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Abstract

Background Type 2 diabetes is characterized by insulin resistance, which manifests mainly in skeletal muscles. SIRT1 has
been found to play a role in the insulin signaling pathway. However, the molecular underpinnings of SIRT1’s function in
palmitate fatty acid-induced apoptosis still need to be better understood.

Methods In this research, skeletal muscle cells are treated with palmitate to be insulin resistant. It is approached that SIRT1
is downregulated in C2C12 muscle cells during palmitate-induced apoptosis and that activating SIRT1 mitigates this effect.
Results Based on these findings, palmitate-induced apoptosis suppressed mitochondrial biogenesis by lowering PGC-1
expression, while SIRT1 overexpression boosted. The SIRT1 inhibitor sirtinol, on the other hand, decreased mitochondrial
biogenesis under the same conditions. This research also shows that ROS levels rise in the conditions necessary for apoptosis
induction by palmitate, and ROS inhibitors can mitigate this effect. This work demonstrated that lowering ROS levels by
boosting SIRT1 expression inhibited apoptotic induction in skeletal muscle cells.

Conclusion This study’s findings suggested that SIRT1 can improve insulin resistance in type 2 diabetes by slowing the rate

of lipo-apoptosis and boosting mitochondrial biogenesis, among other benefits.

Background

Approximately 80% of the body’s glucose elimination,
stimulated by insulin, occurs within the skeletal muscle.
The skeletal muscle constitutes about 40% of the total
body mass [1]. Insulin resistance in skeletal muscle rep-
resents a prominent characteristic observed in individuals
with type 2 diabetes. Free fatty acids (FFAs) are observed
to amass within the skeletal muscle of individuals afflicted
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with obesity and type 2 diabetes, manifesting as triacylg-
lycerol, diacylglycerol, and ceramides. This accumulation
of FFAs has been found to interfere with the regular cel-
lular processes, thereby perturbing normal cell activity [2].
In the context of skeletal muscle, an abundance of (FFAs)
induces insulin resistance. It disrupts mitochondrial func-
tion, resulting in cellular demise through apoptosis, a phe-
nomenon commonly called “lipo-toxicity.” The variation in
toxicity of (FFAs) is widely acknowledged to be influenced
by the length and saturation levels of their carbon chains
[3]. The lipotoxicity is primarily observed in the long-chain
saturated (FFAs), such as palmitate and stearate. Palmitate
consistently induces programmed cell death, or apoptosis,
in diverse cellular populations. A plethora of in vitro studies
have demonstrated that palmitate induces oxidative stress
and leads to significant damage to mitochondrial DNA.
This damage is closely associated with concurrent impair-
ment of mitochondrial function, apoptosis, and inhibition of
insulin signaling in skeletal myotubes [4]. Recent scientific
investigations have revealed that muscle mass reduction
and consequential ultrastructural impairment observed in
rats is a direct consequence of excessive lipid accumulation,
thereby leading to compromised functionality of the skeletal
muscle tissue [5]. Prior in vitro studies have demonstrated
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the importance of palmitate in myocyte apoptosis. The
activation of the proteasomal system, accompanied by an
upregulation in programmed cell death and a downregula-
tion in the regenerative potential of muscle tissue, collec-
tively played a role in this phenomenon [4]. Due to this
phenomenon, the inhibition of apoptosis in skeletal muscle
can mitigate muscle atrophy and enhance insulin sensitivity
by augmentation of mitochondrial function. The depletion
of sirtl exacerbates inflammation, senescence, apoptosis,
and endothelial dysfunction [6]. The association between
calorie restriction (CR) and SIRT1 acetylase activity has
been observed to result in enhanced insulin Phosphoinosit-
ide 3-kinases (P13K) stimulation signaling and glucose
uptake in the skeletal muscle of rats [7]. Elevated apopto-
sis and inflammation, both associated with skeletal muscle
burns and other related consequences, contribute to insulin
resistance and muscle weakening. Inducible Nitric Oxide
Synthase (iNOS) is recognized as a crucial inflammatory
mediator in stress-induced insulin resistance. In biologi-
cal systems, Nuclear Factor Kappa B (KB- (NF) and P53
are pivotal regulators of inflammatory responses and pro-
grammed cell death, known as apoptosis [8]. Through its
interaction with P6SNF-KB and P53 transcription factors,
SIRT1 exerts regulatory control by inhibiting their activity.
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Recent scientific investigations have revealed that INOS,
also known as inducible nitric oxide synthase, triggers
s-nitrosylation of SIRT1 [6]. This biochemical modifica-
tion renders SIRT1, a protein involved in cellular regula-
tion, inactive. Consequently, this increases the acetylation
and activity of KB- (NF) P65 and P53, proteins associated
with important cellular functions in various types of cells,
including skeletal muscle cells. The augmentation of the
inflammatory response and apoptotic changes in inducible
nitric oxide synthase (iNOS) could play a role in developing
muscle weakness and insulin resistance following burn inju-
ries [9]. The available data provide support for this proposed
hypothesis. In the absence of other members of the SIRT1
family, SIRT1 exerts regulatory control over the activity of
Peroxisome proliferator-activated receptor-gamma coacti-
vator (PGC-la) within the skeletal system [10]. When the
SIRT1 protein is activated, or its production is increased in
specific C2C12 mutant cells, there is an observed increase
in the expression of PGC-1a mRNA. In contrast, the expres-
sion of PGC-la mRNA decreases in skeletal muscle. Indeed,
through the process of purification, it has been discovered
that SIRT1 serves as the transcriptional activator of PGC-
la. The overexpression of SIRTI1 has been observed to
have a diminishing effect on the process of myogenesis in
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C2C12 cells, as well as on the process of adipogenesis in
3T3-L1 cells. By exerting control over the expression of
PGC-1 and suppressing the activity of UCP2 protein within
the pancreatic cells, SIRT1 ensures the maintenance of glu-
cose homeostasis and the preservation of regular insulin
secretion. SIRT1 exerts its inhibitory effects on cell death
through three distinct mechanisms [11-13].

Method and materials
Cell culture

The C2C12 myoblasts were acquired from the Pasteur Insti-
tute of Iran. The myoblasts were cultured at 37 °C, with a
CO2 concentration of 5%, in Dulbecco’s Modified Eagle
Medium (DMEM) from Gibco, located in Berlin, Ger-
many. The DMEM was supplemented with 10% fetal calf
serum (FCS), 2 milligrams of glutamine, and 1% penicillin-
streptomycin. The induction of myoblast differentiation into
myotubes was facilitated by using DMEM supplemented
with 2% horse serum. Following four days post-fusion, the
myotubes that had undergone differentiation were employed
for the subsequent experimental procedures. Lipid-laden
media were generated by combining (FFAs) with bovine
serum albumin (BSA) devoid of FFAs. Concisely, sodium
palmitate was solubilized in a 50% (v/v) ethanol solution.
This solution was then diluted in DMEM, which contained
1% (w/v) fatty-acid-free BSA until reaching the desired
concentration. The resulting mixture was incubated at 37 °C
for 2 h, with continuous shaking [14]. Two hours before
commencing the experiments, myotubes were carefully
transferred into a serum-free Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 1% Bovine Serum
Albumin (BSA). Subsequently, the cells were incubated
either in the presence or absence of 0.5 (mM) palmitate for
24 h. The time intervals and palmitate concentrations were
determined using the MTT assay, a commonly employed
method in biological research. Cellular exposure to a con-
centration of 0.5 (mM) palmitate for a duration of 48 h, as
well as exposure to concentrations of 0.75 mM and one mM
palmitate for durations of 24 and 48 h, respectively, have
been observed to lead to significant cell death. However,
the specific data illustrating this phenomenon has not been
presented. Consequently, a concentration of 0.5 mM pal-
mitate for 24 h has been chosen as the appropriate dosage
and timeframe for the ensuing experiments. The addition of
inhibitors occurred one hour before the incubation period
with palmitate [15].

TUNEL assay

Low-molecular-weight DNA was evaluated to ascertain the
presence of DNA fragmentation resulting from apoptosis.
This was achieved by employing an in-situ cell death detec-
tion fluorescein kit (Roche). Detecting DNA strand breaks
can be accomplished by labeling unbound 3’-OH termini
with nucleotides marked with fluorescein. The reaction
above is mediated by terminal deoxynucleotidyl transferase.
After the treatment, the cellular specimens were subjected
to a thorough rinsing process using phosphate-buffered
saline (PBS). Subsequently, the cells were immobile by
exposure to a solution of 4% paraformaldehyde in PBS at
room temperature for 20 min. Following that, the cellular
membranes underwent permeabilization through expo-
sure to a solution containing 0.2% Triton X-100 in 0.1%
sodium citrate for 2 min at a temperature of 4 degrees Cel-
sius. Subsequently, the cellular specimens were exposed to
a reaction mixture containing TUNEL, chemically linked to
fluorescein. The specimens were then placed in a controlled
humidity chamber and incubated at 37 degrees Celsius for
1 h. The TUNEL-positive nuclei were examined and quanti-
fied using a fluorescence microscope [16, 17].

Cell survival test or MTT

The MTT assay is a commonly employed colorimetric
method that facilitates the measurement of viable cells
within a specific culture. The primary objective of this study
was to examine the influence of reducing SIRT1 expression
on the initiation of apoptosis caused by palmitate fatty acid
in C2C12 muscle cells. This investigation was motivated
by previous scientific literature demonstrating the apoptotic
consequences of palmitate on different types of cells. C2C12
cells were initially exposed to palmitate fatty acid treatment
for 24 h, utilizing different concentrations from 0.25 to 1
mM to accomplish the desired goal. The observed induction
of significant cell death in C212 cells has been attributed to
the presence of palmitate at a concentration of 0.75 mM.
This observation holds particular significance within the
realm of insulin resistance and type 2 diabetes, wherein the
concentrations of plasma fatty acids typically hover around
0.5 (mM). Hence, this particular palmitate concentration
exhibits appropriateness for exploring its impacts within
this pathological framework. The initiation of programmed
cell death, known as apoptosis, was accomplished through
the modulation of SIRT1 gene expression, wherein its lev-
els were either reduced or enhanced. In this investigation,
C2C12 cells underwent culturing and differentiation proto-
cols in conjunction with untreated control cells exposed to
sirtinol and regular C2C12 control cells. Following this, the
previously mentioned cells underwent a 24-hour exposure
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to palmitate fatty acid at a concentration of 0.75 mM. Fol-
lowing the specified incubation period, the cellular organ-
isms were collected and exposed to the MTT assay per the
methodology outlined in the Materials and Methods section.
Untreated control cells and standard C2C12 control cells
were cultured and exposed to differentiation. The previously
mentioned cells underwent a 24-hour exposure to palmitate
fatty acid at a concentration of 0.75 mM. After the speci-
fied incubation period, cellular specimens were collected
and underwent MTT analysis following the procedures
described in the Materials and Methods section. The results
suggest that the untreated RSV control cells experienced a
decrease of 55% when exposed to palmitate fatty acid, which
was statistically significant with a P-value of less than 0.01.
The administration of Sirtinol exhibited a reduction in cel-
lular resilience towards palmitate compared to the control
cohort, thereby inducing a 14% augmentation in the cellular
mortality rate. As illustrated in Fig. 1, it is evident that the
cellular population subjected to RSV treatment displayed a
noteworthy decrease of 20% in apoptotic cell demise when
juxtaposed with the control cellular population [18]. Res-
veratrol, also known as 3,5,4'-trihydroxy-trans-stilbene, is
a phytoalexin, a natural phenol, and a stilbenoid that is pro-
duced by a variety of plants in reaction to damage or disease
invasion, including bacteria and fungi. The skin of grapes,
blueberries, raspberries, mulberries, and peanuts are among
the food sources of resveratrol [19]. NAC functions as a
synthetic precursor of intracellular cysteine and glutathione.
Its ability to counteract reactive oxygen species (ROS) is
due to its capacity to directly scavenge free radicals through
the redox potential of thiols, or indirectly by elevating cel-
lular levels of glutathione [20].

Resveratrol is frequently taken as a dietary supplement
and has been researched in lab models of human diseases,
but there isn’t any solid proof that it lengthens life or signifi-
cantly affects any human disease.

Caspase-3 and —9 activity

The activity of caspase-3 and caspase-9 was measured using
the Caspase-3/CPP32 colorimetric assay and the Caspase-9/
MCHG6 colorimetric assay kit (MBL International, Woburn,
MA, USA), respectively. The protocols provided by the
manufacturer were adhered to for both assays.

Cell viability

Mitochondrial function was assessed to ascertain the quan-
tity of viable cells. The process of MTT reagent reduction
to insoluble formazan by cells exhibiting metabolic activ-
ity is subsequently accompanied by the solubilization of
formazan in the presence of dimethyl sulfoxide (DMSO).
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After subjecting the wells to a 24-hour exposure of 0.5 mM
palmitate, the MTT reagent was applied, and the cells were
incubated for 2 h [21]. After the development of formazan
crystals, the nutrient-rich liquid in the wells was carefully
extracted and subsequently replaced with dimethyl sulfox-
ide (DMSO). The specimens were later placed in a light-
deprived setting for 30 min. The absorbance quantification
was performed at a specific wavelength of 540 nm utilizing
a microplate reader. The results are expressed as a percent-
age concerning the untreated control group [22].

Real-time PCR

After the implementation of various treatments, the cellu-
lar organisms were gathered, and the total RNA was using
an RNeasy mini kit. The reverse transcription process was
performed on 1 pg of total RNA using Qiagen reverse tran-
scriptase and random hexamer primers. The Rotor Gene
3000 instrument, developed by Corbett Research in Mort-
lake, NSW, Australia, performed real-time polymerase
chain reaction (PCR). The quantification of gene expression
levels was performed by employing QuantiTect primers and
QuantiFast SYBR Green PCR Master Mix. The data was
normalized about the transcript level of B-actin [23].

Measurements of ROS

Reactive oxygen species (ROS) were quantified within cells
using a cell-permeable probe called 2',7'-dichlorofluorescin
diacetate (DCFDA). Following the treatment, the cellular
specimens underwent a loading procedure involving the
introduction of 10 uM DCFDA in phosphate-buffered saline
(PBS) for 30 min. After two rounds of washing with phos-
phate-buffered saline (PBS), the fluorescence signal was
measured using a Spectra MAX Gemini EM plate reader.
The plate reader employed an excitation wavelength of
495 nm and an emission wavelength of 525 nm to quantify
the fluorescence intensity. All the measurements were nor-
malized according to the protein concentrations [24].

Statistical analyses

The statistical analyses were performed using IBM SPSS 29
software (SPSS, Chicago, IL, USA). The one-way analysis
of variance was employed to perform comparisons among
all groups to assess potential differences. After attaining sta-
tistical significance, the Tukey post hoc test was conducted.
Values of p equal to or less than 0.05 were deemed statisti-
cally significant. The results are depicted as the mean value
accompanied by the standard deviation derived from three
independent experiments.
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Results

SIRT1 activation improved mitochondrial biogenesis
in palmitate-treated C2C12 cells

Research findings have elucidated that the presence of Pal-
mitate can induce deleterious effects on the functionality of
mitochondria, as observed in various experimental models
and living organisms [25]. The objective of the investigation
was to evaluate the influence of palmitate on the generation
of new mitochondria by measuring the levels of messenger
RNA (mRNA) of genes involved in this biological process,
such as PGC-1a, NRF-1, and Tfam. The cellular entities
were initially exposed to different concentrations of resvera-
trol (RSV), a compound known to activate SIRT1, for 24 h
[26]. The experimental procedure was carried out under the
condition of 0.5 (mM) palmitate, a fatty acid compound,
and the subsequent analysis involved the utilization of the
MTT assay. The choice of 20 mM RSV was determined by

analyzing MTT results, which revealed its superior ability
to safeguard muscle cells from the detrimental impact of
palmitate-induced reduction in cellular viability (Fig. 1A).
As depicted in Fig. 1B, the messenger RNA (mRNA) abun-
dance of PGC-1a exhibited a notable decrease of 58% fol-
lowing exposure to a concentration of 0.5 mM palmitate.
In contrast, the activation of SIRT1 effectively hindered the
decrease in PGC-1a expression induced by palmitate. The
findings suggest a notable reduction in the protein abun-
dance of PGC-1a within muscle cells subjected to palmitate
treatment. Nevertheless, the administration of RSV exhib-
ited a noteworthy capacity to counterbalance the decline
above, as exemplified in Fig. 1C. A 50% and 55% reduc-
tion in the expression levels of the Tfam and NRF-1 genes,
respectively, was observed following the administration of
Palmitate. Nevertheless, the stimulation of SIRT1 exhibited
the ability to counteract the diminished expression, as illus-
trated in Fig. 1D.
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The mechanism involved in SIRT1-mediated
improvement of mitochondrial biogenesis

In order to further confirm the role of SIRT1 in the regula-
tion of PGC-1a via SIRT1-mediated mechanisms, the cells
were exposed to a combination of palmitate and a specific
inhibitor of SIRT1 (sirtinol) at a concentration of 10 mM.
The study’s results suggest a notable decrease in the pro-
tein abundance of PGC-1a within myotubes upon exposure
to sirtinol, As illustrated in Fig. 2A, compared to the cells
in the untreated control group. Additionally, the concurrent
administration of RSV and sirtinol to myotubes led to a

A

25% and 35% decline in the expression of the PGC-1a gene
and the corresponding protein abundance, as illustrated in
Fig. 2B and C. To further elucidate the effects of SIRT1 acti-
vation on mitochondrial function, we evaluated the mito-
chondrial DNA (mtDNA) copy number as an indicator of
mitochondrial biogenesis. The research results suggest that
the exposure to palmitate and sirtinol led to a notable reduc-
tion in the copy number of mitochondrial DNA (mtDNA)
within myotubes. Specifically, palmitate was observed to
decrease mtDNA copy number by approximately 30%. In
contrast, it was observed that RSV exhibited the ability
to reinstate the decline in mitochondrial DNA (mtDNA)
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0.01 vs. control cells treated with palmitate, #p 0 0.01 vs. knockdown
cells treated with only palmitate. C, D PGC-la protein and mRNA
levels in the presence of palmitate and RSV
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replication, bringing it back to levels akin to those observed
in the control group, as depicted in Fig. 2D.

SIRT1 activation reduces palmitate-induced
apoptosis in C2C12 myotubes

Based on previous studies demonstrating the ability of pal-
mitate to induce apoptosis in various cellular groups, our
study aimed to assess the influence of SIRT1 activation on
the apoptotic effects of palmitate, specifically in myotubes.
The investigation initially exhibited that the incorporation
of palmitate in C2C12 cells led to apoptosis, as indicated by
the observed 40% cell viability after administering 0.5 mM
palmitate to the cells [27, 28] (refer to Fig. 3A). Upon the
induction of SIRT1, a notable phenomenon was observed
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increased caspase-3 and — 9 enzymatic activity respectively. Palmitate

whereby the cellular viability in Resveratrol-treated cells
displayed a significant elevation of 50% when compared
to the control group, as visually represented in Fig. 3A.
Moreover, the administration of Sirtinol elicited a decrease
in cellular viability compared to the control group. Further
investigations were undertaken to substantiate the mani-
festation of apoptosis induced by palmitate in myotubes,
explicitly emphasizing the programmed cell death process.
As depicted in Fig. 3A and B, after cellular exposure to 0.5
mM palmitate, a notable augmentation of approximately
70% and 60% in the enzymatic activity of caspase-3 and
—9, respectively, was observed. Furthermore, palmitate
administration resulted in a 48% increase in the popula-
tion of TUNEL-positive cells, as illustrated in Fig. 3C.
Furthermore, a notable decrease in the enzymatic function
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also increased TUNEL-positive cells (Figures D and C). Figures A and
B show that SIRT1-activated cells reduced caspase-3 and —9 activity,
respectively. SIRT1 activation reduced TUNEL-positive cells. p 0 0.01
vs. control cells

@ Springer



354 Page 8 of 14

Molecular Biology Reports

of caspase-3 and —9, amounting to 40% and 45% reduc-
tion, respectively, was observed in cellular specimens that
underwent activation with SIRT1, as visually represented in
Fig. 3A and B. Moreover, the activation of SIRTI led to a
reduction of approximately 40% in the quantity of TUNEL-
positive cells [29, 30].

The mechanism by which SIRT1 modulation affects
palmitate-induced apoptosis

Previous studies have demonstrated that palmitate can
enhance the production of reactive oxygen species (ROS) in
various cellular environments. We performed a co-incuba-
tion experiment to explore the potential role of reactive oxy-
gen species (ROS) in the mechanism of palmitate-induced
apoptosis. C2C12 cells were subjected to a treatment
involving simultaneous exposure to 20 mM of the ROS
scavenger N-acetylcysteine (NAC) and palmitate for 24 h.
The application of (NAC) reduced 2.3 times in the quantity
of TUNEL-positive cells compared to the control cells, as
illustrated in Fig. 4A. Remarkably, the activation of SIRT 1
led to a notable decline of 50% in the generation of reactive
oxygen species when cells were exposed to palmitate, as
illustrated in Fig. 4B. Moreover, suppressing SIRT1 activity
led to a 1.6-fold augmentation in generating reactive oxygen
species (ROS) in the cells under normal conditions [31, 32].

The activity of caspase enzymes

To validate the initiation of apoptosis in C2C12 cells and
further explore the involvement of SIRT1 in this biological
process, additional apoptosis assays were conducted, specif-
ically focusing on the quantification of caspase-3 and 9. The
experimental conditions for this study were consistent with
those employed in the MTT experiment [18] (See Fig. 5).

Following the collection of cellular specimens, subse-
quent investigations involved the execution of caspase 3
and 9 activity assays, employing the methodology outlined
in the Materials and Methods section. As depicted in Fig. 5,
the observed caspase 3 and 9 activity levels in the control
cells exhibited a notable surge of 62% and 60%, respec-
tively, after administering 0.75 mM palmitate (P<0.01).
The observed augmentation in caspase 3 and 9 activity in
cells treated with resveratrol, when exposed to palmitate,
exhibited a noteworthy reduction compared to the con-
trol cells, with a decrease of 40% and 39%, respectively
(P<0.01). Furthermore, the enzymatic function of cas-
pases 3 and 9 in coexisting cellular populations subjected to
RSV and sirtinol resembles the control cellular populations
treated with palmitate (P <0.01).

Results of changes in SIRT1 gene expression on
mitochondrial function

As elucidated in the initial segment of this scholarly exposi-
tion, mitochondria assume a pivotal role in numerous intra-
cellular phenomena, including but not limited to metabolic
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resulted in a half reduction in the formation of reactive oxygen species.
Additionally, compared to control cells, the SIRT1 suppression led to a
1.6-fold rise in reactive oxygen species (ROS) formation
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activities and cellular differentiation. Mitochondrial dys-
function strongly correlates with compromised insulin sig-
naling pathways while concurrently instigating the initiation
of apoptotic cell death pathways. Hence, to explore the
involvement of SIRT1 in regulating mitochondrial function,
the decision was made to assess the process of mitochon-
drial biogenesis. The subsequent sections encompass the
outcomes of these experiments.

Effect of SIRT1 alteration on the expression of genes
involved in mitochondrial biogenesis

Prior research has demonstrated that palmitate exerts del-
eterious effects on mitochondrial functionality, both in con-
trolled laboratory conditions (in vitro) and within living
organisms (in vivo). To explore the impact of palmitate fatty
acid on the process of mitochondrial biogenesis, we con-
ducted an investigation by quantifying the mRNA expres-
sion levels of key genes involved in this biological pathway,
including NRF-1, PGC-1a, and Tfam, using the real-time
polymerase chain reaction (PCR) technique. To examine
the impact of SIRT1 gene reduction on PGC-1a expression,
the cells were initially subjected to differentiation along-
side control cells. Subsequently, they were exposed to a
concentration of 0.5 mM palmitate fatty acid for 24 h. Sub-
sequently, the cellular RNA was isolated and subjected to
real-time PCR analysis, following the procedures outlined
in the Materials and Methods section. The real-time PCR
analysis revealed a notable decline of approximately 58%
in the quantity of PGC-1a mRNA within the C2C12 cells
subjected to 0.5 mM palmitate treatment compared to the
control cells (P<0.01). Interestingly, the expression level
of PGC-1loo mRNA in the palmitate-treated cells remained
unaffected in RSV and did not exhibit any significant devia-
tion from the untreated control cells (Fig. 6). Furthermore,

Palmitate - + + + - -
PGC-1a

B- Actin
14

2 *ok

1 -
08 A
06 A

04 4

PGC-1a protein level
*

02 4

C Pal0.75 Pal0.5 Rsv SirtRsv Sir

Fig. 6 Effect of changes in SIRT1 gene expression on PGC-1a protein
in normal C2C12 differentiated cells, increase and decrease in SIRT1
expression in palmitate-treated and untreated conditions for 24 h. Data
are obtained from three independent experiments that are shown as
mean =+ standard deviation. *, P<0.01 in comparison with control cells
not treated with palmitate. **, P<0.01 in comparison with Sirtinol
treated cells. #, P<0.01 compared to control cells

the observed transcriptional activity of the gene mentioned
above in myrtle cells subjected to sirtinol treatment exhib-
ited a reduction of 30% in comparison to the control cells
(P<0.01). The findings of this study suggest that, in the
context of mitochondrial biogenesis, the presence of pal-
mitate leads to a decrease in the expression of a crucial
factor known as PGC-1a. Additionally, it appears that the
expression of SIRT1 plays a regulatory role in modulat-
ing the activity of this particular factor. Elevated levels of
SIRT1 expression exhibit a safeguarding function against
the decline in biogenesis induced by palmitate, whereas
diminished levels of SIRT1 expression result in a reduction
of mitochondrial biogenesis.
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SIRT1 gene expression affects the expression of
Tfam and NRF genes

In light of investigating the impact of altering the expres-
sion of the SIRT1 gene on the functionality of mitochon-
dria, an assessment was conducted on the expression of two
additional genes implicated in the process of mitochondrial
biogenesis. The real-time PCR findings indicated a notable
decline in Tfam and NRF expression levels in normal cells
subjected to a 0.5 mM palmitate treatment, with reductions
of approximately 50% and 55%, respectively, compared
to control cells (P<0.01). Conversely, in the presence of
the same conditions, the expression levels of these genes in
cells derived from RSV-treated patients did not exhibit any
significant deviation from those observed in normal cells
(Fig. 7). The expression levels of Tfam and NRF genes were
observed to decrease in cellular populations subjected to a
concentration of 0.75 mM palmitate, and this decrease was
further observed in the presence of sirtinol. The experimental
findings indicate that the downregulation of the SIRT1 gene
in the presence of palmitate treatment leads to a decrease in
the expression of genes associated with the mitochondrial
biogenesis process, specifically Tfam, and NRF. It is worth
mentioning that muscle cells exhibiting heightened levels
of SIRT1 demonstrated a 25% and 48% upregulation in the
expression of Tfam and NRF genes, respectively [33].

The effect of changing the expression of the SIRT1
gene on the amount of PGC-1a protein

To investigate the impact of SIRT1 reduction on PGC-1a at
the protein level, we cultured and differentiated the C2C12
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Fig. 7 Effect of ROS on induction of apoptosis by palmitate in nor-
mal C2C12 cells under palmitate fatty acid treatment for 24 h. Data
are obtained from three independent experiments that are shown as
mean + standard deviation. *, P<0.05 in comparison with palmitate
untreated control cells. #, P<0.05 compared to cells not treated with
NAC. NAC: N-acetylcysteine
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cells with reduced SIRT1 alongside normal cells. Subse-
quently, these cells were subjected to treatment with 0.5-
and 0.75-mM palmitate. In next step, the cellular protein
was extracted, and Western blotting was conducted by the
prescribed methodology outlined in the materials and meth-
ods section.

The experimental findings indicated a noteworthy decline
0f 50% in the quantity of PGC-1a protein within the regular
C2C12 cells upon exposure to palmitate compared to the
control cells (P < 0.01). Under identical experimental condi-
tions, the quantity of PGC-1a protein was assessed in cells
treated with palmitate.

The observed cellular characteristics resembled typical
C2C12 cells, albeit with a notable reduction of approxi-
mately 55% compared to the control cell population. Fas-
cinatingly, the observed quantity of PGC-1a protein within
cells subjected to RSV treatment exhibited a notable aug-
mentation of approximately 60% when juxtaposed with cells
in the control group (P<0.01). The experimental findings
indicated that the presence of palmitate led to a decrease in
the quantity of PGC-1a protein within normal cells. Con-
versely, the expression of the SIRT1 gene was observed to
increase, thereby preventing the decline in PGC-1a protein
expression. Furthermore, the observed downregulation
of PGC-1a protein expression in cells exhibiting reduced
SIRT1 levels showed a statistically significant decrease
compared to the control cells (P <0.01). The findings from
this section and the preceding sections collectively under-
score the significance of upregulating SIRT1 expression in
mitigating the impact of palmitate fatty acid on the process
of mitochondrial biogenesis. Conversely, downregulating
SIRT1 expression appears to have a diminishing effect on
mitochondrial biogenesis. The cumulative data presented
herein elucidate the pivotal and fundamental function of
SIRT1 in regulating the process of mitochondrial biogenesis
within the context of muscle cells.

The mechanisms of SIRT1 gene expression
variations on mitochondrial biogenesis

Based on the findings derived from the preceding section,
the subsequent section delved into exploring the mecha-
nisms implicated in modulating the expression of SIRT1
about mitochondrial biogenesis.

SIRT1 protein expression changes under SIRT1
activator and inhibitor and palmitate treatment

Prior research has demonstrated that introducing lipids and
palmitate leads to a decrease in the manifestation of PGC-1a
within the skeletal muscle of humans and C2C12 myotubes.
Previous research has additionally demonstrated that SIRT1
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serves as a significant upstream regulator of PGC-la.
Hence, the quantification of SIRTI protein levels is con-
ducted in C2C12 myotubes under the influence of palmitate
fatty acid. To conduct this experiment, cellular organisms
were cultivated and underwent a differentiation process.
Subsequently, they were subjected to a treatment involv-
ing a concentration of 0.75 millimolar in the presence of
palmitate for 24 h. The cellular entities were gathered after
the experimental intervention and subsequently subjected
to protein extraction. Subsequently, the protein extract was
utilized for the execution of Western blotting analysis [34].

As depicted in Fig. 8, applying palmitate results in a 34%
decrease in the abundance of SIRT1 protein within normal
cells (P<0.01). The protein expression levels in cells sub-
jected to RSV treatment exhibited a statistically significant
increase of 32% compared to the control cells (P<0.01).
In order to assess the impact of sirtinol on the expres-
sion of SIRT1 protein in, C2C12 cells were cultivated and
underwent differentiation. The cells were then treated with
sirtinol and were gathered 24 h after initiating cell differen-
tiation. The SIRT1 protein exhibited a notable reduction of
29% in cells treated with sirtinol compared to the control
cells (P<0.01). Additionally, the presence of both RSV and
sirtinol further contributed to an increase in the abundance
of this protein in comparison to the sirtinol treated cells.
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Fig.8 Effect of palmitate on the amount of SIRT1 protein in differenti-
ated normal C2C12 cells treated with RSV and sirtinol under condi-
tions treated and untreated with palmitate fatty acid for 24 h. Data
are obtained from three independent experiments that are shown as
mean + standard deviation. *, P<0.01 in comparison with control cells
not treated with palmitate. **, p<0.01 compared to Sirtinol treated
cells. #, P<0.01 in comparison with 0.75 mM palmitate-treated cells

Results of PGC-1a protein measurements in the
presence of Sirtinol

To study more closely and to ensure the role of SIRT1 in
the regulation of apoptosis through PGC-1a, myotube cells
were treated simultaneously with 0.75 mM palmitate and a
specific inhibitor of SIRT1, 20 puM sirtinol [35].

Results of protein assay and expression of PGC-1 a
gene in C2C12 cells in the presence of RSV

This experiment validated the findings acquired from the
preceding section’s experiment. The cells under investiga-
tion were cultured and subjected to differentiation alongside
the control cells to conduct this experiment. The cellular
specimens were subsequently exposed to a distinct activator
known as SIRT1, Resveratrol, at a concentration of 20 uM
over 24 h. After cellular treatment, the cellular entities were
gathered and subjected to the experimental protocol outlined
in the Materials and Methods section. Subsequently, real-
time PCR and Western blotting techniques were employed
to analyze the collected samples.

The mechanism of the effect of SIRT1 expression
changes on induction of apoptosis

Prior research has demonstrated that the application of pal-
mitate to various cellular entities elicits the generation of
reactive oxygen species (ROS) within said cellular entities.
Hence, to unravel the intricate involvement of reactive oxy-
gen species (ROS) in the initiation of apoptosis, the initial
approach involved the utilization of a ROS inhibitor, specif-
ically N-acetylcysteine (NAC). For experimental purposes,
following the cultivation and differentiation of C2C12 cells,
said cells were subjected to a combined treatment involv-
ing the administration of 0.75 millimolar concentration of
palmitate fatty acid and 20 micromolar concentration of
N-acetylcysteine. After treatment administration, the cells
were subjected to the TUNEL test.

Discussion

The excessive deposition of fatty acids in peripheral non-
adipose tissues, including the heart, pancreas, liver, and
skeletal muscle, is a characteristic feature of lipotoxicity.
An overabundance of lipids leads to apoptotic cell death
and a reduced functional tissue mass. These outcomes can
potentially exacerbate cellular dysfunction. In the context
of pancreatic beta cells, it has been observed that elevated
levels of (FFAs) can impede insulin production and dimin-
ish insulin gene expression [36, 37], and ultimately result in
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programmed cell death, known as apoptosis. Elevated con-
centrations of unbound fatty acids have been linked with
diminished capacity for insulin-facilitated glucose uptake.
Cardiac steatosis leads to the manifestation of cardiomy-
opathy and a subsequent decline in contractile ability. The
promotion of apoptosis in pericytes, an early occurrence in
the advancement of diabetic retinopathy, has been noted
to be facilitated by saturated fatty acids. Furthermore, the
previous research findings and the findings obtained in our
study provide substantiation for the impact of lipo-apoptosis
on the cellular functionality of skeletal muscle. While the
understanding of the impact of lipo-apoptosis on skeletal
muscle decline in individuals with type 2 diabetes remains
limited, existing evidence indicates a potential involvement
of insulin resistance and saturated fatty acids in the process
of skeletal muscle loss [38]. Based on these observations,
it can be inferred that therapeutic interventions targeting
inhibiting lipotoxic events may potentially yield benefi-
cial outcomes in mitigating muscle loss among individuals
with diabetes. Hence, the primary aim of this study was to
ascertain the potential of sirtl in impeding the occurrence
of lipo-apoptosis within the skeletal muscle cells. In this
investigation, we have unveiled that the activation of sirtl
can impede lipo-apoptosis within skeletal muscle cells. This
phenomenon is achieved through a mechanism that entails
the diminishment of ceramide levels and the mitigation of
oxidative stress. This was accomplished by illustrating that
the activation of sirt] can inhibit lipo-apoptosis [39, 40]. Our
initial step involved investigating the pivotal role of sirtl in
the intricate process of mitochondrial formation and explor-
ing the plausible underlying mechanisms at play. Prior stud-
ies have elucidated that the introduction of lipids through
infusion and the presence of palmitate adversely impact
the expression of PGC-1 in skeletal muscle and C2C12
myotubes. PGC-1, short for Peroxisome proliferator-acti-
vated receptor gamma coactivator 1, plays a pivotal role in
governing the process of mitochondrial biogenesis. Con-
sistent with the earlier studies, our investigation revealed
that palmitate suppresses PGC-1 expression in myotubes.
However, the activation of sirtl counteracts this reduction,
whereas its inhibition leads to a decrease in PGC-1 expres-
sion. This discovery aligns with the observations made in
previous studies. Furthermore, our investigation revealed
that the activation of sirtl exhibited a safeguarding effect
on the decline of ATP levels observed in muscle cells. The
discovered results provide substantiation for the hypothesis
positing that the regulation of sirtl exerts an influence on
the cellular type’s mitochondrial function [41, 42]. By uti-
lizing diverse methodologies, we successfully demonstrated
that the activation of sirt]l within muscle cells effectively
impedes the occurrence of mitochondrial-induced apoptosis.
As expected, the inhibition of sirtl resulted in the activation
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of apoptosis in muscle cells. This discovery aligns with the
research that demonstrated the acceleration of cellular pro-
cesses culminating in apoptosis in hepatic stellate cells upon
inhibition of sirtl, indicating that the suppression of sirtl
expedited the process. Additionally, our findings indicate
that including the reactive oxygen species (ROS) scaven-
ger NAC in both cell types subjected to palmitate treatment
reduced palmitate-induced apoptosis. This observation
highlights ROS’s pivotal involvement in facilitating cellu-
lar demise within these specific cell populations [43]. The
results of our study offer compelling evidence supporting
the notion that the manipulation of sirtl in skeletal muscle
cells induces significant alterations in the process of apop-
tosis. Apoptosis, also known as programmed cell death, is a
biological phenomenon characterized by cells regulated and
controlled demise. When the activity of Sirtl is suppressed
in muscle tissue, the activity of caspases is enhanced, result-
ing in an elevation in the production of reactive oxygen
species (ROS) by mitochondria. Decreased levels of reac-
tive oxygen species (ROS) are correlated with heightened
levels of the SIRT1 protein and diminished levels of cas-
pase activation, which are subsequently linked to elevated
levels of PGC-1 expression and enhanced mitochondrial
biogenesis in muscle cells. The activation of Sirtl, a key
protein involved in cellular processes, results in a cascade
of events that ultimately leads to decreased reactive oxygen
species (ROS) production. This reduction in ROS levels has
been observed to significantly impact the rate of apopto-
sis, a programmed cell death, specifically in muscle cells.
When considered collectively, these observations imply that
the activation of sirt]l may hold potential therapeutic value
in addressing lipotoxicity-induced diabetic complications,
specifically within the context of muscle cell physiology. It
is better to carry out the results in this study as well. NAC,
RSV can be used as one of the molecules that have a high
potential in apoptosis and also improve insulin resistance in
animal and laboratory models as a complement to the pre-
clinical study [44—46].
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