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Several studies have compared molecular components between red and white skeletal muscles in mammals. However, mammalian
skeletal muscles are composed of mixed types of muscle fibers. In the current study, we analyzed and compared the distributions of
titin, lipid, phosphate ions, and fatty acid levels in red and whitemuscles using a fishmodel (Tilapia), which is rich in red and white
muscles, and these are well separated. Oil-red O staining showed that red muscle hadmore-abundant lipids than did white muscle.
A time-of-flight secondary-ion mass spectrometric (TOF-SIMS) analysis revealed that red muscle possessed high levels of palmitic
acid and oleic acid, but whitemuscle containedmore phosphate ions. Moreover, elastica-vanGieson (EVG) andMito-Tracker green
FM staining showed that collagen and elastic fibers were highly, respectively, distributed in connective tissues and mitochondria in
redmuscle.An electronmicrographic analysis indicated that redmuscle had a relatively higher number ofmitochondria and longer
sarcomere lengths and Z-line widths, while myofibril diameters were thicker in white muscle. Myofibrillar proteins separated by
SDS-PAGE showed that the major giant protein, titin, was highly expressed in whitemuscle than in redmuscle. Furthermore, ratios
of titin to myosin heavy chain (MHC) (titin/MHC) were about 1.3 times higher in white muscle than red muscle. We postulated
that white muscle is fit for short and strong contractile performance due to high levels of titin and condensed sarcomeres, whereas
red muscle is fit for low intensity and long-lasting activity due to high levels of lipids and mitochondria and long sarcomeres.

1. Introduction

Skeletal muscles are highly preserved tissues in animals, are
present all over the body, and form a combined network
with a notable skeletal system via tendons to resist gravity
and facilitate mobility. There are two major categories of
muscle fibers in vertebrates: red fibers and white fibers [1].
Morphological studies showed that red fibers (slow twitch,

oxidative fibers) are small in diameter and have a red color,
due to their greater content of myoglobin and rich supply of
capillaries. They have numerous large mitochondria beneath
the sarcolemma and between the myofibrils. Lipid droplets
are common in the sarcoplasm of these fibers. In contrast,
white fibers (fast-twitch fibers) are larger in diameter. Their
mitochondria and lipid droplets are smaller and less numer-
ous than those of red fibers [2]. The properties of red muscle

Hindawi
BioMed Research International
Volume 2018, Article ID 5816875, 11 pages
https://doi.org/10.1155/2018/5816875

http://orcid.org/0000-0003-4638-5412
http://orcid.org/0000-0001-8265-3678
http://orcid.org/0000-0002-1653-992X
http://orcid.org/0000-0003-2887-3914
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/5816875


2 BioMed Research International

fibers make them very effective in postural maintenance,
while white muscle fibers are suited for bursts of intense
muscle activity [3].

In addition to morphological observations, physiologists
have reported that red muscle fibers contract more slowly
and are more resistant to fatigue than are white muscle fibers
due to their ability to oxidatively regenerate ATP. In contrast,
ATP generation in white muscle fibers depends on anaerobic
glycolysis [4]. It is accepted that hydrolysis of ATP by ATPase
is directly involved as the energy supply in the process of
muscle contraction. Biochemical studies revealed that the
ATPase activity of white muscle fibers is 3 times higher than
that of red muscle fibers [5]. However, in a resting state,
whether ATP is stored for use in muscle fibers and whether
the stored ATP content in red muscle fibers is more or less
than that in white muscle fibers are still unclear.

Titin, with a molecular mass of 3∼4 MDa, is a muscle-
specific elastic protein that spans from the Z-line to the M-
line in the half-sarcomere; it is the largest protein known
to date [6, 7]. The passive tension, elasticity, and stiffness of
muscles are correlated with their titin content [8]. Previous
experiments on single myofibrils prepared from the rabbit
psoas muscle revealed another powerful mechanism of active
force production [9]. Recent studies showed that regulation of
skeletal muscle force is based on a three-filament model that
includes titin, rather than a two-filament model consisting
only of actin and myosin filaments [10, 11]. Titin is the third
most abundant protein in muscles, after myosin and actin.
Titin contents are about 10% of total myofibrillar proteins in
chicken breast muscle [6] and 16% in rabbit skeletal muscle
[12]. However, titin contents between red and white muscles
have not been investigated in a single species.

Biochemical analyses of human muscle usually use biop-
sies to obtain muscle samples [13].The optimal sample size is
critical for the availability of tissue for processing. A biopsy
cannot produce a large amount of muscle sample and may
increase the risk of infection. On the other hand, muscles
of mammals (mice, rats, rabbits, and humans) are mostly of
the mixed type; that is, muscles contain both red and white
muscle fibers [14, 15]. Relative proportions of the different
fiber types vary among species, and in humans, they show
significant variability among individuals [1]. Although we
wanted to quantify and comparemyofibrillar protein contents
between red and white muscles, mammalian muscles which
contain mixed muscle fibers cannot be precisely analyzed.

Fish are a good animal model for muscle studies, because
aquatic species have a proportionally larger muscle mass. In
addition, red and white muscle types in fish are distributed in
different anatomical locations.The lateral triangular zone and
a superficial thin layer of the trunk is a red color containing
red muscle fibers, but large portions of the deep layer of
the dorsal and ventral zones of the trunk are white and
contain abundant white muscle fibers [16]. Moreover, white
muscle fibers are associated with fast swimming behaviors in
fish, such as during predation and escape, while red muscle
fibers are correlated with slow movements, such as during
migration and foraging [17, 18].

Zebrafish are commonly used in genetic, embryonic
development, and muscle research [19]. Red and white

muscles are also distributed in different region, but zebrafish
are too small to separate red muscles fromwhite muscles and
obtain a sufficient amount of muscle tissues for biochemical
analyses. Therefore, we used Tilapia sp., a locally common
fish in Taiwan, to analyze morphological and myofibril-
lar proteins between red and white muscles in a single
species.

The purpose of this study was to investigate mor-
phological differences by histochemistry, time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS), and electron
microscopy and quantify myofibrillar proteins, especially
titin contents between red and white muscles in fish by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

2. Materials and Methods

2.1. Experimental Animals. In total, 10 apparently healthy,
adult male fish (Tilapia) (Figure 1(a)), with an average
body weight of 500 ± 5 g, were purchased from a local
traditional market in Taipei, Taiwan, and were transported
to the laboratory live, in water. Fish were killed by cervical
dislocation and then immediately dissected out. Red and
white muscles were mainly located on the lateral and dorsal
sides of the trunk, respectively (Figure 1(b)). The lateral
part of the trunk containing a red and white muscle block
(about a 1-cm2 area) was excised and frozen with liquid
nitrogen for cryostat sectioning. All experimental protocols
were approved by the Animal Ethics Committee of Taipei
Medical University (license no. LAC-2017-0224).

2.2. Oil-Red O Staining. Oil-red O powder (Sigma-Aldrich,
St. Louis,MO,USA)was dissolved in 0.5% 2-propanol (Kanto
Chemical, Tokyo, Japan). The stock was then diluted to a
0.3% Oil-red O solution with distilled H

2
O and filtered

through a 0.22-𝜇m filter. Frozen sections (20 𝜇m thick) of
fish muscle sample were fixed with 2% paraformaldehyde
and 2% glutaraldehyde (Sigma-Aldrich) in 0.1 M phosphate
buffer (pH 7.4) for 10min at room temperature. After fixation,
sections were washed with phosphate buffer three times
and stained with 0.3% Oil-red O solution for 10 min at
room temperature. Finally, stained sections were washed
with phosphate buffer three times, mounted with aqueous
mounting medium, and sealed with nail polish. Sections were
examined with an Olympus BH-2 light microscope (Tokyo,
Japan).

2.3. TOF-SIMS Analysis. The TOF-SIMS analysis was car-
ried out on a PHI TRIFT IV instrument (ULVAC-PHI,
Kanagawa, Japan). This instrument was equipped with a Bi
liquid metal ion gun. Cryostat sections (20 𝜇m thick) of
fish muscle tissues were used for a replicate analysis in this
study. The Bi

3

+ primary ion beam was operated at 30 keV.
Surface spectra were taken from an area of 500 × 500 𝜇m
in order to get an overview of the sample structure and
identify ion species present at the respective surfaces. Four
random areas were selected for scanning in each section,
for which four spectra were separately acquired from each
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Figure 1: Red muscle (R) contains more lipids than white muscle (W). (a) The dotted line shows a cross-section near the cloaca of Tilapia.
(b) Cross-section; red muscle is located on the lateral sides of the trunk (arrows), while white muscle is located on the back and ventral parts
of the fish. (c) Oil-red O staining of a frozen section; red muscle contains more lipids than does white muscle. (d) More intracellular lipid
droplets were seen in red muscle.

sample. Subsequently, negative secondary ions flying through
a reflectron mass spectrometer were detected with a micro-
channel plate assembly operating at 10 keV after acceleration.
The high mass resolution and high mass accuracy allowed
assignation of sum formulas to peaks even in the high
mass range. The spectra obtained in the bunched mode
were only used to identify and select peaks for imaging.
Each image was normalized to the intensity of the brightest
pixel. Data were collected from several image fields on each
section.

2.4. Elastica-Van Gieson (EVG) Staining. We used the EVG
staining method to examine elastic and collagen fibers in
connective tissues. Frozen sections (20 𝜇m thick) of fish
muscle samples were fixed with 4% paraformaldehyde in 0.1
M phosphate buffer (pH 7.4) for 10 min at room temperature.
Subsequently, sections were rinsed three times with phos-
phate buffer for 5min each and then sequentially stained with
resorcin-fuchsin, iron hematoxylin, and van Gieson solution
(purchased from Electron Microscopy Sciences, Hatfield, PA,
USA) according to the manufacturer’s instructions. After
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that, sections were dehydrated in an ethanol series. After
being treated with xylene, sections were mounted with
histological mounting medium. Sections were examined with
an Olympus BH-2 light microscope.

2.5. Mito-Tracker Green FM Staining. Frozen sections (20
𝜇m thick) of fish muscle samples were incubated with 200
nM Mito-Tracker green FM (Molecular Probes, Eugene,
OR, USA) for 30 min at 37∘C. After washing with 0.1 M
phosphate buffer (pH 7.4), sections were fixed with 4%
paraformaldehyde for 10min at room temperature. Once sec-
tions were rinsed with phosphate buffer, they were mounted
with aqueous mounting medium, sealed with nail polish,
and then examined with a Nikon fluorescence microscope
(Tokyo, Japan).

2.6. Electron Microscopy (EM). To identify ultrastructural
characteristics of red and white muscles, we observed the
ultrastructural morphology using EM.A piece of red or white
muscle block was cut and fixed in a mixed aldehyde solution
composed of 2% paraformaldehyde and 2% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4). Subsequently, samples
were cut longitudinally with the knife-edge parallel to the
muscle fiber and postfixed using 1% osmium tetroxide in 0.1
M cacodylate buffer (pH 7.2). Samples were dehydrated in
an ethanol series and embedded in Epon 812 using standard
procedures. Ultrathin sections were cut and double-stained
with uranyl acetate and lead citrate and then examined with
a Hitachi H-600 EM (Tokyo, Japan).

2.7. Gel Electrophoresis and Densitometric Analysis. SDS-
PAGE was performed to analyze the myofibrillar proteins
actin, myosin heavy chain (MHC), and titin according to
Chen et al. [20], using a 4%∼12% step gradient mini-gel with
an ambiguous interface. A loading range of each sample was
electrophoresed on a “calibration gel.” Gel electrophoresis
was performed at a constant 100 V for 2 h at room tempera-
ture until the bromophenol blue had reached approximately 5
mm above the bottom of the gel. After electrophoresis, the gel
slabs were stainedwithCoomassie brilliant blue R-250 in 50%
methanol and 10% acetic acid and subsequently destained in a
10% methanol and 10% acetic acid solution. A densitometric
analysis was performed with a Photo-Print Digital Imaging
System (IP-008-SD; Vilber Lourmat, Cedex, France) with
Bio-1D analytic software.The optical density integrals (ODIs)
of MHC and titin were measured for each loading volume,
and the slope of the relationship between theODI and loading
volume was determined by a linear regression analysis. Also,
the ratio of titin to MHC (titin/MHC) was calculated as the
slope of the titin ODI/loading volume divided by the slope
of the MHC ODI/loading volume [21]. Prestained Protein
Ladder # PREP1025 (Bioman Scientific, Taipei, Taiwan) was
used as a molecular weight reference.

2.8. Statistical Analysis. Values are expressed as the mean ±
standard error of the mean (SEM). Student's paired t-test
was used to verify the significance of the differences between

red and white muscles. At all times, p<0.05 was considered
significant.

3. Results

3.1. Characteristics of Red and White Muscles of Tilapia. In
a cross-section of tilapia, the red and white muscles were
easily identified according to the muscle color and location.
As shown in Figure 1(b), white muscle was abundant in the
dorsal and ventral parts of the trunk, while red muscle was
triangular and located on the lateral side of the trunk. Oil-
red O staining showed that red muscle contained more lipid
droplets than did white muscle (Figures 1(c) and 1(d)).

3.2. TOF-SIMS Analysis of Red andWhite Muscles. Results of
the TOF-SIMS spectral analysis are shown in Figure 2(a), and
the respective identified peaks of phosphate ions (PO

3

−, m/z
79.96), palmitic acid (18:0, m/z 255.24), and oleic acid (18:1,
m/z 281.26) are shown in Figure 2(b). TOF-SIMS also imaged
the distribution of inorganic ions and fatty acids in red and
whitemuscles of tilapia.This analysis produced an interesting
image in which phosphate ions (PO

3

−, m/z 79) were found
to be more enriched in white muscle (Figure 3(a)) than in
red muscle. In contrast, palmitic acid (18:0, m/z 255) and
oleic acid (18:1, m/z 281) showed higher levels in red muscle
compared to white muscle (Figures 3(b) and 3(c)). Moreover,
the distribution pattern of palmitic acid was similar to that of
oleic acid in red muscle. Figure 3(d) shows areas of red and
white muscles used as standards for the TOF-SIMS analysis.

3.3. Elastic and Collagen Fibers in Connective Tissues of Red
and White Muscles. We used the EVG staining method
to examine elastic fibers and collagen fibers in connective
tissues. Sections showed a high level of connective tissues
between red muscle fibers (Figure 4(a)). The size of white
muscle fibers was obviously larger than red muscle fibers
(Figure 4(b)). The EVG staining image clearly indicated that
red muscle contained more connective tissue fibers, such as
collagen and elastic fibers, than did white muscle (Figures
4(a) and 4(b)).

3.4. Mitochondrion Localization of Red and White Muscle
Fibers. Localization of mitochondria in red and white mus-
cles was determined using Mito-Tracker green FM staining.
Intracellular mitochondria were stained green, whereas con-
nective tissues between muscle fibers were black (Figures
4(c)–4(f)). Results showed that abundantmitochondria accu-
mulated beneath the sarcolemma of both red and white mus-
cle fibers. However, more mitochondria between myofibrils
were found in red muscle fibers than in white muscle fibers
(arrows in Figures 4(e) and 4(f)).

3.5. EM Ultrastructure of Red and White Muscle Fibers. Red
and white muscle fibers were distinguishable in longitudi-
nal EM sections (Figure 5). Red muscle fibers contained
numerous large mitochondria and lipid droplets beneath the
sarcolemma and between myofibrils (Figure 5(a)); however,
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Figure 2: Negative ion TOF-SIMS mass spectrum. (a) Partial mass spectrum obtained from a region of interest containing red and white
muscles in a fish muscle section in the m/z range of 0∼300. (b) Values ofm/z of identified peak areas are labeled in the TOF-SIMS spectrum.

white fibers rarely had mitochondria or lipid droplets (Fig-
ure 5(b)). The sarcomere length between two Z-lines was
longer in red muscle fibers (1.411 ± 0.026 𝜇m) than white
muscle fibers (1.178 ± 0.081 𝜇m) (Figures 5(c)–5(e)). The
width of the Z-line of red muscle fibers (70.9 ± 10.6 nm)
was nearly double that of white muscle fibers (35.0 ± 7.0 nm)
(Figures 5(c), 5(d), and 5(f)). The average diameter of white
muscle myofibrils was relatively larger (0.968 ± 0.085 𝜇m)
than that of redmusclemyofibrils (0.776± 0.135𝜇m) (Figures
5(c), 5(d), and 5(g)).

3.6. Myofibrillar Proteins in Red and White Muscles. SDS-
PAGE was performed to analyze myofibrillar proteins in
red and white muscles using 4% ∼12% step gradient mini-
gels. Titin, MHC, and actin were all visible in Coomassie
brilliant blue-stained step gradient mini-gels (Figure 6(a)).
Relative proportions of myofibrillar proteins were calculated
by quantitative densitometry. A linear regression analysis
between the ODI and loading volume showed that slopes of
the ODI/loading volume of titin were 2144.1 ± 47.5 and 4090.3
± 397.8 in red and white muscles, respectively. Thus, the ratio
of titin in red to white muscle (titin R/W) was about 54.6%±
7.4%whichwas significantly lower than those ofMHC (MHC
R/W was 69.3%± 5.0%) and actin (actin R/W was 74.0% ±
7.6%) (Figure 6(b)). Ratios of titin toMHC (titin/MHC) were

20.6% ± 1.1% and 27.3% ± 0.5% in red and white muscles,
respectively (Figure 6(c)). These results show that the titin
protein was more abundant in white muscle than red muscle.

4. Discussion

In this study, we used the fish (Tilapia) to analyze the ATP,
titin, and sarcomere ultrastructure by using novel TOF-SIMS
and EM techniques in red and white muscles. Results of
Oil-red O staining showed that red muscle contained more
lipid droplets than did white muscle. The spectra and images
of TOF-SIMS demonstrated that phosphate ions were rich
in white muscles, but more fatty acids (palmitic acid and
oleic acid) were found in red muscles. In addition, collagen
and elastic fibers of connective tissue were more enriched
in red muscle than in white muscle. Despite both muscles
containingmitochondria beneath the sarcolemma, numerous
long and large mitochondria between the myofibrils were
only seen in red muscle. Moreover, ultrastructural observa-
tions determined that the sarcomere length and Z-line width
were larger in red muscle, but the myofibril diameter was
thicker in white muscle. Finally, white muscle had more
myofibrillar proteins (titin, MHC, and actin) than did red
muscle.The ratio of titin to myosin (titin/MHC) was lower in
redmuscle than in whitemuscle. According to these findings,
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Figure 3: TOF-SIMS images of negative ion and fatty acid compositions of red (R) and white (W)muscles. (a) TOF-SIMS ion image showing
the distribution of phosphate (PO3−) m/z 79. (b) TOF-SIMS ion image showing the distribution of palmitic acid m/z 255. (c) TOF-SIMS ion
image showing the distribution of oleic acid m/z 281. (d) Bright-field standard. Bar: 100 𝜇m. Image size 500 × 500 𝜇m (256 × 256 pixels).

we proposed that white muscle has faster and more-powerful
contractions than red muscle, which may result from high
levels of titin and phosphate ions, a source of ATPmolecules,
but less connective tissue and a shorter sarcomere length.

Previous biochemical, histochemical, and EM studies
showed up to a threefold higher lipid content in red muscle
fibers than in white muscle fibers obtained from a muscle
biopsy sample of healthy subjects [22]. Those data were
supported by data using Oil-red O and immunofluorescence
microscopy [23]. Characteristics of red muscles in fish are
also a good capillary supply and high levels of mitochondria,
lipid droplets, and glycogen stores [24]. Consistent with
those studies, the present work also found that red muscle
contains higher numbers of mitochondria and lipid droplets.
In addition, we found that red muscle contains high amounts
of palmitic acid (18:0, m/z 255) and oleic acid (18:1, m/z 281)
compared to white muscle. TOF-SIMS images showed that
the distribution pattern of palmitic acid was similar to that of
oleic acid, suggesting that lipid droplets in redmuscle contain

both fatty acids. These fatty acids in red muscle might be the
fuel for the oxidative regeneration of ATP, like glycogen in
white muscle is the source of anaerobic glycolysis for ATP
generation [25]. A previous EM study by Nag [5] showed that
lipid droplets in redmuscle fibers were closely associatedwith
mitochondria. Red muscle fibers are mainly used for posture
maintenance and sustained energy-efficient exercise. These
studies suggest that red muscle fibers are resistant to fatigue
because of their ability to oxidatively regenerate ATP.

The level of phosphate ions, an actual energy source of
ATP, was higher in white muscle than red muscle in a resting
condition. Available source of ATP at rest can quickly provide
energy for contractile activity in white muscles for burst
movement [26, 27]. After depleting stored ATP, its regen-
eration is supported by creatine kinase, adenylate kinase,
and AMP-activated protein kinase (AMPK) [28]. Muscle
contractions during exercise were found to increase AMPK
activity and enhance the immediate availability of both
carbohydrates and fats as fuel for mitochondrial oxidation
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Figure 4: Elastica-van Gieson (EVG) and Mito-Tracker Green FM staining to, respectively, detect connective tissues and mitochondria. (a)
and (b) EVG staining labeled connective tissue between muscle fibers. Collagen fibers are red, and elastic fibers are purple. There was more
connective tissue (arrowheads) between muscle fibers in red muscle (R) than white muscle (W). In addition, the size of red muscle fibers
was smaller than that of white muscle fibers. (c–f) Mito-Tracker Green FM staining to label intracellular mitochondria. (c) and (e) show the
mitochondrial distribution images of red muscle. (d) and (f) show the mitochondrial distribution images of white muscle.There was a high
density of green fluorescence surrounding each muscle fiber in both muscles, indicating that abundant mitochondria were located beneath
the sarcolemma. In addition, more green dots or trabecula (arrows) were found in red muscle fibers than in white muscle fibers ((e) and (f)),
indicating that more-abundant mitochondria were located between myofibrils in red muscle than in white muscle.

and increased rates of ATP production [29, 30]. Another
source of ATP generation is the glycolytic pathway which
is more effective in white muscle than in red muscle [31].
Furthermore, it is well known that ATP is regenerated during
the tricarboxylic acid cycle in mitochondria, and this process
is more effective in red muscle than in white muscle [32].
In contrast, white muscle contained few mitochondria and
lipid droplets, suggesting that white muscle fatigues rapidly.

Ultrastructural observations demonstrated that whitemuscle
had shorter sarcomere lengths and wider myofibril diameters
than those of red muscle, indicating that white muscle could
exhibit stronger and faster contractions than red muscle.

On the other hand, the generally accepted mechanism
of active force production in a sarcomere is based on the
actin and myosin filament sliding model, the so-called cross-
bridge theory [33]. Briefly, myosin heads attach to actin
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Figure 5: Electronmicroscopic (EM) ultrastructural images of red (R) and white (W)muscle fibers. (a) Severalmitochondria are located near
the sarcolemma. Lipid droplets can be seen between the myofibrils in red muscle fibers. (b) EM image indicating less cytoplasm and fewer
mitochondria between myofibrils in white muscle fibers. (c) A longitudinal section displayed the well-organized sarcomere in red muscle
fibers. (d) Well-organized sarcomeres were also observed in white muscle fibers.The sarcomere length (double-headed arrow) is the distance
between two Z-lines. (e) The sarcomere length was shorter in white muscle fibers. (f) The Z-line width was thinner in white muscle fibers.
(g)The myofibril width was larger in white muscle fibers. ∗ p < 0.001. L, lipid droplet; M, mitochondria; SL, sarcomere length; Z, Z-line. Bar:
0.5 𝜇m.

filaments and pull the actin filaments towards the M-line in
the center of the sarcomere. Thereby the sarcomere shortens
and produces an active force.Thediscovery of the giant elastic
protein, titin, dramatically expanded our understanding of
muscle structure and function [6, 8, 34]. In addition, titin also
plays an important role as a molecular scaffold for thick and
presumably thin filament formation during myofibrillogene-
sis [35]. It is because of this supportive role that titin damage
results in abnormal sarcomeric organization and myofibril
disassembly [36, 37]. Considering these important functions
of titin, we characterized muscle proteins in tilapia and found
that titin was more highly expressed in white muscle than red
muscle. Titin contents were about 10% of total myofibrillar
proteins in chicken breast muscle [6], 16% in rabbit skeletal
muscle, and 13% in fish muscle [12]. Ratios of titin relative to
myosin were estimated to be 1:9.5 for rabbit cardiac muscle
and 1:4.2 for rabbit skeletal muscle [38]. In this study, ratios
of titin to myosin were estimated to be 0.206 (1:4.8) for red
muscle and 0.273 (1:3.7) for white muscle. White muscle

containing a higher titin/MHC ratio represents amore-elastic
protein in sarcomere units. Since titin is the main passive
tension source of muscles, white muscle is relatively more
rigid than red muscle. In addition, skeletal muscle force
regulationhighly depends on titin filaments, rather than actin
and myosin filaments [10, 11]. White muscle contracts faster
andmore efficiently than redmuscle, whichmight result from
a higher level of titin and more-organized sarcomeres.

Studies have demonstrated that titin stiffness increases in
activated muscle prior to development of force [39] and also
demonstrated a role for titin in residual force enhancement
[40]. Another study suggested that titin binds calcium upon
activation, thereby increasing its spring stiffness, and that
some proximal part of titin may bind to actin, thereby
potentially decreasing titin’s free spring length in the I-band
region, thus possibly increasing titin’s stiffness and its force
[9]. Given the weight of these evidences, it is now more
ungenerous to presume that not only cross-bridges, but also
titin contributes to dynamic force production.
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Figure 6: SDS-PAGE protein analysis of red (R) and white (W) muscles. (a) After loading equal concentrations (2∼10 𝜇g) of total proteins,
white muscle displayed more myofibrillar proteins than did red muscle. Titin, myosin heavy chain (MHC), and actin were the three major
myofibrillar proteins. (b) Ratios of titin, MHC, and actin in red muscle to white muscle. (c) Mean ratios of titin/MHC in red and white
muscles. # p < 0.01, ∗ p < 0.001.

5. Conclusion

Thepresent study was carried out to discover the biochemical
characteristics which are important in muscle contraction
in red and white muscles of fish (Tilapia). Our results
suggest that white muscle contains higher levels of titin and
phosphate ions and shorter sarcomere lengths, which may be
involved in faster and more-powerful muscle contractions.
In addition, red muscle was enriched in well-balanced lipid
droplets, fatty acids, and mitochondria and had longer
sarcomere lengths for slow, long-term contractions. Taken
together, the present results of titin and energetic parameters
in red and white muscles provide evidence that white muscle
is more suitable for short and powerful contractile perfor-
mance than red muscle.
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