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improves skeletal muscle function modulating cell
metabolism and lipid mediators

Ravikumar Manickam?, Jared Tur?, Sachin L. Badole?®, Kalyan C. Chapalamadugu®, Puja Sinha®, Zhiying Wang?,
David W. Russ®, Marco Brotto®* & Srinivas M. Tipparaju**

*Department of Pharmaceutical Sciences, Taneja College of Pharmacy, University of South Florida, Tampa, FL, USA; Bone-Muscle Research Center, College of Nursing &
Health Innovation, University of Texas-Arlington (UTA), Arlington, TX, USA; 3School of Physical Therapy and Rehabilitation Sciences, Morsani College of Medicine, University
of South Florida, Tampa, FL, USA

Abstract

Background Nicotinamide phosphoribosyltransferase (Nampt), a key enzyme in NAD salvage pathway is decreased in
metabolic diseases, and its precise role in skeletal muscle function is not known. We tested the hypothesis, Nampt
activation by P7C3 (3,6-dibromo-a-[(phenylamino)methyl]-9H-carbazol-9-ethanol) ameliorates diabetes and muscle
function.

Methods We assessed the functional, morphometric, biochemical, and molecular effects of P7C3 treatment in skeletal
muscle of type 2 diabetic (db/db) mice. Nampt™/~ mice were utilized to test the specificity of P7C3.

Results Insulin resistance increased 1.6-fold in diabetic mice compared with wild-type mice and after 4 weeks treat-
ment with P7C3 rescued diabetes (P < 0.05). In the db-P7C3 mice fasting blood glucose levels decreased to 0.96-fold
compared with C57Bl/6J wild-type naive control mice. The insulin and glucose tolerance tests blood glucose levels
were decreased to 0.6-fold and 0.54-folds, respectively, at 120 min along with an increase in insulin secretion
(1.76-fold) and pancreatic B-cells (3.92-fold) in db-P7C3 mice. The fore-limb and hind-limb grip strengths were in-
creased to 1.13-fold and 1.17-fold, respectively, together with a 14.2-fold increase in voluntary running wheel distance
in db-P7C3 mice. P7C3 treatment resulted in a 1.4-fold and 7.1-fold increase in medium-sized and larger-sized
myofibres cross-sectional area, with a concomitant 0.5-fold decrease in smaller-sized myofibres of tibialis anterior
(TA) muscle. The transmission electron microscopy images also displayed a 1.67-fold increase in myofibre diameter
of extensor digitorum longus muscle along with 2.9-fold decrease in mitochondrial area in db-P7C3 mice compared
with db-Veh mice. The number of SDH positive myofibres were increased to 1.74-fold in db-P7C3 TA muscles. The gas-
trocnemius and TA muscles displayed a decrease in slow oxidative myosin heavy chain typel (MyHC1) myofibres ex-
pression (0.46-fold) and immunostaining (6.4-fold), respectively. qPCR analysis displayed a 2.9-fold and 1.3-fold
increase in Pdk4 and Cptl, and 0.55-fold and 0.59-fold decrease in Fgf21 and 16S in db-P7C3 mice. There was also a
3.3-fold and 1.9-fold increase in Fabpl and CD36 in db-Veh mice. RNA-seq differential gene expression volcano plot
displayed 1415 genes to be up-regulated and 1726 genes down-regulated (P < 0.05) in db-P7C3 mice. There was
1.02-fold increase in serum HDL, and 0.9-fold decrease in low-density lipoprotein/very low-density lipoprotein ratio
in db-P7C3 mice. Lipid profiling of gastrocnemius muscle displayed a decrease in inflammatory lipid mediators n-6;
AA (0.83-fold), and n-3; DHA (0.69-fold) and EPA (0.81-fold), and a 0.66-fold decrease in endocannabinoid 2-AG
and 2.0-fold increase in AEA in db-P7C3 mice.

Conclusions Overall, we demonstrate that P7C3 activates Nampt, improves type 2 diabetes and skeletal muscle
function in db/db mice.
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Introduction

Type 2 diabetes mellitus is one of the most common and
chronic metabolic disease worldwide.! Type 2 diabetes has
a debilitating impact on the whole body with major changes
affecting the musculoskeletal system. It is mainly character-
ized by insulin resistance with the inability of the metabolic
tissues such as skeletal muscle and liver to utilize insulin for
maintaining glucose homeostasis, resulting in elevated blood
glucose levels leading to hyperglycaemia.>® The occurrence
of type 2 diabetes has increased rapidly in the last few de-
cades and is the 7th major cause of mortality in the USA
(CDC, USA). There is increased prevalence of type 2 diabetes
in younger population due to obesity, which is a predisposing
factor to the metabolic disease.* Due to an increase in the
number of older populations, the incidence of type 2 diabetes
has also increased worldwide.® Type 2 diabetes is a major
cause of cardiovascular diseases and neurodegenerative
disorders.®” Diabetes affects skeletal muscle mass, strength
and function through impaired energy metabolism, de-
creased blood flow, mitochondrial dysfunction and cell
death.?

Skeletal muscle is a major metabolic organ that not only
utilizes glucose to produce the energy needed for contraction
but also plays a key role in insulin-stimulated glucose uptake
in the postprandial state, and overall energy expenditure in
mammals.?*° Thus, skeletal muscle insulin resistance plays
an important role in the pathophysiology of type 2 diabetes
even before the pancreatic B cells dysfunction and the
development of overt hyperglycaemia.’* Disruption of key
insulin signalling pathways prevents the normal utilization
of circulating blood glucose and storage of excess glucose
as glycogen in the muscle and liver leading to hyperglycaemia
and insulin resistance.'? Further, the secretion of
pro-inflammatory cytokines by immune cells and the increase
in lipolysis and free fatty acids, and the accumulation of inter-
mediary lipid metabolites from other tissues such as adipose
tissue can induce myocyte inflammation in obesity and nega-
tively regulate the muscle cell metabolism resulting in insulin
resistance.® The skeletal muscle inflammation is also caused
by the ectopic fat deposition, that is, inter-muscular and
intra-muscular lipid accumulation and can add to the degree
of insulin resistance through paracrine effects.®® In addition,
mitochondrial dysfunction has also been attributed in the
development of insulin resistance and type 2 diabetes.**

Nampt is a key rate-limiting enzyme in the NAD salvage
pathway, which is dysregulated in the metabolic disease such
as diabetes, and during ageing.*>™*° Nampt is ubiquitously
expressed, and the homozygous-null genotype is
embryonically lethal in mice.?° Muscle-specific knockdown of
Nampt in mice reduces the intramuscular NAD"* levels and
causes myofibre degeneration and loss of physical functions
like strength and endurance capacity mimicking type 2 diabe-
tes in humans.?* Furthermore, knockdown of Nampt in mouse
C2C12 myoblasts also reduces the NAD" levels and results in
decreased mitochondrial biogenesis.??> The Nampt activator,
P7C3 was initially identified as a neuroprotective aminopropyl
carbazole agent, which binds to and enhances the Nampt
activity.?>** However, the precise role of Nampt in skeletal
muscle function and pathophysiology of metabolic disease
such as type 2 diabetes is not known. In the present study,
we hypothesized that P7C3-mediated Nampt activation in
the db/db mouse model of type 2 diabetes ameliorates the
skeletal muscle diabetic phenotype and improves insulin sen-
sitivity and function.

Methods

Animals

The C57BI/6J wild-type (WT), and the type 2 diabetic B6.BKS
(D)-Lepr®®/J (db/db) male mice were purchased from Jackson
laboratories. The Nampt heterozygous (Nampt*/~) mice were
provided by Dr. Junichi Sadoshima (Rutgers Medical School,
NJ, USA), and the colonies were bred and maintained at the
Morsani College of Medicine, University of South Florida,
USA. The 16-weeks old male db/db mice were treated with
Nampt activator, P7C3 (db-P7C3) (10 mg/kg body weight for
4 weeks, daily, i/p). The vehicle control db/db (db-Veh) mice
were treated with an equivalent dose of DMSO dissolved in
10% Kolliphor oil (Sigma-Aldrich, MO, USA) in phosphate
buffered saline (PBS). The age-matched C57Bl/6) WT male
mice were used as naive control. In addition, 20-24 weeks
old Nampt heterozygous (Nampt”’) and their littermate
WT male mice were also treated with Nampt activator,
10 mg/kg body weight P7C3 (P7C3) once, i/p. The vehicle
control Nampt"/’ (vehicle) male mice were treated with an
equivalent dose of DMSO dissolved in 10% Kolliphor oil in
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phosphate buffered saline (PBS). A total of 156 mice were
used in this study, that is, 50 db-Veh and 51 db-P7C3 treated
mice, and 35 C57BI/6J WT and 10 each of the Nampt”’ and
littermate WT mice. All mice used in this study were fed with
food and water ad libitum. All animal work was approved
before start of the study by the Institutional Animal Care
and Use Committee at the University of South Florida, Tampa,
FL, USA.

Fasting blood glucose and serum lipids

Mice were fasted 6 h, and tail vein blood was used for glu-
cose measurement with ACCU-CHECK blood glucose meter
(Roche Diagnostics, Mannheim, Germany) on a weekly basis
for 4 weeks. At the end of 4 week treatment, blood was
collected by retro orbital plexus technique for the assessment
of serum lipids content using the Rat/Mouse Insulin ELISA kit
(Millipore, MA, USA) following manufacturer’s instructions.
The serum high-density lipoprotein (HDL) and low-density li-
poprotein/very low-density lipoprotein (LDL/VLDL) were
quantified using HDL and LDL/VLDL quantification kit
(Sigma-Aldrich, MO, USA USA).

Insulin tolerance test

Both db-Veh and db-P7C3 mice were fasted for 6 hours and
were injected with a single dose of 1 U/kg body weight
Novolin R regular human Insulin (Novo Nordisk, NJ, USA), i/
p for the insulin tolerance test (ITT). The blood glucose levels
were measured at 0, 30, 60, 90 and 120 min after the admin-
istration of human insulin with ACCU-CHEK glucose analyser
(Roche Diagnostics, Mannheim, Germany).

Glucose tolerance test

The glucose tolerance test (GTT) was performed in the
Lepr/~ (db/db) and Nampt*™~ mice. After 4 weeks of treat-
ment, both the db-Veh and db-P7C3 treated mice were
fasted overnight for GTT assay. GTT was performed by a sin-
gle dose of intraperitoneal injection of 2 g/kg body weight
of D-(+)-glucose (Sigma-Aldrich, MO, USA). Blood samples
were obtained by the retro orbital plexus technique. Serum
glucose levels were determined prior to glucose administra-
tion (0 min) and after 30, 60, 90, and 120 min of glucose
injection, using glucose oxidase peroxidase kit (Pointe
Scientific Inc., MI, USA) and following manufacturer’s in-
structions. Similarly, the Nampt"/’ and their littermate WT
mice were fasted overnight and given a single dose of vehi-
cle control or P7C3 30 min prior to the administration of
2 g/kg body weight D-(+)-glucose, i/p. The circulating blood
glucose levels were measured with ACCU-CHECK blood glu-
cose meter at 0, 15, 30, 60, 120 minutes of glucose admin-

istration. The index of the total glucose shift was
calculated as the area under the curve (AUC) using trape-
zium method.

Immunostaining

Immunostaining of the pancreas was performed for the mea-
surement of insulin secreting B cells area, as previously
described.?® Briefly, the frozen pancreatic tissues were fixed
into tissue freezing media (TFM). Pancreas were cut into
10 pm thick sections and kept at —80°C. For immunostaining,
the slides were first air dried and washed with phosphate
buffer saline (PBS). The sections were then fixed in 4% para-
formaldehyde for 30 min and blocked with SuperBlock™ T20
(TBS) blocking buffer (Thermo scientific,c, MA, USA) for
30 min, at room temperature (RT). Slides were then incu-
bated with insulin primary antibody (sc-9168, Santa Cruz,
TX, USA) diluted in blocking buffer (1:200), overnight at 4°C.
Slides were then washed in PBS and incubated with Alexa
Fluor®488 secondary antibody (Abcam, MA, USA) diluted in
blocking buffer for 1 h at RT. Following washes, the slides
were then mounted with ProLong® Gold antifade mountant
containing DAPI (Molecular Probe, OR, USA). Nuclei were
labelled by DAPI. The images obtained with confocal multi-
photon laser scanning microscope (Olympus FV1000 MPE,
Olympus Inc., USA) were quantified by using Image) software
(NIH, USA). The cross-sectional areas of pancreas and f3 cells
were determined from multiple sections (n = 3 mice per
group), separated by at least 50 um from each section.
Pancreatic B cell area was calculated by using the following
formula: islet B cell area (%) = (area stained by insulin anti-
body/total islets area) x 100.

Gomori aldehyde fuchsin staining

The Gomori aldehyde fuchsin staining of the pancreatic 8
cells was performed as per previously published protocol.?®
Briefly, the frozen pancreas was TFM embedded and cut into
6 um thick transverse serial cryosections using Microm
cryostat machine. The slides were air dried at 60°C and
dewaxed using xylene and then hydrated through decreasing
concentrations of ethyl alcohol. The slides were then rinsed
in cold tap water followed by a single rinse in 50% ethanol
and immersed in aldehyde fuchsin (Electron Microscopy
Services, PA, USA) for 1 h. The excess stain was removed by
rinsing in 70% ethanol and tap water. The slides were then
counter-stained with Light Green (American Master Tech
Scientific, CA, USA) through immersion for 60 s and
dehydrated with increasing concentration of ethanol, and
cleared with xylene. The sections were then mounted with
disterene phthalate xylene (DPX) mountant (Sigma-Aldrich,
MO, USA). Images were obtained at x20 magnification with
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the Olympus IX73 inverted microscope using CellSens
Standard software (Olympus Soft Imaging Solution, USA)
and quantified with Imagel software (NIH, USA).

Grip strength and voluntary running wheel

The fore-limb and hind-limb grip strengths were measured
with the use of Chatillon force measurement DFE Il grip
strength meter (Ametek, Columbus Instruments, OH, USA).
The average of five measurements per mice is represented
as KGF/kg body weight for both the fore-limb and hind-limb
grip strengths measured. The overnight voluntary running
wheel experiments were carried out with the Columbus In-
struments 0297, the CI Multi-Device Interface (Columbus In-
struments, OH, USA) per manufacturer’s recommendations.

Ex vivo myofibre contractility and force-frequency
relationship

Animals were euthanized in compliance with University of
South Florida IACUC guidelines. The extensor digitorum
longus (EDL) muscles of each animal were tied with surgical
silk at the proximal and distal tendons and dissected free.
Muscles were immediately transferred to a customized
vertical organ bath system (Aurora Scientific Inc., Canada)
with the suture on the distal tendon clamped in place and that
on the proximal tendon tied to a force transducer such that
the muscles were positioned between two platinum wire
stimulating electrodes. The buffer (137 mM NaCl, 0.4 mM
NaH,PO,4, 5.1 mM KCl, 1.05 mM MgCl,, 2.0 mM CaCl, and
10 mM glucose; pH 7.4) in the bath was maintained at 22°C
and continuously aerated with 95%/5% O,/CO,. Muscles were
equilibrated for 10-15 min after which, the optimal muscle
length (/y) for each muscle was calculated by adjusting the
length until a maximal force response to a single twitch was
attained. Following determination of /,, the muscles were sub-
jected to stimulation trains (500 ms duration) of frequencies
ranging from 1-125 Hz, 1 per minute to determine the
force-frequency relationship (FFR). Stimulation was delivered
with a S8800 dual pulse digital stimulator (Grass Products,
West Warwick, RI, USA), and all pulses were 1 ms in duration.
The peak forces of each contraction at the different stimula-
tion frequencies were used to plot the FFR. Muscle force
was expressed in both absolute (mN) and normalized terms
(mN/mg muscle mass) of myofibre FFR. n = 5-6 EDL muscles
from three mice per group.

Haematoxylin and eosin staining

The tibialis anterior (TA) muscle was dissected from the mice,
and embedded in optimal cutting temperature (OCT), frozen

in isopentane chilled in liquid nitrogen and stored at —80°C.
The 10 um thick transverse serial cryosections were cut at
the mid-belly region using Microm cryostat machine, and
stained with haematoxylin and eosin®’ for the analysis of
myofibre cross-sectional area of the WT, db-Veh and
db-P7C3 treated mice. Images were obtained at x10 and
x20 magnifications with the Olympus IX73 inverted
microscope and were quantified using CellSens Standard soft-
ware (Olympus Soft Imaging Solution, USA).

Transmission electron microscopy

The EDL muscles were fixed with 2.5% glutaraldehyde in
0.1 M sodium phosphate buffer for 2 h at RT, and overnight
at 4°C, followed by washing in buffer and fixation with 1%
osmium tetroxide in buffer for 2 h at 4°C. After rinsing in
buffer, the samples were then dehydrated in ethanol and ace-
tone at RT and infiltrated in acetone: pure resin (Embed812)
mix in vacuum with desiccant for 1 h and in pure resin for 4 h
and embedded in the embedding mix. Polymerization of the
embedding mix was carried out overnight at 70°C in the
embedding moulds. Semithin (1 um) and ultrathin (70 nm)
sections were cut using a Reichert Ultracut microtome
machine. The sections were then stained with 2% uranyl
acetate and contrasted with lead citrate as per standard
protocol. Images were taken at x15 000, x30 000, and
x50 000 magnifications with a JOEL1400 transmission elec-
tron microscope for the analysis of myofibre diameter and
the mitochondrial area.

Mitochondrial DNA (mtDNA) copy number

Total DNA was extracted from gastrocnemius (GAS) muscle
using DNeasy Blood and Tissue kit (Qiagen, MD, USA) accord-
ing to the manufacturer’s protocol. The quantitative real-
time PCR (qPCR) analysis of the mtDNA/nDNA was performed
using iTag Universal SYBR green supermix (Bio-Rad Laborato-
ries, CA, USA). The mouse 16S was used as the mitochondrial
gene and HK2 was used as the nuclear gene to obtain the
mitochondrial copy number.

Succinate dehydrogenase staining

The 10 pum thick transverse cryosections of TA muscles were
cut at the mid-belly region using Leica CM 1860 AgProtect
cryostat machine. Briefly, the tissue sections were air-dried
for 45 minutes, and incubated in 50 mM sodium succinate
dibasic hexahydrate and 1.25 mM nitroblue tetrazolium in
0.1 M phosphate buffer (Sigma-Aldrich, MO, USA) for
30 min. The reaction was stopped washing in deionized wa-
ter, and the sections were dehydrated in a series of graded
ethanol and cleared using xylene. The sections were then
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mounted with DPX mountant, and the images were captured
at x20 magnification of the Olympus IX73 inverted micro-
scope using CellSens Standard software (Olympus Soft Imag-
ing Solution, USA) and the succinate dehydrogenase (SDH)
positive myofibres were quantified with Imagel software.

Quantitative real-time PCR

Total RNA was isolated from GAS muscle using the Exigon
miRCURY RNA Isolation kit (Exigon, MA, USA) according to
the manufacturer’s protocol. Complimentary DNA from total
RNA was synthesized with iScript cDNA synthesis kit (Bio-Rad
Laboratories, CA, USA) and quantitative real-time PCR (qPCR)
analysis was performed on key transcriptome targets using
iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories,
CA, USA). The cDNA synthesis and qPCR procedures were per-
formed as described previously.?® The mouse HPRT gene was
used as an internal control.

Luminex Magpix IP-10 (C-X-C motif chemokine
ligand 10) immunoassay

The serum inflammatory markers were analysed using a
mouse cytokine/chemokine antibody-immobilized premixed
32-plex Luminex magnetic beads based 96-Well plate immu-
noassay kit (Milliplex Map kit—MCYTMAG-70K-PX32, EMD
Millipore Corporation, MA, USA) according to the manufac-
turer’s instruction. Briefly, the serum samples were diluted
at 1:2 in the assay buffer and measured in duplicates along
with the standards and quality controls. The serum samples
were incubated overnight at 4°C with the magnetic beads.
The wells were then washed with wash buffer and incubated
with the detection antibodies for 1 h at RT, followed by a
streptavidin-phycoerythrin incubation for 30 min at RT. After
washing, the plate was run on MAGPIX with xPONENT soft-
ware. The mean fluorescent intensity data was analysed
using a five-parameter logistic curve-fitting Multi Analyst soft-
ware for calculating the cytokine/chemokine concentrations
of the samples (n = 6 mice per group).

Whole transcriptome sequencing (RNA Seq)

The RNA Seq of GAS muscle was carried out using Novogene
Next Generation Sequencing platform NovaSeq 6000 PE150
(Novogene, Sacramento, CA, USA). Total RNA was extracted
from GAS muscle and the RNA quality and integrity were de-
termined. RNA Seq library was then prepared and the cDNA
library quality were determined before sequencing with
Illumina PE150 platform. The data generated were analysed
between groups (n = 3 mice/group) for bioinformatics
analysis.

Bioinformatic analysis

The Heatmap, Volcano Plot and Venn diagram were gener-
ated using R 4.1.1 software for differentially expressed genes.
The gene network and pathways were analysed using DAVID
v6.8 for GO enrichment analysis with Benjamini significant
P < 0.05 for both up-regulated and down-regulated genes.
The Gene interaction network construction and visualization
was performed using Cytoscape v3.8.2.2%3° The identified
treatment responsive differentially expressed genes were
created with the Search Tool for the Retrieval of Interacting
Genes and proteins (STRING) database. Default settings of
confidence score and maximum additional interactors were
used for visualization. The Molecular Complex Deletion
(MCODE) plugin for Cytoscape was used to identify the net-
work modules.3! Densely connected regions/clusters in the
co-expression network were identified with the following pa-
rameters; degree cut-off = 2, haircut, k-core = 2, node score
cut off = 0.2 and max. depth = 100.

Myofibre staining

The 10 um thick transverse serial cryosections of TA muscles
were cut at the mid-belly region using Microm cryostat ma-
chine. Briefly, the tissue sections were blocked with 0.2% bo-
vine serum albumin (BSA) and 10% normal sheep serum
(NSS) in PBS-Triton X100 (PBST) for 1 h at RT. All washes were
carried out with PBS. Following washing, the sections were
incubated in 5 ug/mL of mouse monoclonal primary antibody
against myosin heavy chain type-1 (A4.840s DSHB, IA, USA) in
0.2% BSA and 5% NSS antibody dilution buffer in PBST
overnight at 4°C. After washing, the sections were then fixed
with 10% neutral buffered formalin for 5 min at RT, washed
and incubated in 1:300 dilution of biotinylated sheep
anti-mouse IgG (ab6807, Abcam, MA, USA) and 1:1000 dilu-
tion of rabbit anti-laminin (L9393, Sigma-Aldrich, MO, USA)
in the antibody dilution buffer for 1 h at RT. Following
washes, the tissue sections were then incubated in 1:400 di-
lution of streptavidin AF488 conjugate and goat anti-rabbit
AF594 (Invitrogen, CA, USA) and then washed and mounted
with Prolong gold anti-fade mounting medium with DAPI
(Invitrogen, CA, USA). Images were obtained at x10 and x20
magnifications with the Olympus I1X73 inverted microscope
using CellSens Standard software (Olympus Soft Imaging
Solution, USA) and the MyHC1 positive myofibres were quan-
tified with Image) software.?®

Lipidomics
The lipidomic profiling of GAS muscle was performed using

a liquid chromatography—tandem mass spectrometry (LC—
MS/MS) method as described previously.3**3 Briefly, the
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GAS muscle samples were collected, and flash frozen in lig-
uid nitrogen. Around 50-100 mg of the muscle tissue was
homogenized using a bead-beating method, then the ob-
tained supernatant was further cleaned and concentrated
by solid phase extraction. The extracted LMs samples were
dried under vacuum and stored at —80°C for future LC-MS/
MS analysis. The dried extracts were reconstituted with
50 pL of methanol, and 10 pL was injected into LC-MS/
MS to observe lipid profiles in GAS muscles. The LC-MS/
MS system components were from Shimadzu Scientific In-
struments Inc. (Columbia, MD, USA). All analyses and data
processing were completed with the use of Shimadzu Lab
Solutions V5.91 software (Shimadzu Scientific, Tokyo,
Japan).

Nampt enzymatic activity

The Nampt enzymatic activity was measured from the GAS
muscles of WT naive control, db-Veh and db-P7C3 treated
mice using the commercially available CycLex Nampt Colori-
metric Assay Kit (MBL international, MA, USA) as per manu-
facturer’s instructions. The OD values were obtained at
450 nm with the Synergy Hybrid H4 96-Well Plate Reader
(Biotek, VT, USA) using Gen5 software after the sample incu-
bation at 30°C, and the Nampt enzymatic activity was
assessed.

Serum pyruvate enzymatic activity

Serum pyruvate levels were measured using the pyruvate as-
say kit (Sigma-Aldrich, MO, USA) as per manufacturer’s pro-
tocol. Briefly, 5 pL of the serum samples were added to
each well along with the pyruvate assay buffer, probe solu-
tion and the enzyme mix, and incubated for 30 min at RT.
The absorbance was measured at 570 nm in the Synergy H4
Hybrid 96-Well Plate Reader (Biotek, VT, USA) using Gen5
software, and the concentration of the serum pyruvate levels
were assessed.

Statistical analysis

Statistical analyses were performed with GraphPad Prism
9.0.2. Two-way ANOVA with Tukey’s multiple comparison
post-hoc test was utilized for all groups. An unpaired Stu-
dent’s t test was utilized when comparing only two groups.
For the myofibre force-frequency data, two-way repeated-
measures ANOVA (treatment x frequency), with frequency
as the repeated factor was used to test for the main effect
of treatment and the treatment x frequency interaction. Un-
less otherwise specified each black dot or square, and the red
triangle represent the data obtained from a mouse. Data are
expressed as mean = SEM. The comparison-wise error rate, o,

was set at 0.05 for statistical analysis of all data analysed
using GraphPad Prism 9.0.2 software (La Jolla, CA, USA),
where asterisk (*) denotes significant difference from the
post-hoc test.

Results

P7C3 treatment alleviates the fasting blood
glucose, insulin resistance and glucose intolerance
in db/db mice

The db-P7C3 treated mice showed a significant decrease in
the fasting blood glucose levels compared with the
vehicle-treated db/db mice, while the db-Veh mice exhibited
an increase compared with WT mice (Figure 1A). The C57BI/
6J WT mice displayed the same amount of circulating blood
glucose levels during the weekly assessment for the entire
4 weeks. These data suggest that P7C3 improves the insulin
sensitivity or glucose utilization in the type 2 diabetic db/db
mice. Circulating blood glucose levels in response to the ITT
were found to be significantly reduced at all-time points
analysed in db-P7C3 vs. db-Veh mice (Figure 1B) confirming
the insulin sensitivity of the db-P7C3 treated mice. A similar
response to treatment was observed for the intraperitoneal
GTT (Figure 1C). The index of the total glucose shift calcu-
lated as per cent AUC using trapezium method also
displayed a significant decrease in the circulating blood glu-
cose levels in the db-P7C3 mice compared with db-Veh mice
(Figure 1D). This validates that the db/db mice treated with
P7C3 has increased glucose uptake, possibly through
insulin-dependent mechanism. Subsequently, we also found
that the circulating insulin levels were also increased in
the db-P7C3 treated mice with decreased homeostatic
model of insulin resistance (HOMA-IR) and increased P cells
function (HOMA-B) compared with db-Veh mice (Figure
1E-G). Together, this clearly demonstrates that the intraper-
itoneal administration of P7C3 in the type 2 diabetic, db/db
mice increases the glucose uptake, and promotes pancreatic
B cells function.

P7C3 treatment increases the number of
pancreatic f cells in db/db mice

To assess whether db-P7C3 mice improve pancreatic  cells
function of the islets of Langerhans, we utilized the db/db
mice treated with vehicle or P7C3 for 4 weeks. Immunohis-
tochemical analysis of the pancreatic islets of Langerhans
displayed a significant increase in the insulin positive B cells
area per islet of Langerhans area (Figure 2A, B). In addition,
histological analysis of the pancreatic tissue cryosections
stained with Gomori trichrome also displayed a significant
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Figure 1 P7C3 reverses hyperinsulinaemia and hyperglycaemia of the diabetic mice. The 16-week-old type 2 diabetic (db/db) mice were administered
daily with intraperitoneal dose of P7C3 (10 mg/kg/day) or vehicle for 4 weeks. (A) Weekly 6 h fasting blood glucose levels of the db/db mice treated
with P7C3 or vehicle (n = 11 each), and the C57BI/6J WT (n = 6) naive control mice. (B) Insulin tolerance test (ITT) of 6 h fasted db/db mice injected with
1 U/kg body weight human insulin intraperitoneally (n = 4-5 per group). (C) Glucose tolerance test (GTT) of overnight fasted db/db mice injected with
2 g/kg body weight D-(+)-glucose intraperitoneally and measured with GOD-POD method (n = 5 mice per group). (D) The area under the curve of GTT
was obtained using the trapezium method and expressed in percentage. (E) The circulating insulin levels in blood serum and (F) homeostatic model of
insulin resistance (HOMA IR) and (G) homoeostatic model of pancreatic B-cells (HOMA B) expressed in percentage. Data are expressed as mean + SEM;
*P < 0.05; P7C3 vs. vehicle-treated db/db mice. The age-matched WT mice were used as naive control to determine the baseline weekly fasting blood

glucose levels.

increase in the number of B cells and islet of Langerhans per
tissue section along with increased number of B cells per is-
lets of Langerhans in the db-P7C3 mice compared with
db-Veh treated mice (Figure 2C—F). Taken together, this
clearly suggests that there is increased number of pancreatic
B cells in the P7C3 treated type 2 diabetic db/db mice,
which contributed to the increased glucose uptake in the
db-P7C3 mice.

P7C3 treatment increases the physical
performance of db/db mice

To determine whether P7C3 treatment modulates the phys-
ical performance in db/db mice, we compared fore-limb and

hind-limb grip strength and voluntary free running wheel
performance, along with the ex vivo force frequency of the
extensor digitorum longus muscle. The db-P7C3 treated
mice displayed a significant increase in the fore-limb and
hind-limb grip strengths compared with db-Veh treated mice
(Figure 3A,B). The db-Veh mice also displayed a significant
decrease in the fore-limb and hind-limb grip strengths com-
pared with WT mice (supporting information, Figure S3A,B).
There was significant group x frequency for both the abso-
lute and normalized force frequency relationship data
(P = 0.05 and 0.04, respectively) when comparing the WT,
db-Veh, and db-P7C3 mice, although no main effect of treat-
ment was observed for either measure of the ex vivo exten-
sor digitorum longus muscle contractility. These data
indicate a trend for reduced force in the db-Veh group at
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Figure 2 P7C3 increases the pancreatic  cells number and function of the db/db mice. (A) Immunohistochemical staining of insulin secreting pancre-
atic B cells (green). (B) The insulin secreting pancreatic B cells area per islet of Langerhans expressed as percentage. (C) Gomori aldehyde fuchsin stain-
ing of pancreas. (D) The number of pancreatic 3 cells per section, and (E) number of islet of Langerhans per section and (F) number of pancreatic 3 cells
per islet of Langerhans. Data are expressed as mean + SEM; *P < 0.05; P7C3 vs. vehicle-treated db/db mice.

higher frequencies, which is mitigated in the db-P7C3 group
(Figure 3C,D). However, analysis of the area under curve
through the trapezium method displayed a significant
increase in the absolute myofibre force frequency in
db-P7C3 mice compared with db-Veh treated mice
(Figure 3E). The db-Veh mice also displayed a significant de-
crease in the absolute myofibre force frequency area under
curve compared with WT mice (Figure S3C). The normalized
myofibre force frequency also showed a similar increase in
the db-P7C3 treated mice (Figure 3F). Even though the
db-Veh mice displayed a decrease in the normalized
myofibre force frequency area under curve compared with
WT mice, it was found to be non-significant (Figure S3D).
In addition, the voluntary running wheel performance of
the db-P7C3 treated mice also displayed a significant in-
crease in the distance covered compared with db-Veh
treated mice (Figure 3G). Together, these data suggest that

P7C3 treatment increases the physical performance of the
type 2 diabetic db/db mice.

P7C3 treatment ameliorates the diabetic skeletal
muscle phenotype of the db/db mice

We then sought to measure the myofibre size of the type 2 di-
abetic db/db mice treated with vehicle or P7C3. Histological
analysis of the haematoxylin and eosin (H&E) stained tibialis
anterior muscle cross-sectional area around the mid-belly re-
gion displayed muscle atrophy with increased number of
smaller (0-1500 umz) myofibres cross-sectional areas in
db-Veh treated mice compared with WT and db-P7C3 treated
mice (Figure 4A—C). The C57BI/6J WT mice showed decreased
number of small (0-1500 umz) myofibres and increased num-
ber of medium (1500-3000 pmz) and larger (>3000pm2)
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Figure 3 P7C3 enhances physical performance of db/db mice. (A) Fore-lim

b grip strength and (B) hind-limb grip strength measured and expressed as

KGF/kg body weight. (C) The absolute force frequency and (D) normalized force frequency of the extensor digitorum longus muscles. (E) The area un-

der the curve of the absolute muscle force frequency and (F) the normalize
the mice expressed in metres. Data are expressed as mean + SEM; *P < 0
used as naive control to determine the baseline muscle force frequencies

myofibres cross-sectional areas (Figure 4C). Noticeably, the
db-P7C3 treated mice displayed a significant decrease in the
small myofibres cross-sectional areas compared with the
db-Veh treated mice, with a shift towards an increase in me-
dium and larger sized myofibres cross-sectional areas (Figure
4A-C). There was also a significant increase in the
medium-sized myofibres and decrease in larger sized
myofibres in the db-Veh treated mice compared with the
WT mice (Figure 4C). Subsequent transmission electron mi-
croscopy (TEM) image analysis of the longitudinal sections of
the extensor digitorum longus muscles also displayed a signif-
icant decrease in the myofibre diameter in the db-Veh treated
mice compared with the WT mice (Figure 4D,E). Similar to the
H&E-stained tibialis anterior muscle cryosections, the TEM im-
ages of the db-P7C3 treated mice also displayed an increase in
the myofibre diameter of the extensor digitorum longus mus-
cle compared with the db-Veh treated EDL muscle. However,

d muscle force frequency. (G) The voluntary running wheel performance of
.05; P7C3 vs. vehicle-treated db/db mice. The age-matched WT mice were
of the extensor digitorum longus muscle.

it was found to be significantly lower than the WT mice
(Figure 4E). Interestingly, the TEM images also displayed in-
creased mitochondrial area in the db-Veh treated mice
compared with WT and db-P7C3 treated mice (Figure 4D,F).
To assess the metabolic status and mitochondrial function in
the skeletal muscle the SDH staining was performed. Figure
4G,H shows the decrease in the SDH activity in db-Veh mice
compared with WT, whereas treatment with P7C3 for 4 weeks
significantly improved the SDH positive myofibres in db-P7C3
mice skeletal muscle. To gain further insight into the mito-
chondrial DNA (mtDNA) content, 765 expression was mea-
sured. Figure 41 shows the increased expression of mtDNA in
db-Veh compared with WT (P = 0.06), whereas, the 165 ex-
pression was significantly decreased in db-P7C3 group com-
pared with db-Veh mice. Together, this suggests that P7C3
treatment rescues the type 2 diabetic skeletal muscle pheno-
type of the db/db mice with an increase in the myofibre size
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Figure 4 P7C3 ameliorates the diabetic skeletal muscle phenotype of the db/db mice. (A) Haematoxylin and eosin stained x20 magnification images of
the tibialis anterior muscles of the diabetic mice treated with vehicle or P7C3 and the wild-type naive control mice. (B,C) analysis of 250 random
myofibres cross-sectional area of the haematoxylin and eosin-stained images per section and 3 such section was counted per mice, where n = 3 mice
per group displaying a shift towards medium-sized myofibres in the db-P7C3 treated mice (green) compared to db-Veh treated mice (red). The
age-matched WT naive control mice myofibres display an increased larger sized myofibres (blue). (D) Transmission electron microscopy images of
the extensor digitorum longus muscle of the WT naive control, db-Veh and db-P7C3 treated mice. The intermyofibrillar mitochondria (IM), and the
Z-lines (blue arrows) are distinguished in the TEM images taken at x30 000 magnification. (E) Analysis of the extensor digitorum longus muscles
myofibre diameter of TEM images at x30 000 magnifications (n = 8-9 myofibres per image, and 3 such images were analysed per group). Data are
expressed as mean + SEM; *P < 0.05. (F) Mitochondrial area measured from db-Veh or db-P7C3 expressed as umz. (G) Succinate dehydrogenase
(SDH) staining of TA muscle, (H) quantification of SDH stained myofibres, and (I) relative mRNA expression of 765 in wild-type (WT), db-Veh, and
db-P7C3. Data are expressed as mean = SEM, P < 0.05.
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Figure 5 P7C3 decreases MyHC1 expression levels and immunostained myofibres numbers in gastrocnemius muscle. Relative gene expression levels of
myosin heavy chain fibre types: (A) MyHC1, (B) MyHCZa, (C) MyHC2b, and (D) MyHCZ2x. (E) Immunolabelling of tibialis anterior muscle cryosections of
WT, db-Veh, and db-P7C3 treated mice. MyHC1 positive myofibres are immunostained in green, laminin in red and DAPI for nuclei in blue. (F) Quan-
tification of MyHC1 depicting the fold change in green myofibre immunostaining. Data are expressed as mean + SEM; *P < 0.05. The age-matched WT
mice was used as naive control to determine the baseline expression levels of the myosin heavy chain fibre types in gastrocnemius muscle and immu-

nostaining of MyHC1 in tibialis anterior muscle.

and SDH positive myofibres, along with reduced mitochon-
drial copy number likely due to decreased stress resulting in
improved mitochondrial structure and function.

P7C3 treatment decreases MyHC1 expression and
number in db/db mice

We next sought to determine the myofibre types in the
db-P7C3 treated mice due to the observed shift in myofibre

size. The db-P7C3 treated mice displayed a significant de-
crease in the MyHC type 1 (MyHCI) expression levels in
the gastrocnemius muscle compared with the db-Veh mice
(Figure 5A). Moreover, the MyHCI expression levels were
found to be non-significant between the WT and db-P7C3
treated mice. In agreement with other finding, we found a
many-fold increase in the expression levels of MyHCZ in
the db-Veh treated mice compared with WT mice, sugges-
tive of an alternative increased slow oxidative metabolism
in the diabetic mice.3* Further, gPCR analysis of the
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db-P7C3 mice gastrocnemius muscle for myosin heavy chain
fibre types, that is, MyHC-2a, MyHC-2b, and MyHC-2x
displayed no significant change in their expression levels
compared with db-Veh treated mice and the WT mice
(Figure 5B-D). Subsequent analysis of the immunostained
tibialis anterior muscle cryosections displayed a significant
decrease in the number of MyHC1 positive myofibres in
the db-P7C3 treated mice compared with db-Veh treated
mice, which was found to be non-significant compared with
the WT mice (Figure 5E,F). These data suggest that the dia-
betic skeletal muscle phenotype of db/db mice is rescued by
P7C3 treatment with a decrease in the slow oxidative
myofibres.

P7C3 treatment enhances mitochondrial fatty acid
oxidation and decreases the myofibre stress in the
db/db mice

Given that P7C3 treatment rescued the diabetic skeletal
muscle phenotype of the db/db mice we next examined a
panel of metabolic markers through gPCR gene expression
analysis of the gastrocnemius muscle. We found that the
key genes involved in fatty acid uptake (FabpZ and CD36)
to be significantly down-regulated in the db-P7C3 treated
mice compared with db-Veh treated mice, while there was
no significant difference between the db-P7C3 and WT mice
(Figure 6A,B). Whereas, the expression levels of key genes
involved in fatty acid oxidation (Pdk4 and Cpt1) was found
to significantly up-regulated in db-P7C3 treated mice com-
pared to both db-Veh treated mice and the C57BI/6) naive
control mice (Figure 6C,D). Noticeably, the db-P7C3 treated
mice also resulted in a significant reduction in the expres-
sion level of Fgf21, the stress-induced myokine compared
with the db-Veh treated mice, while it was non-significant
compared with the WT mice (Figure 6E). To evaluate the
treatment responsive genes in diabetic skeletal muscle,
RNA-seq analysis was performed. Figure 6G shows heat
map with significant key differentially expressed genes in
the db-P7C3 group compared with db-Veh. The key genes
include increased Ppargcia (PGCla), decreased inflamma-
tion or stress responses along with improved myogenic
genes with P7C3 treatment. As shown in the Venn diagram
and Volcano plot Figure 6H,l, respectively, the RNA-seq anal-
ysis showed high number of treatment responsive genes
with 772/1415 genes up-regulated along with 1213/1726
genes down-regulated. We identified significant pathways
that are up-regulated due to P7C3 treatment, which include
muscle structure development, metabolic pathways involved
in energy metabolism (NADH, pyruvate, and ATP), calcium
signalling, and glycolysis and gluconeogenesis. The pathways
that are significantly down-regulated include inflammation
(NFkB, IL-6,8, TNF, and cytokine production), TLR signalling,
TGF-B, apoptotic and cell cycle processes, fatty acid elonga-

tion, and cytokine receptor and NADPH oxidase activity
(Figure 6)). Taken together, this suggest that P7C3 treatment
of the type 2 diabetic db/db mice increases mitochondrial
fatty acid B-oxidation and thereby enhancing insulin sensitiv-
ity and energy metabolism of diabetic skeletal muscle
phenotype with decreased oxidative stress and inflammation
(Figure 6F,G).

P7C3 treatment increases the circulating HDL levels
and decreases the inflammatory lipid mediators of
the db/db mice

We next sought to determine the circulating levels of HDL
and LDL/VLDL lipoproteins in blood plasma and the LC-MS/
MS-based skeletal muscle lipid mediators. The db-P7C3
treated mice displayed a significant increase in the HDL lipo-
proteins level compared with the db-Veh treated mice
(Figure 7A). Furthermore, the db-P7C3 treated mice also
displayed a significant decrease in the LDL/VLDL lipoproteins
level compared with the db-Veh treated mice (Figure 7B).
Based on the increase in lipids in the obesogenic diabetic
model, we further evaluated the lipids signalling in the skele-
tal muscle. The omega-6 polyunsaturated fatty acid (n-6
PUFA) arachidonic acid (AA) and its derivatives 11-HETE, 15-
HETE, were significantly increased in db-Veh treated group,
while P7C3 treatment of the db/db mice significantly attenu-
ated the pro-inflammatory LMs in the gastrocnemius muscle.
Additionally, P7C3 treatment of the diabetic mice also
lowered the levels of the anti-inflammatory LMs, (n-3 PUFA)
docosahexaenoic acid (DHA) and its derivatives, 7-HDoHE,
13-HDoHE, 16-HDoHE, 17-HDoHE, 20-HDoHE, and the
eicosapentaenoic acid (EPA) and its derivative 5-HEPE and
allowed the muscle to recover and bring the levels closer to
that of the WT mice (Figure 7C—F). Interestingly, the levels
of endocannabinoid, 2-arachidonoyl glycerol (2-AG) was
found to be significantly decreased in the db-P7C3 mice com-
pared with the db-Veh treated mice, while it was more simi-
lar to the WT mice (Figure 7G). However, anandamide (AEA)
was found to be significantly higher in the db-P7C3 treated
mice compared with the db-Veh and the WT mice (Figure
7H). To verify the inflammatory cytokines/chemokines, we
assessed the interferon y-induced protein 10 (IP-10/C-X-C
motif chemokine ligand 10), a key pro-inflammatory target
in serum using Luminex-Magpix magnetic bead immunoas-
say. As shown in Figure 71, we detected increased IP-10 levels
in db-Veh group compared with WT, whereas treatment of
diabetic mice with P7C3 led to significant decrease in IP-10
levels compared with db-Veh, while it was still high compared
with WT mice. To provide an in-depth analysis and overview
of the gene network and pathways that are activated with
P7C3 treatment in diabetic skeletal muscle the STRING net-
work analysis was performed (Figures S1 and S2). The data
show that the glycolytic, myogenesis, and NADH pathways
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Figure 6 P7C3 treatment increases fatty acid oxidation and decrease myofibre stress in db/db mice. Relative mRNA expression levels of (A) FabpZ, (B)
CD36, (C) Pdk4, (D) Cpt1, (E) Fgf21, and (F) schematic depiction of differential gene responses in db-P7C3 and db-Veh showing increased mitochondrial
fatty acid oxidation and decreased fatty acid uptake and oxidative stress with P7C3 treatment in diabetic mice (G) RNA-seq analysis of skeletal muscle
from db-Veh and db-P7C3 (H) volcano plot showing differentially expressed genes (DEG) in db_P7C3-db_Veh. The up-regulated genes (red), and the
down-regulated genes (green) with a fold change <0.6, and with P < 0.05 (I) Venn diagram showing comparison of the differentially up-regulated
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muscle.
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Figure 8 P7C3 treatment improves the Nampt enzymatic activity. (A) Enzymatic activity of recombinant Nampt was measured every 5 min for 1 h.
Negative control (DMSO), positive control (Nampt enzyme), Nampt inhibitor (FK866), and Nampt activator (P7C3) were all utilized to assess the enzy-
matic activity. (B) The gastrocnemius muscle Nampt enzymatic activity was measured every 5 min for a total duration of 40 min. Data are expressed as
mean + SEM; *P < 0.05 of the absorbance measured at 20 min during the linear range. (C) Serum pyruvate activity of db-Veh and db-P7C3 treated

mice. Data expressed as mean + SEM with P < 0.05.

were up-regulated, whereas the inflammation, apoptosis and
stress responsive genes are down-regulated. Furthermore,
TNFa expression was detected at high levels in db-Veh com-
pared with db-P7C3 skeletal muscle (Figure S3E). Overall, these
data suggest that P7C3 treatment of the diabetic mice improves
the circulating good lipoproteins and lipid mediators of the
lipoxygenase (LOX) pathway (Figures S1-S5) and contribute to-
wards skeletal muscle recovery from the chronic low-grade in-
flammation associated with obesity and diabetes.

P7C3 treatment enhances the Nampt activity both
in vitro and in vivo

Recent report show that administration of P7C3 in animal
models and tissue cultures enhance the enzymatic activity
of Nampt, the key rate-limiting enzyme in the NAD salvage
pathway from nicotinamide.®® Therefore, we tested the
P7C3 specificity of Nampt activity using enzyme assay with
or without P7C (Figure 8A). As shown in Figure 8A, the Nampt
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activity was found to be significantly decreased with the
Nampt inhibitor (FK866) and increased with the Nampt acti-
vator (P7C3). The Nampt enzymatic activity was at its basal
level and was found to be non-significant between the nega-
tive control DMSO, and the inhibitor and activator alone
(Figure 8A). Furthermore, db-P7C3 treated mice displayed a
significant increase in the Nampt activity in gastrocnemius
muscle compared with the db-Veh treated mice (Figure 8B).
In addition to Nampt activity, the levels of pyruvate in serum
were assessed from diabetic mice treated with Nampt activa-
tor P7C3. As shown in Figure 8C, the serum pyruvate levels
were significantly high in db-P7C3 treated mice compared
with db-Veh. Together, this shows the specificity of P7C3 as
the Nampt activator, and these data suggest that P7C3 ad-
ministration increased Nampt activity in the type 2 diabetic
db/db mice.

P7C3-mediated effects are Nampt-dependent

Next, to test whether the observed P7C3-mediated effects
are Nampt-dependent, we utilized the Nampt heterozygous-
null (Nampt”’) and their littermate WT mice that were ad-
ministered with a single dose of 10 mg/kg body weight
P7C3, i/p. The tail snip PCR analysis clearly identified the
Nampt”’ and their littermate WT mice, with a double
(300 bp and 500 bp) and a single (300 bp) intensity bands, re-
spectively (Figure S6A). The fore-limb grip strength of the
Nampt”’ mice was found to be significantly decreased com-
pared with the littermate WT mice (Figure S6B). Subsequent,
GTT clearly showed a significant decrease in the circulating
blood glucose levels of the Nampt littermate WT mice treated
with P7C3 compared with the vehicle-treated littermate WT
mice. The Nampt‘”/’ mice treated with P7C3 did not show
any significant effect on the blood glucose levels tested at
all-time points analysed compared with the vehicle-treated
Nampt™~ mice (Figure S6C,D). The index of the total glucose
shift was calculated as per cent AUC also displayed a signifi-
cant decrease in the circulating blood glucose levels in the
P7C3 treated Nampt littermate WT mice compared with
vehicle-treated Nampt littermate WT mice (Figure S6E), with
no significant differences between the P7C3 and vehicle-
treated Nampt*l’ mice (Figure S6F). These data demonstrate
that P7C3 modulates its anti-glycaemic effect through the ac-
tivation of Nampt and suggest that the amelioration of the
hyperglycaemic effect and its associated skeletal muscle phe-
notype observed in the type 2 diabetic db/db mice treated
with P7C3 is Nampt-dependent.

Discussion

The P7C3 is an aminopropy! carbazole that was reported as a
neuroprotective compound in animal models of neurodegen-

erative diseases or nerve cell injury.?® Recently, it has been re-
ported that P7C3-A20 treatment of C57BI/6J mice on a high-
fat diet rescued the fatty liver syndrome with improved insulin
sensitivity and hepatic inflammation.3® P7C3 increases NAD
synthesis from nicotinamide by activating Nampt, a key rate
limiting enzyme in the NAD salvage pathway,®® and analogues
of P7C3 have been shown to bind to Nampt.2* The enzymatic
activity of Nampt and the bioavailability of NAD have been re-
ported to be decreased in metabolic diseases and during
ageing.?* Currently, a multidrug approach is aimed for the
treatment of diabetes, which includes skeletal muscle and
other tissues in the body.?” We hypothesized that
P7C3-mediated activation of Nampt in the type 2 diabetic
db/db mice ameliorates the diabetic skeletal muscle pheno-
type and improves the insulin sensitivity. In the present study,
we demonstrate P7C3 as a novel compound in the ameliora-
tion of type 2 diabetic skeletal muscle phenotype and function
in the Lepr®™ homozygous-null (db/db) mice. Furthermore,
our data provide insights into the P7C3-mediated insulin sen-
sitivity through Nampt activation.

Based on the study, we demonstrate that the blood glu-
cose levels of fasting blood glucose, insulin resistance, and
GTTs were reduced in the db-P7C3 treated mice. Further-
more, there was increased number of pancreatic B cells and
islets of Langerhans, and B cells function in the db-P7C3
treated mice. There was also increased physical performance
in the db-P7C3 treated mice as measured with the fore-limb
and hind-limb grip strengths, ex vivo myofibre force fre-
quency and voluntary running wheel performance. Previous
report identifies that doxorubicin induced decrease in NAD
can be compensated by P7C3 via Nampt activity.>* This study
also shows direct cross-linking of P7C3 with recombinant
Nampt enzyme. However, previous studies did not report if
the observed decrease in the blood glucose levels is through
direct P7C3-mediated Nampt activation, involved in NAD bio-
synthetic salvage pathway or due to an indirect effect. To ad-
dress this question, we utilized the recombinant Nampt
enzyme and assessed the Nampt enzymatic activity with
P7C3 or the Nampt inhibitor FK866 in vitro. In addition, we
also utilized the type 2 diabetic, db/db mice treated with
P7C3 or vehicle for assessing the gastrocnemius muscle
Nampt and serum pyruvate activities. We found that the
Nampt enzymatic activity was increased with P7C3 and
inhibited by FK866 in the in vitro assay, and it was also in-
creased in the db-P7C3 treated mice. Similarly, the serum py-
ruvate levels were found to be increased in the db-P7C3
treated mice. To address whether the observed increase in
insulin sensitivity and glucose uptake with the administration
of P7C3 in the type 2 diabetic db/db mice is directly through
Nampt activation, we utilized the Nampt‘“/’ and their litter-
mate WT mice treated once with P7C3 or vehicle for
assessing the blood glucose levels of the intraperitoneal
GTT. The glucose tolerance was improved in the Nampt litter-
mate WT mice treated with P7C3 but did not improve in the
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Nampt"/’ mice treated with P7C3. This clearly indicates that
the P7C3-mediated effect on glucose uptake in the type 2 di-
abetic db/db mice is via Nampt activation.

Interestingly, in the db-P7C3 treated mice there was an
increase in myofibre size in hind-limb tibialis anterior and
the extensor digitorum longus muscles, which shows a
healthy muscle phenotype in the db-P7C3 treated mice.
The type 2 diabetic db/db mice treated with P7C3 also
displayed improved mitochondria morphology and function.
The mitochondrial DNA was measured in the diabetic skele-
tal muscle and showed significant increase in 165 expres-
sion, which might be due to increased oxidative stress and
previous report have shown similar increase in diabetic
muscle.3® Based on P7C3 treatment, we demonstrate that
16S expression was restored to the levels in WT muscle.
More recently, P7C3 has been shown to stabilize the mito-
chondrial membrane potential in an in vitro dopaminergic
cell culture model. In our study, we found that P7C3 treat-
ment of the type 2 diabetic, db/db mice resulted in the res-
toration of mitochondrial morphology and function.
Furthermore, the observed shift in myofibre size from small
to medium and larger myofibres was accompanied by a de-
crease in the MyHC1 (slow oxidative) myofibres expression
levels and number, with no significant difference in the
other MyHC fibre types expression levels in the db-P7C3
treated mice. Subsequently, we found a significant increase
in the succinate dehydrogenase positive oxidative myofibres
and increased Pgcla expression in the db-P7C3 treated
mice. Together this confirms that there is increased mito-
chondrial biogenesis in the P7C3 treated type 2 diabetic
(db/db) mice that might be involved in energy metabolism.

To test this, we next looked at the expression level of the
key markers in energy metabolism in gastrocnemius muscle
and found decreased Fabpl and CD36 expression levels
along with an increase in Pdk4 and Cptl expression levels
in the db-P7C3 treated mice. Strikingly, the expression level
of the stress-induced myokine, Fgf27 was found to be de-
creased suggestive of improved skeletal muscle health as ev-
ident in the H&E cryosections of the tibialis anterior muscle
analysed for the myofibre transverse sectional areas and the
TEM images of the longitudinal section of extensor
digitorum longus muscle for the diameter. Together, this
suggest that there is decreased fatty acid uptake and in-
creased mitochondrial fatty acid B-oxidation along with de-
creased myofibre stress and inflammatory markers,
including IP-10 and Tnfaip2 in the type 2 diabetic db/db
mice treated with P7C3 for energy metabolism and tissue
homeostasis of the skeletal muscle.

Low HDL and increased VLDL levels in blood are often asso-
ciated with insulin resistance and type 2 diabetes, which leads
to increased risk of developing cardiovascular diseases.**™*? In
this study, P7C3 treatment of the type 2 diabetic (db/db) mice
showed a significant increase in the circulating levels of HDL
along with a decrease in LDL/VLDL levels in blood. Further-

more, excess lipid accumulation in skeletal muscle is well
known to cause muscle inflammation, and their levels have
been reported to be increased in type 2 diabetic and obese in-
dividuals and animal models.**™® In this study, we found an
increase in the long chain poly-unsaturated fatty acids (LC-
PUFA), especially the arachidonic acid (AA, 20:4; n-6),
docosahexaenoic acid (DHA, 22:6; n-3) and eicosapentaenoic
acid (EPA, 20:5; n-3) and their derivatives HETE, HDoHE and
HEPE of the lipoxygenase (LOX) pathway through LC-MS/MS
lipidomics of gastrocnemius muscle of the type 2 diabetic
(db/db) mice. Intriguingly, the db-P7C3 treated mice signifi-
cantly decreased the levels of AA, DHA and EPA, and their de-
rivatives in gastrocnemius muscle, suggestive of decreased
muscle inflammation in the db-P7C3 treated mice. The arachi-
donic acid is also known to serve as a precursor for eicosa-
noids and endocannabinoids, and the most studied
endocannabinoids are 2-arachidonoyl glycerol (2-AG) and
anandamide (AEA). P7C3 treatment of the type 2 diabetic
(db/db) mice also resulted in a decrease in 2-AG levels consis-
tent with the AA levels in these mice. However, there was an
increase in the AEA levels in the db-P7C3 treated mice, the sig-
nificance of which is not known and could be involved in the
neuromuscular junction. The increase in HDL cholesterol in
the db-P7C3 treated mice might contribute to the cardiopro-
tective effects with increased cholesterol efflux, and
anti-oxidative and anti-inflammatory properties.*” Moreover,
the decrease in LDL/VLDL cholesterol levels in the db-P7C3
treated mice might also decrease atherosclerosis in heart dis-
ease, and alleviate insulin resistance and type 2 diabetes. Fur-
thermore, the lipidomic analysis reveal that P7C3 treatment of
the type 2 diabetic (db/db) mice attenuates the skeletal mus-
cle inflammatory disease. In the present study, we utilized
STRING network analysis and identified that key genes and
clusters responsible for muscle development, calcium
signalling, glycolysis and gluconeogenesis were up-regulated,
whereas, the inflammatory genes, cytokine production and
apoptotic genes were down-regulated (Figures S1 and S2;
Data S1). In line with the present findings, a previous report
shows similar increase in inflammatory markers using human
myocytes from type 2 diabetic individuals with dysregulated
myogenesis and gene network associations for development
of diabetes.*® Overall, based on P7C3 treatment and in-depth
RNA-Seq and network analysis we identify beneficial molecu-
lar responses that attenuate diabetes and improves muscle
function.

In summary, in the present study we demonstrate that
intraperitoneal administration of P7C3 in type 2 diabetic
(db/db) mice, daily for 4 weeks improved the glucose uptake
by decreasing the fasting blood glucose and insulin resis-
tance, and increasing glucose tolerance, along with increased
number of pancreatic B-cells, islet of Langerhans, and B cells
function. The P7C3 treatment also improved the physical per-
formance (fore-limb and hind-limb grip strengths, ex vivo
myofibre force frequency and the voluntary free running
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wheel performance) alleviating the diabetic muscle pheno-
type of the db/db mice. Subsequent, histological analysis of
the hind-limb tibialis anterior and extensor digitorum longus
muscles displayed an increase in the myofibre size, with a si-
multaneous decrease in both MyHCZI expression levels and
immunostaining of the slow oxidative myofibres in the
db-P7C3 treated mice. The transmission electron microscopy
also revealed an improved mitochondrial morphology in the
db-P7C3 treated mice, probably with improved mitochondrial
membrane potential. The increased SDH positive myofibres
and Pgc-1lo expression in the db-P7C3 treated mice demon-
strate improved mitochondrial function. Mechanistically,
there was increased mitochondrial fatty acid -oxidation with
decreased fatty acid uptake and oxidative stress in the
db-P7C3 treated mice in energy metabolism. RNA Seq analy-
sis also displayed an increase in fatty acid oxidation, mito-
chondrial biogenesis, muscle function with reduced
inflammation. The LC-MS/MS lipidomic analysis of gastrocne-
mius muscle also displayed a decrease in the inflammatory
lipids, along with an increase in the circulating HDL and de-
crease in the VLDL/LDL lipids in the db-P7C3 treated mice
resulting in reduced muscle inflammation. The serum
pro-inflammatory marker IP-10 levels also displayed a de-
crease in db-P7C3 treated mice. The specificity of P7C3 treat-
ment was confirmed with an increase in the Nampt activity
both in vitro and in vivo. The GTT of the P7C3 treated
Nampt”’ mice further validated the hyperglycaemic effects
of P7C3 as Nampt-mediated. Together, our findings highlight
the importance of P7C3-mediated Nampt activation in ame-
liorating the diabetic skeletal muscle phenotype of db/db
mice and Nampt actvator P7C3 as a potential treatment strat-
egy in type 2 diabetes.
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