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a b s t r a c t 

Background: Moringa oleifera is an important traditional multipurpose plant, due to the presence of many bioac- 
tive compounds. Moringa oleifera leaf extracts (MOLE) have been shown to have many beneficial properties in 
pathological conditions including diabete. However, the lack of information about its exact molecular mechanism 

of action might hinder other potential use in different areas such as skeletal muscle physiology. 

Hypothesis/purpose: Skeletal muscle represents about 40-50% of the total mass of a lean individual and is an 
insulin-sensitive tissue with wide variations in energy requirements. We aimed to test the effects of MOLE on 
oxidative metabolism and the molecular mechanism involved on myotubes by using C2C12 cell line, a well 
known model for in vitro skeletal muscle studies. 

Study design: C2C12 myotubes were treated with MOLE at different working solutions for 24 and 48 hours and 
then culture media and cellular extracts were collected. MOLE was screened for phytochemicals determination. 

Methods: Glucose and free fatty acids consumption along with lactate release were assessed in the culture me- 
dia. Citrate sinthase, 3-hydroxy acylCoA dehydrogenase, alanine transglutaminase and creatine kinase enzyme 
activities, as well as the metabolic regulatory SIRT1 and PPAR 𝛼 protein levels were evaluated in cellular extracts. 

Results: MOLE administration induced a dose and time dependent increase in substrates consumption accompa- 
nied by an increase in intracellular oxidative metabolism enzymatic activity levels. The extracts were also able 
to modulate positively the protein expression of SIRT1 and PPAR 𝛼. 

Conclusion: Altogether, these data indicate that MOLE could represent a valid nutritional support for improving 
skeletal muscle metabolism: in fact MOLE treatment increased oxidative energy metabolism and possibly favours 
mitochondrial biogenesis through SIRT1/PPAR 𝛼 pathway. future studies will clarify wether Moringa oleifera leaf 
extracts consumption may be useful to improve physical performance and metabolic-related skeletal muscle 
diseases. 
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The impaired ability of insulin to stimulate glucose uptake and uti-
ization is a common physiological condition of type 2 diabetes and
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ounteracting insulin resistance is an important therapeutic target in
he management of the disease ( De Fronzo and Tripathy, 2009 ). 

Plant-derived extracts are abundant in bioactive molecules, and
ome of them have shown pharmacological properties in the treatment
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Among these, the beneficial properties of Moringa oleifera are con-
inuously emerging and its use in various physiological conditions and
iseases including insulin resistance and diabetes has been investigated
 Nova et al., 2020 ). Leaves, stems, roots, flowers and seeds, have shown
ultiple nutraceutical or pharmacological functions. Many of the bioac-

ive components characterizing Moringa oleifera are used for different
ndustrial and food applications due to their anti-inflammatory, antiox-
dant, anti-cancer, hypoglycemic, and blood lipid-reducing functions
 Manohar et al., 2012 ; Stohs and Hartman, 2015 ; Kuo et al., 2018 ). 

Among the bioactive compounds present, phenolic acids and in
articular chlorogenic and ferulic acid, together with flavonoids such
s quercetin, vanillin and kaempferol, appear the most beneficial
olecules ( Saucedo-Pompa et al., 2018 ). Leaf extracts have shown sig-
ificant anti-hyperglycemic and hypoglycemic activity in healthy and
iabetic rat models ( Nahar et al., 2016 ). 

Moreover, methanolic leaf extract treatment has demonstrated a re-
arkable reduction in total cholesterol, triglycerides, and body weight,
oreover, liver biomarkers, organ weight, and blood glucose levels were

lso decreased in hypercholesterolemic rats ( Bais et al., 2014 ). 
Despite many studies on Moringa oleifera extracts performed in ani-

als, at present there is no information about the molecular mechanism
hrough which MOLE influences energy metabolism. 

Skeletal muscle constitutes up to 50% of total body mass, it plays an
mportant role in the regulation of nutrients ( Sinacore and Gulve, 1993 )
nd the rapid changes in fuel selection constitute a hallmark for metabol-
cally healthy muscle. 

There are different pathways that can be activated to fulfill the skele-
al muscle energy request. Between them, the activation of oxidative
etabolism can involve the activation of the MAPK-SIRT1-PGC1 𝛼 axis

 Pardo and Boriek, 2011 ). The mitogen-activated protein kinase (MAPK)
s an upstream regulator of sirtuin 1 (silent mating type information reg-
lator 2 homolog 1 - SIRT1). SIRT1 is a key molecule in metabolic reg-
lation through its ability to deacetylate and activate the PPAR gamma
oactivator 1 alpha (PGC1 𝛼), a transcription co-regulator of peroxisome
roliferator-activated receptors (PPARs), with the final result of increas-
ng mitochondrial biogenesis and oxidative metabolism ( Wu et al., 1999 ;
errè, 2004 ; Pardo and Boriek, 2011 ). 

Among the latter, PPAR alpha (PPAR 𝛼) is present in skeletal muscle
nd liver, which is closely correlated with fatty acid oxidation and has
een suggested as an important therapeutic target for metabolic diseases
ith hyperlipidemia ( Stec et al., 2019 ). 

An increase of mitochondrial oxidative metabolism involves the pos-
tive modulation of citrate synthase (CS), the key enzyme of the Krebs
ycle, and 3-hydroxy acyl- CoA dehydrogenase (HAD), the third enzyme
n the process of fatty acid 𝛽-oxidation ( Sabatini et al., 2011 ). The in-
rease in the oxidative enzymes lead to mithochondrial biogenesis and,
ery often, to an overall increase muscle mass that can be assessed by
he evaluation of creatine kinase (CK) activity ( Watchko et al., 1996 ;
anou and Gailly, 2013 ). 

In order to evaluate the molecular mechanism involved in the
oringa oleifera action, the present study was designed to assess the

ffect of 24 and 48 hours treatment at different working solutions on
nergy metabolism in the mouse C2C12 cell line, a well-known model
or in vitro skeletal muscle studies. In C2C12 myotubes we evaluated:
ubstrate consumption (culture media glucose (GLU), free fatty acids
FFAs) and lactate (LAC) levels); key metabolic enzyme activities (lac-
ate dahydrogenase (LDH), citrate sinthase (CS), 3-hydroxy acylCoA de-
ydrogenase (HAD), alanine transglutaminase (ALT) and creatine kinase
CK)); glucose transporter GLUT4, the metabolic regulatory SIRT1 and
PAR 𝛼 protein levels were also assessed. 

aterials and methods 

All chemical reagents, unless otherwise specified, were purchased
rom Sigma-Aldrich Chemical (St. Louis, MO, USA). 
2 
ethanolic extract of Moringa oleifera leaves (MOLE) 

One gram of Moringa oleifera leaf powder (PureBodhi Nutraceuticals
td, UK) was sonicated (Vibra-Cell CV 18 SONICS VX 11, Sonics & Ma-
erials, CT, USA) in 10 mL of methanol 100% twice for 10 min at + 4°C.
fter the ultrasonic treatment, the extract were centrifuged (2000 x g

or 10 minutes at + 4°C) and the methanolic extract (stock solution) was
ollected, then tested for the evaluation of the antioxidant capacity and
tored at -20°C. 

ltra-high performance liquid chromatographic and high resolution mass 

pectrometric conditions (UHPLC-QTOF) 

To obtain a metabolomic fingerprint of MOLE, UHPLC-QTOF anal-
sis was performed. 10 𝜇L of diluted extract (1:10; v/v with buffer A)
as directly injected using an ExionLC 

TM AD system interfaced to a High
esolution SCIEX X500B QTOF mass spectrometer. Separation was per-

ormed using a Phenomenex Luna Omega Polar C18 (150 × 4.6 mm, 3
m) analytical column. The column oven was maintained at 40°C and
he elution solvents consisted of 0.1% formic acid in water (buffer A) and
.1% formic acid in acetonitrile (buffer B) at a flow-rate of 0.8 mL/min.
he following gradient was used: 0 min- 5% buffer B, 16 min-45% buffer
, 21min-80% buffer B; 22 min-100% buffer B. 

The high-resolution SCIEX X500B QTOF mass spectrometer was
orking with an electrospray ion source operating in negative ion mode.
WATH analysis was carried out as election acquisition method since it
s able to provide a digital fingerprint of sample. Being a data inde-
endent acquisition strategy (SWATH), high resolution precursor and
roduct spectral information for all detectable constituents in the sam-
le were collected. 25 SWATH variable windows were utilized to obtain
igh quality MS/MS spectra, the accumulation for the TOF MS is 0.150
ec and the accumulation time for the TOF MS/MS is 0.025 sec. The
ollowing MS source conditions were used: CUR = 40 psi, CAD = 11, IS
 -4500 V, TEM = 450°C, GS1 = 65 psi and GS2 = 60 psi. 

Data Processing: Data were processed using SCIEX OS Software 2.0.
he SCIEX Natural Products 2.0 Library was used for searching database
ompound spectra for matches to experimentally derived spectra. 

rolox® equivalents antioxidant capacity (TAC) 

Trolox® equivalents antioxidant capacity of MOLE was evaluated
pectrophotometrically, as previously described ( Duranti et al., 2017 ).
his assay evaluates the ability of MOLE in preventing ABTS .+ radi-
al formation, compared to Trolox® (vitamin E analogue) standards.
riefly, 10 𝜇L of MOLE stock solution dilutions (1/1000–1/500–1/100
nd 1/10 working solution) or Trolox® standards (0.25–0.5–1.0 mM)
ere incubated in ABTS-met-Myo-PBS buffer and the absorbance at 734
m was monitored for 2 min. The reaction was started by the addiction
f H 2 O 2 (450 𝜇M), followed for 10 min, and the variation of absorbance
as then recorded. Sample ΔOD/min 734 was compared to those ob-

ained using Trolox® standards. 

ell culture 

C2C12 myoblasts (2 × 10 3 cm 

2 ; ATCC, Manassas, VA, USA) were
ultured as previously described ( Duranti et al., 2017 ). Differentiation
nto myotubes was achieved by culturing preconfluent cells (85% con-
uency) in medium containing 2% FBS and monitoring them by mi-
roscopy and for myogenin expression by western blot analysis. Cells
ere treated with working solution 1/1000 or 1/100 MOLE or vehicle

methanol) in culture media for 24 and 48 hours. Insulin (100 nM) was
tilized as positive control ( Yang et al., 2012 ). Methylthiazolyldiphenyl-
etrazolium bromide (MTT) assay at 24- and 48-hours treatment were
erformed and no statistical significant differences were found com-
ared to untreated cells (data not shown). 
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Fig. 1. Total ion current of Moringa leaves extract. 
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lucose lactate and free fatty acid culture media levels 

The cell culture media glucose and lactate levels were determined
pectrophotometrically by a manual procedure using a commercial test
it (Greiner Diagnostic GmbH, Bahlingen-Germany) as previously de-
cribed ( Sabatini et al., 2011 ). 

The cell culture media free fatty acid levels were determined spec-
rophotometrically by a manual procedure using a commercial test kit
Sigma-Aldrich, St. Louis, MO, USA). Briefly, 50 𝜇l medium were in-
ubated in a Acyl-CoA-Synthetase-Oxidase-Peroxidase buffer, and after
ncubation spectrophotometrically read at 570 nm. Samples OD were
ompared according to manufacturer recommendations, to those ob-
ained by using Palmitic acid standards. FFAs amounts are presented
s the increase relative to control cells. 

nzymatic activities 

After each treatment, cells were trypsinized and centrifuged at
200 × g for 10 minutes at room temperature. Cells were then lysed
nd the obtained supernatants were tested for protein content using the
radford method (Sigma-Aldrich). Lactate dehydrogenase (LDH), cit-
ate synthase (CS), 3-hydroxy acylCoA dehydrogenase (HAD) and ala-
ine transglutaminase (ALT) enzymatic activities were then analyzed
pectrophotometrically (Perkin Elmer Lambda 25, Fremont, CA, USA)
s previously described ( Duranti et al., 2011 ). 

Creatine kinase (CK) activity measurements were performed by a
anual procedure according to the manufacturer’s recommendations

n a hexokinase-glucose 6 phosphate-G6P dehydrogenase buffer assay
sing a commercial test kit (Greiner Diagnostic GmbH, Bahlingen–
ermany) ( Magi et al., 2018 ). 

reparation of cell homogenates and western blot analysis 

Following the indicated treatment, samples were divided for cellu-
ar and mitochondrial extracts as previously described ( Duranti et al.,
011 ). The extracted proteins were used immediately or divided and
tored at -80°C until used. 

Cellular proteins (10–20 𝜇g in 25 mM Tris-HCl pH 8, 0.5% SDS,
.05% 2-mercaptoethanol, 2.5% glycerol, and 0.001% bromophenol
lue) were denatured at 100°C for 5 minutes, subjected to SDS-PAGE
n a 8–12% polyacrylamide gel, and then electroblotted onto a PVDF
embrane at 130 V for 1 hour. The blots were blocked with 5% non-fat
ry milk (Bio-Rad Laboratories, Inc. Hercules, CA, USA) and then in-
ubated with anti-SIRT1, anti-PPAR 𝛼 or anti-GLUT4 antibodies (Santa
ruz Biotechnology, Santa Cruz, CA, USA). After washing and incu-
ation with a horseradish peroxidase–conjugated secondary antibody,
he blots were developed with ECL (Amersham Biosciences, GE Health-
are Europe GmbH, Glattbrugg, Switzerland). Bands were quantified
sing ImageJ software (Rasband, W.S., ImageJ, U. S. National Insti-
utes of Health, Bethesda, Maryland, USA, http:// rsb.info.nih.gov/ij,
3 
997–2008). The expression of 𝛽-actin (Sigma-Aldrich, St. Louis, MO)
r COXIV (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to
ormalise the data. 

tatistical analysis 

The Kolmogorov-Smirnov test was used to evaluate the variable dis-
ribution. 

All data are expressed as means ± S.D. of three independent experi-
ents, each performed in triplicate. 

A one-way ANOVA for repeated measures and Bonferroni post-hoc
nalyses were used to determine significant variations over time and
mong groups for each parameter evaluated. P < 0.05 was accepted as
ignificant. The SPSS statistical package (Version 17.0 for Windows;
PSS Inc., Chicago, IL, USA) was used for statistical analysis. 

No statistical differences were found in all parameters analyzed be-
ween untreated controls at T0, T24 and T48 hours (data not shown). 

esults 

etabolomic fingerprint by UHPLC QTOF 

The metabolomic profile on MOLE, was carried out by using the
500R QTOF mass spectrometer. To get the digital fingerprint and avoid
ny loss of information about the sample, a Data Independent Acquisi-
ion (SWATH) method was developed. SWATH acquisition has the pri-
ary advantage to allow the collection of MS/MS spectral information

or every detectable precursor in the defined mass range. This allows
roduct ion spectral information to be searched in a database for poten-
ial compound identification. For this purpose, the SCIEX Natural Prod-
cts Library 2.0 was used to get high confidence in the identification of
he main compounds (library match score > 75% and mass error + /-2
pm). The obtained profile is shown in Fig. 1 and highlighted the pres-
nce of glucosinolates, flavonoids and phenolic acids as already reported
or this specie ( Maldini M. et al, 2014 ). The proposed identification for
avonoids, polyphenols and phenolic acids is listed in the Table 1 . 

The most intense peaks are represented by glucosinolates (GS),
hat structurally are thioglucoside compounds, containing a sulfated
ldoxime moiety and a variable side chain derived from amino acids.
hese metabolites are widely distributed in Brassicaceae family and in
oringa plant and well known for their important biological activities

n particular the anti-carcinogenic and antioxidant effects ( Maldini M
t al, 2012 ). 

Due to the lack of reference compounds, their putative identifica-
ion was performed manually, considering their diagnostic and char-
cteristic fragments at m/z values of 259.01 and 96.96 which can be
ssigned to the sulfated glucose moiety and the sulfate group, respec-
ively ( Bennett et al., 2003 ; Fahey et al., 2018 ). The Fig. 2 reports the
Xtracted Ion Chromatogram obtained for typical glucosinolates: Gluco-
oringin (a), 4-O-acetylrhamnopyranosyloxybenzylGS and its isomers
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Table 1 

Proposed identification for flavonoids, polyphenols and phenolics acids reported with formula, exact mass, main diagnostic fragments in high resolution and library 
score. 

Proposed Identification 
Retention 
Time 

Adduct / 
Charge Formula 

Precursor 
Mass 

Mass Error 
(ppm) MSMS 

Library 
Score 

Quinic acid 2.59 [M-H]- C7H12O6 191.056 − 1 85.0291 78 

Citric acid 3.34 [M-H]- C6H8O7 191.02 0.2 111.006 97 

Neochlorogenic acid 6.26 [M-H]- C16H18O9 353.088 − 2.3 191.0613 97.9 

Chlorogenic acid 6.44 [M-H]- C16H18O9 353.088 − 2.3 191.0534 97.9 

Protocatechuic acid 6.5 [M-H]- C7H6O4 153.019 0.8 109.0292 84.3 

Esculin 7.15 [M-H]- C15H16O9 339.072 − 0.8 177.0196 97.3 

Cryptochlorogenic acid 7.8 [M-H]- C16H18O9 353.088 − 2.3 135.0435 97.9 

Vitamin B2 8.74 [M-H]- C17H20N4O6 375.131 − 0.6 255.0894 97.4 

Quercetin-di-O-glucoside 9.36 [M-H]- C27H30O17 625.142 0 463.0893 94.7 

Orientin 9.64 [M-H]- C21H20O11 447.093 − 0.7 327.0511 100 

Rutin 10.52 [M-H]- C27H30O16 609.146 − 1.9 301.0313 96.7 

Vitexin 10.71 [M-H]- C21H20O10 431.098 − 2.4 311.0534 98.1 

Isovitexin 10.83 [M-H]- C21H20O10 431.098 − 2.4 341.0637 98.1 

Isoquercitrin 11.06 [M-H]- C21H20O12 463.088 − 3 300.024 99.5 

Kaempferol-O-rutinoside 11.44 [M-H]- C27H30O15 593.151 − 2.1 285.0369 97.5 

Quercetin-O- 𝛽-D-glucose-acetate isomer 11.53 [M-H]- C23H22O13 505.098 − 1 300.0251 97.7 

Isorhamnetin-O-neohespeidoside 11.64 [M-H]- C28H32O16 623.162 − 0.3 315.0507 94 

Quercetin-O- 𝛽− D-glucose-acetate isomer 11.98 [M-H]- C23H22O13 505.098 − 1 300.0251 96 

Astragalin/Luteoloside 12.03 [M-H]- C21H20O11 447.093 − 1.5 284.0296 100 

Nepetin 7-glucoside 12.24 [M-H]- C22H22O12 477.103 − 0.9 315.0486 82 

Puerarin 12.25 [M-H]- C21H20O9 415.103 1.2 295.0613 96.1 

Quercetin-O- 𝛽-D-glucose-acetate isomer 12.34 [M-H]- C23H22O13 505.098 − 0.9 300.0251 98.3 

Ferulic/Isoferulic acid 13.67 [M-H]- C10H10O4 193.051 0.4 134.037 97.2 

Kaempferol 3-O-(3 ′ ’,4 ′ ’-di-O-acetyl- 𝛼-L-rhamnopyranoside) 14.98 [M-H]- C25H24O12 515.119 − 0.5 284.0327 100 

Quercetin 15.36 [M-H]- C15H10O7 301.035 − 0.8 151.0032 96.6 

Kaempferol 17.52 [M-H]- C15H10O6 285.04 − 0.4 63.6 

Isorhamnetin 17.88 [M-H]- C16H12O7 315.051 1 300.0281 87.9 

Table 2 

Proposed identification for glucosinolates. 

Proposed identification 
Retention 
Time 

Adduct / 
Charge 

Precursor 
Mass 

Mass Error 
(ppm) 

Fragment 
Mass 

Fragment Mass 
Error (ppm) 

Sinalbin 4.28 [M-H]- 424.0381 0.9 96.9601 − 0.2 

Glucosoonjnain 3.81 [M-H]- 586.0902 − 0.2 96.9596 − 7.4 

Glucomoringin (a) 4.28 [M-H]- 570.0916 0.2 96.9579 1.1 

259.0107 1.6 

4-O-acetylrhamnopyranosyloxybenzyl-GS/5.99 (b) 5.99 [M-H]- 612.1028 − 0.3 96.958 − 1.2 

259.0122 0 

4-O-acetylrhamnopyranosylosxybenzyl-GS/6.41 (c) 6.4 [M-H] 612.1039 − 0.1 96.9586 0 

259.013 0.1 

4-O-acetylrhamnopyranosyloxybenzyl-GS/7.67 (d) 7.68 [M-H] 612.1018 − 0.3 96.9584 − 5 
259.0102 − 2.4 

4-O-acetylglucopyranosyloxybenzyl-GS/6.97 (e) 6.98 [M-H] 628.099 − 0.8 96.9593 − 4.3 

259.0129 0 

4-O-acetylglucopyranosyloxybenzyl-GS/5.34 5.33 [M-H] 628.1012 − 1.3 96.9597 − 2.8 
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b-d), 4-O-acetylglucopyranosyloxybenzylGS (e). Each glucosinolates is
xtracted considering the diagnostic fragments as listed in the Table 2 ,
here are reported all found glucosinolates. 

Fig. 3 shows the amount of each components represented by chro-
atographic peak area. 

ntioxidant capacity of MOLE 

Different diluton of the methanolic extract of Moringa oleifera leaves
tock solution were tested for antioxidant capacity. The Trolox® equiv-
lent antioxidant capacity of MOLE was determined. Results are shown
n Fig. 4 . Dilutions of MOLE extract were linear up to 1/100 working
olution. 1/1000 and 1/100 working solution were selected for cells
reatment. 

ffect of MOLE on glucose, free fatty acids and lactate levels and GLUT4 

rotein level 

Substrate consumption was evaluated by analyzing culture medium
lucose, lactate and FFA levels. No differences were found in controls
4 
ith or without vehicle ( Table 3 ). MOLE exposure induced a time and
ose-dependent decrease in glucose and FFAs and an increase in lactate
evels in culture medium compared to control ( Table 3 ). 

When compared to control methanol (CTRLm), MOLE decreased glu-
ose (11.4 ± 1.3 and 19.2 ± 2.9 % for MOLE 1/1000 and 1/100 respec-
ively after 24 h treatment, p < 0.05, and 16.7 ± 2.9 and 28.2 ± 2.4 %
or MOLE 1/1000 and 1/100 respectively after 48 h treatment, p < 0.05)
nd FFA (13.7 ± 5.1 and 24.2 ± 5.0 % for MOLE 1/1000 and 1/100
espectively after 24 h treatment, p < 0.05, and 31.1 ± 2.0 and 50.8 ±
.5 % for MOLE 1/1000 and 1/100 respectively after 48 h treatment,
 < 0.05) levels in culture medium ( Fig. 5 ). Moreover MOLE induced lac-
ate release (5.0 ± 0.9 and 11.4 ± 0.6 % for MOLE 1/1000 and 1/100
espectively after 24 h treatment, p < 0.05, and 7.9 ± 2.5 and 13.8 ±
.9 % for MOLE 1/1000 and 1/100 respectively after 48 h treatment,
 < 0.05) ( Fig. 5 ). 

MOLE treatment induced a slight but not statistically significant
p = 0.5) increase in GLUT4 protein levels compared to control myotubes.
o dose or time dependent effect was found ( Fig. 5 ). 
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Fig. 2. Extracted ion chromatogram in UHPLC TOF SWATH MSMS. 
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ffect of MOLE on C2C12 myotubes CS, LDH, HAD, ALT, CK activity levels

C2C12 metabolism was evaluated by analyzing CS, LDH, HAD, ALT,
K enzyme activity levels. No differences were found in controls with
r without vehicle ( Table 4 ). MOLE exposure induced an increase in cit-
ate synthase, 3-hydroxy acylCoA dehydrogenase and creatine kinase
ctivity levels compared to control in a time and dose independent
anner ( Table 4 ). Alanine transglutaminase and lactate dehydrogenase
5 
ctivities increased only after 48 hours MOLE 1/1000 treatment com-
ared to controls. No differences were found between MOLE 1/1000
nd 1/100. 

When compared to control methanol (CTRLm), MOLE induced an
ncrease in CS activity after 24 hours treatment (27.3 ± 14.0 and 42.5
 13.0 % for MOLE 1/1000 and 1/100 respectively, p < 0.05) and after
8 hours treatment (30.9 ± 17.3 and 30.3 ± 11.1 % for MOLE 1/1000
nd 1/10, p < 0.05). 
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Table 3 

Culture media substrate levels. 

24 hours 48 hours 

CTRL CTRLm MOLE 1/1000 MOLE 1/100 I CTRL CTRLm MOLE 1/1000 MOLE 1/100 I 

GLU (mM/L) 20.39 ± 0.73 19.97 ± 0.37 17.69 ± 0.23 ∗ # 16.13 ± 0.35 ∗ # 14.26 ± 0.61 ∗ # 11.99 ± 0.62 11.45 ± 0.62 9.55 ± 0.82 ∗ # 8.23 ± 0.70 ∗ # 7.85 ± 0.25 ∗ # 
FFAs ( 𝜇M/L) 23.41 ± 1.14 23.67 ± 0.63 20.41 ± 0.67 ∗ # 17.92 ± 0.71 ∗ # 17.78 ± 0.62 ∗ # 12.18 ± 2.57 13.32 ± 2.02 9.19 ± 1.59 # 6.60 ± 1.42 ∗ # 7.06 ± 0.99 ∗ # 
LAC (mM/L) 8.73 ± 0.48 8.99 ± 0.21 9.44 ± 0.15 # 10.02 ± 0.18 ∗ # 10.09 ± 0.17 10.60 ± 0.79 11.16 ± 0.79 12.02 ± 0.58 ∗ 12.69 ± 0.66 12.30 ± 0.79 

GLU, glucose; FFAs, free fatty acids; LAC, lactate; CTRL, control; CTRLm, control methanol; I, insulin. Myotubes were treated with MOLE stock solution diluitions 
(1/1000 and 1/100 working solutions) or methanol (CTRLm) for 24 and 48 hours and culture media was immediately tested for biochemical parameters. Data are 
expressed as mean ± S.D. of three independent experiments, each performed in triplicate. ∗ p < 0.05 vs. respective CTRL; #p < 0.05 vs. respective CTRLm. 

Table 4 

C2C12 myotubes enzymatic activities. 

24 hours 48 hours 

CTRL CTRLm MOLE 1/1000 MOLE 1/100 CTRL CTRLm MOLE 1/1000 MOLE 1/100 

CS (mU/mg) 98.71 ± 6.26 102.84 ± 5.81 130.42 ± 8.18 ∗ # 146.14 ± 7.30 ∗ # 121.34 ± 6.35 133.13 ± 10.13 173.15 ± 8.67 ∗ # 172.84 ± 6.51 ∗ # 

HAD (mU/mg) 28.39 ± 0.49 29.95 ± 1.81 35.57 ± 1.76 ∗ # 37.08 ± 2.18 ∗ # 36.59 ± 2.50 38.03 ± 0.90 45.61 ± 1.66 ∗ # 48.83 ± 2.26 ∗ # 

LDH (U/mg) 29.07 ± 1.98 34.12 ± 3.47 31.68 ± 3.70 26.77 ± 1.36 # 32.45 ± 4.12 36.22 ± 5.15 35.45 ± 2.54 28.81 ± 2.60 

ALT (U/mg) 3.88 ± 0.09 4.02 ± 0.05 4.09 ± 0.06 ∗ 4.16 ± 0.07 ∗ # 4.14 ± 0.10 4.27 ± 0.02 4.45 ± 0.09 ∗ # 4.59 ± 0.04 ∗ # 

CK (U/g) 1.96 ± 0.01 1.96 ± 0.01 1.98 ± 0.01 ∗ # 2.15 ± 0.04 ∗ # 2.08 ± 0.02 2.10 ± 0.02 2.28 ± 0.10 ∗ # 2.51 ± 0.06 ∗ # 

CSH, citrate synthase; HAD, 3-hydroxy acylCoA dehydrogenase; LDH, lactate dehydrogenase; ALT, alanine transglutaminase; CK, creatine kinase; CTRL, control; 
CTRLm, control methanol. Myotubes were treated with MOLE stock solution diluitions (1/1000 and 1/100 working solutions) or methanol (CTRLm) for 24 and 48 
hours and cells extracts were tested for biochemical analysis. Data are expressed as mean ± S.D. of U enzyme/mg protein of three independent experiments, each 
performed in triplicate. ∗ p < 0.05 vs. respective CTRL; #p < 0.05 vs. respective CTRLm. 

Fig. 3. Relative amounts of components in Moringa samples 
1) Quinic acid; 2) Citric acid; 3) Neochlorogenic acid; 4) Chlorogenic acid; 5) 
Protocatechuic acid; 6) Esculin; 7) Cryptochlorogenic acid; 8) Vitamin B2; 9) 
Quercetin-di-O-glucoside; 10) Orientin; 11) Rutin; 12) Vitexin; 13) Isovitexin; 
14) Isoquercitrin; 15) Kaempferol-rutinoside; 16) Quercetin-O-glucose-acetate 
isomer; 17) Isorhamnetin-neohespeidoside; 18) Quercetin-O-glucose acetate 
isomer; 19) Astragalin/Luteoloside; 20) Nepetin 7-glucoside; 21) Puerarin; 
22) Quercetin-O- glucose-acetate isomer; 23) Ferulic/Isoferulic acid; 24) 
Kaempferol 3-O-(3 ′ ’,4 ′ ’-di-O-acetyl-a-L-rhamnopyranoside); 25) Quercetin; 
26) Kaempferol; 27) Isorhamnetin; 28) Sinalbin; 29) Glucosoonjnain; 
30) Glucomoringin; 31) 4-O-acetylrhamnopyranosyloxybenzylGS/5.99; 
32) 4-O-acetylrhamnopyranosylosxybenzylGS/6.41; 33) 
4-O-acetylrhamnopyranosyloxybenzylGS/7.67; 34) 4- 
O-acetylglucopyranosyloxybenzylGS/6.97; 35) 4-O- 
acetylglucopyranosyloxybenzylGS/6.16; 36) 4-O- 
acetylglucopyranosyloxybenzylGS/5.34 
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Fig. 4. MOLE in vitro modified Trolox® equivalent antioxidant capacity assay. 
MOLE stock solution dilutions (1/1000–1/500–1/100 and 1/10 working solu- 
tion) were tested and the variation of absorbance ΔOD/min734 was recorded 
and compared to those obtained using Trolox® standards. 
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HAD activity increased after 24 hours treatment (18.8 ± 1.7 and 23.9
 4.2 % for MOLE 1/1000 and 1/100 respectively p < 0.05) and after 48
ours treatment (20.0 ± 7.0 and 28.3 ± 2.9 % for MOLE 1/1000 and
/100 respectively, p < 0.05). 

CK activity was increased after 24 hours treatment (1.6 ± 0.9 and
.2 ± 2.5 % for MOLE 1/1000 and 1/100 respectively, p < 0.05) and
6 
fter 48 hours treatment (8.7 ± 3.8 and 20.0 ± 2.2 % for MOLE 1/1000
nd 1/100 respectively, p < 0.05) ( Fig. 6 ). 

MOLE 1/100 treatment induced an increase in ALT (7.46 ± 0.3 %,
 < 0.05) and a decrease in LDH (23.47 ± 11.8 %, p < 0.05) activities after
8 hours treatment ( Fig. 6 ). 

ffect of MOLE on C2C12 myotubes SIRT1 and PPAR 𝛼 protein levels 

MOLE exposure was able to increase SIRT1 and PPAR 𝛼 protein con-
ent after 24 and 48 hours of treatment compared to control, with no
ignificant dose or time dependent effect ( Fig. 7 ). Total mitochondrial
rotein amount was also increased by MOLE treatment (p < 0.05), how-
ver no significant dose or time dependent effects were found (p > 0.05,
ig. 7 ). 
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Fig. 5. Glucose (GLU), free fatty acid (FFAs) and lactate (LAC) culture media levels and GLUT4 protein level after MOLE treatment. 
C2C12 myotubes were treated for 24 and 48 h with MOLE at 1/1000 and 1/100 working solutions or insulin (I) 100 nM. Glu, FFA and lactate culture media levels 
were then measured. The histograms represent the mean ± S.D. percentage change compared to respective CTRLm. ∗ p < 0.05 compared to CTRLm. GLUT4 protein 
expression was measured and expressed as the ratio between the optical density (OD) of the marker protein and the OD of 𝛽-actin. Images show representative 
immunoblotting results. The histograms represent the mean ± S.D. ∗ p < 0.05 compared to CTRLm. 

Fig. 6. C2C12 myotubes CS, HAD, LDH, ALT and CK activity levels percentage change after MOLE treatment. 
C2C12 myotubes were treated for 24 and 48 h with MOLE at 1/1000 and 1/100 working solutions. Cellular citrate synthase (CS), 3-hydroxy acylCoA dehydrogenase 
(HAD), lactate dehydrogenase (LDH), alanine transglutaminase (ALT). and creatine kinase (CK) activity levels were then measured. The histograms represent the 
mean ± S.D. percentage change compared to respective CTRLm. ∗ p < 0.05 compared to CTRLm. 
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iscussion 

In this study, we demonstrate that Moringa oleifera leaf extract is able
o increase energy metabolism in muscle cells. After MOLE treatment,
 dose and time dependent increase in culture medium substrate con-
umption and an increase of intracellular metabolism enzyme activities
ere observed in C2C12 myotubes. Regarding the molecular mecha-
ism, the MOLE treatment modulated positively the protein expression
f SIRT1 and PPAR 𝛼. 

Skeletal muscle represents the largest insulin-sensitive tissue in the
uman body and it acts a primary site of insulin resistance in the context
f metabolic disease ( Bouzakri et al., 2005 ). Stimulation of muscle FA
xidation by preventing FA accumulation and peroxidation has emerged
s a strategy for the treatment of insulin resistance ( Kiens et al., 2011 ).
n this context, the use of nutritional strategies capable of optimiz-
ng the use of substrates and activating mitochondrial biogenesis may
e useful in counteracting skeletal muscle stress in physiopathological
onditions. 
7 
Many studies have proved that MOLE extract has antihyperglycemic
nd hypoglycemic activity in rats, effects which might be mediated
hrough the stimulation of insulin release leading to enhanced glucose
ptake and glycogen synthesis ( Nova et al., 2020 ). 

Here, we found that glucose culture medium decreased dose and
ime-dependently indicating increased substrate consumption in the
reated myotubes. MOLE treatment did not influence gene expression
n fact GLUT4 protein levels were not affected by treatment. However,
t must be taken into consideration, that we did not determine the cel-
ular localization of GLUT4 but only the total protein content and there-
ore it cannot be ruled out that a greater translocation of the transporter
ccurred following MOLE treatment. 

Interestingly in our experimental model, MOLE treatment was able to
educe culture medium FFAs in a dose and time-dependent manner. Usu-
lly FFAs consumption is followed by an increased oxidative metabolism
nd mitochondrial content. 

Indeed, we found that MOLE increased the level of mitochondrial
roteins in a dose and time-dependent manner. To investigate the mech-
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Fig. 7. Modulation of SIRT1 and PPAR 𝛼 protein levels and mitochondrial protein content after MOLE treatment in C2C12 myotubes. 
C2C12 myotubes were treated for 24 and 48 h with MOLE at 1/1000 and 1/100 working solutions. Protein expression was then measured and expressed as the ratio 
between the optical density (OD) of the marker protein and the OD of 𝛽-actin. Images show representative immunoblotting results. The histograms represent the 
mean ± S.D. ∗ p < 0.05 compared to CTRLm. 
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nism by which MOLE exerts its effects, SIRT1and PPAR 𝛼 protein levels
ere analyzed. 

SIRT1 is a key molecule in metabolic regulation and plays its role
hrough its ability to deacetylate and activate PGC1 𝛼, a transcription co-
egulator of PPARs ( Pardo and Boriek, 2011 ), with the final result of in-
reasing mitochondrial biogenesis and oxidative metabolism ( Wu et al.,
999 ; Ferrè, 2004 ; Gurd, 2011 ). Among these receptors, PPAR 𝛼 is ac-
ive in tissues with high levels of fatty acid oxidation such as skeletal
uscle, cardiac muscle, liver, and the kidneys. 

PPAR 𝛼 is activated transcriptionally by PGC1 𝛼 thus regulating genes
nvolved in lipid and glucose metabolism, adipocyte differentiation,
atty acid transport, and inflammation ( Petr et al., 2018 ). PPAR 𝛼 has
een suggested as an important therapeutic target for metabolic diseases
ith hyperlipidemia ( Seok and Cha, 2013 ). 

We found that, when compared to controls, MOLE treatment in-
reased in a statistically significant manner SIRT1 and PPAR 𝛼 protein
evels. 

As a consequence of this pathway activation, citrate synthase and 3-
ydroxy acyl-CoA dehydrogenase, key enzymes of oxidative metabolism
ere also increased. 

Skeletal muscle is a uniquely plastic tissue and it adapts in response
o physiological stimuli such as physical exercise. The adaptive response
o an aerobic exercise, at biochemical level, includes the increase in
umber of mitochondria and oxidative metabolism enzymatic activities
nd therefore an increased capacity of the muscle to sustain aerobic
etabolism ( Holloszy and Coyle, 1984 ). Usually these events, leads also

o an enhanced muscle mass, associated with an increased creatine ki-
ase (CK) activity ( Watchko et al., 1996 ; Zanou and Gailly, 2013 ). 

Creatine kinase represents a reservoir of high-energy phosphates and
lays a primary role in the maintenance of ATP homeostasis ( Sahlin and
arris, 2011 ) related to the energetic demands of the muscle contractile
roteins ( Watchko et al., 1996 ). Here, we show that MOLE was able to
ncrease CK activity in a dose and time-dependent manner. 

It is well recognised that an active lifestyle benefits both the body
nd the brain but sometimes, due to injury, disease, or aging, people
ay not be able to exercise regularly so molecules that to some extent,
imic systemic and central effects of exercise could be a useful aid.
ased on our results, it is possible to hypothesize that Moringa oleifera

ould be used as a nutritional exercise alternative. 
Interestingly, a recent study reported that the Moringa oleifera leaf

queous extract showed antifatigue properties, and improved the swim-
8 
ing performance of rats, probably by increasing the mobilization and
se of body fats, and by slowing down the depletion of glycogen stores
 Lamou et al., 2016 ). 

In order to identify the bioactive molecules potentially responsible
or MOLE biological effect, we screened the extract for phytochemicals
etermination. 

In the current study, the metabolomic fingerprint obtained by UH-
LC QTOF analysis highlighted the presence of glucosinolates (GS),
avonoids and phenolic acids. This is in accordance with our previous
eport for this specie ( Maldini M. et al, 2014 ). The most intense peaks
re represented by GS. These metabolites are widely distributed in Bras-
icaceae family and in Moringa plant and well known for their important
iological activities in particular the anti-carcinogenic and antioxidant
ffects ( Maldini M et al, 2012 ). 

Moreover, among the biomolecules present in the MOLE extract,
avonoids and phenolics compounds due to their anti-inflammatory and
ntioxidant properties may be good candidates to validate the beneficial
ffects of MOLE on cell metabolism ( Olayaki et al., 2015 ; Khan et al.,
017 ; Nova et al., 2020 ). 

Among the bioactive compounds of MOLE, quercetin and
lucomoringin showed anti-diabetic activity in animal models
 Bhattacharya et al., 2018 ). Quercetin also showed the ability to
romote mitochondrial biogenesis in skeletal muscles and therefore to
ugment mitochondrial training adaptations and/or mitochondrial pro-
ein content, enzyme activities, and/or respiratory function ( Islam et al.,
020 ). We have recently demonstrated that acute and chronic quercetin
upplementation were able to support physical exercise in young men
 Patrizio et al., 2018 ; Bazzucchi et al., 2020 ). 

As expected, the predominant glucosinolate found in MOLE is 4-( 𝛼-
-rhamnopyranosiloxy)benzyl glucosinolate, known as glucomoringin.
his compound exhibits different biological properties distinctly differ-
nt from those of others GS ( Brunelli et al., 2010 ). Moreover, glicosi-
olates may induce metabolic changes rebalancing anaplerotic and cat-
plerotic reactions and restoring metabolic homeostasis ( Armah et al.,
013 ). The role in regulation of metabolism and optimization of sub-
trates could explain the beneficial feature of the consumption of veg-
tables rich in isothiocyanates and glucosinolates on the prevention of
ifferent pathologies such as cancer. 

However, it must be considered that the combination of micronu-
rients such as that which is present in Moringa oleifera leaf extract is
robably more effective than the administration of a single molecule
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onsidering that some micronutrients may have mutually beneficial or
ynergical effects on muscle health. 

onclusions 

Optimising oxidative metabolism by dietary strategies may be useful
n counteracting skeletal muscle stress in physiopathological conditions.

Our data indicate that MOLE is able to increase myotubes oxidative
etabolism and therefore could represent an important nutritional sup-
ort for people unable to perform regular physical activity. 

While the aim of this work was to evaluate the biological effect of
OLE per se, it should be acknowledged that further studies are needed

o analyze the biological effects of the single compounds highly repre-
ented in the extract. This could be fundamental in assisting to clarify
he exercise-mimetic effect of MOLE. 
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