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A b s t r a c t

Introduction: Replicative senescence results in dysregulation of cell prolif-
eration and differentiation, which plays a  role in the regenerative defects 
observed during age-related muscle atrophy. Vitamin E is a well-known an-
tioxidant, which potentially ameliorates a wide range of age-related man-
ifestations. The aim of this study was to determine the effects of tocotrie-
nol-rich fraction (TRF) in modulating the expression of proliferation- and 
differentiation-associated proteins in senescent human myoblasts during 
the differentiation phase. 
Material and methods: Human skeletal muscle myoblasts were cultured un-
til senescence. Young and senescent cells were treated with TRF for 24 h 
before and after differentiation induction, followed by evaluation of cellular 
morphology and efficiency of differentiation. Expression of cell proliferation 
marker Ki67 protein and myogenic regulatory factors MyoD and myogenin 
were determined.
Results: Our findings showed that treatment with TRF significantly improved 
the morphology of senescent myoblasts. Promotion of differentiation was 
observed in young and senescent myoblasts with TRF treatment as shown by 
the increased fusion index and larger size of myotubes. Increased Ki67 and 
myogenin expression with TRF treatment was also observed in senescent 
myoblasts, suggesting amelioration of the myogenic program by TRF during 
replicative senescence. 
Conclusions: TRF modulates the expression of regulatory factors related to 
proliferation and differentiation in senescent human myoblasts and could 
be beneficial for ameliorating the regenerative defects during aging.

Key words: tocotrienols, replicative senescence, myoblasts, myotubes, 
differentiation.

Introduction

Skeletal muscle regeneration is the process that is activated for repair 
of damaged or injured muscle fibers in response to muscle cell necrosis, 
eventually maintaining muscle structure and function. The regenerative 
capacity of skeletal muscle is disrupted with aging, resulting in regener-
ative failure and development of sarcopenia, age-related muscle atrophy 
[1]. Satellite cells are a small cell population located between the basal 
lamina and sarcolemma of myofibers, which have an important role in 
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muscle regeneration [2]. With appropriate stimuli, 
satellite cells can escape from the quiescent state 
and initiate proliferation to expand the cell popu-
lation [3]. The proliferating satellite cells are called 
myoblasts. Subsequently, myoblasts will differen-
tiate and fuse to form new myofibers or repair 
the existing injured fibers [4]. But, the interplay 
of intrinsic and extrinsic age-related alterations in 
satellite cells has contributed to the regenerative 
defects during aging [5–11]. 

Both extensive proliferation and terminal differ-
entiation processes are highly coordinated, with 
several molecules being activated in sequence to 
signal the myoblasts to accomplish muscle regen-
eration [4]. However, similar to other human so-
matic cells, myoblasts have a limited proliferative 
life span, in which the cells will ultimately reach 
the irreversible growth arrest, known as replicative 
senescence [12]. This limited proliferative capac-
ity could be the intrinsic change of satellite cells 
that accounts for the regenerative defects during 
aging. A study showed that geriatric satellite cells 
tend to convert into senescence (geroconversion) 
under proliferative pressure, which promotes cel-
lular senescence and affects normal regenerative 
function [11]. Sustained suppression of senes-
cence pathways could be imperative to preserve 
satellite cells and prevent diminishing regenera-
tive capacity with aging [11, 13]. 

Replicative senescence affects myogenic differ-
entiation in myoblasts resulting in the production 
of impaired myotubes [14]. The expression of the 
factors regulating myogenic differentiation, such 
as myogenic regulatory factors (MRFs), is dereg-
ulated in senescent myoblasts [15, 16]. The MRFs, 
which include Myf5, MyoD, myogenin and MRF4, 
are the key transcription factors in the myogen-
ic specification, differentiation and maintenance 
[17]. Not only in senescent myoblasts – a decrease 
of myogenin expression has also been observed 
in hindlimb suspension of aged rats, indicating 
that aging might restrict the increase of MRFs in 
response to regenerative stimuli [18].

Age-related muscle atrophy can be attributed to 
the accumulation of reactive oxygen species (ROS) 
with aging [19]. Introducing an antioxidant could 
be a potential solution to delay sarcopenia progres-
sion. Vitamin E is a well-known antioxidant, which 
potentially ameliorates a wide range of age-related 
manifestations [20]. Previous studies reported that 
vitamin E deficiency can accelerate aging progres-
sion and alter muscle structure and function [21, 
22]. Conversely, introducing vitamin E may help to 
protect against oxidative stress and reduce muscle 
damage [23, 24]. Previous research on vitamin E 
mainly focused on the antioxidant effect of a sin-
gle form of vitamin E, which is α-tocopherol. How-
ever, vitamin E consists of two isomers, which are 
tocopherols and tocotrienols, and each isomer can 

be further classified into four forms α-, β-, γ- and 
δ-. Between these two isomers, tocotrienols are 
the less-explored isomer of vitamin E. 

Tocotrienol isomer has been found to possess 
greater antioxidant activity as compared to to-
copherol [25]. Interestingly, a mixture of vitamin E, 
particularly tocotrienol-rich fraction (TRF), showed 
a  greater effect in reducing the oxidant level as 
compared to the single form of vitamin E [26]. Pre-
viously, the therapeutic effect of TRF was shown 
in a stress-induced premature senescence (SIPS) 
model of myoblasts [27]. Besides its antioxidant 
activity, vitamin E, particularly TRF, has shown 
non-antioxidant properties, acting as signaling 
molecules and modulating gene and protein ex-
pression. Moreover, TRF can ameliorate the repli-
cative senescence-related abnormalities, includ-
ing improving proliferation capacity of senescent 
myoblasts and promoting the myogenic differenti-
ation via modulation of MRF gene expression [15]. 
However, our previous study focused on the effect 
of TRF which was given to myoblast cells during 
the proliferation phase before stimulation of the 
differentiation phase. Thus, it would be of inter-
est to determine the effects of TRF in modulating 
the proliferation- and differentiation-associated 
protein expression in senescent human myoblasts 
during the differentiation phase.

Material and methods

Cell culture and replicative senescence

Human skeletal muscle myoblasts (HSMM) were 
purchased from Lonza (Walkersville, MD, USA). The 
cells were cultured in Skeletal Muscle Basal Medi-
um (SkBM) supplemented with human epidermal 
growth factor, fetal bovine serum, dexametha-
sone, L-glutamine and gentamicin/amphotericin B 
(Lonza, Walkersville, MD USA). Cells were cultivated 
at 37°C in a humid atmosphere containing 5% CO2. 
After that, the myoblasts were expanded exten-
sively to reach replicative senescence, which was 
manifested by the decline in proliferative capaci-
ty and accumulation of senescence biomarker in 
culture [15]. For each passage, the population dou-
bling (PD) of cells was calculated as: ln(N/n)/In2, 
where N is the number of cells at harvest stage and 
n is the number of cells at seeding stage. In this 
study, the cells were divided into 4 groups, which 
were young control (PD < 15; without treatment), 
young TRF (PD < 15; with TRF treatment), senes-
cent control (PD > 20; without treatment) and se-
nescent TRF (PD > 20; with TRF treatment). 

TRF preparation and treatment protocol

TRF Gold Tri E 70 (Sime Darby Sdn. Bhd., Selan-
gor, Malaysia) of palm oil that consists of 24.15% 
tocopherols and 75.85% tocotrienols was used as 



Chun Min Tan, Nadwa Aqeela Mohd Najib, Nur Farahin Suhaimi, Nur Alia Halid, Vi Vien Cho, Saiful Idham Abdullah, Muhammad Zulhilmi Ismail, 
Shy Cian Khor, Faizul Jaafar, Suzana Makpol

754 Arch Med Sci 3, April / 2021

the TRF treatment in this study. A  stock solution 
of TRF was freshly prepared in 100% ethanol (1 : 1) 
and kept at –20°C for not more than 1 month. TRF 
was then incubated overnight with fetal bovine 
serum (FBS) at 37°C prior to use. TRF was diluted 
with culture medium (either proliferation medium 
or differentiation medium) to a final concentration 
of 50 μg/ml and used to treat the cells for 24 h. 
The final concentration of TRF used in the present 
study was taken from our previous study on series 
of dose-dependent effect reported by Khor et al. 
[15]. Treatment with TRF for 24 h at a concentra-
tion of 50 μg/ml showed the greatest percentage 
of viable cells in young and senescent myoblast 
cells. Furthermore, the myoblast cells used in the 
present study were similar to the previous study. In 
this study, the cells were treated twice on separate 
occasions, which were before the differentiation 
induction and at day 1 of differentiation.

Induction of myogenic differentiation

After 24 h of TRF treatment, the cells were con-
sidered at day 0 of differentiation. Proliferation 
medium SkBM was substituted with DMEM:F12 
(Lonza, Walkersville, MD USA) supplemented with 
2% horse serum (ATCC, Baltimore, USA) to induce 
differentiation. The cells were then treated with 
TRF in differentiation medium at day 1 of differenti-
ation for 24 h. The induction of myogenic differen-
tiation was continued until day 5 of differentiation 
and the culture medium was changed every 2 days.

Determination of myogenic purity  
and analysis of cellular morphology 

By using a mouse monoclonal anti-Desmin an-
tibody (D33; Dako, Produktionvej, Denmark), the 
myogenic purity and cellular morphology were de-
termined. Desmin is a  myogenic lineage specific 
protein that will not be expressed in fibroblasts. 
The cells were first fixed in cold ethanol for 5 min. 
After the blocking step, the cells were sequentially 
incubated with anti-desmin antibody (1 : 50) and 
Alexa Fluor 488 goat anti-mouse (Molecular Probes, 
Eugene, OR, USA). Nuclei were then visualized us-
ing Hoechst 33342 (Molecular Probes, Eugene, OR, 
USA). The cells were observed under an EVOS FL 
Digital Inverted Fluorescence Microscope (Thermo 
Fisher Scientific, USA). In order to determine the 
myogenic purity, at least 300 cells were counted in 
three independent cultures to obtain the percent-
age of desmin-positive cells. At the same time, the 
morphological changes of myoblasts were observed. 

Determination of myogenic differentiation 
efficiency

Myotubes were labeled with anti-desmin anti-
body at day 1, day 3 and day 5 of differentiation 

according to the protocol described before [15]. In 
order to evaluate the efficiency of differentiation, 
fusion index and myotube size were calculated. 
The myotube size was estimated based on the 
number of nuclei per myotube. To determine the 
fusion index, the formula below was used, and at 
least 300 nuclei were counted in more than 10 dif-
ferent randomly chosen fields. 

Fusion index = × 100%.

The number of nuclei 
in myotubes (> 2 nuclei)

The total number of nuclei 
in desmin positive cells

Determination of protein expression 

Protein expression was determined using the 
immunocytochemistry method. The proliferation 
marker Ki67 was quantitated at day 0, day 1, day 
3 and day 5 of differentiation using anti-Ki67 an-
tibody (sc-23900; Santa Cruz, California) (1 : 50 
dilution), while the differentiation-related factors 
MyoD and myogenin were quantitated at day 1, 
day 3 and day 5 of differentiation using the fol-
lowing primary antibodies at the respective di-
lution: anti-MyoD antibody (5.8A; Novus Biologi-
cals, Canada) (1 : 100 dilution) and anti-myogenin 
antibody (F5D; Dako, Produktionsvej, Denmark)  
(1 : 20 dilution). In brief, the cells were fixed with 
cold ethanol and blocked for the nonspecific bind-
ing site before incubating with the corresponding 
primary antibody at 4°C for a different incubation 
period in accordance with the respective anti-
body. The incubation period for anti-Ki67 anti-
body was 1 h and overnight for both anti-MyoD 
and anti-myogenin. Alexa Fluor 488 was used as 
the secondary antibody and Hoechst 33342 was 
used to visualize the nuclei. Stained cells were ob-
served under an EVOS FL Digital Inverted Fluores-
cence Microscope (Thermo Fisher Scientific, USA). 
In order to estimate the protein expression, at 
least 250 cells were counted in three independent 
cultures to acquire the percentage of Ki67-posi-
tive cells, the percentage of MyoD-positive cells 
and the percentage of myogenin-positive cells. 
For Ki67 expression, the percentage was normal-
ized to myogenic purity.

Statistical analysis 

Statistical analyses were performed using SPSS 
22.0 software (IBM, NY, USA). Oneway ANOVA was 
used for multiple comparisons. Post hoc LSD test 
or Tukey’s test was used if equal variance was 
assumed whereas Dunnett’s T3 was selected if 
non-equal variance was assumed. Data were pre-
sented as mean ± standard deviation (SD) for at 
least three replications. The result was considered 
as statistically significant if the p value was less 
than 0.05.
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Results 

Myogenicity and cellular morphology  
of myoblasts

To elucidate the effect of TRF treatment on rep-
licative senescence, we cultured myoblasts until 
replicative senescence was reached. Myogenicity 
and cell morphology were observed in all groups 
using anti-desmin antibody. Senescent control 
and TRF-treated senescent myoblasts had a  sig-
nificantly lower myogenic purity compared to both 
untreated young control and TRF-treated young 
myoblasts (p < 0.05; Table I). However, there was 
no significant difference between the control and 
TRF-treated group in both young and senescent 
myoblasts.

Myoblasts were spindle shaped and lacked stri-
ation (microfilament) when young (Figures 1 A, B), 
but became flatter and larger, with the presence of 
prominent striations in cytoplasm during replica-
tive senescence (Figure 1 C). However, TRF-treated 
senescent myoblasts resembled the young myo-
blasts, as manifested by the increased number of 
spindle shaped cells in the culture (Figure 1 D).

Expression of cell proliferation marker Ki67

To determine the cell proliferation of myoblasts 
during differentiation induction, the expression 
of the cell proliferation marker Ki67 was analyzed 
from day 0 until day 5 of differentiation using  
anti-Ki67 antibody with Alexa Fluor 488 (green) 
and Hoechst (blue) (Figure 2 A). All groups had the 
highest level of Ki67 expression at day 0 and the 
expression of Ki67 was gradually decreased in the 
respective pattern after differentiation induction 
(Figure 2 B). Ki67 expression level in senescent 
myoblasts was significantly lower compared to 
young myoblasts from day 0 to day 5 of differen-
tiation (p < 0.05). 

Ki67 expression level in control young and 
TRF-treated young myoblasts started to decrease 
at day 3 of differentiation compared to day 0 and 
day 1 of differentiation (p < 0.05) and continued 
until day 5. In senescent myoblasts, the expres-
sion of Ki67 was significantly decreased at day 1 
of differentiation for both untreated control and 
TRF-treated senescent myoblasts compared to 
day 0 of differentiation and continued to decrease 

Table I. Myogenic purity of myoblasts

Parameter Young control TRF-treated young Senescent control TRF-treated senescent

Percentage of desmin 
positive cells

79.41 ±4.94 82.61 ±4.18 45.44 ±5.10a,b 49.90 ±4.04a,b

ap < 0.05, significantly different compared to young control;  bp < 0.05, significantly different compared to TRF-treated young cells.

Figure 1. Effects of replicative senescence and TRF treatment on the cellular morphology of myoblasts. The mi-
crographs of myoblasts were captured from A – young control, B – TRF-treated young, C – senescent control, and  
D – TRF-treated senescent (magnification: 200×, scale bar: 200 μm). Myoblasts were displayed were stained for 
desmin (green) and Hoechst (blue). Regardless TRF treatment, young myoblasts were displayed in spindle shape. 
Meanwhile, untreated senescent control cells manifested broader and flatter cytoplasm with prominent striations. 
On contrary, TRF-treated senescent myoblasts exhibited more spindle shaped cytoplasm which resembled the mor-
phology of young myoblasts

A

C

B

D
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until day 3 of differentiation for control senes-
cent myoblasts (p < 0.05) and was maintained for 
TRF-treated senescent myoblasts. At day 5 of dif-
ferentiation, the Ki67 protein expression in senes-
cent myoblasts was significantly lower compared 
to the expression detected on day 0 of differenti-
ation (p < 0.05). The Ki67 protein was significantly 
increased in TRF-treated senescent myoblasts at 
day 3 of differentiation as compared to the senes-
cent control (p < 0.05). 

Expression of myogenic regulatory factors 
MyoD and myogenin 

The modulation of MRF expression by TRF 
during replicative senescence of myoblasts was 

investigated by determining the expression of 
MyoD and myogenin from day 1 to day 5 of differ-
entiation using anti-MyoD or anti-myogenin an-
tibody with Alexa Fluor 488 (green) and Hoechst 
(blue) (Figures 3 A, 4 A). Our results showed that 
MyoD expression was significantly increased in 
TRF-treated young myoblasts at day 1 and day 3 
of differentiation compared to control young myo-
blasts (p < 0.05) (Figure 3 B). However, the expres-
sion of MyoD in TRF-treated young myoblasts was 
significantly decreased at day 5 of differentiation 
compared to day 1 and day 3 of differentiation  
(p < 0.05). In senescent myoblasts, expression 
of MyoD decreased significantly compared to 
TRF-treated young myoblasts (p < 0.05). 

Figure 2. Effects of replicative senescence and TRF treatment on the expression of proliferation marker Ki67.  
A – Myoblasts were labelled with anti-Ki67 antibody (green) and Hoechst (blue) to detect the presence of Ki67 
protein, as indicated by white arrow (magnification 200×, scale bar: 200 μm). B – Quantitative analysis of Ki67 
expression in myoblasts at day 0, day 1, day 3 and day 5 of differentiation

ap < 0.05, significantly different compared to young control at corresponding day of differentiation; bp < 0.05, significantly different 
compared to TRF-treated young myoblasts at corresponding day of differentiation; cp < 0.05, significantly different compared 
to senescent control at corresponding day of differentiation; #p < 0.05, significantly different compared to the corresponding 
group at day 0 of differentiation; and *p < 0.05, significantly different compared to the corresponding group at the day 1 of 
differentiation. Data are presented as the mean ± SD, n = 3. 
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Myogenin expression was progressively increased 
after differentiation induction, peaked at day 3 of dif-
ferentiation, and then decreased at day 5 of differenti-
ation in young control myoblasts (p < 0.05; Figure 4 B). 
However, the myogenin expression pattern of the se-
nescent control was different, showing a significant-
ly lower level of myogenin from day 1 until day 5 of 
differentiation compared to young control myoblasts  
(p < 0.05). Treatment with TRF increased myogen-
in expression in senescent myoblasts compared to 
the untreated senescent control as early as day 1 
until day 5 of differentiation. There was a progres-
sive increase in myogenin expression in TRF-treated 
young and senescent myoblasts until day 3 of dif-
ferentiation which was maintained at day 5 of dif-

ferentiation (p < 0.05; Figure 4 B). Treatment with 
TRF also caused a significant increase in myogenin 
expression in young myoblasts at day 5 of differ-
entiation compared to young control myoblasts  
(p < 0.05). 

Improvement in efficiency of myogenic 
differentiation with TRF treatment

To evaluate the beneficial effects of TRF on the 
efficiency of myogenic differentiation, myoblasts 
were permitted to differentiate for 5 days to form 
myotubes and the morphology of myotubes was 
observed, while the fusion index and size of myo-
tubes were measured (Figure 5). The myotubes 

Figure 3. Effects of replicative senescence and TRF treatment on the expression of MyoD. A – Myoblasts were 
labelled with anti-MyoD antibody (green) and Hoechst (blue) to detect the presence of MyoD protein, as indicated 
by white arrow (magnification 200×, scale bar: 200 μm). B – Quantitative analysis of MyoD expression in myoblasts 
at day 1, day 3 and day 5 of differentiation

aDenotes p < 0.05, significantly different compared to young control at corresponding day of differentiation; bp < 0.05, significantly 
different compared to TRF-treated young myoblasts at corresponding day of differentiation; cp < 0.05, significantly different 
compared to senescent control at corresponding day of differentiation; #p < 0.05, significantly different compared to the 
corresponding group at day 1 of differentiation; and *p < 0.05, significantly different compared to the corresponding group at the 
day 3 of differentiation. Data are presented as the mean ± SD, n = 3.
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formed by young myoblasts were large and multi-
nucleated (Figure 5 A). In contrast, senescent cells 
formed smaller myotubes with fewer nuclei com-
pared to young cells (Figure 5 A), indicating an in-
competent differentiation process during the repli-
cative senescence of myoblasts. A steady increase 
of the fusion index was observed in both young 
and senescent cells throughout the differentiation 
induction, but the fusion index of senescent cells 
at day 1, day 3 and day 5 of differentiation was sig-
nificantly lower compared to the young control at 
the corresponding day of differentiation (p < 0.05; 
Figure 5 B). Moreover, a similar steadily increase 
of myotubes size was observed in young control 
myoblasts throughout the differentiation induc-
tion as indicated by the elevated number of nuclei 

per myotube (p < 0.05; Figure 5 C). The senescent 
control exhibited significantly larger myotubes 
size only at day 5 of differentiation compared to 
myotube size at day 3 of differentiation (p < 0.05). 
The size of myotubes of senescent cells however 
was smaller as compared to the young control at 
day 3 and day 5 of differentiation (p < 0.05).

Treatment with TRF improved the differenti-
ation of senescent myoblasts to multinucleated 
myotubes, even though they were still smaller in 
size compared to young myoblasts (Figure 5 A). 
Quantitative analysis showed that TRF signifi-
cantly increased the fusion index and the size of 
myotubes of senescent cells compared to the un-
treated control (p < 0.05) (Figures 5 B, C). Although 
TRF-treated senescent cells had a higher fusion in-

Figure 4. Effects of replicative senescence and TRF treatment on the expression of myogenin. A – Myoblasts were 
labelled with anti-Myogenin antibody (green) and Hoechst (blue) to detect the presence of myogenin protein, as 
indicated by white arrow (magnification 200×, scale bar: 200 μm). B – Quantitative analysis of myogenin expres-
sion in myoblasts at day 1, day 3 and day 5 of differentiation

aDenotes p < 0.05, significantly different compared to young control at corresponding day of differentiation; bp < 0.05, 
significantly different compared to TRF-treated young myoblasts at corresponding day of differentiation; #p < 0.05, significantly 
different compared to the corresponding group at day 1 of differentiation; and *p < 0.05, significantly different compared to the 
corresponding group at the day 3 of differentiation. Data are presented as the mean ± SD, n = 3. 
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Figure 5. Effects of replicative senescence and TRF treatment on the efficiency of myogenic differentiation. A – Mi-
crographs showed the formation of myotubes in each group (magnification 200×, scale bar: 200 μm). Multinucleat-
ed myotubes were observed in young groups, conversely myogenic differentiation was impaired during replicative 
senescence. B – The fusion index and C – the size of myotubes were determined, showing that TRF was able to 
increase the differentiation potential of senescent myoblasts

ap < 0.05, significantly different compared to young control at corresponding day of differentiation; bp < 0.05, significantly different 
compared to TRF-treated young myoblasts at corresponding day of differentiation; cp < 0.05, significantly different compared to 
senescent control at corresponding day of differentiation; #p < 0.05, significantly different compared to the corresponding group  
at day 1 of differentiation; and *p < 0.05, significantly different compared to the corresponding group at the day 3 of differentiation. 
Data are presented as the mean ± SD, n = 3.
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dex at day 3 and day 5 of differentiation compared 
to the senescent control at the corresponding day 
of differentiation (p < 0.05), the levels were still 
significantly lower compared to the young control  
(p < 0.05; Figure 5 B). A  similar pattern was ob-
served in the size of myotubes, in which TRF-treated 
senescent cells formed larger myotubes compared 
to the senescent control at day 5 of differentiation. 
However, the size of these myotubes was signifi-
cantly smaller compared to the myotubes formed 
in the young control (p < 0.05; Figure 5 C).

Discussion

The efficiency of skeletal muscle regeneration 
relies on the regenerative potential of satellite 
cells, which may undergo senescence, and at-
tenuate its regenerative capacity with aging [11]. 
Serial passaging provides a way to produce aged 
myoblasts in vitro. This extensive cell expansion 
exhausts the proliferative capacity of myoblasts, 
which leads to replicative senescence. Young myo-
blasts exhibit thin and spindle shape morpholo-
gy. Meanwhile, senescent myoblasts are charac-
terized by broader and flatter cytoplasm with an 
abundance of intermediate filaments. The pheno-
type changes observed in senescent cells resem-
ble alterations at the molecular level. Senescent 
myoblasts showed a high level of ROS production, 
low proliferative capacity, downregulation of myo-
genic differentiation genes and high expression of 
oxidative damage-associated genes [15, 28]. Our 
previous study showed that treatment with TRF 
in senescent myoblasts resulted in regained mor-
phology of young cells indicated by the presence 
of more spindle-shaped cells, suggesting that TRF 
could be used as a potential compound for revers-
ing muscle aging [15].

Tocotrienol-rich fraction has been shown to 
have not only free radical scavenging power but 
could also reduce the senescent phenotype of the 
stress-induced premature senescence (SIPS) mod-
el of myoblasts [27]. Its effects were also superior 
to α-tocopherol in promoting myogenic differ-
entiation of senescent myoblasts [15]. Emerging 
data indicates that tocotrienols are promising 
therapeutic agents which could prevent cancer, 
diabetes, and cardiovascular and neurodegener-
ative diseases [29]. Additionally, TRF may confer 
protection against oxidative stress-induced injury 
in rat skeletal muscle and preserves the well-func-
tioning muscle performance [30]. Increased prolif-
eration capacity and modulation of MRF expres-
sion by TRF also reveals its potential in restoring 
the impaired regenerative capacity of the muscle 
during aging [15]. In this study, we further illus-
trated the potential of TRF in improving myoblast 
proliferation and differentiation by modulating 
the proliferation- and differentiation-associated 

protein expression in senescent human myoblasts 
during the differentiation phase.

Desmin expression varies in myoblasts derived 
from different donors. Some of them are able to 
maintain the expression of desmin after extensive 
expansion and others are not [31]. In this study, se-
nescent myoblasts lost their desmin content, which 
might be associated with declined proliferation ca-
pacity at the point of senescence, resulting in fi-
broblasts being outgrown with reduced myogenic 
purity [32]. In spite of that, no significant changes 
concerning myogenic purity were observed with 
TRF treatment, which is in agreement with previ-
ous findings [27] and allows comparison between 
TRF-treated cells and the untreated control. 

Ki67, a nuclear protein of mammalian cells, is 
closely associated with somatic cell proliferation. 
Ki67 protein is present in all proliferating cells in-
cluding normal and tumor cells that have the ca-
pacity to proliferate. In addition, this protein is ab-
sent in quiescent cells or cells that are arrested at 
G

0 phase, both types of cells having lost the prolif-
erative capacity [33]. This protein has been widely 
used as a  marker of cell proliferation, especially 
to monitor cellular proliferation in human tumors 
[34–36]. Furthermore, expression of Ki67 is also 
used in estimating the percentage of active sat-
ellite cells (myoblasts) [37]. Normally, myoblasts 
undergo active proliferation before entering the 
differentiation phase, which involves cell cycle ar-
rest and fusion into myotubes [38]. However, the 
level of Ki67 expression in senescent myoblasts 
was relatively low compared to young myoblasts, 
which was similar to the expression in aged mus-
cle [39]. A previous study also reported that there 
was a decline in cellular proliferation in senescent 
myoblasts compared to young myoblasts [15]. Af-
ter induction of differentiation, the Ki67 expres-
sion in myoblasts was gradually decreased [32]. In 
this study, instead of expressing an extremely low 
level of Ki67 protein from day 3 of differentiation 
as observed in senescent control, TRF-treated se-
nescent myoblasts showed elevated expression 
of Ki67 to the extent that it was similar to young 
myoblasts, indicating the potential of TRF in in-
creasing the proliferation capacity of aging myo-
blasts, even during differentiation induction. 

Our study also elucidated the role of MyoD 
during cell proliferation and differentiation. MyoD 
is a protein that links to the blockade of cell cy-
cle progression when myogenic differentiation is 
induced [38]. Increased activity of MyoD at the 
onset of differentiation has been reported [16]. 
The MyoD expression in our study remained un-
changed in all groups from day 1 to day 3 of dif-
ferentiation, and decreased at day 5 of differentia-
tion in TRF-treated young cells and the senescent 
control. For TRF-treated young cells, our findings 
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are in conjunction with MYOD1 mRNA expression, 
which was up-regulated at day 1 and day 3 of dif-
ferentiation compared to the untreated control 
[15]. However, in this study TRF did not increase 
MyoD expression in senescent myoblasts as has 
been observed on its mRNA expression [15], sug-
gesting that MyoD protein expression did not cor-
relate completely with its gene expression. MyoD 
has an important regulatory role in initiating myo-
genic differentiation [38, 40]. Defects in differenti-
ation and at the proliferation-differentiation tran-
sition were observed in satellite cells derived from 
adult MyoD–/– mice [40]. Thus, increased MyoD ex-
pression in young myoblasts with TRF treatment 
at day 1 and day 3 of differentiation induction 
observed in this study revealed the effectiveness 
of TRF in promoting the differentiation process in 
myoblasts. 

Myogenin expression is controlled by MyoD, in 
which the up-regulation of myogenin occurs sub-
sequent to the MyoD in young myoblasts [16, 41]. 
However, the regulatory role of myogenin in re-
taining myogenic differentiation cannot be com-
pensated by other MRFs [42]. Our results showed 
that myogenin expression was increased during 
differentiation, but the increase was markedly 
lower in senescent myoblasts, where it was sig-
nificantly increased only at day 5 of differentia-
tion induction. Findings from previous studies re-
ported a similar setback in both gene and protein 
expression of myogenin in senescent myoblasts, 
indicating impaired myogenic differentiation reg-
ulation during replicative senescence [16, 32]. 
Delayed myogenin protein expression was also 
observed in old-individual-derived muscle [18]. 
In this study, we found that TRF improved the 
expression of myogenin in senescent myoblasts 
from day 1 of differentiation, which is similar to 
our previous findings which showed that TRF can 
ameliorate muscle differentiation by increasing 
the expression of myogenin at both mRNA and 
protein levels [15]. Hence, treatment with TRF 
could be a  relevant strategy to modulate myo-
genin expression for promoting myogenic differ-
entiation. 

Previous studies reported that senescent myo-
blasts are unlikely to differentiate and fuse to form 
multinucleated myotubes in comparison to young 
myoblasts, in which young myoblasts are able to 
form large and branched myotubes upon differen-
tiation induction [6, 14–16]. This is in agreement 
with our current results which demonstrated that 
the formation of myotubes was impaired by rep-
licative senescence, hence resulting in a  lower 
fusion index and a smaller size of myotubes com-
pared to young myoblasts. Moreover, the declined 
efficacy of differentiation in senescent myoblasts 

is in conjunction with decreased myogenin ex-
pression observed in this study. 

TRF is a broad mixture of vitamin E that contains 
all four isomers of tocotrienol and α-tocopherol, 
which has been found to be beneficial for promo-
tion of myogenic differentiation during replicative 
senescence [15]. Based on the morphology observa-
tion and quantification of fusion index and size of 
myotubes, our results showed that TRF treatment 
effectively ameliorates the defective differentiation 
program in senescent myoblasts, as manifested by 
the improvement of myotube formation. Howev-
er, TRF treatment did not give a positive effect on 
the differentiation of young myoblasts. A previous 
study on humans showed that supplementation 
of TRF to a young group did not have any signifi-
cant effect on lipid profile and oxidative status. In 
contrast, a significant result was observed in old-
er subjects [43]. The difference in results observed 
between young and older subjects may reflect the 
fact that the biological system in young cells is 
well-maintained particularly at the redox balance 
and oxidative damage level. Furthermore, as the 
bioavailability of vitamin E represents its biologi-
cal activity, the homeostasis of this vitamin in the 
cell is tightly regulated to prevent toxicity and al-
teration to the biological system. A previous study 
showed that the uptake of TRF in senescent cells 
was higher than in young cells [44]. A similar find-
ing was observed in elderly people, which showed 
higher uptake of TRF as compared to the young age 
group [43]. As the cells senesce, the oxidant level is 
proportionately increased, resulting in higher num-
bers of oxidized molecules which subsequently al-
tered the biological system. Therefore, the effect of 
TRF was more intense and efficient on senescent 
cells compared to young cells.

In conclusion, the present study supports the 
potential of TRF treatment in modulating muscle re-
generation during aging. Our results have demon-
strated that TRF possessed a remarkable potential 
in promoting muscle regeneration by up-regulating 
the expression of proliferation (Ki67) and differen-
tiation (myogenin) markers. TRF may be used as 
a therapeutic agent for ameliorating the differenti-
ation defects in aged or sarcopenic muscle. Howev-
er, further research should be carried out on other 
myoblast differentiation markers which fall under 
MRFs or muscle-related proteins such as MHC and 
MRF4.
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