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Abstract

In this study, we investigated the effects of a short-term and long-term high-
fat diet (HFD) on morphological and functional features of fast-twitch skeletal
muscle. Male C57BL/6] mice were fed a HFD (60% fat) for 4 weeks (4-week
HFD) or 12 weeks (12-week HFD). Subsequently, the fast-twitch extensor dig-
itorum longus muscle was isolated, and the composition of muscle fiber type,
expression levels of proteins involved in muscle contraction, and force pro-
duction on electrical stimulation were analyzed. The 12-week HFD, but not
the 4-week HFD, resulted in a decreased muscle tetanic force on 100 Hz stim-
ulation compared with control (5.1 & 1.4 N/g in the 12-week HFD vs.
7.5 £ 1.7 N/g in the control group; P < 0.05), whereas muscle weight and
cross-sectional area were not altered after both HFD protocols. Morphological
analysis indicated that the percentage of type IIx myosin heavy chain fibers,
mitochondrial oxidative enzyme activity, and intramyocellular lipid levels
increased in the 12-week HFD group, but not in the 4-week HFD group,
compared with controls (P < 0.05). No changes in the expression levels of cal-
cium handling-related proteins and myofibrillar proteins (myosin heavy chain
and actin) were detected in the HFD models, whereas fast-troponin T-protein
expression was decreased in the 12-week HFD group, but not in the 4-week
HFD group (P < 0.05). These findings indicate that a long-term HFD, but
not a short-term HFD, impairs contractile force in fast-twitch muscle fibers.
Given that skeletal muscle strength largely depends on muscle fiber type, the
impaired muscle contractile force by a HFD might result from morphological
changes of fiber type composition.

and loss of muscle mass (Park et al. 2006, 2009; Zhou

Introduction o . .
et al. 2007; Lee et al. 2011). In addition, previous studies
Metabolic disorders, such as insulin resistance and type 2 have demonstrated that decreased muscle strength is
diabetes mellitus, can cause a decrease in muscle strength observed in obese young adults (Maffiuletti et al. 2007)
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and older adults (Zoico et al. 2004; Tomlinson et al.
2014a). The decreased muscle strength observed in obese
subjects may be caused by decreased muscle quantity and/
or quality, which is calculated as muscle strength per unit
of muscle mass (Tomlinson et al. 2014b). A recent study
demonstrated that muscle strength normalized to fiber
size was substantially lower in obese older adults (Choi
et al. 2016). This result suggests that decreased muscle
strength in obese subjects is caused by decreased muscle
contractile force. However, the underlying mechanism of
the association between obesity and a decrease in muscle
contractile force has not been fully elucidated.

Although maximal contractile force largely depends on
fast-twitch fibers rather than slow-twitch fibers (Bottinelli
et al. 1991, 1994), a high-fat diet (HFD)-induced rodent
obesity model did not demonstrate a decreased muscle
contractile force in fast-twitch dominant muscles. For
example, mice fed a HFD for 3 weeks (Thomas et al.
2014) or 8 weeks (Shortreed et al. 2009) did not have
significant impairment of the contractile force of fast-
twitch dominant muscles. Another study also showed
that 5 weeks on a HFD reduced tetanic contractile force
only in slow-twitch dominant muscles, but not in
fast-twitch dominant muscles (Ciapaite et al. 2015).
Therefore, being on a HFD for only several weeks do not
significantly alter muscle contractile force in fast-twitch
dominant muscles. However, the effects of being fed a
HFD for longer than 8 weeks on the muscle contractile
force of fast-twitch dominant muscles has not yet been
elucidated.

Skeletal muscle contraction is regulated by several func-
tional cellular compartments, such as action potential,
Ca®* release, cross-bridge cycling, energy supply, and
muscle fiber type composition (Dux 1993; Allen et al.
2008; Schiaffino and Reggiani 2011; Eshima et al. 2014).
In particular, contractile force largely depends on fiber
type and metabolic profile of mammalian skeletal muscle
(Barany 1967). In addition, myosin isoform is a major
factor thought to contribute to differences in muscle con-
tractile force in different fiber types (Pette and Staron
2000; Baylor and Hollingworth 2003). For example, mam-
malian skeletal muscle fibers express either slow-type
myosin, or three fast-type myosin isoforms: types Ila, IIx,
and IIb (Gilliver et al. 2009). The contractile forces pro-
duced by the different MHC-type fibers are in the follow-
ing order: slow < Ila < IIx < IIb (Bottinelli et al. 1991,
1996; Schiaffino and Reggiani 2011). Although a recent
study showed that 16 weeks on a HFD decreased the
number of type IIb fibers and increased the number of
type Ila fibers without assessing muscle contraction force
(Mastrocola et al. 2015), the effect of a long-term HFD
on muscle fiber composition and muscle contractile force
have not yet been fully elucidated.
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Based on this information, we hypothesized that altered
muscle fiber composition and impaired contractile force in
fast-twitch dominant muscle after a long-term HFD, but
not short-term HFD mice. Thus, we investigated the effect
of a short-term and long-term HFD on the contractile force
and morphological changes of muscles, including muscle
fiber type composition in fast-twitch skeletal muscle.

Materials and Methods

Animals

Male C57BL6] mice were housed in cages in a tempera-
ture-controlled room under a 12 h light-dark cycle. Dur-
ing a 1l-week adaptation period, all mice were fed a
standard chow and water ad libitum. After an initial
acclimatization period, animals (8 weeks of age) were
randomly assigned to either the group fed a HFD
(D12492, Research Diets, New Brunswick, NJ) containing
20% protein, 60% fat, 20% carbohydrate, or the grouped
fed standard chow. After a short-term (4-week) or long-
term (12-week) HFD, we performed blood and muscle
sampling for further analysis, as described below. All ani-
mal experiments in this study were approved by the Ani-
mal Experimental Committee of Juntendo University.

Assessment of glucose metabolism

The intraperitoneal glucose tolerance test (IPGTT) was
performed on mice fasted overnight (16 hrs) after 3 weeks
or 11 weeks of diet intervention. Glucose was injected
intraperitoneally (0.5 g/kg body weight) and blood glucose
was assessed by tail bleeds at 0, 15, 30, 60, 90, 120, and
150 min. Fasted plasma insulin were measured using an
ELISA kit (Morinaga Co., Kanagawa, Japan) in according
to the manufacturer’s protocol. The homeostasis model
assessment of insulin resistance (HOMA-IR) was calculated
as previously described (Matthews et al. 1985).

Muscle preparation

For all experimental techniques, the extensor digitorum
longus (EDL) muscle was used. This muscle is composed
primarily of fast-twitch fibers (Delp and Duan 1996;
Bloemberg and Quadrilatero 2012). Mice were anes-
thetized with an intraperitoneal injection of sodium pen-
tobarbital (70 mg/kg body weight) and the EDL muscles
were dissected once a surgical level of anesthesia was
reached. EDL muscles were immediately used for mea-
surements of isometric contractile force, as described
below. At the end of the experiments, EDL muscles were
frozen rapidly in isopentane that was cooled in liquid
nitrogen, and used for histochemical staining.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Muscle contraction measurement

The force-frequency relationship was assessed in intact
EDL, as described previously (Nishi et al. 1999). Briefly,
isolated EDL muscle preparations were mounted
between a force transducer (UL-100; Minebea Co.,
Tokyo, Japan) and fixed hock in a chamber containing
Krebs solution (120 mmol/L NaCl, 5 mmol/L KCl,
2 mmol/L  CaCl,, 1 mmol/L MgCl,, 1 mmol/L
NaH,PO,, 25 mmol/L NaHCO;, and 11 mmol/L glu-
cose) bubbled with 95% O, and 5% CO, at 30°C.
Then isolated muscle was stimulated with 500 msec
trains of current pulses at 1, 3, 10, 20, 30, 40, 50, 70,
100, 150 Hz at 1 min intervals and contractile force
was measured. The preparations were stretched with a
resting tension of 0.7 g and field-stimulated with supra-
maximal voltage. Absolute contractile force was normal-
ized to muscle weight.

Muscle histology

Serial 10-um sections were made with a cryostat
(CM1510; Leica, Tokyo, Japan) at —20°C and mounted
on polylysine-coated slides. Whole sections were stained
for hematoxylin and eosin, succinate dehydrogenase
(SDH), fast myosin heavy chain (MHC), and Oil Red
O. SDH activities in individual muscle fibers of the his-
tological sections were examined and analyzed as
described previously (Eshima et al. 2013, 2015). Mouse
monoclonal antibodies that react specifically with the
type Ila (1:1,000; SC-71) and IIx (1:100; BF-35) MHC
isoforms were supplied by Developmental Studies Hybri-
doma Bank (University of Iowa, IA). The M.O.M.
Immunodetection kit (Vector Laboratories, Burlingame,
CA) and Vectastain ABC kit (Vector Laboratories) were
used to reveal the immunohistochemical reaction,
according to the manufacturer’s instructions. Intracellu-
lar myocellular lipid (IMCL) levels were assessed by Oil
Red O staining (Koopman et al. 2001; Shortreed et al.
2009). The cross-sectional areas, SDH activities, and
IMCL levels were measured by tracing fiber outlines of
approximately 169 fibers per section from muscle sec-
tions. The images were digitized as gray-level pictures.
Each pixel was quantified as one of 256 gray levels and
then automatically converted to an optical density using
ImageJ software.

Western blotting analysis

Western blotting was performed to determine protein
expression levels in EDL muscles. The EDL muscles were
excised and snap frozen in liquid nitrogen. Then, muscles
were homogenized in ice-cold RIPA lysis buffer

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Muscle Contractile Force After Long-Term High-Fat Diet

(20 mmol/L Tris [pH 7.5], 140 mmol/L NaCl, 1 mmol/L
EDTA, 50 mmol/L NaF, 1% Nonidet P-40) containing
the Halt" Protease and Phosphatase Inhibitor Cocktail
(50 uL per mL). Homogenates were centrifuged at
20,400 g for 15 min at 4°C. Supernatant proteins were
then quantified using the Pierce 660-nm protein assay
reagent (Thermo Fisher Scientific, Waltham, MA). Sam-
ples (seven samples were loaded onto each gel) were then
electrophoresed on Mini-PROTEAN gels (4-15% and
4-20%; Bio-Rad Laboratories, Tokyo, Japan) and then
transferred to polyvinylidene fluoride membranes, blocked
with skim milk, and incubated overnight with the follow-
ing primary antibodies: anti-type 1 ryanodine receptor
(RyR1) antibody 34C (Thermo Fisher Scientific, MA3-
925); anti-dihydropyridine (DHPR) antibody 20A
(Abcam, ab2864); anti-calsequestrin (CSQ) antibody
VIIID12 (Thermo Scientific, MA3-913); anti-SR Ca”*-
ATPase 1 (SERCAI) antibody IIH11 (Thermo Scientific,
MA3-911); anti-parvalbumin (PV) (Abcam, ab32895),
anti-o-tubulin antibody GT114 (GeneTex) at 4°C. Then,
membranes were incubated with the appropriate sec-
ondary antibody conjugated to horseradish peroxidase
and were enhanced by SuperSignal West Dura extended
duration substrate (Thermo Fisher Scientific) and quanti-
fied by densitometry (C-DiGit, LI-COR Biosciences, Lin-
coln, NE). Protein levels were normalized by o«-tubulin
expression levels and were expressed relative to the con-
trol mice fed a standard diet (control; CONT) group
samples.

Extraction of myofibrils was performed as previously
described (Tsika et al. 1987; Kanzaki et al. 2010). Aliquots
of myofibrillar extracts proteins were subjected to elec-
trophoresis and stained with Coomassie brilliant blue.
Images of gels were acquired using ImageQuant LAS-3000
(GE Healthcare Life Sciences, Tokyo, Japan). The content
of myosin heavy chain (MHC) or actin proteins was eval-
uated densitometrically using ImageJ. Immunoblots for
fast troponin T isoform (fast-TnT) and slow troponin T
isoform (slow-TnT) proteins were detected as described
above, using primary antibodies [anti-fast TnT antibody
H222, (Santa Cruz Biotechnology, sc-20643) and anti-
slow TnT antibody H55, (Santa Cruz Biotechnology, sc-
28269)]. Protein levels were expressed relative to the
CONT group samples.

Statistical analysis

Values are expressed as means + SE. Statistical analyses
were performed in Prism version 5.0 (GraphPad Software,
San Diego, CA). Two-way ANOVA were used to identify
group differences in IPGTT and muscle force. Bonfer-
roni-adjusted post hoc tests were performed to compare
CONT and HFD groups at each time and frequency
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Figure 1. Glucose tolerance after 3 and 11 weeks on a high-fat diet. The intraperitoneal glucose tolerance test (IPGTT) was performed after an
overnight fast (16 hrs), 1 week before harvest (A: at 3 weeks; C: 11 weeks). Area under the curve (AUC) of the IPGTT test results (B: from the
results in A; D: from the results in C). Values shown are means + SE (n = 7-8). *Significant difference between the control (CONT) and high-

fat diet (HFD) groups (*P < 0.05, **P < 0.01).

(Fig. 3). These data indicate that a long-term (12 week)
HFD, but not a short-term (4 week) HFD, impairs
muscle contractile force, whereas both twitch and relax-
ation speed were not altered.

Effect of short-term and long-term HFD on
muscle morphology

In EDL muscles from the 12-week HFD group, but not the
4-week HFD group, there was an increased percentage of
MHC type Ila/x fibers, mainly at the expense of decreased
type IIb fibers, compared with those from the CONT
group (Fig. 4, A and B), whereas total cross-sectional areas
were unchanged in both HFD groups (Fig. 4, C and D).
SDH activity was unchanged in the 4-week HFD group
(108.8 + 8.8 O.D. in the 4-week HFD vs 98.9 £+ 3.4 O.D.
in the CONT group; P > 0.05; Fig. 4E), but the 12-week
HFD group showed evidence of significantly increased
SDH activity in total fiber analysis (P > 0.05; Fig. 4F).
Furthermore, in the 12-week HFD, but not in the 4-week
HFD group (P < 0.05; Fig. 4G), increased IMCL levels

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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were observed in all type II fiber types compared with the
CONT group (P < 0.05; Fig. 4H).

Effect of short-term and long-term HFD on
proteins associated with muscle contraction

Proteins playing an important role in skeletal muscle
Ca®" regulation were analyzed by western blotting. No
significant differences in the protein expression levels of
RyR, DHPR, CSQ, SERCA1, and PV were noted between
both HFD groups and the CONT group (Fig. 5). Next,
we assessed the expression levels of myofibrillar proteins
in HFD groups and the CONT group. Neither the MHC
nor actin content were altered in HFD groups compared
with CONT groups (Fig. 6). We also evaluated troponin
T, a component of the regulatory troponin complex that
plays a role in Ca®* sensitivity and contractile function in
skeletal muscle (Ogut et al. 1999). Expression levels of
fast-TnT was approximately 20% lower in the 12-week
HFD than in the CONT group (P < 0.05), but not in the
4-week HFD group. Expression levels of slow-TnT was
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Figure 2. Force-frequency relationship in fast-twitch skeletal muscle of mice after a high-fat diet. Isometric tension at several frequencies was
determined in EDL muscles from control (CONT) and high-fat diet (HFD)-fed mice. Absolute force per muscle mass (A: 4 weeks; C: 12 weeks)
and relative force calculated by each value normalized to the maximum force (B: 4 weeks; D: 12 weeks) were represented by the mean + SE
(n = 5-7 from 5 mice). *Significant difference between CONT and HFD groups (P < 0.05).
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Figure 3. Force velocity in fast-twitch skeletal muscle after a high-fat diet. (A) Representative records of twitch contractile force in EDL muscles
from a control mice (CONT, solid line) and a 12 week high-fat diet-fed mice (HFD, dashed line). Time to peak force (TTP) and half-relaxation
time (HRT) of muscle twitches in CONT and HFD mice (B: 4 weeks; C: 12 weeks). Values shown are means + SE (n = 6-10 from 5 mice).
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Figure 4. Morphometric changes of muscles after a high-fat diet. Composition (A and B), cross-sectional area (C and D), succinate
dehydrogenase (SDH) activity (E and F), and intramyocellular lipid levels determined by Oil Red O staining (G and H) of extensor digitorum
longus muscles in control mice (CONT) and high-fat diet-fed mice (HFD; left: 4 weeks; right: 12 weeks). succinate dehydrogenase (SDH) and Oil
Red O staining are graphically represented by arbitrary units of optical density (O.D.), with higher values representing more intense staining,
normalized to a percentage of the overall mean control value for each graph (% of CONT). Values are means + SE (n = 3-7). *Significant
difference between CONT and HFD groups (P < 0.05).

relatively higher after 12-week HFD compared with features of fast-twitch dominant muscle. The main find-
CONT (Fig. 6). ings were the following: (1) A long-term (12 week) HFD,
but not a short-term (4 week) HFD, impaired tetanic
contractile force in fast-twitch dominant muscle indepen-

Discussion . .

dently of muscle weight loss; (2) This decreased contrac-
In this study, we investigated the effects of a short-term tile force after a long-term HFD was associated with
and long-term HFD on morphological and functional changes in muscle fiber-type composition, SDH activity,
© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of 2017 | Vol. 5 | Iss. 7 | e13250
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Figure 5. Expression levels of muscle calcium-regulated proteins in mice after a high-fat diet. Protein levels in control mice (CONT) and high-
fat diet-fed mice (HFD; upper panel: 4 weeks; lower panels: 12 weeks). Left: representative western blots of RyR, DHPR, CSQ, SERCA1 and PV
proteins (A: 4 weeks; C: 12 weeks). A protein expression levels expressed relative to the value of CONT mice (B: 4 weeks; D: 12 weeks). Values

are means + SE (n = 7).

insulin resistance, IMCL accumulation, and decreased
fast-TnT expression levels.

Although it has been reported that muscle strength
normalized to fiber size is decreased in obese humans
(Choi et al. 2016), a rodent model of obesity created by a
short-term HFD in mice did not result in impaired mus-
cle contractile force in fast-twitch muscles (Shortreed
et al. 2009; Thomas et al. 2014). Consistently, we found
that a short-term HFD (4 week) did not significantly alter
contractile force (Fig. 2, A and B); however, we demon-
strated for the first time that a significant decrease in teta-
nic contractile force in fast-twitch dominant muscles
occurs after a long-term HFD (12 week) compared with
the control group (Fig. 2, C and D). Muscle weight gen-
erally increases with body weight gain; however, we
observed similar muscle weights and cross-sectional areas
of the EDL muscle after the 4 or 12 week HFD, compared
with the CONT group. The sustained muscle weight after
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a HFD suggests that decreased muscle contractile force
after a long-term HFD is not due to muscle volume loss,
but due to impaired muscle contractile force.

Mammalian skeletal muscle strength largely depends on
muscle fiber type (Gilliver et al. 2009; Schiaffino and Reg-
giani 2011). In particular, in mouse skeletal muscle, MHC
type IIb fibers strongly contribute to muscle contractile
force rather than type Ila/x and type slow fibers, classified
according to MHC composition. For example, unloaded
shortening velocity in type IIx, Ila, and slow fibers are
significantly lower than that in type IIb fibers by 34%,
46%, and 74%, respectively (Nyitrai et al. 2006). In addi-
tion, Andruchov et al. (2004) demonstrates that the
MHC type I fibers exhibited a smaller specific force than
MHC type II fibers in mouse skeletal muscles. Consistent
with previous studies (Shortreed et al. 2009; Thomas
et al. 2014; Mastrocola et al. 2015), we observed an
increased percentage of type IIx fibers as a result of a
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Figure 6. Expression levels of myofibrillar proteins in mice after a high-fat diet. Electrophoretic separation of myofibrillar proteins by
polyacrylamide gradient (4-15%) gel in control mice (CONT) and high-fat diet (HFD)-fed mice (A: 4 weeks; C: 12 weeks). Representative
western blots of fast-troponin T (fast-TnT) and slow-troponin T (slow-TnT) were also presented. Protein content of fast-TnT and slow-TnT were
normalized by total myofibrillar proteins expression levels and expressed relative to the value of CONT mice (B: 4 weeks; D: 12 weeks). Values
are means =+ SE (n = 4-6). *Significant difference between CONT and HFD groups (P < 0.05).

decrease in type IIb fibers in EDL muscle in long-term
HFD-fed mice, but these changes were not observed in
short-term HFD-fed mice (Fig. 4, A and B). These results
suggest that a change in the ratio of fiber types may be
one of the mechanisms resulting in decreased muscle con-
tractile force associated with a long-term HFD. However,
causal relationship between fiber type composition and
muscle contractile force remains to be determined.

Our data showed a decrease in fast-TnT protein
expression levels in long-term HFD-fed mice, but not in
short-term HFD-fed mice (Fig. 6). TnT plays a role in
regulating the conformational changes in thin myofila-
ments during excitation—contraction coupling, and con-
tribute to contractile force in skeletal muscle (Wei and

Jin 2011; Wei et al. 2014). Fast-TnT and slow-TnT are
mainly expressed in fast-twitch and slow-twitch domi-
nant muscles, respectively (Brotto et al. 2006; Wei and
Jin 2016), and different patterns of TnT expression may
partially explain the difference in muscle contractile
force between fast and slow muscle fibers (Wang et al.
2001). It has been reported that HFD induces not only
a shift from type II/glycolytic toward type Il/oxidative
muscle fibers, but also a shift in TnT isoform expression
from fast to slow (Schilder et al. 2011; Ciapaite et al.
2015). Thus, in this study, the decrease in fast-TnT pro-
tein levels after a long-term HFD may partially reflect
the fiber type change, and may contribute to impaired
muscle contractile force.
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Many studies have demonstrated that control of muscle
contraction and relaxation speeds are critically dependent
on effective SR Ca®* handling (Allen et al. 2008). A previ-
ous study demonstrated impaired Ca®" handling during
tetanic muscle contraction in the ob/ob mouse, which is a
model of obesity (Bruton et al. 2002). Furthermore, the
db/db mouse, a model of obesity associated with type 2
diabetes, demonstrates contractile dysfunction and the
reduced expression of SERCA pump levels in skeletal
muscle (Bayley et al. 2016). However, our data showed
no differences in the expression of calcium-associated
proteins between the HFD groups and the CONT group
(Fig. 5). Consistent with this, the time to peak contrac-
tion and to half-relaxation in the twitch stimulation
experiments did not change in either HFD group, com-
pared with in the control group (Fig. 3). These data sug-
gest that a 12-week HFD may not affect SR Ca®*
handling, and thus the speed of muscle contraction and
relaxation are maintained.

The long-term HFD altered several metabolic character-
istics in skeletal muscle. For example, the 12-week HFD,
but not the 4- week HFD, increased muscle SDH activity.
These oxidative changes after a HFD have been reported
in a previous study (Thomas et al. 2014), but the change
did not result in functional benefits in muscle fatigue
resistance, or whole body exercise capacity (Thomas et al.
2014). Furthermore, Turner et al. also demonstrated that
increased mitochondrial enzyme activities and mitochon-
drial respiratory chain subunit protein levels in skeletal
muscle in HFD-induce obese rats (Turner et al. 2007).
Consistently, our data demonstrated that SDH activity
was increased after 12-week HFD, which is very similar to
other study (Li et al. 2016). In contrast, previous studies
demonstrated that insulin resistance is closely associated
with IMCL accumulation (Bachmann et al. 2001; Kakehi
et al. 2016) and decreased muscle strength in nondiabetic
adults (Barzilay et al. 2009). In addition, strength training
improved muscle strength and whole-body insulin sensi-
tivity in older adults with type 2 diabetes (Brooks et al.
2007). It has also been reported that greater IMCL accu-
mulation is closely associated with impaired muscle fiber
contractile force in obese older adults (Choi et al. 2016).
Consistently, in the present study, progression of the
decrease in muscle contractile force during the HFD was
accompanied by the accumulation of IMCL and insulin
resistance. However, the mechanisms by which IMCL and
insulin resistance lead to decreased muscle contractile
force are unknown, and thus further studies are required
to clarify this research question.

In conclusion, this study demonstrated that a long-
term HFD, but not a short-term HFD, causes decreased
muscle tetanic contractile force in fast-twitch dominant
muscle fibers independently of muscle weight loss in
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mice. The decreased muscle contractile force induced by
the long-term HFD in mice might be due to several mor-
phological changes in muscles, such as fiber type compo-
sition. In the future, experiments should be performed to
specifically clarify the mechanisms underlying the associa-
tion between HFD and muscle contractile function.

Acknowledgments

We thank Miyuki Iwakami, Naoko Daimaru, Eriko
Magoshi, Hiroko Tsujimura, and Sumie Ishikawa for their
excellent technical assistance.

Conflict of Interest

The authors have no disclosures.

References

Allen, D. G., G. D. Lamb, and H. Westerblad. 2008. Skeletal
muscle fatigue: cellular mechanisms. Physiol. Rev. 88:287—
332.

Andruchov, O., O. Andruchova, Y. Wang, and S. Galler. 2004.
Kinetic properties of myosin heavy chain isoforms in mouse
skeletal muscle: comparison with rat, rabbit, and human
and correlation with amino acid sequence. Am. J. Physiol.
Cell Physiol. 287:C1725-C1732.

Bachmann, O. P., D. B. Dahl, K. Brechtel, J]. Machann, M.
Haap, T. Maier, et al. 2001. Effects of intravenous and
dietary lipid challenge on intramyocellular lipid content and
the relation with insulin sensitivity in humans. Diabetes
50:2579-2584.

Barany, M. 1967. ATPase activity of myosin correlated with
speed of muscle shortening. J. Gen. Physiol. 50(Suppl):197—
218.

Barzilay, J. I, G. A. Cotsonis, J. Walston, A. V. Schwartz, S.
Satterfield, I. Miljkovic, et al. 2009. Insulin resistance is
associated with decreased quadriceps muscle strength in
nondiabetic adults aged >or=70 years. Diabetes Care
32:736-738.

Bayley, J. S., T. H. Pedersen, and O. B. Nielsen. 2016. Skeletal
muscle dysfunction in the db/db mouse model of type 2
diabetes. Muscle Nerve 54:460-468.

Baylor, S. M., and S. Hollingworth. 2003. Sarcoplasmic
reticulum calcium release compared in slow-twitch and fast-
twitch fibres of mouse muscle. J. Physiol. 551:125-138.

Bloemberg, D., and J. Quadrilatero. 2012. Rapid determination
of myosin heavy chain expression in rat, mouse, and human
skeletal muscle using multicolor immunofluorescence
analysis. PLoS ONE 7:¢35273.

Bottinelli, R., S. Schiaffino, and C. Reggiani. 1991. Force-
velocity relations and myosin heavy chain isoform
compositions of skinned fibres from rat skeletal muscle. J.
Physiol. 437:655-672.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



H. Eshima et al.

Bottinelli, R., R. Betto, S. Schiaffino, and C. Reggiani. 1994.
Maximum shortening velocity and coexistence of myosin
heavy chain isoforms in single skinned fast fibres of rat
skeletal muscle. J. Muscle Res. Cell Motil. 15:413—419.

Bottinelli, R., M. Canepari, M. A. Pellegrino, and C. Reggiani.
1996. Force-velocity properties of human skeletal muscle
fibres: myosin heavy chain isoform and temperature
dependence. J. Physiol. 495(Pt 2):573-586.

Brooks, N, J. E. Layne, P. L. Gordon, R. Roubenoff, M. E.
Nelson, and C. Castaneda-Sceppa. 2007. Strength training
improves muscle quality and insulin sensitivity in Hispanic
older adults with type 2 diabetes. Int. J. Med. Sci. 4:19-27.

Brotto, M. A., B. J. Biesiadecki, L. S. Brotto, T. M. Nosek, and
J. P. Jin. 2006. Coupled expression of troponin T and
troponin I isoforms in single skeletal muscle fibers correlates
with contractility. Am. J. Physiol. Cell Physiol. 290:C567—
C576.

Bruton, J. D., A. Katz, J. Lannergren, F. Abbate, and H.
Westerblad. 2002. Regulation of myoplasmic Ca(2+) in
genetically obese (ob/ob) mouse single skeletal muscle fibres.
Pflugers Arch. 444:692—699.

Choi, S. J., D. C. Files, T. Zhang, Z. M. Wang, M. L. Messi, H.
Gregory, et al. 2016. Intramyocellular Lipid and Impaired
Myofiber Contraction in Normal Weight and Obese Older
Adults. J. Gerontol. A Biol. Sci. Med. Sci. 71:557-564.

Ciapaite, J., S. A. van den Berg, S. M. Houten, K. Nicolay, K.
W. van Dijk, and J. A. Jeneson. 2015. Fiber-type-specific
sensitivities and phenotypic adaptations to dietary fat
overload differentially impact fast- versus slow-twitch
muscle contractile function in C57BL/6] mice. J. Nutr.
Biochem. 26:155-164.

Delp, M. D., and C. Duan. 1996. Composition and size of type
I, IIA, IID/X, and IIB fibers and citrate synthase activity of
rat muscle. J. Appl. Physiol. (1985) 80: 261-270.

Dux, L. 1993. Muscle relaxation and sarcoplasmic reticulum
function in different muscle types. Rev. Physiol. Biochem.
Pharmacol. 122:69-147.

Eshima, H., Y. Tanaka, T. Sonobe, T. Inagaki, T. Nakajima, D.
C. Poole, et al. 2013. In vivo imaging of intracellular Ca2 +
after muscle contractions and direct Ca2 + injection in rat
skeletal muscle in diabetes. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 305:R610-R618.

Eshima, H., D. C. Poole, and Y. Kano. 2014. In vivo calcium
regulation in diabetic skeletal muscle. Cell Calcium 56:381—
389.

Eshima, H., D. C. Poole, and Y. Kano. 2015. In vivo Ca2 +
buffering capacity and microvascular oxygen pressures
following muscle contractions in diabetic rat skeletal
muscles: fiber-type specific effects. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 309:R128-R137.

Gilliver, S. F., H. Degens, J. Rittweger, A. J. Sargeant, and D.
A. Jones. 2009. Variation in the determinants of power of
chemically skinned human muscle fibres. Exp. Physiol.
94:1070-1078.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Muscle Contractile Force After Long-Term High-Fat Diet

Kakehi, S., Y. Tamura, K. Takeno, Y. Sakurai, M. Kawaguchi,
T. Watanabe, et al. 2016. Increased intramyocellular lipid/
impaired insulin sensitivity is associated with altered lipid
metabolic genes in muscle of high responders to a high-fat
diet. Am. J. Physiol. Endocrinol. Metab. 310:E32-E40.

Kanzaki, K., M. Kuratani, T. Mishima, S. Matsunaga, N.
Yanaka, S. Usui, et al. 2010. The effects of eccentric
contraction on myofibrillar proteins in rat skeletal muscle.
Eur. J. Appl. Physiol. 110:943-952.

Koopman, R., G. Schaart, and M. K. Hesselink. 2001.
Optimisation of oil red O staining permits combination
with immunofluorescence and automated quantification of
lipids. Histochem. Cell Biol. 116:63—68.

Lee, C. G, E. J. Boyko, E. Barrett-Connor, I. Miljkovic, A. R.
Hoffman, S. A. Everson-Rose, et al. 2011. Insulin sensitizers
may attenuate lean mass loss in older men with diabetes.
Diabetes Care 34:2381-2386.

Li, X., K. Higashida, T. Kawamura, and M. Higuchi. 2016.
Alternate-Day High-Fat Diet Induces an Increase in
Mitochondrial Enzyme Activities and Protein Content in
Rat Skeletal Muscle. Nutrients 8:203.

Maffiuletti, N. A., M. Jubeau, U. Munzinger, M. Bizzini, F.
Agosti, A. De Col, et al. 2007. Differences in quadriceps
muscle strength and fatigue between lean and obese subjects.
Eur. J. Appl. Physiol. 101:51-59.

Mastrocola, R., M. Collino, D. Nigro, F. Chiazza, G.
D’Antona, M. Aragno, et al. 2015. Accumulation of
advanced glycation end-products and activation of the
SCAP/SREBP Lipogenetic pathway occur in diet-induced
obese mouse skeletal muscle. PLoS ONE 10:0119587.

Matthews, D. R,, J. P. Hosker, A. S. Rudenski, B. A. Naylor,
D. F. Treacher, and R. C. Turner. 1985. Homeostasis model
assessment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man.
Diabetologia 28:412—419.

Nishi, M., S. Komazaki, N. Kurebayashi, Y. Ogawa, T. Noda, M.
Tino, et al. 1999. Abnormal features in skeletal muscle from
mice lacking mitsugumin29. J. Cell Biol. 147:1473-1480.

Nyitrai, M., R. Rossi, N. Adamek, M. A. Pellegrino, R.
Bottinelli, and M. A. Geeves. 2006. What limits the velocity
of fast-skeletal muscle contraction in mammals? J. Mol.
Biol. 355:432-442.

Ogut, O., H. Granzier, and J. P. Jin. 1999. Acidic and basic
troponin T isoforms in mature fast-twitch skeletal muscle and
effect on contractility. Am. J. Physiol. 276:C1162—-C1170.

Park, S. W., B. H. Goodpaster, E. S. Strotmeyer, N. de
Rekeneire, T. B. Harris, A. V. Schwartz, et al. 2006.
Decreased muscle strength and quality in older adults with
type 2 diabetes: the health, aging, and body composition
study. Diabetes 55:1813—1818.

Park, S. W., B. H. Goodpaster, J. S. Lee, L. H. Kuller, R.
Boudreau, N. de Rekeneire, et al. 2009. Excessive loss of
skeletal muscle mass in older adults with type 2 diabetes.
Diabetes Care 32:1993-1997.

2017 | Vol. 5 | Iss. 7 | e13250
Page 11



Muscle Contractile Force After Long-Term High-Fat Diet

Pette, D., and R. S. Staron. 2000. Myosin isoforms, muscle
fiber types, and transitions. Microsc. Res. Tech. 50:500-509.

Schiaffino, S., and C. Reggiani. 2011. Fiber types in
mammalian skeletal muscles. Physiol. Rev. 91:1447-1531.

Schilder, R. J., S. R. Kimball, J. H. Marden, and L. S. Jefferson.
2011. Body weight-dependent troponin T alternative splicing
is evolutionarily conserved from insects to mammals and is
partially impaired in skeletal muscle of obese rats. J. Exp.
Biol. 214:1523-1532.

Shortreed, K. E., M. P. Krause, J. H. Huang, D. Dhanani, J.
Moradi, R. B. Ceddia, et al. 2009. Muscle-specific
adaptations, impaired oxidative capacity and maintenance of
contractile function characterize diet-induced obese mouse
skeletal muscle. PLoS ONE 4:e7293.

Thomas, M. M., K. E. Trajcevski, S. K. Coleman, M. Jiang, J.
Di Michele, H. M. O’Neill, et al. 2014. Early oxidative shifts
in mouse skeletal muscle morphology with high-fat diet
consumption do not lead to functional improvements.
Physiol. Rep. 2:e12149.

Tomlinson, D. J., R. M. Erskine, C. I. Morse, K. Winwood,
and G. L. Onambele-Pearson. 2014a. Combined effects of
body composition and ageing on joint torque, muscle
activation and co-contraction in sedentary women. Age
(Dordr) 36:9652.

Tomlinson, D. J., R. M. Erskine, K. Winwood, C. I. Morse,
and G. L. Onambele. 2014b. Obesity decreases both whole
muscle and fascicle strength in young females but only
exacerbates the aging-related whole muscle level asthenia.
Physiol. Rep. 2:¢12030.

Tsika, R. W., R. E. Herrick, and K. M. Baldwin. 1987.
Interaction of compensatory overload and hindlimb

2017 | Vol. 5 | Iss. 7 | 13250
Page 12

H. Eshima et al.

suspension on myosin isoform expression. J. Appl. Physiol.
(1985) 62: 2180-2186.

Turner, N., C. R. Bruce, S. M. Beale, K. L. Hoehn, T. So, M.
S. Rolph, et al. 2007. Excess lipid availability increases
mitochondrial fatty acid oxidative capacity in muscle:
evidence against a role for reduced fatty acid oxidation in
lipid-induced insulin resistance in rodents. Diabetes
56:2085-2092.

Wang, Q., R. S. Reiter, Q. Q. Huang, J. P. Jin, and J. J. Lin.
2001. Comparative studies on the expression patterns of
three troponin T genes during mouse development. Anat.
Rec. 263:72-84.

Wei, B., and J. P. Jin. 2011. Troponin T isoforms and
posttranscriptional modifications: Evolution, regulation and
function. Arch. Biochem. Biophys. 505:144-154.

Wei, B., and J. P. Jin. 2016. TNNT1, TNNT2, and TNNT3:
isoform genes, regulation, and structure-function
relationships. Gene 582:1-13.

Wei, B., Y. Lu, and J. P. Jin. 2014. Deficiency of slow
skeletal muscle troponin T causes atrophy of type I slow
fibres and decreases tolerance to fatigue. J. Physiol.
592:1367-1380.

Zhou, Q., J. Du, Z. Hu, K. Walsh, and X. H. Wang. 2007.
Evidence for adipose-muscle cross talk: opposing regulation
of muscle proteolysis by adiponectin and Fatty acids.
Endocrinology 148:5696-5705.

Zoico, E., V. Di Francesco, J. M. Guralnik, G. Mazzali, A.
Bortolani, S. Guariento, et al. 2004. Physical disability and
muscular strength in relation to obesity and different body
composition indexes in a sample of healthy elderly women.
Int. J. Obes. Relat. Metab. Disord. 28:234-241.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



