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Skeletal muscle includes many individual fibers with diverse
phenotypes. A barrier to understanding muscle glucose uptake at
the cellular level has been the absence of a method to measure
glucose uptake by single fibers from mammalian skeletal muscle.
This study’s primary objective was to develop a procedure to
measure glucose uptake by single fibers from rat skeletal muscle.
Rat epitrochlearis muscles were incubated ex vivo with [3H]-2-
deoxy-D-glucose, with or without insulin or AICAR, before iso-
lation of ~10–30 single fibers from each muscle. Fiber type (myosin
heavy chain [MHC] isoform) and glucose uptake were deter-
mined for each single fiber. Insulin-stimulated glucose uptake
(which was cytochalasin B inhibitable) varied according to
MHC isoform expression, with ~2-fold greater values for IIA ver-
sus IIB or IIX fibers and ~1.3-fold greater for hybrid (IIB/X) ver-
sus IIB fibers. In contrast, AICAR-stimulated glucose uptake was
~1.5-fold greater for IIB versus IIA fibers. A secondary objective
was to assess insulin resistance of single fibers from obese versus
lean Zucker rats. Genotype differences were observed for insulin-
stimulated glucose uptake and inhibitor kB (IkB)-b abundance in
single fibers (obese less than lean), with decrements for glucose
uptake (44–58%) and IkB-b (25–32%) in each fiber type. This
novel method creates a unique opportunity for future research
focused on understanding muscle glucose uptake at the cellular
level. Diabetes 61:995–1003, 2012

S
keletal muscle is the major tissue for insulin-
mediated disposal of blood glucose (1). Accord-
ingly, the capacity for insulin-stimulated glucose
disposal by skeletal muscle is a crucial determinant

of glucoregulation. However, glucose uptake is not uniform
across all muscles (2). Even when muscles are studied ex
vivo to minimize the direct effects of microvascular per-
fusion and muscle contractile activity, muscle-dependent
differences in glucose uptake remain (3).

Each muscle includes hundreds or thousands of cells
known as muscle fibers. There can be substantial hetero-
geneity in the metabolic characteristics of individual fibers
within a particular muscle (4). The gold standard for clas-
sifying fiber type relies on identifying the myosin heavy
chain (MHC) isoform(s) expressed by each fiber (5). The
MHC isoforms expressed by adult rat muscle fibers are
types I, IIA, IIB, and IIX (6–9). Many rat skeletal muscles
contain moderate to high proportions of two or more of the

MHC isoforms (10–13). However, in a few rat muscles or
regions of muscles, a single MHC isoform accounts for 80–
90% of the total MHC expression. Henriksen et al. (3)
studied isolated rat muscles with diverse fiber-type com-
positions. They reported similar insulin-stimulated glucose
uptake for soleus (predominantly type I) compared with
flexor digitorum longus (FDB; predominantly type IIA) (3).
The insulin-stimulated glucose uptake for the soleus or FDB
was approximately twofold greater than the predominantly
type IIB epitrochlearis (3).

The study of cultured myocytes has provided important
insights into mechanisms that regulate glucose uptake (14–
20). However, because cultured cells fail to replicate all
properties of adult muscle, the ability to measure glucose
uptake by single fibers from authentic muscle would prove
valuable. No methods are available for measuring glucose
uptake by single fibers from mammalian muscle. To fully
understand muscle glucose uptake at the cellular level, it
will be essential to develop such a method. Therefore, our
first aim was to develop and validate a novel method to
measure glucose uptake by single fibers from rat muscle.
Because the results from muscle tissue research provide
evidence that glucose uptake capacity varies according to
fiber type, it was important to also identify the MHC iso-
form expressed in the same fibers used for glucose uptake
measurements. We hypothesized that insulin-stimulated
glucose uptake would vary among the fibers, with fibers
expressing type I or IIA MHC having greater values than
fibers expressing IIB or IIX MHC. Our second aim was to
use the single-fiber glucose uptake method to gain insights
into insulin resistance by measuring glucose uptake of
single fibers from obese Zucker (OZ) versus lean Zucker
(LZ) rats. We hypothesized that when single fibers ex-
pressing the same MHC isoform were compared, insulin-
stimulated glucose uptake for fibers from LZ rats would
exceed the values for fibers from OZ rats.

RESEARCH DESIGN AND METHODS

Materials. Human recombinant insulin was from Eli Lilly (Indianapolis, IN).
AICAR and cytochalasin B (CB) were from Calbiochem/EMD Chemicals
(Gibbstown, NJ). Reagents for SDS-PAGE and immunoblotting were from Bio-
Rad (Hercules, CA). Bicinchoninic acid protein assay reagent and tissue protein
extraction reagent (T-PER) were from Pierce Biotechnology (Rockford, IL).
[3H]-2-Deoxy-D-glucose ([3H]-2-DG) was from PerkinElmer Life and Analytical
Sciences (Waltham, MA). Collagenase (type II) was from Worthington Bio-
chem (Lakewood, NJ). Trypan Blue was from Invitrogen (Carlsbad, CA). Other
reagents were from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pitts-
burgh, PA). Reagents and apparatus for SDS-PAGE and immunoblotting were
purchased from Bio-Rad. West Dura Extended Duration Substrate was from
Pierce Biotechnology. Anti-APPL1 (adaptor protein containing pH domain, PTB
domain, and leucine zipper motif) antibody (no. ab59592) was from Abcam
(Cambridge, MA), anti–inhibitor kB (IkB)-b antibody (no. sc-945) was from
Santa Cruz (Santa Cruz, CA), and anti-rabbit IgG horseradish peroxidase (no.
7074) was from Cell Signaling Technology (Danvers, MA).
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Animal treatment. Procedures for animal care were approved by the Uni-
versity of Michigan Committee on Use and Care of Animals. Male Wistar rats
(aged 7–10 weeks) were from Harlan (Indianapolis, IN). Lean (Fa/?) and obese
(fa/fa) male Zucker rats (aged 7–8 weeks) were from Charles River Laboratories
(Wilmington, MA). Animals were provided with rodent chow ad libitum until
1700 h the night before the experiment when food was removed. The next day,
between 1000 and 1300 h, rats were anesthetized (intraperitoneal injection of
sodium pentobarbital), and both epitrochlearis muscles were extracted.
Muscle incubation. Isolated muscles underwent a series of incubation steps
(see below). Unless otherwise noted, vials were shaken (45 rpm), gassed (95%
O2/5% CO2), and heated (35°C) in a water bath.
Standard incubation protocol. Isolated muscles were incubated in vials
containing 2 mL media 1 (Krebs Henseleit buffer [KHB] supplemented with 0.1%
bovine serumalbumin [BSA] [KHB-BSA], 2mmol/L sodiumpyruvate, and 6mmol/L
mannitol) with 0 or 12 nmol/L insulin for 20min. Eachmuscle was then transferred
to a second vial for a 60-min incubation in 2mLmedia 2 (KHB-BSA, 1mmol/L 2-DG
[specific activity of 2.25 mCi/mmol [3H]-2-DG], and 9 mmol/L mannitol [specific
activity of 0.022 mCi/mol [14C]mannitol]) and the same insulin concentration as
the previous step. Muscles were blotted, freeze clamped, and stored at 280°C.
Revised incubation protocol. Isolated muscles were incubated in vials con-
taining 2 mL media 1 with 0 or 12 nmol/L insulin for 20 min. Each muscle was
transferred to a second vial for a 60-min incubation in 2 mL media 3 (KHB-BSA, 1
mmol/L 2-DG [specific activity of 13.5 mCi/mmol [3H]-2-DG], and 9 mmol/L
mannitol) and the same insulin concentration as the previous step. Muscles
underwent 3 3 5–min washes (100 rpm) in ice-cold KHB-BSA to clear extra-
cellular space of 2-DG (22). Muscles were placed in collagenase media (Ca2+-free
KHB and 1.5% type II collagenase) for 60 min for enzymatic digestion of collagen
(enzymatically digested muscles are hereafter referred to as fiber bundles).
Some muscles were incubated with CB (25 mmol/L in 0.4% DMSO). One muscle
per rat was incubated with CB for sequential incubations in media 1 and media 3.
The contralateral muscle served as a control (vehicle, 0.4% DMSO). CB or ve-
hicle remained at the same concentration in incubation media 1 and media 3.
Some muscles were incubated with 2 mmol/L AICAR using the revised protocol
described above, except that AICAR was substituted for insulin.
Single-fiber isolation and processing. Following collagenase incubation,
fiber bundles were removed from solution, washed with Ca2+-free KHB, and
placed in a Petri dish containing Ca2+-free KHB plus Trypan Blue (0.25%). Under
a dissecting microscope, single fibers were teased from the bundle using for-
ceps. Only fibers nonpermeable to Trypan Blue (Trypan Blue–permeable fibers
were very rare) were isolated (~10–30 fibers per fiber bundle). Each fiber was
imaged using a camera-enabled microscope with Leica Application Suite EZ
software after isolation. Fiber dimensions were measured using Image J soft-
ware. The width (mean value for width measured at three locations per fiber:
near the fiber midpoint and approximately halfway between the midpoint and
each end of the fiber) and length of each fiber were used to estimate volume
(V = pr2l, where r refers to radius as determined by half of the width mea-
surement and l refers to length). Following imaging, each fiber was transferred
by pipette with 10 mL solution to a microcentrifuge tube containing 40 mL of
lysis buffer (T-PER, 1 mmol/L EDTA, 1 mmol/L EGTA, 2.5 mmol/L sodium py-
rophosphate, 1 mmol/L Na3VO4, 1 mmol/L b-glycerophosphate, 1 mg/mL
leupeptin, and 1 mmol/L phenylmethylsulfonyl fluoride). Laemmli buffer (23,
50 mL) was added to each tube. Tubes were vortexed. Aliquots of lysed fiber
were used for 2-DG uptake and MHC characterization.
Single-fiber 2-DG uptake. An aliquot of the lysed fiber was pipetted into a vial
with 10 mL scintillation cocktail. Aliquots of media 3 (in which muscles had been
incubated with [3H]-2-DG) and Ca2+-free KHB (used to isolate fibers) were
added to separate vials containing 10 mL scintillation cocktail. [3H]-2-DG dis-
integrations per minute (dpm) for each vial were determined using a scintil-
lation counter. 3H dpm accumulation was calculated as fiber 3H dpm minus
3H dpm in Ca2+-free KHB rinse solution. This difference was used as the cor-
rected dpm value to calculate 2-DG accumulation by fibers essentially as pre-
viously performed for muscles (23,24)

corrected total 3H dpm per fiber 3
mmol 2-DG per mL incubation media

3H dpm per mL incubation media

Measured 2-DG accumulation was normalized to calculated fiber volume and
expressed as nanomoles per microliter.
MHC isoform expression. MHC isoforms were separated and identified by
SDS-PAGE (25). An aliquot of fiber homogenate was run on gels at constant
voltage (70 V) for ~24 h. A mixture of homogenized soleus and extensor dig-
itorum longus muscles (containing all four MHC isoforms) was used as a stan-
dard on each gel. Gels were stained with Coomassie Brilliant Blue for ~1 h and
destained in 20% methanol and 10% acetic acid mixture.
Immunoblotting. Before immunoblotting, epitrochlearis single-fiber lysates
from LZ and OZ rats were fiber typed based onMHC expression. Relative protein

abundance of each fiber was calculated using a three-point MHC standard curve
from soleus and extensor digitorum longus muscles lysate loaded on each gel. A
similar amount of MHC protein for each fiber sample was loaded onto 9% SDS-
PAGE. Following electrophoretic transfer to nitrocellulose, gels were stained
with CoomassieBrilliant Blue, and posttransfer MHC bands were quantified by
densitometry (AlphaEase FC; AlphaInnotech, San Leandro, CA), as previously
described (26). After immunoblotting the membranes, the immunoreactive
protein bands (IkB-b and APPL1) were visualized by enhanced chemilumines-
cence and quantified by densitometry, as previously described (27). IkB-b and
APPL1 protein levels for each fiber were expressed relative to the fiber’s re-
spective posttransfer MHC density.
Muscle and fiber-bundle homogenization. Intact muscles and fiber bundles
used for 2-DG uptake were processed in 1 mL ice-cold lysis buffer using glass-
on-glass grinding tubes. Homogenates were rotated (4°C, 1 h) before being
centrifuged (12,000g, 10 min, 4°C). Aliquots of supernatant used for 2-DG
uptake were pipetted into vials for scintillation counting, and 2-DG uptake was
determined. A portion of supernatant was used to determine protein con-
centration (bicinchoninic acid protein assay). 2-DG uptake was normalized to
either muscle weight (micromoles per gram for intact muscles) or protein
content (micromoles per microgram of protein for fiber bundles). Remaining
supernatant was stored at 280°C until further analysis.
Statistical analysis. Data are expressed as means 6 SEM. Differences be-
tween the two groups were determined by the Student t test. The Pearson
correlation coefficient was used for correlation analysis. One-way ANOVA
was used to evaluate the effect of fiber type on 2-DG uptake. Two-way ANOVA
was used for the CB experiment and the Zucker rat experiment. The Tukey
post hoc t test was applied to determine the source of significant variance.
A P value of #0.05 was considered statistically significant.

RESULTS

2-DG values were similar for whole muscles using
revised versus standard protocols. The standard in-
cubation protocol for 2-DG uptake uses [14C]mannitol to
calculate extracellular space, which is used to calculate
extracellular 2-DG, which is subtracted from whole-muscle
2-DG to calculate intracellular 2-DG accumulation (24). To
confirm that the standard versus revised protocols resulted
in similar values for 2-DG uptake, paired muscles from
Wistar rats were studied with both protocols. Both muscles
from some rats were incubated with insulin, and both mus-
cles from other rats were incubated without insulin. KHB
was supplemented with [3H]-2-DG and [14C]mannitol for one
muscle, whereas KHB was supplemented with [3H]-2-DG
only for the contralateral muscle. The muscle incubated in
[14C]mannitol and [3H]-2-DG was immediately freeze clam-
ped following incubation, whereas the contralateral muscle
(incubated in [3H]-2-DG only) underwent three rinses (5 min
each) in ice-cold KHB. 2-DG uptake did not differ signifi-
cantly between muscles incubated using the standard versus
revised protocol (Fig. 1A). 2-DG values were significantly
correlated (basal: R = 0.88, P , 0.05; insulin stimulated: R =
0.91, P , 0.05) between paired muscles undergoing the
standard versus revised protocol (Fig. 1B). 2-DG uptake for
muscles undergoing the standard protocol also can be
expressed as nanomoles per microliter: basal 1.86 6 0.41
nmol/mL and insulin stimulated 5.89 6 0.82 nmol/mL.
Incubation with collagenase did not alter 2-DG
uptake. Paired muscles were dissected from Wistar rats.
Both muscles from some rats were incubated with insulin,
and both muscles from other rats were incubated without
insulin. KHB was supplemented with [3H]-2-DG for the
second incubation step. After three rinses to remove ex-
tracellular 2-DG, one muscle per rat was incubated with
collagenase, and the other was incubated without colla-
genase. Collagenase did not alter 2-DG uptake (Fig. 1C).
Insulin-stimulated 2-DG uptake by single fibers was
correlated with 2-DG for fiber bundles. 2-DG that
enters muscle fibers is rapidly phosphorylated by hexoki-
nase, whereas resultant 2-DG-6P is trapped intracellularly
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without further metabolization. After collagenase treatment,
muscles from Wistar rats were incubated in Ca2+-free KHB
with Trypan Blue. A bundle of several hundred fibers from
each muscle used to harvest single fibers also was pro-
cessed for 2-DG uptake without insulin or with 12 nmol/L
insulin. 2-DG uptake also was determined from ~10–30
single fibers per bundle. Figure 1D illustrates the significant
correlations (basal: R = 0.68, P , 0.05; insulin stimulated:
R = 0.63, P , 0.05) between mean 2-DG uptake by single
fibers from each bundle versus 2-DG uptake by the donor
bundle from which fibers were isolated.
Differences in insulin-stimulated 2-DG uptake by single
fibers. Relative numbers of fibers (%) for each MHC isoform
in single fibers isolated fromWistar rats were 9% IIA, 61% IIB,
8% IIX, and 22% IIB/X (see Fig. 2 for representative gel).

These values compare with the relative abundance of MHC
composition of whole epitrochlearis muscles from 7- to
10-week-old Wistar rats (8% I, 13% IIA, 51% IIB, and 28% IIX)
(10). Figure 3A illustrates data from single fibers from Wistar
rats used to measure both insulin-stimulated 2-DG uptake
and MHC isoform expression. We found no significant fiber-
type differences for basal 2-DG uptake. ANOVA revealed
a significant difference (P, 0.05) for insulin-stimulated 2-DG
uptake of IIA fibers versus fibers expressing each of the other
MHC isoforms, and a significant difference between IIB/X
versus IIB fibers (IIB/X greater than IIB).
Insulin-stimulated 2-DG uptake by single fibers was
inhibited by CB. For 2-DG uptake by single fibers from
muscles incubated without insulin, there were significant
main effects (P , 0.05) of CB and fiber type. The only

FIG. 1. A: 2-DG uptake by epitrochlearis muscle with (■) or without (□) insulin stimulation. Paired epitrochlearis muscles from the same rat
underwent either the standard incubation protocol ([

3
H]-2-DG and [

14
C]mannitol) or the revised incubation protocol ([

3
H]-2-DG only, with three

washes). Data are means 6 SEM (n = 7–9 muscles per protocol at each insulin concentration). B: Correlations between the standard and revised
protocols from muscles used in A (n = 7–9 muscles per protocol and insulin concentration). Each symbol represents data from paired muscles after
incubation in the respective protocol, with (■) or without (○) insulin. Without insulin: R = 0.88, P < 0.05; with insulin: R = 0.91, P < 0.05. C: 2-DG
uptake by epitrochlearis muscles with (■) or without (□) insulin stimulation, followed by a 60-min incubation in media with (+) or without (2)
collagenase. Data are means 6 SEM (n = 6 per bar). D: Correlations between the 2-DG uptake by fiber bundles (expressed as micromoles per mi-
crogram protein) vs. mean 2-DG uptake by single fibers isolated from their corresponding fiber bundle (~10–20 fibers, expressed as nanomoles per
microliter), represented by each symbol, with (■) or without (○) insulin. Without insulin: R = 0.68, P < 0.05; with insulin: R = 0.63, P < 0.05.
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statistically significant difference (P , 0.05) identified by
post hoc analysis was in IIB/X fibers (no CB greater than
with CB) (Fig. 3B). For 2-DG uptake by single fibers from
insulin-stimulated muscles, there was a significant main
effect of CB (P , 0.001). Post hoc analysis (P , 0.001) in-
dicated that values without CB exceeded values with CB for
each fiber type. For 2-DG uptake by single fibers from
insulin-stimulated muscles, there was a significant main
effect of fiber type (P , 0.001) and a significant interaction
between CB status and fiber type (P , 0.001). Post hoc
analysis indicated that for insulin-stimulated muscles in-
cubated without CB, 2-DG values for IIA fibers were sig-
nificantly (P , 0.05) greater than values for all other fiber
types, and 2-DG values for IIB/X fibers were significantly
(P , 0.05) greater than values for IIB fibers. For 2-DG up-
take by single fibers from muscles incubated with insulin
and CB, post hoc analysis detected no significant differ-
ences among fiber types.
AICAR-stimulated 2-DG uptake by single fibers. Figure 4
illustrates data from single fibers used to measure AICAR-
stimulated 2-DG uptake and MHC isoform expression. There
were no significant fiber-type differences for basal 2-DG up-
take. ANOVA revealed a significant difference (P , 0.05) for
AICAR-stimulated 2-DG uptake between fiber types. Post hoc
analysis indicated a significant difference for IIB fibers versus
IIA fibers (IIB greater than IIA).
2-DG uptake by single fibers from epitrochlearis of
OZ versus LZ rats. Basal 2-DG uptake values by single
fibers were not significantly different between OZ and LZ
rats, regardless of MHC isoform expression (Fig. 5). For
2-DG uptake by single fibers from insulin-stimulated muscles,
there was a significant main effect of genotype (P , 0.001),
and post hoc analysis indicated that insulin-stimulated
2-DG values for each fiber type were significantly greater
for LZ versus OZ rats (P , 0.05). For 2-DG uptake by
single fibers from insulin-stimulated muscles, there also
was a significant main effect of fiber type (P , 0.001) and a
significant interaction (genotype 3 fiber type; P , 0.001).
Post hoc analysis indicated that within the LZ fibers from
insulin-stimulated muscles, 2-DG uptake for IIA fibers
exceeded values for all other fiber types (P , 0.05). How-
ever, for single fibers from insulin-stimulated OZ muscles,
post hoc analysis did not reveal significant differences
among fiber types. Relative decrements for 2-DG uptake
of insulin-stimulated OZ versus LZ muscles were esti-
mated by calculating differences between the mean LZ

value for each fiber type and individual OZ values for the
same fiber type. Calculated reductions for insulin-stimulated
2-DG uptake for the fiber types (IIB: 44.4 6 3.0%, IIA:
58.0 6 10.0%, IIX: 52.0 6 8.01%, and IIB/X: 52.3 6 5.0%)
did not differ significantly.
IkB-b and APPL1 abundance in single fibers. For IkB-b,
we observed a significant main effect of genotype (P ,
0.005; LZ greater than OZ), regardless of fiber type. No
fiber-type difference for IkB-b was detected, and the cal-
culated reductions in IkB-b content for LZ versus OZ were
similar across fiber types (IIB: 24.8 6 10.7%, IIA: 27.5 6
7.1%, IIX: 30.0 6 9.1%, and IIB/X: 31.9 6 4.0%) (Fig. 6A).
For APPL1, there was no significant genotype or fiber-type
difference (Fig. 6B).

DISCUSSION

Skeletal muscle is a heterogeneous tissue primarily com-
posed of muscle fibers that can have diverse phenotypes.
However, there was previously no method to evaluate glu-
cose uptake by single mammalian fibers. The current study
filled this gap. It is noteworthy that the novel method
includes identification of MHC isoform expression in each
fiber used for the glucose uptake assay. The results in-
dicated that insulin-stimulated glucose uptake varied among
fibers according to fiber type, with twofold greater insulin-
mediated glucose uptake for IIA versus IIB or IIX fibers.
These data extend earlier research using tissue analyses in
which rat muscles primarily composed of IIA fibers had
approximately two- to threefold greater insulin-mediated
glucose uptake than muscles mostly composed of IIB fibers
(3). The current results also revealed that hybrid fibers,
which expressed more than one MHC isoform (IIB/X),
had higher insulin-induced glucose uptake than IIB fibers.
These results are important because hybrid fibers can be
abundant in rat muscle (28,29) and novel because conven-
tional tissue analysis cannot assess the glucose uptake by
hybrid fibers. In contrast to the results of insulin-stimulated
glucose uptake, AICAR-stimulated glucose uptake was
greater in IIB versus IIA fibers. These data coincide with
results for whole epitrochlearis (predominantly IIB) that
had greater AICAR-stimulated glucose uptake versus
whole FDB (predominantly IIA) (30). The relative mag-
nitude of insulin resistance in OZ versus LZ rats was
substantial (from 44 to 58% for fibers expressing each of
the fiber types evaluated: IIA, IIB, IIX, and IIB/X). Further-
more, for OZ versus LZ rats IkB-b content also was reduced
(25–32%) across each fiber type.

We performed a series of experiments to validate the
procedure for assessing glucose uptake by single fibers. We
demonstrated that glucose uptake was unaltered by colla-
genase treatment and documented that glucose uptake by
single fibers was highly correlated with values for donor
muscles from which single fibers were isolated. Using CB,
a compound that inhibits glucose transporter protein–
mediated glucose transport, we established that 2-DG
accumulation by single fibers was attributable to transporter-
specific glucose uptake.

The MHC isoform profile of single fibers isolated from
Wistar rats (9% IIA, 61% IIB, 8% IIX, and 22% IIB/X) com-
pares to the relative abundance of the MHC composition of
whole epitrochlearis from Wistar rats (8% I, 13% IIA, 51% IIB,
and 28% IIX) (10). It is uncertain why type I fibers were not
included among the hundreds of fibers isolated using colla-
genase. It may relate to the greater collagen levels sur-
rounding type I compared with type II fibers in rat muscle

FIG. 2. Representative SDS–polyacrylamide gel of single fibers isolated
from rat epitrochlearis muscle visualized using Coomassie Brilliant
Blue staining. Lane 1: E+S, pooled sample from rat extensor digitorum
longus and soleus muscles expressing MHC types I, IIA, IIB, and IIX.
Lane 2: Ladder, molecular mass standard. Lane 3: Epitrochlearis sin-
gle fiber expressing type IIB/X (hybrid fiber). Lane 4: Epitrochlearis
single fiber expressing type IIB/X (hybrid fiber). Lane 5: Epitrochlearis
single fiber expressing type IIB. Lane 6: Epitrochlearis single fiber
expressing type IIA. Lane 7: Epitrochlearis single fiber expressing
type IIX.
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(31). Consistent with this interpretation, despite repeated
attempts to use collagenase with isolated soleus, a muscle
composed of ~90% type I fibers (10), we were unable to
isolate any single fibers. Regardless, the protocol success-
fully isolated single fibers expressing each of the other MHC
isoforms (representing .90% of MHC expressed by the
epitrochlearis) in proportions roughly comparable to their
respective abundance in whole epitrochlearis.

Glucose uptake measurement by traditional tissue anal-
ysis has limitations that are avoided using the single-fiber
method. 1) No muscles in rats have been found to exclu-
sively express a single MHC isoform. Therefore, tissue
comparisons are limited to muscles or regions of muscles
largely composed of a particular fiber type. 2) No rat muscle
has been identified in which type IIX fibers account for most
of the MHC. 3) Tissue analysis cannot reveal the glucose

uptake of hybrid fibers. 4) Tissue analysis includes the
contribution of other cell types in skeletal muscle (vascular,
neural, adipose, fibroblasts, etc.). 5) Various conditions alter
fiber-type composition of muscles (32–36), confounding in-
terpretation of between-group comparisons. The single-fiber
procedure makes comparisons possible between fibers
matched for MHC expression.

Full understanding of muscle insulin resistance will re-
quire elucidation of insulin resistance at the cellular level.
Cultured myocytes provide valuable insights into the
mechanisms for insulin resistance (37–39); however, they
are imperfect models of fibers in adult muscle. To probe
muscle insulin resistance, we compared glucose uptake in
single fibers from LZ and OZ rats. Insulin-stimulated glucose
uptake is reduced by 67% in isolated intact epitrochlearis
(40). Using the perfused rat hind-limb procedure, Sherman

FIG. 3. A: Mean 2-DG uptake by fibers expressing the same MHC isoform, with (■) or without (□) insulin stimulation. For basal (no insulin) fibers,
the number of fibers for each MHC type is in parentheses: IIB (105), IIA (16), IIX (7), and IIB/X (30). For insulin-stimulated fibers, the number of
fibers for each MHC type is in parentheses: IIB (117), IIA (15), IIX (13), and IIB/X (41). Data are means 6 SEM. ANOVA revealed a significant
difference related to MHC expression for insulin-stimulated fibers (P < 0.05). Post hoc analysis of insulin-stimulated fibers revealed significant
differences (P < 0.05) for 1) *IIA vs. all other fiber types; and 2) †IIB/X vs. IIB fibers. B: Mean 2-DG uptake by fibers isolated from epitrochlearis
muscle that were incubated without (□) or with (■) CB. For basal (no insulin) fibers, without CB, the number of fibers for each MHC type is in
parentheses: IIB (56), IIA (11), IIX (9), and IIB/X (23). For basal fibers, with CB, the number of fibers for each MHC type is in parentheses: IIB
(58), IIA (6), IIX (11), and IIB/X (25). For insulin-stimulated fibers, without CB, the number of fibers for each MHC type is in parentheses: IIB
(37), IIA (5), IIX (6), and IIB/X (19). For insulin-stimulated fibers, with CB, the number of fibers for each MHC type is in parentheses: IIB (40),
IIA (6), IIX (5), and IIB/X (16). Data are means 6 SEM. For fibers without insulin, there were significant main effects of CB status (no CB greater
than with CB; P < 0.001) and fiber type (P < 0.001). Post hoc analysis indicated for fibers without insulin, no CB is greater than with CB for IIB/X
fibers (§P < 0.05). For fibers with insulin, there were significant main effects of CB status (no CB greater than CB; P < 0.001) and fiber type (P <
0.001) and a significant CB 3 fiber-type interaction (P < 0.001). Post hoc analysis revealed that for insulin-stimulated fibers 1) #P < 0.05 for CB
vs. no CB for all fiber types; and 2) for fibers with no CB, *P < 0.05 for IIA vs. IIB, IIX, and IIB/X fibers and †P < 0.05 for IIB/X vs. IIB fibers.
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et al. (41) found similar relative deficits for OZ versus
LZ rats in glucose uptake for a muscle composed of pre-
dominantly type I fibers (soleus, 47% decline), a region of
muscle with a high portion of IIA fibers (red quadriceps,
66% decline), and a region of muscle that is mostly IIB fi-
bers (white quadriceps, 54% decline). In single fibers that
expressed known MHC isoforms, the relative decrements
were similar to these published results for tissue glucose
uptake. Furthermore, the relative decrements were similar
for each fiber type that was assessed. The results from
perfused and isolated muscles indicate that all fiber types
contribute to the insulin resistance in OZ rats.

The correspondence for the magnitude of insulin re-
sistance in single fibers compared with published data for
isolated epitrochlearis and perfused hind limb (40,41)
provides further support for the validity of the single-fiber
method. However, various interventions, including exer-
cise, dietary manipulations, or pharmaceutical treatments,
may not uniformly modulate single-fiber glucose uptake.
The single-fiber method could be especially valuable for
experiments using vivo gene delivery (by electroporation
or gene gun) to muscle. These approaches have pro-
vided important information about the regulation of mus-
cle glucose uptake. However, because gene delivery using

FIG. 4. Mean 2-DG uptake by fibers expressing the same MHC isoform, with (■) or without (□) AICAR stimulation. For basal (no AICAR) fibers,
the number of fibers for each MHC type is within parentheses: IIB (27), IIA (6), IIX (6), and IIB/X (1). For AICAR-stimulated fibers, the number of
fibers for each MHC type is within parentheses: IIB (51), IIA (21), IIX (13), and IIB/X (15). Data are means 6 SEM. ANOVA revealed a significant
difference related to MHC expression for AICAR-stimulated fibers (P < 0.05). Post hoc analysis of AICAR-stimulated fibers revealed a significant
difference. *P < 0.05 for IIB vs. IIA fibers.

FIG. 5. Mean 2-DG uptake by fibers isolated from epitrochlearis muscles from lean Zucker (LZ) (□) or obese Zucker (OZ) (■) rats. For basal (no
insulin) fibers from LZ rat muscles, the number of fibers for each MHC type is in parentheses: IIB (51), IIA (10), IIX (8), and IIB/X (11). For basal
fibers from OZ rat muscles, the number of fibers for each MHC type is in parentheses: IIB (71), IIA (10), IIX (5), and IIB/X (14). For insulin-
stimulated fibers, from LZ rat muscles, the number of fibers for each MHC type is in parentheses: IIB (73), IIA (13), IIX (15), and IIB/X (19). For
insulin-stimulated fibers from OZ rat muscles, the number of fibers for each MHC type is in parentheses: IIB (99), IIA (9), IIX (7), and IIB/X (25).
Data are means6 SEM. For fibers with insulin, there were significant main effects of genotype (LZ greater than OZ; P< 0.001) and fiber type (P<
0.001) and a significant genotype 3 fiber-type interaction (P < 0.01). Post hoc analysis of insulin-stimulated fibers revealed 1) #P < 0.05 for
insulin-stimulated OZ vs. LZ for all fiber types; and 2) for insulin-stimulated fibers within only the LZ group, *P< 0.05 for insulin-stimulated IIA vs.
IIB, IIX, and IIB/X fibers.
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these approaches is not 100% efficient, the interpretation
can be imprecise. For example, if gene delivery induces
a 50% reduction in glucose uptake, it is possible that only
50% of the fibers were transfected, and glucose uptake was
completely inhibited in each transfected fiber. Alterna-
tively, it is possible that most of the fibers were transfected,
but glucose uptake was only partly inhibited in each
transfected fiber. The single-fiber method can turn this
complication into an advantage by allowing isolation of
those fibers expressing the gene of interest (facilitated
by a fluorescent reporter). Moreover, the nontransfected
fibers could provide an invaluable internal control from
the same muscle. It also is possible that transfection effi-
ciency will vary by fiber type or that the consequences of

transfection will be fiber-type specific. The single-fiber
model offers the opportunity to address these possible
outcomes.

Obesity-associated inflammation is considered a likely con-
tributor to muscle insulin resistance (42,43). Overactivation
of the IkB/nuclear factor-kB (NFkB) pathway is hypothe-
sized to trigger insulin resistance, and reduced IkB-b pro-
tein abundance commonly is used as a marker of this
activation. For example, IkB-b content was decreased
in muscle of insulin-resistant humans with type 2 diabetes
(44). Previous studies using whole skeletal muscles or
regions of muscles have suggested that activation of the IkB/
NFkB pathway may be modulated by obesity in a fiber-type–
dependent manner (45,46). The current results demonstrate

FIG. 6. IkB-b (A) and APPL1 (B) protein abundance in single fibers isolated from epitrochlearis muscles from LZ (□) or OZ (■) rats. Repre-
sentative blots of protein abundance (IkB-b or APPL1) and corresponding Coomassie Brilliant Blue-stained gels of posttransfer MHC (loading
control) are provided. The density value for each protein (IkB-b or APPL1) was normalized to the density value for the loading control. A: There
was a significant main effect of genotype (LZ greater than OZ; *P < 0.005) but no significant fiber-type difference for IkB-b. Data are means 6
SEM. n = 8 fibers per bar. B: There was no significant genotype or fiber-type difference for APPL1. Data are means 6 SEM. n = 8 fibers per bar.
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significantly lower IkB-b levels in single fibers from obese
rats, regardless of fiber type. When these novel observa-
tions are coupled with our demonstrated decline in glu-
cose uptake by single fibers from OZ rats, the results
provide new evidence that supports the idea that the in-
sulin resistance found in fibers from the obese rats, re-
gardless of fiber type, is linked to greater activation of the
IkB/NFkB pathway. Another novel result was the lack of
a significant fiber-type difference for IkB-b levels, in-
dicating that the fiber-type differences in glucose transport
are independent of differences in the expression of this
protein. APPL1 mediates adiponectin signaling and has
been linked to enhanced insulin-stimulated Akt activation,
GLUT4 translocation, and glucose uptake (47,48). The lack
of significant effects of either obesity or fiber type on
APPL1 abundance, taken together with the single-fiber
glucose uptake data, demonstrate that neither the obesity-
related insulin resistance nor the fiber-type differences in
glucose uptake are attributable to differential expression
of this regulatory protein.

In conclusion, the current study provides new insights
into the relationship between MHC isoform expression and
glucose uptake in rat muscle. In addition, the results dem-
onstrated that in OZ rats, the extent of insulin resistance
was similar for single fibers expressing different MHC iso-
forms. More importantly, the study validated an innovative
approach that has the potential to provide unique infor-
mation about muscle glucose uptake to be used for un-
derstanding, preventing and treating insulin resistance.
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