations between skeletal muscle TAG content and the mRNA expression of myosin [ and Cidea (n=18). (J) Wet weight of mesenteric (Mes) and inguinal (Ing) fat
in mice (n=8). (K) Body weight of mice treated with HFD and RSV for 8 weeks (n=38). *P<.05, **P<.01, ***P<.001 vs. Control. #P<.05, ##P<.01 vs. HFD. Mean data are shown with the SE

(error bars).
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HED, NAM strongly increased Cidea mRNA levels, contributing to lipid
droplet fusion and the enlargement of lipid droplets [75]. Additionally,
we found that NAM selectively increased the mRNA levels of myosin II
(Ia, I1b and IIx, fast-twitch fiber) and made a nonsignificant reduction
in myosin I (slow-twitch fiber). However, HFD reduced the expression
of all of them, suggesting that HFD led to muscle degeneration
accompanied by lipid accumulation [76]. A possible explanation for
NAM to induce insulin resistance and lipid accumulation could be that
muscle fiber-type switching reduced lipid utilization and mitochon-
drial mass.

Finally, we need point out the potential limitations of the study.
Because we observed the nonobese insulin resistance and skeletal
muscle lipotoxicity in chow diet-fed mice with NAM administration,
we focused on exploring the mechanisms underlying the particular
metabolic abnormality. Our data help to clarify whether long-term
vitamin B3 supplementation is essential or redundant for general
people. Although we reproduced diet-induced insulin resistance as
compared to the nonobese insulin resistance and showed the
beneficial effects of RSV, the reciprocal actions between NAM, RSV
and diet in influencing metabolic balance were not determined. This is
arelevant question to the current topic. This study did not explain why
lipid accumulation occurs only in skeletal muscle but not in liver.
Without comparative study in mice with muscle loss of SIRT1, it is
difficult to suggest whether effects of NAM on mitophagy/autophagy
are SIRT1 dependent. In addition, NAM is transformed rapidly to
NAD+, NADP+ or MNAM in vivo. NAD+ and NADP+ are important
coenzymes for bioenergetics and MNAM is a novel biomarker for
insulin resistance. The plasma levels of NAM and its metabolites, if
determined, will make our conclusion more complete. Considering our
results conflicted with previous studies reporting the metabolic
benefits of NAM, NAM exposure was presumably limited by the
comparably low dose and the once-daily administration.

In conclusion, the present results suggest that long-term treatment
with NAM, although at lower dose, leads to glucose intolerance and
skeletal muscle lipid accumulation in mice fed regular chow. The
findings suggest that NAM-mediated metabolic disorders are related
to mitochondrial dysfunction and adaptive responses of mitophagy
and autophagy. Although HFD has a similar effect to NAM on glucose
homeostasis and skeletal muscle lipid metabolism, HFD differs largely
from NAM treatment in the effects on mitophagy, autophagy, Cidea
and myosin expression. Our study suggests a metabolic risk for healthy
individuals who are chronically exposed to vitamin B supplementa-
tion. Future studies are needed to determine what dosage for NAM is
beneficial to optimally improve or treat specific conditions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jnutbio.2016.07.005.
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