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N1-methylnicotinamide ameliorates insulin resistance
in skeletal muscle of type 2 diabetic mice by activating
the SIRT1/PGC-1a signaling pathway
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Abstract. Insulin resistance is one of important factors
causing type 2 diabetes; therefore, regulating insulin sensi-
tivity is considered a beneficial therapeutic approach against
type 2 diabetes. The present study aimed to determine the
effects of N1-methylnicotinamide (MNAM) on insulin resis-
tance (IR) in skeletal muscle from a mouse model of type 2
diabetes mellitus (T2DM), and to investigate the regulatory
mechanisms of the sirtuin 1 (SIRT1)/peroxisome prolifer-
ator-activated receptor y coactivator-la (PGC-1a) signaling
pathway. C57BL/6 mice were fed a normal diet with or without
1% MNAM and ob/ob mice were also fed a normal diet with or
without 0.3 or 1% MNAM. Blood glucose, insulin levels, insulin
resistance (IR), sensitivity indices and triglyceride (TG) content
were detected using ELISAs. The expression of gluconeo-
genesis-related, insulin signaling-related and SIRT1/PGC-la
pathway-related proteins was analyzed using reverse tran-
scription-quantitative PCR (RT-qPCR) and western blotting.
In vitro, C2C12 cells were used to establish an IR muscle cell
model by 0.75 mM palmitic acid (PA) treatment (PA group).
The IR cell model was subsequently supplemented with
1 mM MNAM (PM group) or | mM MNAM + 30 uM SIRT1
inhibitor, EX527 (PME group). After treatment the glucose
levels and insulin signaling-related proteins were detected by
ELISAs and western blotting, respectively. Furthermore, the
expression levels of SIRT1/PGC-1a signaling pathway-related
mRNA and proteins under MNAM treatment were detected by
RT-gPCR and western blotting. MNAM reduced body weight
gain in T2DM mice, decreased fasting blood glucose and
fasting insulin levels, and inhibited IR. MNAM also regulated
insulin signal transduction and promoted glucose utilization in
skeletal muscle, and reduced lipid deposition. Thus, MNAM
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improved IR in the skeletal muscle of T2DM mice. Following
application of a SIRT1 inhibitor, the effects of MNAM on the
increased glucose utilization in insulin-resistant myocytes and
the insulin signaling pathway were suppressed. The mechanism
of action was associated with activation of the SIRT1/PGC-1a
signaling pathway, which promoted the activation of the
insulin receptor substrate IRS1/PI3K/AKT pathway.

Introduction

Diabetes is a chronic disease with worldwide distribution
that occurs when insufficient insulin is produced by the
pancreas, or insulin utilization in the body is defective (1). At
present, there are ~463 million (9.3%) adults ranging from
20-79 years old who have been diagnosed with diabetes, of
which 90% have type 2 diabetes mellitus (T2DM) (2). The two
main mechanisms that result in T2DM are insulin resistance
(IR) and insulin secretory dysfunction (3). Skeletal muscle is
the most essential tissue that maintains glucose homeostasis
in the body (4). Under normal conditions, skeletal muscle is
responsible for 80% of the insulin-induced glucose uptake and
utilization of the whole body (5). During IR, the expression of
proteins involved in GLUT4 translocation machinery in the
muscle was reported to impact glucose uptake (6). Insulin in
the muscle closely coordinates GLUT4 with insulin receptor
substrate 1 (IRS1), PI3K and AKT (7).

Nicotinamide (NAM) is the precursor of nicotinamide
adenine dinucleotide (NAD*), which is widely involved in
the regulation of energy metabolism, physiological rhythms
and the cellular redox state (8). NAM has been reported
to induce adverse effects; its 50% lethal dose (LD50)
was reported to be 2.5 g/kg via oral administration and
2.05 g/kg via intraperitoneal administration in mice, with
slightly higher LD50s in rats (9). NAM can be transformed into
Nl-methylnicotinamide (MNAM) after being methylated by
nicotinamide N-methyltransferase (10). MNAM is the urinary
excretory form of NAM and one of the catabolic metabolites
of NAM, suggesting that MNAM is soluble in water and
easy to be excluded with urine (9). MNAM possesses several
protective physiological properties, including antithrombotic
and anti-inflammatory effects, as well as providing protection
in the vascular system (10). Previous studies have reported that
MNAM can reduce fasting blood glucose (FBG) and fasting
insulin (FINS) levels in mice fed with a saturated-fat diet (11).
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MNAM can also improve IR, which has the potential to be
useful in the prevention or treatment of T2DM (12). However,
the mechanisms via which MNAM affects IR are not fully
understood.

Sirtuin 1 (SIRTI1) is an NAD*-dependent deacetylase
that is involved in insulin signal transduction in the regula-
tion of glycolipid metabolism (13). MNAM was reported
to regulate nutritional metabolism in liver via SIRT1 (11).
One of the downstream regulators of SIRTI is peroxisome
proliferator-activated receptor y coactivator-lo. (PGC-1a) (14).
PGC-1a is a transcriptional coactivator that regulates mito-
chondrial biosynthesis and respiration, and is reported to
be involved in a wide range of metabolic pathways (15). A
saturated-fat diet has been reported to induce IR and decrease
PGC-la expression in muscle tissue (16). It has been hypoth-
esized that enhanced PGC-1la activity may protect the body
from lipid-induced IR (17). The aim of the present study was
to establish a mouse model of T2DM to observe the effects
of MNAM on IR and glucose metabolism. Additionally, an
in vitro IR model was established in muscle cells to further
explore the effects of MNAM on IR in skeletal muscle and
the regulatory mechanism of the SIRT1/PGC-la signaling
pathway.

Materials and methods

Establishment of T2DM mouse model. A total of 20 specific
pathogen-free-grade C57BL/6 mice and 30 ob/ob mice (males;
weight, 20+5 g; age, 6-8 weeks) were purchased from Beijing
HFK Bio-Technology Co., Ltd. The animal experiments
were conducted in the Shengjing Hospital of China Medical
University. All mice were fed the standard laboratory diet for
four weeks. Body weights and FBG were measured weekly.
When the FBG of the ob/ob mice was >13.8 mmol/l, and the
FBG and body weights were higher than those of C57BL/6
mice, the T2DM model was considered to be established
successfully (18). The experimental protocols were approved
by the Animal Ethics Committee of Shengjing Hospital of
China Medical University (approval no. 2016PS340K).

Experimental animal grouping and treatment. Mice were
randomly divided into the following groups (10 mice/group):
C57BL/6 mice fed normal diet (control group); C57BL/6 mice
fed MNAM (Sigma-Aldrich; Merck KGaA) at a high dose (1%;
CMNAMH group); ob/ob T2DM model mice fed normal diet
(DM group); T2DM mice fed with MNAM at a low dose (0.3%;
DMNAML group); and T2DM mice fed with MNAM at a high
dose (1%; DMNAMH group). Mice in each group were fed
with their respective diets continuously for 8 weeks. The body
weights and FBG were measured every 2 weeks after fasting for
12 h. Blood was collected from the tip of the tail, and FBG was
measured using a CONTOUR®PLUS Blood Glucose Monitoring
System 7600P (Bayer AG). Finally, mice were anesthetized with
1% pentobarbital sodium (45 mg/kg) and sacrificed via exsan-
guination, with blood collected from the abdominal aorta.

Determination of IR and sensitivity indices. An insulin
ELISA kit (cat. no. CEA448Mu; Wuhan USCN Business Co.,
Ltd.) was used to detect the FINS Ievel in the serum from
each group according to the manufacturer's instructions. The

serum was isolated from the blood through centrifugation
at 200 x g for 10 min at 4°C. The IR indices were calculated
according to the results and the equations of FBG and FINS as
follows: Homeostatic model assessment for insulin resistance
(HOMA-IR): HOMA-IR = [FBG (mmol/l) x FINS (mIU/1)]/2
2.5 (19); Quantitative insulin resistance check index (QUICKI):
QUICKI = 1/[log FBG (mg/dl) + log FINS (mIU/1)] (20).

Determination of triglyceride (TG) content. A TG ELISA
kit (cat. no. CEB687Ge; Wuhan USCN Business Co., Ltd.)
was used to determine the TG content in gastrocnemius
muscle according to the manufacturer's protocols. Samples
were assayed using a model 680 microplate reader (Bio-Rad
Laboratories, Inc.); the TG content was calculated according
to a standard curve.

In vitro experiments. C2C12 cells, an immortal-
ized mouse myoblast cell line originally obtained by Yaffe and
Saxel (21), were used for the in vitro experiments. C2C12 cells
were purchased from the American Type Culture Collection
and cultured in high-glucose DMEM (HyClone; Cytiva)
supplemented with 10% FBS (HyClone; Cytiva). When
the cells reached a logarithmic growth stage, the DMEM
was supplemented with 2% horse serum (Sigma-Aldrich;
Merck KGaA) to induce differentiation. Cells were collected
when 90% cells were differentiated into myotubes. The experi-
mental groups included a blank control group (control group),
cells supplemented with 0.75 mM palmitic acid (PA) to estab-
lish an IR muscle cell model (PA group), cells supplemented
with 0.75 mM PA + 1 mM MNAM (PM group), and cells
supplemented with 0.75 mM PA + 1 mM MNAM + 30 uM
SIRT1 inhibitor, EX527 (Sigma-Aldrich; Merck KGaA)
(PME group). Cells were incubated at 37°C in 5% CO, for
16 h, and then 100 nmol/l insulin was added 10 min before the
cells were harvested.

Detection of residual glucose content. Following treatment
of cells under each of the aforementioned conditions, 2 ul
supernatant was taken and added to 98 pul deionized water.
According to the manufacturer's instructions (cat. no. BC2500;
Beijing Solarbio Science & Technology Co., Ltd.), the glucose
content was calculated by detecting the absorbance at 505 nm
using a microplate reader.

Reverse transcription-quantitative (RT-q)PCR. The rela-
tive mRNA levels of SIRT1 and PGC-1a in skeletal muscle
and C2C12 cells were determined using RT-qPCR. Primers
were designed using DNASTAR v8.1 (www.dnastar.com)
according to the sequence information published in GenBank
(Table I). Total RNAs from tissues or cells were extracted
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.).
First-strand ¢cDNA was synthesized using a PrimeScript
RT kit (cat. no. RR047A; Takara Bio, Inc.), and qPCR was
conducted using PrimeScript Master Mix (cat. no. RR036A;
Takara Bio, Inc.). The reaction conditions used in the experi-
ment were as follows: Pre-denaturation at 95°C for 30 sec,
followed by 40 cycles of 95°C for 5 sec and 60°C for 20 sec. The
relative mRNA expression levels were calculated according
to the 2"24¢ method (22). GAPDH was used as the internal
reference.
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Table I. Primer sequences.

Gene name Primer sequence (5'-3")
GAPDH F: TGTGTCCGTCGTGGATCTGA
R: TTGCTGTTGAAGTCGCAGGAG
SIRT1 F: ACAGTGAGAAAATGCTGGC
R: GCCACTGTCACTGTTACTGC
PGC-1a F: AGCAGAAAGCAATTGAAGAG

R: AGGTGTAACGGTAGGTGATG

F, forward; R, reverse; PGC-1a, peroxisome proliferator-activated
receptor y coactivator-1a; SIRT1, sirtuin 1.

Western blotting. Mouse gastrocnemius muscle tissues
or C2C12 cells were processed to form suspensions
using RIPA lysis buffer (Santa Cruz Biotechnology, Inc.)
containing 1% PMSF (Beyotime Institute of Biotechnology)
to extract the total protein. The solutions were centrifuged
at 10,000 x g for 15 min, and the protein concentration of the
supernatant was determined using the BCA method. Then,
30 pg of each sample was separated via 12% SDS-PAGE,
blotted onto PVDF membranes and blocked with 5% skim
milk at room temperature for 1 h. The membranes were then
washed three times with TBS-0.1% Tween-20 (TBST), and
primary antibodies against IRS1 (1:1,000; cat. no. 2382;
Cell Signaling Technology, Inc.), phosphorylated (p)-IRS1
(1:1,000; cat. no. 2385; Cell Signaling Technology, Inc.),
PI3K (1:1,000; cat. no. 4255; Cell Signaling Technology,
Inc.), p-PI3K (1:1,000; cat. no. 4228; Cell Signaling
Technology, Inc.), AKT (1:1,000; cat. no. 4691; Cell
Signaling Technology, Inc.), p-AKT (1:1,000; cat. no. 4060;
Cell Signaling Technology, Inc.), GLUT4 (1:1,000;
cat. no. 2213S; Cell Signaling Technology, Inc.), SIRT1
(1:1,000; cat. no. 2496; Cell Signaling Technology, Inc.),
PGC-1a (1:1,000; cat. no. 2178; Cell Signaling Technology,
Inc.) and GAPDH (1:1,000; cat. no. 5174; Cell Signaling
Technology, Inc.) were incubated with the membrane for 2 h
at room temperature. After being washed three times with
TBST, the membranes were incubated with an anti-rabbit
HRP-labeled secondary antibody (1:1,000; cat. no. 7074;
Cell Signaling Technology, Inc.) or anti-mouse HRP-labeled
secondary antibody (1:1,000; cat. no. 7076S; Cell Signaling
Technology, Inc.) for 1 h at room temperature. The protein
bands were visualized using an ECL chemiluminescence
detection kit (EMD Millipore) under a gel imaging system,
and ImagelJ software (v1.6.0; National Institutes of Health)
was used to perform densitometric analysis.

Statistical analysis. All data were statistically analyzed
using SPSS (version 22.0; IBM Corp.) and expressed as the
mean + SD. One-way analysis of variance (ANOVA) with
Tukey's multiple comparison post hoc test were used to compare
the data among groups, and P<0.05 was considered to indicate
a statistically significant difference. GraphPad Prism 8.0
(GraphPad Software, Inc.) and SPSS was used to draw the
graphs.

Results

MNAM improves IR in T2DM mice. The body weights of
mice in the DM group were increased significantly throughout
the 8-week feeding period compared with the control group
(Fig. 1A), and the levels of FBG (Fig. 1B) and FINS (Fig. 1C)
were also elevated. When different concentrations of MNAM
were added to the diet, the body weight gain of ob/ob mice was
attenuated (Fig. 1A), as were the increases in FBG and FINS
levels (Fig. 1B and C). These results suggested that MNAM
may reduce the body weights, FBG and FINS of T2DM mice.
Furthermore, IR was analyzed according to the HOMA-IR
and QUICKI equations. The results showed that mice in the
DM group exhibited the highest HOMA-IR and the lowest
QUICKI values (Fig. 1D), compared with the results observed
in the control and CMNAMH groups. The HOMA-IR levels
of ob/ob mice fed with different concentrations of MNAM
were decreased, whereas the QUICKI indexes were increased
(P<0.05 vs. DM group). These results indicated that MNAM
could improve IR in T2DM mice.

MNAM reduces the TG content in the skeletal muscle of
T2DM mice. It was shown that the highest TG content was
observed in ob/ob mice in DM group (Fig. 2). The TG content
in the DM group was significantly increased compared with
the control group. Interestingly, both of DMNAML and
DMNAMH were shown to significantly reduce the TG content
of skeletal muscle in T2DM mice (P<0.05 vs. DM). Moreover,
no statistical differences were found in the TG levels between
the DMNAML and DMANAML groups. These results
suggest that MNAM could significantly decrease the TG level
in T2DM mice skeletal muscle tissue.

Effects of MNAM on the insulin signaling pathway in skeletal
muscle. In the DM group, no significant changes were observed
in IRS1 expression; however, the phosphorylation of IRS1
was downregulated compared with control group, which was
accompanied by the downregulation of the phosphorylation of
PI3K and AKT (Fig. 3A). Moreover, the decease of GLUT4
expression in skeletal muscle in the DM group was also
observed compared with the control group (Fig. 3B). When
MNAM was applied, the activities of IRS1, PI3K and AKT
were increased, in addition to the expression of GLUT4.

MNAM activates the SIRTI/PGC-1a pathway in the skeletal
muscle of T2DM mice. In the DM group, the protein (Fig. 4A)
and mRNA (Fig. 4B) expression levels of SIRT1 were
decreased compared with control group, with the expression
of its downstream regulator, PGC-1a, also inhibited. After
being fed with 1% MNAM, the expression levels of SIRT1 and
PGC-la mRNA and protein were significantly elevated in the
skeletal muscle of ob/ob mice.

Effects of inhibiting SIRTI on the effects of MNAM in
insulin-resistant myocytes. The regulatory mechanisms of
the SIRT1/PGC-la pathway in IR were further investigated
in vitro. An in vitro IR model was established by exposing
C2C12 myoblasts to PA. It was observed that the expression
levels of SIRT1 and PGC-la protein (Fig. 5SA) and mRNA
(Fig. 5B) in the PA-exposed group were decreased compared
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Figure 1. MNAM improves insulin resistance in type 2 DM mice. (A) Body weights of mice in each group. (B) FBG of mice in each group. (C) FINS
of mice in each group. (D) HOMA-IR and QUICKI of mice in each group. "P<0.05 vs. control; “P<0.05 vs. CMNAMH; “P<0.05 vs. DM. DM, diabetes
mellitus; MNAM, N1-methylnicotinamide; CMNAMH, control treated with high dose of MNAM; DMNAML, DM group treated with low dose of MNAM;
DMNAMH, DM group treated with high dose of MNAM; FBG, fasting blood glucose; FINS, fasting insulin; HOMA-IR, homeostatic model assessment for

insulin resistance; QUICKI, quantitative insulin resistance check index.
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Figure 2. MNAM decreases the TG content in the skeletal muscle of
type 2 DM mice. TG content of mice in each group as determined via
ELISA. "P<0.05 vs. control; “P<0.05 vs. CMNAMH; “P<0.05 vs. DM. DM,
diabetes mellitus; MNAM, Nl-methylnicotinamide; CMNAMH, control
treated with high dose of MNAM; DMNAML, DM group treated with low
dose of MNAM; DMNAMH, DM group treated with high dose of MNAM;
TG, triglyceride.

with the control, which was consistent with the results obtained
in vivo. MNAM application activated the SIRT1/PGC-la
signaling pathway, increased glucose consumption (Fig. 5C),
promoted the phosphorylation of IRS1, PI3K and AKT, and
increased GLUT4 expression in muscle cells (Fig. 5D), sugges-
tive of attenuated IR. When EX527, a SIRT1 inhibitor, was
administered to C2C12 cells, glucose consumption was inhib-
ited, as the residual glucose content was significantly increased
(P<0.05 vs. PM), PGC-la expression was decreased, the
phosphorylation levels of IRS1, PI3K and AKT were inhibited,

and the expression of GLUT4 in muscle cells was downregu-
lated (Fig. S5E), suggesting that MNAM may improve IR by
activating the SIRT1/PGC-la signaling pathway.

Discussion

The leading causes of T2DM are IR and islet § cell dysfunc-
tion (23). IR typically occurs prior to islet f§ cell injury. When
islet 3 cells can no longer compensate for IR by increasing
insulin secretion, impairments in glucose tolerance occur and
gradually develops into DM (24). In the present study, a mouse
model of T2DM was established according to the protocols
described by Hong ef al (11), who fed cohorts of wild-type
C57BL/6J mice with a saturated-fat diet supplemented with
different doses of MNAM (0.3% and 1%) for several weeks
without adverse effects. Our previous study showed that
MNAM could improve hepatic insulin sensitivity by acti-
vating SIRT1 and inhibiting FOXO1 acetylation (12). In the
present study, it was demonstrated that MNAM could reduce
body weight increases in ob/ob T2DM mice and decrease the
levels of FBG and FINS in serum. Moreover, MNAM regu-
lated insulin signal transduction, reduced lipid deposition and
promoted glucose utilization in skeletal muscle, resulting in
the attenuation of IR in the skeletal muscle of T2DM mice. The
mechanism of action was suggested to involve activation of
the SIRT1/PGC-1a pathway. The present and aforementioned
previous studies indicated that MNAM performed similar
functions in different tissues in T2DM mice.

Skeletal muscle is the most essential tissue for main-
taining glucose homeostasis in the body, and is responsible
for 80% of insulin-induced glucose uptake and utilization
under normal conditions (25). One of the main effects of
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Figure 4. MNAM activates the SIRT1/PGC-la signaling pathway in the skeletal muscle of type 2 DM mice. (A) Western blotting was used to quantify the
protein expression of SIRT1 and PGC-1a. (B) Reverse transcription-quantitative PCR were used to determine the mRNA expression of SIRT1 and PGC-1a.
“P<0.05 vs. control; “P<0.05 vs. CMNAMH; “P<0.05 vs. DM. DM, diabetes mellitus; MNAM, N1-methylnicotinamide; CMNAMH, control treated with high
dose of MNAM; DMNAML, DM group treated with low dose of MNAM; DMNAMH, DM group treated with high dose of MNAM; SIRT1, sirtuin 1; PGC-1a,

peroxisome proliferator-activated receptor y coactivator-la.

IR in skeletal muscle is to increase the lipid content of
muscle cells (26). When the levels of free fatty acids exceed
the oxidation capability of tissues, excessive fatty acids
are deposited in skeletal muscle as TGs, which affects the
occurrence and development of IR (26). In the present study,
it was found that the TG content in gastrocnemius muscle
in the DM group was notably elevated compared with in
the other four groups. It was further observed that MNAM
intervention decreased the TG content in gastrocnemius
muscles of ob/ob mice to normal levels, indicating that
MNAM attenuated the IR of skeletal muscle by improving
lipid metabolism in skeletal muscle.

When insulin is bound to membrane receptors located
on skeletal muscle cells, insulin signal cascade reactions are
triggered, catalyzing the phosphorylation of IRS1 (27). p-IRS1
immediately combines with PI3K and subsequently induces
its downstream factor, AKT (28). As the uninduced PI3K
signaling pathway regulates the metabolism of glucose, fat
and protein, the decreased induction of IRS1 signaling may
promote IR (29). GLUT4 is a downstream regulator of PI3K
and a key protein that controls glucose uptake and glycogen
metabolism (30). GLUT4 expression is decreased in patients
with T2DM, which reduces the uptake and utilization of
glucose (31). Therefore, the IRS1/PI3K/AKT/GLUT4 signaling
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Figure 5. Effects of inhibiting SIRT1 on MNAM-induced improvements in insulin resistance in insulin-resistant myocytes. (A) Western blotting was used to
detect the protein expression levels of SIRT1 and PGC-1a. (B) Reverse transcription-quantitative PCR was used to quantify the mRNA expression of SIRT1
and PGC-1a. (C) Residual glucose content. (D) Western blotting was used to determine the levels of p-IRS1/IRS1, p-PI3K/PI3K and p-AKT/AKT. (E) Western
blotting was used to detect the levels of PGC-1a, p-IRS1/IRS1, p-PI3K/PI3K, p-AKT/AKT and GLUT4 following SIRT1 inhibition. 'P<0.05. PA, palmitic acid;
MNAM, Nl-methylnicotinamide; PM, PA + MNAM; PME, PA + MNAM + EX527; SIRT1, sirtuin 1; PGC-la, peroxisome proliferator-activated receptor vy
coactivator-1a; IRSI, insulin receptor substrate 1; p, phosphorylated; GLUTA4, glucose transporter 4; ns, not significant.

pathway serves an important role in insulin signal transduction
in skeletal muscle. Any disruption within this pathway may
reduce the sensitivity of skeletal muscle to insulin, leading
to dysfunctional glucose uptake and utilization, and reduced
glucose tolerance.

It was found that the phosphorylation levels of IRSI,
PI3K, and AKT in skeletal muscle of DM group mice were
decreased, and GLUT4 expression was downregulated,
compared with control group mice, suggesting that there was
abnormal insulin signal transduction in skeletal muscle in
T2DM mice. However, the levels of p-IRS1, p-PI3K, p-AKT
and GLUT4 were increased in T2DM mice that were admin-
istered MNAM, suggesting that MNAM improved IR by
restoring insulin signal transduction in skeletal muscle.

SIRT]1 plays a vital role in glucose homeostasis and energy
metabolism; previous studies reported that SIRT1 can improve
IR in the liver, skeletal muscle and adipose tissues, and protect
pancreatic f§ cells (32,33). Muscle biopsies from patients with
T2DM showed decreased expression of SIRT1, and overex-
pression of SIRT1 could reduce IR in skeletal muscle cells (34).
SIRT1 in skeletal muscle can activate the insulin signaling
pathway, and specifically increase the phosphorylation of

PIBK/AKT (35). It was reported that SIRT1 in skeletal muscle
also affects the phosphorylation of IRS1 and GLUT4 recruit-
ment, and can regulate glycolipid metabolism via direct or
indirect participation in insulin signal transduction (36,37).

In the present study, it was reported that the levels of p-IRSI,
p-PI3K, p-AKT and GLUT4, as well as glucose uptake, were
significantly decreased in skeletal muscle tissue and muscle
cells during IR. It was also demonstrated that MNAM interven-
tion could increase the phosphorylation levels of IRS1, PI3K
and AKT, the expression of GLUT4, and glucose uptake and
utilization. When SIRT1 was inhibited, the expression of down-
stream PGC-1a was also inhibited, as well the phosphorylation
levels of IRS1, PI3K and AKT, and the expression of GLUT4.
The residual glucose content was increased, indicating that the
glucose consumption of muscle cells was decreased. It was
further suggested that MNAM modulated the insulin signaling
pathway, improved IR and increased glucose utilization in
skeletal muscle and muscle cells, which was attenuated by inhi-
bition of SIRTI1. The results indicated that MNAM regulated
IR in skeletal muscle via the SIRT1/PGC-1a signaling pathway.

In conclusion, the results suggested that MNAM reduced
body weight gain in obese T2DM mice, decreased FBG and
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FINS levels, and regulated insulin signal transduction in skel-
etal muscle, reducing lipid build-up and promoting glucose
utilization, and resulting in the improvement of IR in the
skeletal muscle of T2DM mice. These improvements in func-
tions may occur due to the MNAM-regulated activation of the
SIRT1/PGC-1a signaling pathway.
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