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Abstract

Calorie restriction (CR; reducing calorie intake by ~40% below ad libitum) can increase glucose uptake by insulin-stimulated muscle. Because
skeletal muscle is comprised of multiple, heterogeneous fiber types, our primary aim was to determine the effects of CR (initiated at 14 weeks
old) and fiber type on insulin-stimulated glucose uptake by single fibers of diverse fiber types in 23-26-month-old rats. Isolated epitrochlearis
muscles from AL and CR rats were incubated with [°H]-2-deoxyglucose =+ insulin. Glucose uptake and fiber type were determined for single
fibers dissected from the muscles. We also determined CR-effects on abundance of several key metabolic proteins in single fibers. CR resulted
in: (a) significantly (p < .05 to .001) greater glucose uptake by insulin-stimulated type I, IIA, IIB, [IBX, and IIX fibers; (b) significantly (p < .05
to.001) reduced abundance of several mitochondrial electron transport chain (ETC) and oxidative phosphorylation (OxPhos) proteins in type
I, ITA, and TIBX but not IIB and IIX fibers; and (c) unaltered hexokinase Il abundance in each fiber type. These results demonstrate that CR
can enhance glucose uptake in each fiber type of rat skeletal muscle in the absence of upregulation of the abundance of hexokinase II or key
mitochondrial ETC and OxPhos proteins.
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The major tissue for whole body insulin-stimulated glucose disposal is
skeletal muscle and insulin resistance in this tissue is crucial for the pro-
gression of many prevalent age-related pathologies, including metabolic
syndrome, type 2 diabetes, and coronary artery disease (1-7). In this
context, it would be valuable to identify and understand interventions
that effectively oppose skeletal muscle insulin resistance during old age.
Whole body insulin sensitivity can be substantially improved by calorie
restriction (CR) (reducing calorie intake by ~20%-40% below ad libi-
tum, AL, levels) in mice, rats, nonhuman primates and humans (8-11).
This CR-induced outcome is largely attributable to greater insulin-
stimulated glucose uptake by skeletal muscle (8,9,12-14).
Mammalian skeletal muscle includes multiple muscle fiber types
with extremely diverse metabolic phenotypes (15). Determination of

myosin heavy chain isoform (MHC) expression is the gold-standard
technique for identifying skeletal muscle fiber type (16). Four MHC
isoforms (type I, ITA, IIB, and IIX) are expressed in skeletal muscle of
adult rats (17,18). In rat skeletal muscles, ~10%-30% of fibers are
hybrid fibers that express multiple MHC isoforms. Given the hetero-
geneity of muscle, it should not be assumed that CR has a uniform
influence on the metabolic phenotype of every fiber type.

The traditional approach for evaluating fiber type differences is
to compare two or more muscles or regions of muscles with dissimi-
lar fiber type compositions (13,19-21). Although conventional tissue
analysis is useful, it cannot identify fiber type differences in glucose
uptake at the cellular level because: (a) skeletal muscle is a heterog-
enous tissue containing multiple fiber types; (b) muscle fibers are not
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the only cell type responsible for glucose disposal by skeletal mus-
cle tissue, which also includes vascular, neural, adipose, and other
cell types; (c) glucose uptake by hybrid fibers cannot be assessed by
conventional tissue analysis; and (d) although type IIX fibers can
account for ~20%-45% of many rat muscles (18,22), there is appar-
ently no report of an exemplar muscle in which IIX fibers account
for more than 50% of the fibers. These limitations interfere with the
full understanding of the cellular mechanisms that regulate muscle
metabolism.

To address these limitations, we recently developed and validated
the first approach that both quantifies glucose uptake and identi-
fies MHC isoform expression in single rat skeletal muscle fibers
(23). The primary aim of the current study was to determine the
influence of long-term CR (initiated at 14 weeks old) in older rats
(23-26 months old) on insulin-stimulated glucose uptake by single
muscle fibers of different fiber types. Basal and insulin-stimulated
glucose uptake were measured for slow-twitch (type I) fibers and
fast-twitch (type IIA, IIB, IIX, and hybrid IIBX) fibers in which MHC
isoform expression was also determined. We also assessed in muscle
fibers the CR effects on the abundance of hexokinase II, a crucial
enzyme that regulates glucose uptake and metabolism in skeletal
muscle.

Under various physiological conditions, the level of muscle insu-
lin sensitivity tracks along with the level of muscle mitochondrial
content/capacity, although this association has not been universally
observed (24-27). There has also been a substantial amount of pub-
lished research devoted to the potential influence of CR on skeletal
muscle mitochondria (28-34). However, remarkably little is known
about the possible relationship between fiber type and CR’s effects
on mitochondria. Therefore, a secondary aim of the current study
was to determine long-term CR’s effects in older rats on the abun-
dance of several key mitochondrial proteins in muscle fibers of dif-
ferent fiber types.

We previously reported striking fiber type differences in the abun-
dance of cytochrome c oxidase subunit IV in type ITA, IIB, IIBX, and
I1X single fibers from 25-month-old rats (35). However, this earlier
investigation only evaluated a single mitochondrial protein and did
not include slow-twitch type I fibers. Accordingly, the final aim of the
current study was to analyze single fibers from older rats to assess
possible fiber type differences for multiple mitochondrial proteins
and hexokinase II abundance.

Methods

Materials

The reagents and apparatus for Sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) were from Bio-Rad
(Hercules, CA). [’H]-2-deoxyglucose (NET328001MC) was from
PerkinElmer (Waltham, MA). Tissue Protein Extraction Reagent,
T-PER (PI78510) and SimplyBlue SafeStain (LC6065) were from
ThermoFisher (Pittsburgh, PA). Collagenase type 2 (305 U/mg)
was from Worthington Biochemical (LS004177, Lakewood, NJ).
OXPHOS Rodent WB Antibody Cocktail (#ab110413) and anti-a-
actin (#ab28052) were from Abcam (Cambridge, MA). The Total
OXPHOS Rodent WB Antibody Cocktail includes antibodies against
five mitochondrial proteins involved in the electron transport chain
and oxidative phosphorylation: NADH dehydrogenase (ubiqui-
none) 1B subcomplex subunit 8 (NDUFBS, part of Complex I); suc-
cinate dehydrogenase complex subunit 8 (SDHB, part of Complex
I1); ubiquinol-cytochrome-c reductase complex core protein 2
(UQCRC2, part of Complex III), Cytochrome ¢ oxidase subunit

I (MTCO1, part of Complex IV); and mitochondrial membrane ATP
synthase (ATPSA, part of Complex V). Anti-hexokinase II (#2867)
and anti-rabbit IgG horseradish peroxidase conjugate (#7074) were
from Cell Signaling Technology (Danvers, MA). Anti-mouse IgG
(#sc-2060) and anti-mouse IgM (#sc-2973) horseradish peroxidase
were from Santa Cruz Biotechnology (Santa Cruz, CA).

Animal Treatment

Procedures for animal care were approved by the University
of Michigan Committee on Use and Care of Animals. Male
Fischer-344 x Brown Norway (FBN) rats (CR and AL controls)
were transferred to the University of Michigan animal facility at
~19 months old from National Institute of Aging (NIA) Calorie
Restricted Rodent Colony. In the NIA facility, the reduced calorie
diet for CR rats was initiated at 14 weeks old (10% restriction at 14
weeks) with 25% restriction at 15 weeks, and 40% restriction at 16
weeks. In the University of Michigan animal facility, animals were
maintained on the same diets as in the CR colony (NIH31 chow for
AL, and NIH31/NIA fortified chow for CR rats at ~60-65% of AL
consumption). Rats were individually housed in shoebox cages and
maintained on a 12-12-hour light—dark cycle (lights out at 17:00 h)
in specific pathogen-free conditions for ~4-7 months prior to the
muscle experiments.

On the experimental days, AL (z = 15) and CR (n = 18) rats
were weighed and anesthetized (intraperitoneal sodium pentobar-
bital, 50 mg/kg weight). Both of their epitrochlearis muscles were
removed to be used for single fiber MHC fiber type identification,
glucose uptake analysis, and immunoblotting. In addition, epididy-
mal fat pads were removed and weighed.

Muscle Ex Vivo Incubations for Single Fiber

Glucose Uptake

Isolated muscles were incubated in glass vials gassed (95% O, and
5% CO,) in a temperature controlled bath during all of the four-
step process (35°C during steps 1, 2, and 4; and step 3 was on ice).
For step 1 (30 minutes), one muscle from each rat was placed in a
vial containing 2 mL of media 1 (Krebs Henseleit Buffer, KHB, sup-
plemented with 0.1% bovine serum albumin, BSA, 2 mM sodium
pyruvate and 6 mM mannitol). The contralateral muscle was incu-
bated with media 1 that was supplemented with 1.8 nM insulin. For
step 2 (60 minutes), each muscle was transferred to a vial containing
2 mL of media 2 (KHB supplemented with 0.1% BSA, 0.1 mM 2-DG
[13.5 uCi/ml [*H]-2-DG], 2 mM sodium pyruvate and 6 mM man-
nitol) and the same insulin concentration as the preceding step. For
step 3, muscles underwent three washes (5 minutes/wash with shak-
ing at 115 revolutions/min) in ice-cold wash media (Ca**-free KHB
supplemented with 0.1% BSA and 8 mM glucose) to rinse [*H]-2-DG
from the extracellular space. For step 4 (60-75 minutes), muscles
were incubated in vials containing collagenase media (wash media
supplemented with 8 mM glucose and 1.5% type 2 collagenase) for
enzymatic digestion of muscle collagen (collagenase-treated muscles
are hereafter referred to as fiber bundles).

Isolation, Imaging, and Processing of Single Fibers

for Glucose Uptake and MHC Isoform Identification

After incubation step 4, fiber bundles were removed from colla-
genase media, and transferred to a petri dish containing wash media
at room temperature. Under a dissecting microscope (EZ4D; Leica,
Buffalo Grove, IL), intact single fibers (~36 fibers per muscle) were
gently teased from the fiber bundle using Dumont forceps (Roboz;
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Gaithersburg, MD). After isolation, each fiber was imaged using a
camera-enabled microscope with Leica Application Suite EZ soft-
ware. The original single fiber method assessed the fiber images using
Image J software (National Institutes of Health) to estimate fiber
volume on the basis of fiber length and width (23). We recently com-
pared the original fiber volume method to the calculation of fiber
area based on measuring fiber perimeter using Image J software and
found that when two experienced researchers independently ana-
lyzed the same set of fiber images, there was greater reproducibility
for fiber area compared to fiber volume (36). Accordingly, 2-[*H]-DG
accumulation was expressed in this experiment based on fiber area
(picomoles x mm~2). After being imaged, each fiber was transferred
using a pipette with 20 ul of wash media into a SnapStrip Il PCR tube
(Research Products International; Mount Prospect, IL). Lysis buffer
(30 ul; T-PER supplemented with 1% Triton X-100, 1 mM Na,VO,,
1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate tetraba-
sic decahydrate, 1 mM B-glycerophosphate, 1 pg/ml leupeptin, and
1 mM phenylmethylsulfonyl fluoride) and 2x Laemmli buffer (50 pl)
were pipetted into each tube. Tubes were next vortexed and heated
(10 minutes at 95-100°C) before being cooled and stored at -20°C
until subsequent analyses were performed.

Single Fiber Glucose Uptake

An aliquot of each lysed single fiber and an aliquot of scintillation
cocktail were pipetted into a scintillation vial and subjected to lig-
uid scintillation counting. The 2-[*H]-DG disintegrations per minute
(dpm) determined from each fiber and the dpm from the 2-[*H]-DG
in the media (dpm per picomole) were then used to calculate 2-[*H]-
DG accumulation and expressed relative to fiber area (picomoles x
mm~2). Delta (A) insulin 2-DG uptake was calculated by subtracting
the mean value without insulin from the mean value with insulin for
fibers of the same fiber type from each rat.

MHC Isoform Identification

MHC isoforms in aliquots from the lysates of each fiber were sepa-
rated and identified by SDS-PAGE essentially as previously described
(37). MHC isoform expression was identified by comparing the
migration of MHC protein band(s) from the fiber with a MHC iso-
form standard (6 pg protein of a 3:2 mixture of homogenized rat
extensor digitorum longus [EDL] and soleus muscles, E+S) that con-
tained all four MHC isoforms (I, IIA, IIB, and IIX).

Immunoblotting

Aliquots of single fiber lysates were separated by SDS-PAGE using
4%-20% TGX gradient gels (#456-1096: Bio-Rad, Hercules, CA)
or 10% gels and then transferred to polyvinyl difluoride membranes.
In addition to the experimental samples, each gel included a stand-
ard curve that was prepared by loading increasing amounts of a
pooled standard of muscle fibers. After transfer, the membranes were
blocked with 3% BSA in TBST (Tris-buffered saline, pH 7.5 plus
0.1% Tween-20) for 30 minutes at room temperature, then incu-
bated with primary antibody in TBST with 3% BSA overnight at
4°C. Next, membranes were washed 3 x 5 minutes with TBST before
being incubated with appropriate secondary antibody for 3 hours
at room temperature. Membranes were then washed 3 x 5§ minutes
with TBST, followed by washing 3 x § minutes with TBS. Proteins
were detected using enhanced chemiluminescence (Luminata Forte
Western HRP Substrate; #WBLUF0100; Millipore) and quanti-
fied by densitometry (FluoroChem E Imager, AlphaView software;
ProteinSimple, San Leandro, CA). The loading control was a-actin.

Values for abundance of immunodetected proteins for single fibers
were calculated based on linear regression from the standard curve
that was included on each immunoblot and the calculated value for
each sample was expressed relative to the sample’s loading control
(0-actin). The single fiber lysates from the AL and CR rats were
heated to 95-100°C (10 minutes). We determined if heating samples
altered the immunoblotting results by comparing replicate aliquots
of another set of single fiber lysates that had been incubated at room
temperature, 50°C or 95-100°C prior to loading on the gel. Only
MTCO1 values were reduced after incubation at 95-100°C, with
no effect of temperature on ATPSA, UQCR2, SDHB, NDUFS88, or
hexokinase II. Accordingly, the MTCO1 data from AL and CR sam-
ples were not included in the results.

Statistics

Statistical analysis was performed using SigmaPlot (San Rafael,
CA) version 12.5. For each rat, the mean value for 2-DG uptake or
protein abundance was determined for all of the single fibers that
had the same fiber type (ie, type I, ITA, IIB, IIBX, or IIX), and this
mean value was used for statistical analyses (ie, n values represent
the number of rats, not the number of individual fibers). A two tailed
t test was used to compare AL versus CR for protein abundance
of the same fiber type, A insulin 2-DG uptake, body mass, epididy-
mal fat pad mass, and fat pad/body mass ratio. If transformation
failed to normalize the data, a Mann—Whitney Rank Sum test was
used to compare two groups. The 2-DG uptake data were analyzed
using two-way repeated measures Analysis of Variance (ANOVA).
One-way ANOVA was used to assess fiber type differences in pro-
tein abundance in the AL rats. The Fisher LSD test was used for
post hoc analysis to identify the source of significant variance for
two-way and one-way ANOVA. Mathematical transformations were
performed when the data failed tests for normality or equal variance.
Data were expressed as means = SEM. A p value <0.05 was consid-
ered statistically significant.

Results

As expected, the CR rats compared to AL rats had significantly
(p < .001) lower values for body mass (AL = 562.8 = 12.8 g;
CR =339.9 + 1.8 g), epididymal fat pad mass (AL = 12.31 = 0.49 g;
CR = 555 = 021 g), and fat pad/body mass ratio
(AL = 0.0219 = 0.0007; CR = 0.0163 = 0.0006). MHC isoforms
were identified for each fiber. Approximately 36 fibers were iso-
lated from each muscle. In the AL group, the numbers of fibers for
each fiber type (no insulin/insulin) used for both MHC isoform and
glucose uptake determination were: type I (13/16), IIA (41/22), 1B
(298/360), IBX (89/62), and IIX (78/76). In the CR group, the num-
bers of fibers for each fiber type were: type I (21/33), ITA (33/46), IIB
(428/431), TIBX (55/72), and 11X (93/80).

For 2-DG uptake, there was a significant main effect of insulin
(insulin > no insulin) in each fiber type (I, p < .05; IIA, p < .001; IIB,
p <.001; IIBX, p < .001; IIX, p < .001; Figure 1). There was also a sig-
nificant main effect of diet (CR > AL) for 2-DG uptake in each fiber
type (I p <.05; IA, p < .05; 1IB, p < .01; IIBX, p < .05; IIX, p < .001).
In addition, there was a significant Insulin x Diet interaction for
2-DG uptake of type ITA (p < .05), IIBX (p < .001), and IIX (p <.001)
fibers, and a trend for an insulin x diet interaction in type I fibers
(p = .056). Post hoc analysis indicated that 2-DG uptake with insulin
significantly (p < .001) exceeded values with no insulin for type IIA,
IIB, IIBX, and IIX fibers in each diet group. For type I fibers, post hoc
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analysis detected a significantly (p < .01) greater 2-DG uptake with
insulin versus no insulin of CR but not AL rats. The 2-DG uptake for
insulin-stimulated fibers from CR rats significantly exceeded values
for AL rats in each fiber type: I (p < .01),IIA (p < .01),1IB (p < .01),
IIBX (p < .001), and ITIX (p < .001). Only for type IIX fibers from
muscles incubated without insulin, CR values significantly (p < .01)
exceeded AL values. The A insulin 2-DG uptake value for CR rats
significantly (p < .01) exceeded AL values for type IIA, IIBX, and IIX
fibers (Figure 2) and there was a non-significant trend for CR values
to exceed AL values for type I (p = .056) and IIB (p = .129) fibers.
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There was no significant diet-related difference in hexokinase II
abundance for any of the fiber types (Figures 3 and 8). Regarding
fiber type effects in AL rats, there were no significant differences for
hexokinase II abundance (Supplementary Figure 1).

Regarding diet-effects, the AL values significantly exceeded CR
values for NDUFBS8 abundance in type I (p <.05) and IIBX (p <.05)
fibers (Figures 4 and 8). With respect to fiber type effects in AL rats,
NDUFB8 abundance was significantly greater for type IIA (p < .01),
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(Supplementary Figure 2).
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Related to diet-effects, the AL values significantly exceeded CR
values for SDHB abundance in type I (p < .05), IIA (p < .05), and
IIBX (p < .001) fibers (Figures 5 and 8). Concerning fiber type effects
in AL rats, there were no significant fiber type effects on SDHB abun-
dance (Supplementary Figure 3).

With respect to diet-effects, the AL values significantly exceeded
CR values for UQCRC2 abundance in type I (p < .001) and IIBX
(p < .03) fibers, and AL values tended (p = .18) to be greater than CR
values for ITA fibers (Figures 6 and 8). Pertaining to fiber type effects
in AL rats, UQCRC2 abundance was significantly greater for type I
(p <.05),IA (p <.01),and ITIX (p < .01) fibers compared to type IIB
fibers (Supplementary Figure 4).

Pertaining to diet-effects, the AL values significantly exceeded
CR values for ATPSA abundance in type I fibers (p < .01; Figures 7
and 8). Concerning fiber type effects in AL rats, ATPSA abundance
was significantly greater for type I (p <.01), IA (p <.01), and IIX (p
<.05) compared to type IIB fibers (Supplementary Figure 5).

Discussion

The analysis of single muscle fibers together with identification of
MHC isoform expression enabled novel insights at the cellular level
that would have been impossible using conventional tissue analysis.
The most important new findings include that long-term CR by older
(23-26 months old) rats resulted in: (a) greater 2-DG uptake by insu-
lin-stimulated type I, IIA, 1IB, IIBX, and IIX fibers; (b) greater delta
insulin 2-DG values calculated in type IIA, IIBX and IIX fibers and
a trend for greater values in type I and IIB fibers; (c) reduced abun-
dance of multiple mitochondrial proteins in type I (NDFUBS8, SDHB,
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Figure 4. Effect of diet on NDUFB8 (part of Complex |) abundance. *AL values
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Figure 5. Effect of diet on succinate dehydrogenase complex subunit 8 (part
of Complex Il) abundance. *AL values exceeded CR values for type | (p <
.05), lIA (p < .05), and IIBX (p < .001) fibers. Values are means + SEM. AL = Ad
libitum; CR = Calorie restriction.
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Figure 7. Effect of diet on ATP5A (part of Complex V) abundance. *AL values
exceeded CR values for type | (p < .01) fibers. Values are means + SEM.
AL = Ad libitum; CR = Calorie restriction.

UQCRC2, and ATP5A), ITA (SDHB), and IIBX (NDFUBS, SDHB, and
UQCRC2) but not IIB and IIX fibers; and (d) unaltered hexokinase II
abundance for each fiber type. In addition, the current study revealed
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Figure 8. Representative immunoblots for each of the proteins in Figures 2-7.
The loading control was a-actin. AL = Ad libitum; CR = Calorie restriction.

new information at the single fiber level about fiber type differences
in skeletal muscle from older rats, including that: (a) the abundance
of several mitochondrial proteins was greater for type IIA compared
to type IIB fibers (NDFUBS, UQCRC2, and ATP5A); (b) type I fib-
ers exceeded IIB fibers for UQCRC2 and ATPSA abundance; (¢) type
IIX fibers exceeded IIB fibers for NDUFB8, UQCRC2, and ATPSA
abundance; and (d) type IIBX fibers exceeded IIB fibers for NDFU8S.

Single fiber analysis provides unique information, but it is also
essential to put single fiber results into the context of earlier research
that assessed long-term CR’s effects on insulin-stimulated glucose
uptake by muscle tissue with different fiber type profiles. Using a
euglycemic-hyperinsulinemic clamp in 24-month-old Wistar rats with
submaximally effective plasma insulin levels (1.5-2.1 nM), Escriva
and colleagues (38) found that CR resulted in elevated whole body
glucose disposal rate and glucose uptake by the soleus (predomi-
nantly type I (22)) and quadriceps (predominantly type IIB (39)) mus-
cles. In 22-30-month-old FBN rats, insulin-stimulated (0.6-1.2 nM)
glucose uptake by isolated epitrochlearis (predominantly type IIB and
IIX (35)) and soleus muscles (predominantly type I (22)) was greater
for CR versus AL controls (40-42). Thus, earlier research demon-
strated that that CR could elevate in vivo insulin-stimulated glucose
uptake in muscles with differing fiber type profiles in older rats, and
a CR-induced increase was also observed in ex vivo muscle tissue
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preparations, indicating CR effects were, at least in part, inherent to
the muscle itself. However, these results do not eliminate the possible
added roles of systemic regulating elements (eg, muscle blood flow,
endocrine factors, circulating metabolites, etc.) for CR effects on glu-
cose disposal by muscle. The earlier research in isolated soleus mus-
cles suggested that type I fibers are susceptible for the inherent muscle
adaptations to CR, but they could not discern the possible CR effects
on glucose uptake by type IIA, IIB, IIX, or IIBX fibers. Therefore,
it was important that the current results clearly demonstrated a
CR-induced improvement in glucose uptake by insulin-stimulated
type I, ITA, I1B, IIBX, and IIX fibers. The ability of CR to enhance glu-
cose uptake in each of these fiber types in the rat epitrochlearis does
not establish that the same effect will be found in all fiber types in all
muscles. However, the current results provide the proof-of-concept
that CR can elevate glucose uptake across fiber types from insulin-
stimulated rat skeletal muscles.

A substantial amount of research has aimed to identify mecha-
nisms for the benefits of CR on insulin sensitivity in muscle tissue.
Although many studies have indicated that CR can elevate insulin
sensitivity without increasing the total abundance of GLUT4 trans-
porter protein in skeletal muscle (40-43), the CR-related increase
in insulin-stimulated glucose uptake in rat epitrochlearis muscle is
accompanied by greater GLUT4 translocation to cell surface mem-
branes (44). It would be valuable for future research to determine the
influence of CR on GLUT4 abundance and GLUT4 translocation in
skeletal muscle at the single fiber level.

After glucose transport into the cell, glucose phosphorylation by
hexokinase II is the next key step for muscle glucose metabolism.
However, the lack of a significant effect of CR on hexokinase II
abundance for any of the fiber types indicates that enhanced hexoki-
nase Il expression does not explain for the CR-related improvement
in insulin-stimulated glucose uptake. Although hexokinase II pro-
tein abundance is a crucial determinant of its functional capacity, it
remains possible that its enzyme activity or subcellular localization
is responsive to CR effects.

We previously demonstrated that insulin-stimulated glucose
uptake was not significantly different for single fibers from 9-month-
old versus 25-month-old FBN rats (35). In the earlier study, we used a
maximally effective insulin dose (12 nM), whereas the current study
used a submaximally effective insulin dose (1.8 nM). This difference
is notable because another earlier study using whole epitrochlearis
muscles from 23-month-old rats found that CR caused greater glu-
cose uptake with the submaximally effective insulin dose but not
the maximally effective insulin dose (43). Furthermore, the previous
study included type ITA, IIB, IIBX, and IIX fibers, but not type I fib-
ers (35). We previously found in epitrochlearis muscle tissue from
9-month-old versus 25-month-old FBN rats no significant difference
in glucose uptake (with 1.2 or 30 nM insulin). However, in the soleus
muscle tissue (~90% type I) from the same rats, we found glucose
uptake was lower for the older group with 30 nM insulin and tended
(p =.07) to be lower with 1.2 nM insulin. Thus, it is uncertain if age-
related insulin resistance occurs in type I epitrochlearis fibers from
9-month-old versus 25-month-old FBN rats.

Recent reviews have summarized and interpreted the research
evaluating CR’s influence on multiple aspects of mitochondrial struc-
ture and function (28,29). Some of the CR-related outcomes have
been consistently described in multiple studies, eg, reduced mitochon-
drial reactive oxygen species (28). However, there have also been
discrepancies, some of which are likely related to the differences in
experimental design and methods, including differences in the age of
subjects, species, tissues, dietary protocol (dietary composition, age

of onset, duration, and extent of CR), and specific techniques used to
assess mitochondrial structure and function. The current investiga-
tion provided new information about CR effects on mitochondria
because it focused on the abundance of several key proteins involved
in the electron transport chain and oxidative phosphorylation in sin-
gle fibers that were also characterized for MHC isoform expression.

The current results for mitochondrial proteins should also be
interpreted in the context of earlier studies that included similar
measurements in muscle tissue from CR and AL animals. Hancock
and colleagues (30) reported that in ~4-month-old Wistar rats, there
was no significant CR-effect on the abundance of several mitochon-
drial proteins (long chain acyl CoA dehydrogenase, citrate synthase,
NADH ubiquinone oxidoreductase, cytochrome ¢, cytochrome
oxidase I, cytochrome oxidase IV, and ATP synthase subunit a) in
the predominantly type IIB triceps muscle. Similarly, Lanza and
colleagues (31) found in the quadriceps muscles (in which type IIB
fibers are abundant) of 24-month-old CR mice, there was no sig-
nificant CR-effect on abundance of several mitochondrial proteins
(NDUFBS8, SDHB, UQCRC2, MTCO1, and ATPSA). These results in
skeletal muscle tissue enriched with type IIB fibers are similar to the
lack of a significant CR-effect on NDUFB8, SDHB, UQCRC2, and
ATPSA in the type IIB fibers in the current study.

Although the results for type IIB fibers appear consistent with
earlier results for muscles with a large amount of type IIB fibers,
only a few studies have probed possible fiber type differences in CR
effects on muscle mitochondria. In tissue samples from several skel-
etal muscles with differing fiber type profiles (red gastrocnemius,
white gastrocnemius, mixed gastrocnemius, soleus, or plantaris),
neither complex IV activity nor citrate synthase activity differed
between 35-month-old AL versus age-matched CR FBN rats (45).
Based on electron microscopic analysis of mitochondrial morphom-
etry of single fibers from mouse tibialis anterior (TA) and extensor
digitorum longus (EDL) muscles, Finley and colleagues reported a
nonuniform CR-effect on mitochondria localized in white versus red
muscle fibers (32). They found a significant CR-induced reduction
in mitochondrial number, but unaltered mitochondrial size in white
fibers. Conversely, in red fibers they found that CR did not alter
mitochondrial number but resulted in greater mitochondrial size.
The current study provided additional evidence that CR has fiber
type-selective changes on mitochondria. Muscles from CR compared
to AL rats had significantly lower abundance of several mitochon-
drial proteins in type I, IIA, and IIBX fibers, with no diet-effect in
IIB and IIX fibers. The results of Finley et al (32) indicated that CR
led to greater mitochondrial density in red fibers from mouse EDL
and TA, which may have been type I and/or IIA fibers (they did not
specify the method for differentiating between red and white fibers,
and MHC isoform expression was not reported), whereas the cur-
rent results indicated reduced abundance of mitochondrial proteins
in rat epitrochlearis fibers identified as type I and ITA based on MHC
expression. The many differences between the current research and
the investigation by Finley et al. (32) (species and age of animals,
duration of CR, muscles studied, specific mitochondrial parameters
assessed, method for classifying fibers, etc.) confound a simple and
direct comparison between the two studies. However, a notable simi-
larity between the studies was that CR did not uniformly alter mito-
chondrial characteristics in all muscle fibers.

A number of earlier studies have found that various conditions
associated with a high level of markers of skeletal muscle mito-
chondrial content or function are also characterized by a high level
of muscle insulin sensitivity (eg, individuals after chronic exercise
training) and vice-versa (eg, individuals who are obese and/or have
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type 2 diabetes) (26,33). However, this relationship is not univer-
sally observed, and when observed, the relationship does not estab-
lish causality. Previous studies have documented that CR leading
to improved insulin sensitivity in humans was not accompanied
by greater mitochondrial content in muscle measured by electron
microscopy or activity of mitochondrial enzymes (33,34). In a recent
review, Gouspillou and Hepple (28) noted that although some studies
have suggested that CR might increase mitochondrial biogenesis, the
results of many other studies do not support this idea. Importantly,
Miller and colleagues (46) found that there was no effect of CR
on mitochondrial protein synthesis in rat skeletal muscle. The cur-
rent study did not directly assess mitochondrial content or function
but the significant increase in glucose uptake by fibers from insu-
lin-stimulated muscle across fiber types was not accompanied by
any evidence of greater abundance of key mitochondrial proteins
that would be expected to be relevant for mitochondrial oxidative
capacity. These data do not support the idea that the CR-induced
improvement in insulin sensitivity is closely linked upregulation of
mitochondrial protein content.

We previously noted that for the epitrochlearis muscle of
25-month-old male FBN rats, the fiber type hierarchy for cytochrome
¢ oxidase subunit IV abundance was IIA > IIX > IIBX =~ IIB fibers
(35). Based on the immunohistochemical analysis, Gouspillou and
colleagues (47) observed that the fiber type hierarchy for SDH con-
tent among fibers from the plantaris muscle of 8—10-month-old male
FBN rats was ITA > I > IIX > IIB fibers. The results for the four
mitochondrial proteins analyzed in this study were generally similar
to the results of these previous investigations (high abundance in IIA,
intermediate to high abundance in I and IIX, and low abundance in
I1B), although no significant differences were detected between type
I and IIA fibers in this study.

How do the specific results of this study inform the greater under-
standing of CR-related effects on muscle metabolism? CR presents a
major systemic challenge to the entire organism and it causes a myriad
of striking adaptations in multiple organs and tissues. It seems likely
that the initial events that trigger the CR-induced adaptations in skele-
tal muscle originated outside of the myocyte. Various approaches have
been previously used to elucidate the nature of the extracellular factors
that initiate CR’s effects on various cell types, including the incubation
of cultured cells with sera from CR or AL animals or incubation of
isolated muscles with concentrations of glucose and/or insulin that
approximate CR or AL levels (48,49). In addition to the putative roles
of systemic and extracellular regulatory factors, it also seems reason-
able to expect that the susceptibility to the CR-induced adaptations
is influenced by the particular properties of individual cells and cell
types. For example, much attention has focused on elucidating the
roles of nutrient-sensing in both aging and CR (50). Rather than prob-
ing the specific extracellular or intracellular regulators of CR’s effects,
the current study assessed the effects of CR on selective fiber types.
The results demonstrated that complexity of CR effects, even when
evaluating a single skeletal muscle. CR caused significant reductions in
the abundance of several mitochondrial proteins in some, but not all
fiber types. In contrast, in the same muscles, hexokinase Il abundance
was unaffected by CR regardless of fiber type, and CR resulted in
greater glucose uptake by insulin-stimulated fibers of each fiber type.
The lack of a uniform CR effect on all outcomes in every fiber type
is not surprising given the magnitude of phenotypic heterogeneity
among the different fiber types. Because the fiber type composition can
vary markedly among individuals in some species, including humans,
this heterogeneity may influence the individual variability in some of
the metabolic consequences of CR.

In conclusion, the results provided the proof-of-concept that CR
can enhance glucose uptake in each fiber type of skeletal muscle from
old rats. In addition, the results offered compelling evidence at the
myocellular level that CR-induced improvements in glucose uptake by
insulin-stimulated muscles were not attributable to enhanced hexoki-
nase Il abundance. Furthermore, the data argue against the idea that
CR’s enhancement of muscle insulin sensitivity is closely linked to
upregulation of key mitochondrial proteins for oxidative metabolism.
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