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To investigate the contribution of inherited biochemical
defects to the peripheral insulin resistance of type 2 dia-
betes, we studied cultured skeletal muscle from 10
insulin-resistant nondiabetic first-degree relatives of
type 2 diabetic families and 6 control subjects. Insulin
stimulation of glucose uptake and glycogen synthesis was
maximal in myoblasts. Insulin-stimulated glucose uptake
(fold-stimulation over basal uptake) was decreased in rel-
ative compared with control myoblasts at 0.001 pmol/I
(0.93 £ 0.05 [mean + SE] vs. 1.15 + 0.06, P < 0.05) and
0.1 pmol/l (1.38 £ 0.10 vs. 1.69 = 0.08, P = 0.025) insulin.
Insulin responsiveness was markedly impaired in 5 of
the relative myoblast cultures, and in 4 of these, there was
an associated increase in basal glucose uptake (76.7 £ 7.0
vs. 47.4 £ 5.5 pmol - min™ - mg™ protein, relative vs. con-
trol; P < 0.02). Expression of insulin receptor sub-
strate 1, phosphatidylinositol 3-kinase, protein kinase
B, and glycogen synthase was normal in the relative cul-
tures with impaired insulin responsiveness. Glycogen
synthesis was also normal in the relative cultures. We con-
clude that the persistence of impaired insulin respon-
siveness in some of the relative cultures supports the role
of inherited factors in the insulin resistance of type 2 dia-
betes and that the association with increased basal glu-
cose uptake suggests that the 2 abnormalities may be
linked. Diabetes 49:1169-1177, 2000
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ype 2 diabetes is a heterogeneous condition char-

acterized by insulin resistance, pancreatic B-cell

dysfunction, dyslipidemia, and a high prevalence

of obesity. The relative importance of these char-
acteristics in the pathogenesis of the disease is unclear
because once type 2 diabetes is fully developed, it is impos-
sible to determine the initial event or events that precipi-
tated its onset (1,2). There is strong evidence, however, for the
role of genetic factors in the development of type 2 diabetes.
First, there is a high rate of concordance of type 2 diabetes
in monozygotic twins (70-80%) compared with dizygotic twins
(10-20%) (3,4), and second, there is clear clustering within
families. The lifetime risk of nondiabetic sibs and offspring of
type 2 diabetic patients developing diabetes has been esti-
mated at ~40% (5).

Insulin resistance is one of the earliest recognizable meta-
bolic events in nondiabetic first-degree relatives of type 2
diabetic patients, even in the presence of normal glucose tol-
erance (6-10). Importantly, prospective studies in families and
populations at risk of developing type 2 diabetes have shown
that insulin resistance is a major predictor for the subse-
quent development of diabetes (11,12). Skeletal muscle has
been shown to be the principal peripheral site of insulin
resistance in type 2 diabetes (13,14), although the underlying
mechanisms remain to be clearly defined. In healthy humans,
skeletal muscle accounts for ~70-80% of the insulin-stimulated
glucose uptake in vivo (15), and most of the metabolized glu-
cose is stored nonoxidatively (15) as glycogen (16). Both
glucose transport, the rate-limiting step in glucose utiliza-
tion by muscle (17,18), and glycogen synthesis are stimu-
lated by insulin, and defects in each of these processes have
been implicated in the development of peripheral insulin
resistance in type 2 diabetes (16,19-23).

There are several lines of evidence that implicate inherited
factors in the development of peripheral insulin resistance.
First, not only is impaired peripheral insulin action an early
metabolic feature of nondiabetic relatives of type 2 diabetic
patients, but 2 studies reported clear familial clustering of
impaired peripheral insulin action in type 2 diabetic families
(24,25). Second, defects of insulin action are retained in cul-
tured fibroblasts (26,27) and skeletal muscle cells (28,29)
from type 2 diabetic patients.
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Human skeletal muscle culture provides a powerful tool
for the investigation of the biochemical and genetic basis of
peripheral insulin resistance in type 2 diabetes. Importantly, cul-
tured human muscle cells maintain morphological, biochemi-
cal, and metabolic properties of skeletal muscle (28-34), and in
particular, glucose uptake and glycogen synthesis remain
responsive to insulin in cultured muscle cells from control
subjects (28-33). One of the difficulties in investigating
patients with established type 2 diabetes is that secondary
metabolic changes such as chronic hyperglycemia and lipid
abnormalities contribute to peripheral insulin resistance
(35,36). Therefore, to limit the influence of these secondary
changes and focus on subjects that are likely to harbor inher-
ited defects of insulin action, we have identified insulin-resis-
tant nondiabetic relatives of type 2 diabetic families and estab-
lished muscle cultures. In these cultures, we have studied the
effect of insulin on glucose uptake and glycogen synthesis—
the 2 putative sites of insulin resistance in type 2 diabetes.

RESEARCH DESIGN AND METHODS

Subjects. Nondiabetic first-degree relatives of type 2 diabetic patients from
families of northern European extraction with at least 2 living type 2 diabetic
relatives were recruited (9). There were 93 relatives who underwent a 75-g oral
glucose tolerance test (OGTT) and an insulin tolerance test (ITT) (0.05 U
insulin/kg body wt) to assess whole-body insulin sensitivity (37). Insulin resis-
tance has been previously defined as an insulin resistance index (K1) <2.5%
min using the ITT (38), and this result corresponds exactly with the cutoff for
the lower tertile of the relatives’ K distribution. The difference in K val-
ues between the 31 insulin-resistant relatives from the lower tertile and the
other 62 relatives was independent of BMI as a covariate. Of the insulin-
resistant relatives, 10 had impaired glucose tolerance, and the rest had nor-
mal glucose tolerance. To try to limit the potential confounding effect of
hyperglycemia on insulin sensitivity, we primarily recruited for muscle biopsy
relatives with normal glucose tolerance, and as shown in Table 1, only 1 of the
10 relatives was classified as having impaired glucose tolerance.

There were 94 nondiabetic control subjects with no family history of dia-
betes recruited from the local background population (9) who underwent an
OGTT and ITT. The 6 subjects with normal glucose tolerance classified as
insulin sensitive based on a K, value above the cutoff (>3.7% min) for the

upper tertile of their K, distribution were recruited for muscle biopsy. Their
characteristics are shown in Table 1.

All subjects gave written informed consent, and the study was approved by
the Newcastle and North Tyneside Joint Ethics Committee.

Materials. Cell culture materials were supplied by Life Technologies (Paisley,
Scotland, U.K.), except for minimum essential medium (MEM)-a modifica-
tion, which was supplied by Sigma (Poole, U.K.). All cell culture plastic ware
was purchased from Nunc (Paisley, Scotland, U.K.), except for 6-well tissue cul-
ture plates, which were supplied by Costar (Littel Chalfont, Bucks, U.K.). 2-
Deoxy-p-glucose-*H (G), cytochalasin B (from Helminotosporium dema-
tiodeum), and glycogen type Il were obtained from Sigma. o-[U-*C]glucose was
purchased from Amersham Life Sciences (Little Chalfont, Bucks, U.K.).
Human actrapid insulin was supplied by Novo Nordisk (West Sussex, U.K.). 2-
Deoxy-p-glucose was obtained from ICN Biomedicals (Thame, U.K.). Mouse
anti-human desmin and rabbit anti-mouse immunoglobulins were purchased
from Dako (High Wycombe, U.K.). Mouse anti-human titin was supplied by
NovoCastra (Newcastle upon Tyne, U.K.). Goat polyclonal anti-GLUT1 IgG
(C-20) and rabbit antibody to insulin receptor substrate (IRS)-1 were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA) and Upstate Biotechnology
(Lake Placid, NY), respectively. Rabbit antibodies to GLUT4, phosphatidyli-
nositol (Pl) 3-kinase, protein kinase B (PKB), and glycogen synthase were
gifts from Gus Leinard (Dartmouth Medical School, Hanover, NH), Peter Shep-
herd (University College London, London), Brian Hemmings (Basel, Switzer-
land), and Leif Groop (Malmo, Sweden), respectively. Donkey anti-rabbit IgG
fluorescein-conjugated secondary antibody and donkey anti-goat 1gG rho-
damine-conjugated secondary antibody, both absorbed for dual labeling, were
obtained from Chemicon International (Harrow, U.K.). The secondary goat anti-
rabbit antibody linked to horseradish peroxidase for Western blotting was
obtained from Sigma.

Human primary muscle cultures. Aneural muscle cultures were estab-
lished according to the methods of Blau and Webster (34) and Yasin et al. (39)
and from ~50 mg muscle obtained from a needle biopsy of each of the subjects
described above. Cultures were maintained in Nutrient Mixture Ham’s F10, sup-
plemented with 20% fetal bovine serum, 1% chick embryo extract, 100 U/ml
penicillin, and 100 pg/ml streptomycin in an atmosphere of 5% CO, in air. Cell
monolayers were harvested by trypsinization when 80% confluence was
attained and subcultured using a split ratio of 1 to 4.

Once the cell monolayer attained ~90% confluence, myoblast fusion was ini-
tiated by changing the growth media to MEM-a, supplemented with 2% fetal
bovine serum, 100 U/ml penicillin, 100 pug/ml streptomycin, and 0.1 pmol/I
insulin. The medium was changed every 3 days. Cell fusion and differentiation
into multinucleated myotubes was monitored visually by phase contrast
microscopy.

TABLE 1
Characteristics of insulin-resistant relatives and insulin-sensitive control subjects
Family Age 2-h Blood
number Sex (years) BMI (kg/m?) WHR FBG mmol/l glucose (mmol/l) Kt (% min)
Relatives
1 4 M 48 30.8 0.96 5.1 5.4 1.4
2 10 M 49 24.4 0.89 5.1 5.5 2.3
3 14 F 42 37.9 0.90 44 7.0 2.1
4 14 M 29 27.5 0.90 44 2.9 1.6
5 18 M 38 34.0 1.00 6.0 9.8 1.9
6 23 F 35 27.3 0.83 55 6.9 2.2
7 23 M 58 28.0 0.88 49 45 2.0
8 26 F 52 284 0.82 4.8 5.7 2.2
9 37 F 36 313 0.84 4.6 6.0 2.0
10 37 F 25 26.8 0.83 4.2 4.7 2.1
Means * SE — — 41+3 29613 0.88 £0.02 49+0.2 58+ 0.6 20+0.1
Control
subjects
1 — F 64 24.3 0.80 4.2 42 5.1
2 — F 30 24.6 0.85 4.6 45 55
3 — M 35 22.3 0.77 44 5.0 4.2
4 — M 48 24.0 0.82 4.8 35 4.7
5 — F 43 23.3 0.74 4.1 4.3 4.3
6 — F 24 23.1 0.75 44 4.6 4.1
Means * SE — — 41+ 6 23.6+04 0.79 £ 0.02 44+0.1 4402 47+0.2
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Muscle cell origin was confirmed in each culture immunohistochemically
using antibodies to the muscle-specific proteins desmin and titin (40,41).
Greater than 95% of cells in each culture were of muscle origin. Before assay,
all cultures were confirmed free of mycoplasma contamination using a poly-
merase chain reaction enzyme-linked immunosorbent assay-based kit
(Boehringer Mannheim, Lewes, U.K.).

Measurement of 2-deoxy-bp-[3H]glucose uptake. Cells were grown in 6-well
cluster plates. Before assay, the medium was removed from the cell mono-
layer and replaced with 2 ml serum-free MEM-a. The cells were then incubated
at 37°C for 15 min, after which the medium was removed and the procedure was
repeated once more. The cell monolayers were then incubated in 2 ml serum-
free MEM-a for 16 h, after which time the media were replaced with 1 ml
serum-free MEM-q, including insulin when stated, and the cells incubated at 37°C
for 1 h. 2-Deoxy-b-[*H]glucose uptake was then determined using a modification
of the method of Klip et al. (42). The plates were washed 3 times with 2 ml uptake
buffer: 118 mmol/I NaCl, 5 mmol/I KCI, 1.3 mmol/l CaCl,, 1.2 mmol/l MgSO,, and
1.2 mmol/l KH,PO,, pH 7.4, at 37°C. Then, 1 ml of this buffer was added to each
well, and uptake was initiated by the addition of 10 umol/l 2-deoxy-b-[*H]glucose
(0.7 uCi/ml final concentration). After a 10-min incubation at 37°C, uptake was
stopped by pouring off the incubation medium and rapidly rinsing the monolayer
5 times with ice-cold Dulbecco’s phosphate-buffered saline (PBS). The cells were
then solubilized in 0.5 ml 0.05% SDS for 30 min. The wells were then aspirated
and washed twice with 200 pl distilled water, and cell-associated radioactivity
in each well was determined in 750 pl of the combined aspirate/washings by scin-
tillation counting. Under these conditions, transport across the cell membrane
and not phosphorylation is the rate-limiting step in the uptake of 2-deoxyglucose
(30,43). Non-carrier-mediated uptake was determined in parallel incubations in
which the cells were exposed to 10 umol/l cytochalasin B, a potent inhibitor of
transport (31,44), for 15 min before initiation of uptake. The value obtained was
subtracted from all experimental uptake values and was typically <10% of the
basal value determined in the absence of the inhibitor.

Glycogen synthesis. Total glycogen synthesis was determined by measuring
the incorporation of b-[U-**C]glucose into glycogen in cells cultured in paral-
lel to those used in the glucose uptake studies.

Before assay, cells cultured in 6-well plates were washed in serum-free
MEM-a and exposed to this medium for 16 h exactly as described above. After
this period of serum starvation, the medium was replaced with 1 ml serum-free
MEM-q, and the cells were incubated in the presence or absence of insulin for
1 h. p-[U-*C]glucose was then added (1.25 pCi/ml final concentration), and the
cells were incubated for a further 1 h at 37°C. After this time, incorporation was
stopped by pouring off the medium and rapidly rinsing the monolayer 5 times
with ice-cold Dulbecco’s PBS. The cells were then solubilized by adding 250 pl
of 20% (wt/vol) KOH to each well. When the cell monolayer was completely sol-
ubilized, 250 pl of 1 mol/l HCI was added to each well. The wells were then aspi-
rated and washed twice with 200 pl water, and glycogen was extracted from
650 pl of the combined aspirate/washings by ethanol precipitation after the addi-
tion of 12 mg/ml (final concentration) carrier glycogen. Glycogen-associated
radioactivity was determined by scintillation counting.

Protein determination. Protein content of the cell extracts was determined
by the method of Bradford (45) using Pierce Coomassie Protein Reagent
(Pierce, Rockford, IL).

Immunofluorescent detection of GLUT1 and GLUT4. Myoblasts and
myotubes were grown on chamber slides to ~80% confluence, at which time
the growth medium was replaced with serum-free MEM-a.. After 16 h of serum
deprivation, the medium was replaced, and the cells were incubated for a fur-
ther 1 h in the presence or absence of insulin. The monolayer was rinsed 3
times with PBS and fixed for 15 min at room temperature with 3.7% formalin
in PBS. The cells were further rinsed in PBS, blocked in 10% normal goat serum
in PBS for 30 min, and then exposed to the anti-GLUT1 and anti-GLUT4 anti-
bodies (Santa Cruz Biotechnology) diluted in 1.5% bovine serum albumin in
PBS (5 pg/ml) for 1 h. After 3 washes with PBS, the slides were incubated with
fluorescein-conjugated donkey anti-rabbit serum and rhodamine-conjugated
donkey anti-goat serum (10 and 20 pg/ml in 1.5% bovine serum albumin in PBS,
respectively) for 1 h, washed 4 times in PBS, and mounted in glycerol/PBS
mounting medium (Citifluor, Canterbury, U.K.). In some instances, the cells
were labeled for GLUT4 only, in which case the cells were counter-stained with
probidium iodide (5 pg/ml in PBS) for 10 min, which stains both nuclear DNA
and cytoplasmic RNA. Confocal microscopy was performed at the Biomedical
Electron Microscopy Unit, University of Newcastle upon Tyne.

Western blotting. Myoblasts were harvested from 6-well plates in 200 pl of
extraction buffer (50 mmol/l Tris-HCI, pH 7.4; 1 mmol/l sodium vanadate;
1 mmol/l EGTA; 1 mmol/l sodium fluoride; 150 mmol/l sodium chloride;
1 mmol/l sodium pyrophosphate; 1% NP-40; 0.25% sodium deoxycholate; 1
pg/ml each of pepstatin, antipain, and leupeptin; and 1 mmol/l phenylmethyl-
sulfonyl fluoride). Samples were snap-frozen and stored at -80°C until
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needed. The samples were defrosted, and the protein concentration was
determined. Aliquots of 10 pug were boiled at 100°C in Laemmli sample buffer
containing 6.25% 2-mercaptoethanol for 5 min before being loaded onto 10%
polyacrylamide gels. The gels were run at 20 mAmps for ~45 min before
transfer to nitrocellulose membranes. The membranes were briefly washed
with PBS-0.1% Tween before being blocked in 10% nonfat dry milk and 0.1%
sodium azide (PBS-MILK) for 1 h at room temperature with constant agitation.
The membranes were then incubated for 1 h at room temperature with rab-
bit antibodies against IRS-1, p85 subunit of Pl 3-kinase, PKB, or glycogen
synthase diluted in PBS-0.1% Tween. After repeat washes, membranes were
incubated for 1 h at room temperature with constant agitation with the sec-
ondary antibody horseradish peroxidase—linked goat anti-rabbit IgG (1:1,000)
diluted in PBS-0.1% Tween. After further washes, the proteins were detected
using enhanced chemiluminescence (Amersham Life Sciences).

Statistical analyses. Data are presented as mean + SE and as mean and
individual data points in Figs. 2 and 4. Comparisons between groups were deter-
mined by a t test and analysis of covariance and within groups by a paired t test.

RESULTS

Subject characteristics. Table 1 summarizes the metabolic
and anthropometric characteristics of the relatives and con-
trol subjects from whom muscle cultures were established.
There were significant differences between the relatives and
control subjects for BMI (P < 0.001), waist-to-hip ratio
(WHR) (P <0.01), fasting blood glucose (FBG) (P =0.03), 2-h
blood glucose (P = 0.03), and K11 (P = 0.0001). Importantly,
the difference between the groups for K+ remained signifi-
cant (P = 0.0001) after correcting for BMI, WHR, FBG, and 2-h
blood glucose as covariates. Therefore, the relatives
remained significantly more insulin resistant compared with
the control subjects after correction for potential metabolic
and anthropometric confounders.

Glucose uptake. To select the most appropriate stage at
which to study glucose transport in cultured skeletal muscle
cells, 2-deoxy-D-glucose uptake was measured in myoblasts
(day 0) and in myotubes fused for 4, 8, and 11 days from 5 con-
trol subjects. As shown in Fig. 1, the basal rate (i.e., the rate
in the absence of acute insulin stimulation) of 2-deoxy-b-glu-
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FIG. 1. Effect of insulin exposure on 2-deoxy-bp-glucose uptake in cul-
tured myoblasts and myotubes. Myoblasts from 5 control subjects
were cultured in normal growth medium until ~90% confluence and
then allowed to fuse in a-MEM for the number of days indicated. Glu-
cose uptake was determined in triplicate after 16 h of serum depletion
and after exposure to 0 (basal), 0.001, 0.1, and 1 umol/I insulin as indi-
cated. Data are presented as mean + SE. *P < 0.05 compared with the
corresponding basal values.
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TABLE 2

2-Deoxy-D-glucose uptake in cultured myoblasts from control subjects and insulin-resistant relatives

Insulin concentration

0 0.001 pmol/I 0.1 umol/l 1 umol/l
Control subjects: 17.9+4.3 21.0+49 299154 30.7+54
first batch of substrate (n =5)
Lower 95% CI 5.9 7.2 15.0 15.8
Upper 95% ClI 29.9 34.7 44.8 45.5
Relatives: first batch of substrate
Subject
3 243+14 252+14 36.2+3.4 41.7+22
4 92+11 7.8+0.8 13.1+16 153+1.3
5 20.8+0.9 19.3+35 26.5+3.2 262120
8 12.4+£0.7 14.7+0.9 235+15 28.2+22
9 494+4.1 41.1 £ 3.7 40.8 £ 3.7 43926
10 59+0.2 56+0.3 115+15 12.3+1.6
Control subjects: 47.4+55 — 70.2+55 73.6+55
second batch of substrate (n = 6)
Lower 95% CI 33.2 — 56.1 594
Upper 95% ClI 61.5 — 84.0 87.7
Relatives: second batch of substrate
Subject
1 66.6 + 3.3 — 738+ 17 83.1+28
2 70.3+9.8 — 90.6 +14.1 89.1+16.9
6 97.6 £129 — 109.7 £ 15.3 106.5+16.8
7 27403 — 37.1+38 410+£14
9 72.1+£43 — 77.2+£05 71.1+£3.6

Data are means + SE for triplicate measurements repeated on at least 2 separate occasions unless otherwise indicated. The values
given are rates of glucose uptake expressed as picomoles per minute per milligram protein.

cose uptake, expressed in relation to cellular protein content,
remained unchanged on fusion of myoblasts to myotubes. The
effect of acute (1-h) exposure to insulin on glucose uptake
was studied using a range of insulin concentrations (0.001, 0.1,
and 1 umol/l). The greatest stimulatory effect of insulin was
seen in myoblasts with 1 umol/l insulin (Fig. 1). This effect pro-
duced a significant 1.81 + 0.20—fold increase above basal
(30.7 £5.4vs. 17.9 + 4.3 pmol - min™ - mg™ protein, 1 pmol/l
insulin vs. basal, P < 0.005). A similar increase was seen in
myoblasts after exposure to 0.1 pmol/l insulin (1.75 + 0.1-fold
over basal, P < 0.005), whereas exposure to 0.001 umol/I
insulin produced only a small and nonsignificant increase in
glucose uptake. The effect of insulin on glucose uptake was
diminished after myoblast fusion (Fig. 1). By day 4, the fold-
increase in glucose uptake after exposure to 0.1 or 1 umol/I
insulin, while still significant (P < 0.05), had fallen to 1.3 +0.1-
and 1.4 £ 0.1-fold, respectively. This increase is similar to that
found by other workers in comparable day 4 human myotubes
(28,30,31). Insulin had no significant effect on the rate of glu-
cose uptake in myotubes fused for 8 or 11 days.

In light of these findings, myoblasts were selected for the
comparison of insulin action on glucose transport between the
relative and control cultures. Initial studies were performed
using myoblasts from the 5 control subjects and 6 of the rel-
atives (Table 2). A different batch of 2-deoxy-[*H]glucose
was then used to study the remaining relative cultures
because the initial supply of this substrate was exhausted.
The basal rates of glucose uptake were found to be higher
with the new batch of substrate; therefore, myoblasts from
the same control individuals plus relative #9 were restudied
along with the remaining relatives and a further control
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(Table 2). Although the basal rates of 2-deoxy-b-glucose
uptake determined with the 2 different batches of substrate
differed, the magnitude of the response to insulin was unaf-
fected by the batch of substrate used. This result allowed
direct comparison of the insulin responses (fold-stimulation)
between the relative and control cultures.

The same pattern of insulin stimulation was seen in the rel-
ative (Fig. 2A, Table 2) and control myoblast cultures (Fig. 1).
Comparison between relative and control cultures showed
that fold-stimulation of glucose uptake was significantly
decreased in the relative cultures at 0.001 umol/l (0.93 + 0.05
vs. 1.15+0.06, P <0.05) and 0.1 pmol/l (1.38 £ 0.10 vs. 1.69 +
0.08, P = 0.025) insulin concentrations. The difference at
1 pmol/I insulin, however, failed to reach statistical signifi-
cance (1.49 + 0.14 and 1.73 £ 0.12). Interestingly, 5 of the 10
relative myoblast cultures (subject numbers 1, 2, 5, 6, and 9,
Table 2) exhibited a negligible increase in glucose uptake in
that the rates of fold-stimulation were well below the control
ranges at both 0.1 and 1 umol/l insulin. To determine whether
these 5 relatives exhibited any particular in vivo character-
istics, the anthropometric and metabolic features listed in
Table 1 were compared between these relatives and the
remaining 5 relatives (subject numbers 3, 4, 7, 8, and 10). Only
the FBG was different between the groups, being higher in the
relatives with the negligible insulin response in muscle cul-
ture (5.3 £0.23 vs. 4.5 £ 0.13 mmol/l, P = 0.04).

Basal rates of glucose uptake were compared between
relative and control cultures studied with the same batch of
substrate. In 4 (subject numbers 1, 2, 6, and 9) of the 5 rela-
tive cultures with the negligible response to insulin, basal glu-
cose uptake was markedly increased compared with that

DIABETES, VOL. 49, JULY 2000
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FIG. 2. Glucose uptake in myoblasts from insulin-resistant nondiabetic
relatives and control subjects. Myoblasts from 6 control subjects (C)
and 10 insulin-resistant relatives (R) were cultured to ~90% conflu-
ence. The monolayers were exposed to serum-free «-MEM for 16 h and
then incubated in the absence or presence of the indicated concen-
tration of insulin for 1 h at 37°C. Glucose uptake was determined in
triplicate as described in RESEARCH DESIGN AND METHODS. A: The results
are expressed as fold-increase over the corresponding basal value. Glu-
cose uptake after exposure to 0.001 pumol/l was determined only in 5
and 6 of the control and relative cultures, respectively. B: Comparison
of the absolute rates of basal and insulin-stimulated glucose uptake
in 4 of the 5 relative cultures (R) with impaired insulin responsiveness
(subjects 1, 2, 6, and 9) and the 6 control cultures (C). The horizon-
tal bar represents the mean for each condition.

measured in the control subjects (Table 2 and Fig. 2B; 76.7 +
7.0vs. 47.4 5.5 pmol - min™ - mg™ protein, P < 0.02). Thus,
whereas the response to insulin was impaired in the 4 rela-
tive cultures, because of the high basal uptake rates, the
absolute rates of insulin-stimulated glucose uptake were
comparable to the control values (Fig. 2B).

Glycogen synthesis. Total glycogen synthesis was studied
in myoblasts (day 0) and in myotubes from control subjects
4, 8, and 11 days after the addition of fusion medium. There
was no change in basal glycogen synthesis after cell fusion
(Fig. 3). As with glucose uptake, the greatest response to
insulin occurred in myoblasts, with 0.1 and 1 umol/l insulin
for 1 hresulting in a 3.5 £ 1.1- and 4.3 + 1.3—fold stimulation
of glycogen synthesis (both P < 0.05 vs. basal), respectively.
The stimulatory effect of insulin on glycogen synthesis was
also apparent in myotubes (Fig. 3) and persisted to 11 days
after fusion (2.2 £ 0.3- and 2.4 + 0.3-fold at 0.1 and 1 pmol/I
insulin, both P < 0.05 vs. basal).
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FIG. 3. Effect of insulin exposure on glycogen synthesis in cultured
myoblasts and myotubes. Myoblasts from 5 control subjects were cul-
tured in normal growth medium until ~90% confluence and then
allowed to fuse in a-MEM for the number of days indicated. Glycogen
synthesis was determined in triplicate after 16 h of serum depletion
and after exposure to the concentrations of insulin indicated for 1 h
at 37°C. Data are presented as means = SE and are expressed as pico-
moles glucose incorporated per minute per milligram protein. *P < 0.05
compared with the corresponding basal values.

In view of the magnitude of the response to insulin,
myoblast cultures were used for the subsequent compar-
isons of glycogen synthesis rates in relative and control mus-
cle cultures. However, there were no significant differences
between the groups for glycogen synthesis in the basal and
insulin-stimulated states (Fig. 4).

Expression of GLUT1 and GLUT4 glucose transporter
proteins. GLUT1 is believed to mediate glucose uptake in the
basal state, whereas GLUT4 is responsible for insulin-stimu-
lated glucose transport (46). The changes in insulin respon-
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FIG. 4. Glycogen synthesis in cultured myoblasts from insulin-resis-
tant nondiabetic relatives and control subjects. Myoblasts from 6
control subjects (C) and 10 insulin-resistant relatives (R) were grown
in normal growth medium until ~90% confluence. The monolayers
were exposed to serum-free a-MEM for 16 h and then incubated with
the indicated concentration of insulin for 1 h at 37°C. The rate of glyco-
gen synthesis was then determined in triplicate as described in
RESEARCH DESIGN AND METHODS. The effect of 0.001 pumol/l insulin was
determined in only 5 and 6 of the control and relative cultures, respec-
tively. Data are expressed as picomoles glucose incorporated per
minute per milligram protein. The horizontal bar represents the mean
for each condition.
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FIG. 5. Immunofluorescent detection of GLUT1 and GLUT4 in cultured myoblasts and myotubes. Myoblasts (A and B) and 4-day fused
myotubes (C and D) were deprived of serum for 16 h. GLUT4 (green fluorescence, A and C) and GLUT1 (red fluorescence, B and D) were detected
by indirect immunofluorescence. Myoblasts in A were counterstained with propidium iodide for 10 min to visualize the nucleus (red fluores-
cence). Under the culture conditions used for the fluorescence studies, a number of myoblasts remain unfused in C and D.

siveness and basal glucose uptake identified in some of the
relative cultures lead us to investigate the expression of
GLUT1 and GLUT4 in our culture system. As other workers
have reported a lower level of expression of GLUT4 in
myoblasts compared with myotubes (31), we studied GLUT4
expression in myoblasts and day 4 myotubes. A strong signal
for GLUT4 was detected in both myoblasts and myotubes
(Fig. 5), whereas GLUT1 was also expressed by both cell
types. Both transporters were detected as punctate fluores-
cence visible throughout the cells (Fig. 5), the pattern of
which was not appreciably different after insulin adminis-
tration using this system of visualization (data not shown).

Expression levels of proteins involved in insulin
signaling. Current evidence indicates that the control of glu-
cose uptake involves IRS-1, Pl 3-kinase, and PKB. Western
blotting detected all of these in extracts of the cultured
myoblasts. The levels of each protein varied between cells
from different subjects, but there was no significant difference
in the levels of any of these proteins between myoblasts from
control subjects and the relatives, either as the whole group
or as the subset that showed impaired glucose uptake in
response to insulin (Fig. 6). Furthermore, the levels of glucose
synthesis (GS) did not differ between the different groups.

DISCUSSION

Despite the increasing use of human muscle cultures in the
investigation of type 2 diabetes, to the best of our knowledge,
insulin-stimulated glucose utilization in this system has not
been comprehensively characterized at all stages of cell differ-
entiation. Because the magnitude of insulin stimulation of glu-
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cose uptake is low in vitro (typically 1.5-fold in muscle strips
[47]), it is important to use cells at a stage when insulin stimu-
lation is maximal to facilitate the detection of differences
between muscle cultures from different groups under study.
Under the culture conditions we used, insulin stimulation of glu-
cose uptake and glycogen synthesis was maximal in myoblasts.
The novel and important finding of our study is the
impaired insulin-stimulated glucose uptake in muscle cul-
tures derived from 5 of the insulin-resistant relatives. Under
the assay conditions used for the measurement of glucose
uptake in this study, glucose transport is the rate-limiting
step and indicates that glucose transport is the major site of
impaired insulin action in these insulin-resistant relatives.
This finding therefore reinforces and extends the findings of
in vivo nuclear magnetic resonance studies in comparable
insulin-resistant nondiabetic relatives, which found that
decreased glucose uptake and/or phosphorylation repre-
sented the principle defect in the prediabetic state (20).
Decreased insulin-stimulated glucose uptake has been
described in skeletal muscle strips (22) and cultured muscle
cells (28) from type 2 diabetic patients. However, an
acknowledged potential drawback of tissue derived from
diabetic patients is that chronic hyperglycemia in vivo may
induce acquired but nonreversible changes in insulin action
that persist in vitro (28). Clearly, this result is not an issue in
cultures derived from nondiabetic relatives and therefore
provides evidence that the observed defect in insulin-stimu-
lated glucose uptake is likely to have an inherited basis.
Mean fasting blood glucose concentrations were higher
in the relatives with the impaired insulin response in cul-
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FIG. 6. Expression levels of IRS-1 (A), PKB (B), p85 subunit of PI-3
kinase (C), and (D) glycogen synthase in myoblasts from control sub-
jects and insulin-resistant nondiabetic relatives. Myoblasts were cul-
tured to ~90% confluence. The monolayers were exposed to serum-free
Ham’s F10 for 2 h before being harvested as described in RESEARCH
DESIGN AND METHODS. Each panel shows the amount of protein, as
determined by density analysis, from the 6 control cultures (O), the
10 insulin-resistant relatives (H), and the subgroup of relatives with
impaired insulin responsiveness for glucose uptake (N). Data are
presented as mean + SE. The insert shows a representative example
of the Western blot for a selection of the control subjects and relatives.

tured muscle cells compared with the relatives with a normal
response, although there was no difference in the degree of
insulin resistance (Kr). However, a difference in muscle-spe-
cific insulin sensitivity may have gone undetected because
K+ provides an index of whole-body insulin sensitivity, and
the subject numbers are small. Nonetheless, it may be that the
difference in fasting blood glucose levels reflects the differ-
ences in insulin action at the cellular level.

The mechanisms underlying the impaired insulin respon-
siveness in the cultured muscle cells remains to be deter-
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mined. However, we have shown that the insulin-sensitive
GLUT4 glucose transporter is expressed in cultured human
myoblasts and that the expression of IRS-1, Pl 3-kinase, and
PKB as key components of the insulin-signaling pathway
involved with glucose uptake (46) was normal. Further work
is therefore required to examine the functional aspects of the
insulin responsive glucose transport system in our cultures. Pre-
vious work has reported normal expression of GLUT4 in
type 2 diabetic skeletal muscle (48,49) and cultured human
muscle cells (28), but there is evidence of impaired GLUT4
translocation in response to insulin (21,22). Recently, impaired
IRS-1 phosphorylation, Pl 3-kinase activity, and glucose trans-
port activity have been reported in skeletal muscle strips from
type 2 diabetic patients (50), although the expression of IRS-
1 and the p85 subunit of PI 3-kinase was normal, which is con-
sistent with our own findings.

Another key finding of the present study is that basal glu-
cose uptake was significantly increased in 4 of the 5 relative
cultures with impaired insulin-stimulated glucose transport.
Others have reported increased (27), unchanged (22), and
decreased (28) basal glucose uptake rates in tissue prepara-
tions from type 2 diabetic patients, and this apparent conflict
may reflect methodological differences and the heterogene-
ity of type 2 diabetes. Nonetheless, the increased basal glu-
cose uptake we have observed could represent a compen-
satory response to try to maintain glucose uptake in the face
of the impaired response to insulin, or alternatively, it might
represent a primary defect that secondarily leads to
decreased insulin-stimulated glucose uptake. A similar find-
ing of increased basal glucose uptake associated with
decreased insulin-stimulated glucose uptake was recently
reported in cultured fibroblasts from type 2 diabetic subjects
with familial diabetes (27). Total cellular GLUT1 content was
normal in these cells, but the proportion of GLUT1 was
increased at the plasma membrane. Subsequent work using
the same fibroblast cultures identified a novel protein (phos-
pho-protein enriched in diabetes [PED/PEA-15]), the tissue
expression of which was increased specifically in type 2 dia-
betes (51). Furthermore, transfection of PED/PEA-15 into
L6 skeletal muscle cells increased plasma membrane GLUT1
content and decreased insulin-stimulated glucose transport
due to an impairment of GLUT4 transporter translocation. A
link between increased non-insulin-mediated glucose uptake
and decreased insulin-stimulated glucose transport has been
reported in other studies. Overexpression of GLUT1 in a
transgenic mouse model lead to a 2- to 8-fold increase in
basal glucose uptake in isolated skeletal muscle, and this
result in turn was associated with a marked decrease in
insulin-stimulated glucose uptake (52). Similarly, increased
non—insulin-mediated glucose flux into muscle strips from
type 2 diabetic patients resulted in the subsequent downreg-
ulation of insulin-stimulated glucose uptake (53). As recently
hypothesized, increased activity of the hexosamine pathway
could provide the link between increased GLUT1-mediated
glucose flux into the cell and a decrease in insulin-stimu-
lated GLUT4 transporter translocation (54).

The association between perturbed basal and insulin-stim-
ulated glucose uptake may explain an in vivo observation.
When normal glucose-tolerant first-degree relatives were stud-
ied using the frequently sampled intravenous glucose tolerance
test with minimal model assessment, decreased insulin sensi-
tivity but increased glucose effectiveness (Sg) was found (55).
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Whereas there has been some debate about the physiological
relevance of S, recent studies have shown that it primarily rep-
resents non-insulin-mediated glucose uptake into skeletal
muscle (56,57). It was presumed that the increase in S; in rel-
atives might represent a compensatory response to maintain
normal glucose tolerance in the face of decreased insulin sen-
sitivity. However, as considered above, the increase in
non-insulin-mediated glucose uptake might actually repre-
sent a primary defect rather than a secondary adaptation.

Under the conditions used in our study, we found no evi-
dence of impaired insulin stimulation of glycogen synthesis
in myoblast cultures from the relatives—even in those cul-
tures in which the insulin-stimulated glucose uptake was
impaired. It might be expected that the impaired response to
insulin in the latter cells might lead to a reduction in the rate
of glycogen synthesis secondary to the reduction in sub-
strate supply. However, it is important to note that because
of the increased non-insulin-mediated glucose flux into
these cells, glucose uptake after insulin exposure was not
significantly different to that in the control myoblasts
(Fig. 2B). Rothman et al. (20) concluded that the impaired
insulin-stimulated glycogen synthesis observed in the non-
diabetic first-degree relatives they studied was secondary to
a decrease in insulin-stimulated glucose transport/phos-
phorylation. However, when these relatives were exercised
and glucose uptake was normalized, an additional and inde-
pendent defect of glycogen synthesis became apparent (58).
Certainly, decreased activity of glycogen synthase has been
reported in native skeletal muscle from nondiabetic rela-
tives (10) and in cultured myotubes from type 2 diabetic
patients (29). We also studied glycogen synthesis in
myotubes from 6 of the relatives, although no defect in
insulin-stimulated glycogen synthesis was apparent (data
not shown). The expression of GS was also normal in the rel-
ative myoblasts and is consistent with a recent report of
normal GS expression in muscle strips from type 2 diabetic
patients (50). Further work is therefore required with our rel-
ative cultures to examine glycogen synthesis and glycogen
synthase activity under different culture conditions.

It is important to recognize that whereas insulin response
for glucose transport was impaired in 5 of the relative cultures,
it was normal in the remaining 5 cultures (Fig. 2A). This find-
ing suggests that other factors contribute to the in vivo insulin
resistance in those relatives with normal insulin response in
culture. These factors might include lifestyle influences such
as physical activity and dietary composition (59), together
with other determinants such as vascular function (60) and
muscle fiber type (61), which may be under genetic control but
could not be assessed in our muscle culture system.

In conclusion, we have demonstrated that abnormalities of
insulin-stimulated glucose uptake persist in cultured myoblasts
from some insulin-resistant nondiabetic relatives of type 2 dia-
betic patients, in keeping with a primary inherited defect.
Moreover, we found an association between the impaired
response to insulin and increased basal glucose uptake, sug-
gesting that the 2 abnormalities may be linked.

ACKNOWLEDGMENTS

The work was funded by the British Diabetic Association
and the Medical Research Council. S.M.B. was funded by a
Faculty of Medicine postgraduate fellowship.

1176

We would like to thank Sister M. Brown, Dr. M.W. Stewart,
Dr. D.B. Humphriss, and Dr. S. Hurel for their help with the
clinical studies and L. Ashworth and her staff for technical
support.

REFERENCES

1. DeFronzo RA: The triumvirate: B-cell, muscle, liver: a collusion responsible
for NIDDM (Review). Diabetes 37:667-687, 1988
2. Granner DK, O'Brien RM: Molecular physiology and genetics of NIDDM. Dia-
betes Care 15:369-388, 1992
3. Barnett AH, Eff C, Leslie RDG, Pyke DA: Diabetes in identical twins: a study
of 200 pairs. Diabetologia 20:87-93, 1981
4. Newman B, Selby JV, King MC, Slemenda C, Fabsitz R, Friedman GD: Con-
cordance for type 2 (non-insulin-dependent) diabetes mellitus in male twins.
Diabetologia 30:763-768, 1987
Kobberling J, Tillil H: Empirical risk figures for first-degree relatives of non-
insulin dependent diabetics. In The Genetics of Diabetes Mellitus. Kébberling
J, Tattersall R, Eds. London, Academic Press, 1982, p. 201-209
. Eriksson J, Franssila-Kallunki A, Ekstrand A, Saloranta C, Widen E, Schalin
C, Groop L: Early metabolic defects in persons at increased risk for non-insulin
dependent diabetes mellitus. N Engl J Med 321:337-343, 1989
. Warram JH, Martin BC, Krolewski AS, Soeldner JS, Kahn CR: Slow glucose
removal rate and hyperinsulinemia precede the development of type Il diabetes
in the offspring of diabetic parents. Ann Intern Med 13:909-915, 1990
. Osei K, Cottrell DA, Orabella MM: Insulin sensitivity, glucose effectiveness and
body fat distribution pattern in nondiabetic offspring of patients with NIDDM.
Diabetes Care 14:890-896, 1991
Humphriss DB, Stewart MW, Berish TS, Barriocanal LA, Trajano LR, Ashworth
LA, Brown MD, Miller M, Avery PJ, Alberti KGMM, Walker M: Multiple meta-
bolic abnormalities in normal glucose tolerant relatives of NIDDM families.
Diabetologia 40:1185-1190, 1997
10. Vaag A, Henriksen JE, Beck-Nielsen H: Decreased insulin activation of glyco-
gen synthase in skeletal muscle in young non-obese Caucasian first-degree rel-
atives of patients with non-insulin dependent diabetes mellitus. J Clin Invest
89:782-788, 1992
11. Martin BC, Warram JH, Krolewski AS, Bergman RN, Soeldner JS, Kahn CR:
Role of glucose and insulin resistance in development of type 2 diabetes mel-
litus: results of a 25-year follow-up study. Lancet 340:925-929, 1992
. Lillioja SL, Mott DM, Spraul M, Ferraro R, Foley JE, Ravussin E, Knowler WC,
Bennett PH, Bogardus C: Insulin resistance and insulin secretory dysfunction
as precursors of non-insulin-dependent diabetes mellitus: prospective stud-
ies of Pima Indians. N Engl J Med 329:1988-1992, 1993
. DeFronzo RA, Gunnarsson R, Bjorkman O, Olsson M, Wahren JH: Effects of
insulin on peripheral and splanchnic glucose metabolism in non-insulin
dependent (type 1) diabetes mellitus. J Clin Invest 76:149-155, 1985
14. Baron AD, Laakso M, Brechtel G, Edelman SV: Reduced affinity of skeletal
muscle for insulin-mediated glucose uptake in non-insulin-dependent dia-
betic subjects. J Clin Invest 87:1186-1194, 1991
. DeFronzo RA, Jacot E, Jequier E, Maeder E, Wahren JH, Felber JP: The effect
of insulin on the disposal of intravenous glucose: results from direct and
indirect calorimetry and hepatic and femoral venous catheterization. Diabetes
30:1000-1007, 1981
. Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo RA, Shulman RG: Quan-
titation of muscle glycogen synthesis in normal subjects and subjects with non-
insulin-dependent diabetes by **C nuclear magnetic resonance spectroscopy.
N Engl J Med 322:223-228, 1990
17. Katz A, Nyomba BL, Bogardus C: No accumulation of glucose in human skele-
tal muscle during euglycemic hyperinsulinemia. Am J Physiol 255:E942—-E945,
1988
. Roussel R, Carlier PG, Robert JJ, Velho G, Bloch G: ©C/*'P NMR studies of glu-
cose transport in human skeletal muscle. Proc Natl Acad Sci U S A 95:
1313-1318, 1998
19. Bonadonna RC, Del Prato S, Saccomani MP, Bonora E, Gulli G, Ferrannini E,
Bier D, Cobelli C, DeFronzo RA: Transmembrane glucose transport in skele-
tal muscle of patients with non-insulin-dependent diabetes. J Clin Invest
92:486-494, 1993
.Rothman DL, Magnusson I, Cline G, Gerard D, Kahn CR, Shulman RG, Shul-
man GI: Decreased muscle glucose transport/phosphorylation is an early
defect in the pathogenesis of non-insulin-dependent diabetes mellitus. Proc
Natl Acad Sci U S A 92:983-987, 1995
. Kelley DE, Minton MA, Watkins SE, Simoneau J-A, Jadali A, Fredrickson A,
Beattie J, Theriault R: The effect of non-insulin-dependent diabetes mellitus
and obesity on glucose transport and phosphorylation in skeletal muscle.
J Clin Invest 97:2705-2713, 1996
22. Zierath JR, He L, Guma A, Odegoard Wahlstrom E, Klip A, Wallenberg-Hen-

o1

o

-

[oe]

©

1

N

1

w

1

(S

1

(2]

1

(o)

2

o

2

=

DIABETES, VOL. 49, JULY 2000



S. JACKSON AND ASSOCIATES

riksson H: Insulin action on glucose transport and plasma membrane GLUT4
content in skeletal muscle from patients with NIDDM. Diabetologia
39:1180-1189, 1996
23. Thorburn AW, Gumbiner B, Bulacan F, Brechtel G, Henry RR: Multiple defects
in muscle glycogen synthase activity contribute to reduced glycogen synthe-
sis in non-insulin dependent diabetes mellitus. J Clin Invest 87:489-495, 1991
24, Martin BC, Warram JH, Rosner B, Rich SS, Soeldner JS, Krolewski AS: Famil-
ial clustering of insulin sensitivity. Diabetes 41:850-854, 1992
. Lillioja S, Mott DM, Zawadzki JK, Young AA, Abbott WGH, Knowler WC, Ben-
nett PH, Moll P, Bogardus C: In vivo insulin action is familial characteristic in
nondiabetic Pima Indians. Diabetes 36:1329-1335, 1987
26. Wells AM, Sutcliffe IC, Johnson AB, Taylor R: Abnormal activation of fibro-
blast glycogen synthesis in familial NIDDM: evidence for an abnormality spe-
cific to glucose metabolism. Diabetes 42:583-589, 1993
27. Miele C, Formisano P, Condorelli G, Caruso M, Oriente F, Andreozzi F, Toc-
chetti CG, Riccardi G, Beguinot F: Abnormal glucose transport and GLUT1 cell-
surface content in fibroblasts and skeletal muscle from NIDDM and obese sub-
jects. Diabetologia 40:421-429, 1997
28. Henry RR, Abrams L, Nikoulina S, Ciaraldi TP: Insulin action and glucose
metabolism in non-diabetic control and NIDDM subjects: comparison using
human skeletal muscle cell cultures. Diabetes 44:936-946, 1995
29. Henry RR, Ciaraldi TP, Abrams-Carter L, Mudaliar S, Soo Park K, Nikoulina SE:
Glycogen synthase activity is reduced in cultured skeletal muscle cells of non-
insulin dependent diabetes mellitus subjects. J Clin Invest 98:1231-1236, 1996
30. Sarabia V, Ramlal T, Klip A: Glucose uptake in human and animal muscle cells
in culture. Biochem Cell Biol 68:536-542, 1990
31. Sarabia V, Lam L, Burdett E, Leiter LA, Klip A: Glucose uptake in human skele-
tal muscle cells in culture: stimulation by insulin and metformin. J Clin Invest
90:1386-1395, 1992
32. Halse R, Rochford JJ, McCormack JG, Vandenheede JR, Hemmings BA, Yea-
man SJ: Control of glycogen synthesis in cultured human muscle cells. J Biol
Chem 274:776-780, 1999
33. Thompson DB, Pratley R, Ossowski V: Human primary myoblast cell cul-
tures from non-diabetic insulin resistant subjects retain defects in insulin
action. J Clin Invest 98:2346-2350, 1996
34. Blau HM, Webster C: Isolation and characterization of human muscle cells.
Proc Natl Acad Sci U S A 78:5623-5627, 1981
35. Yki-Jarvinen H: Glucose toxicity. Endocr Rev 13:415-431, 1992
36. Boden G: Role of fatty acids in the pathogenesis of insulin resistance and
NIDDM. Diabetes 45:3-10, 1996
. Gelding SV, Robinson S, Lowe S, Niththyananthan R, Johnston DG: Validation
of low dose short insulin tolerance test for evaluation of insulin sensitivity. Clin
Endocrinol 40:611-615, 1994
38. Lebovitz HE, Feinglos MN: Therapy of insulin independent diabetes mellitus:
general considerations. Metabolism 29:474-481, 1980
39. Yasin R, Van Beers G, Nurse KCE, Al-Ani S, Landon DN, Thompson EJ: A quan-
titative technique for growing human adult skeletal muscle in culture starting
from mononucleated cells. J Neurol Sci 32:347-360, 1977
40.Lin Z, Lu MH, Schulthesis T, Choi J, Holtzer S, DiLullo C, Fischman DA,
Holtzer H: Sequential appearance of muscle-specific proteins in myoblasts as
a function of time after cell division. Cell Motil Cytoskeleton 29:1-19, 1994
41. Wang K, McClure J, Tu A: Titin: major myofibrillar components of striated mus-
cle. Proc Natl Acad Sci U S A 76:3698-3702, 1979
42.Klip A, Li G, Logan WJ: Induction of sugar uptake response to insulin by
serum depletion in fusing Ly myoblasts. Am J Physiol 247:E291-E296, 1984
43.Klip A, Logan WJ, Li G: Hexose uptake in L6 muscle cells: kinetic properties
and the number of [*H] cytochalasin B binding sites. Biochim Biophys Acta
687:265-280, 1982
44. Mizel SB, Wilson L: Inhibition of the transport of several hexoses in mammalian

2

(]

3

J

DIABETES, VOL. 49, JULY 2000

cells by cytochalasin B. J Biol Chem 247:4102-4105, 1972

45, Bradford MM: A rapid and sensitive method for the quantitation of microgram
quantities of protein utilising the principle of protein dye binding. Anal
Biochem 21:248-254, 1976

46. Shepherd PR, Kahn BB: Mechanisms of disease: glucose transporters and
insulin action: implications for insulin resistance and diabetes mellitus
(Review). N Engl J Med 341:248-257, 1999

47. Dohm GL, Tapscott EB, Pories WJ, Dabbs DJ, Flickinger EG, Meelheim D,
Fushiki T, Atkinson SM, Elton CW, Caro JF: An in vitro human muscle prepa-
ration suitable for metabolic studies: decreased insulin stimulation of glucose
transport in muscle from morbidly obese and diabetic subjects. J Clin Invest
82:486-494, 1988

48. Pederson O, Bak JF, Andersen PH, Lund S, Moller DE, Flier JS, Kahn BB: Evi-
dence against altered expression of GLUT1 or GLUT4 in skeletal muscle of
patients with obesity or NIDDM. Diabetes 39:865-870, 1990

49. Garvey WT, Maianu L, Hancock JA, Golichowski AM, Baron A: Gene expres-
sion of GLUT4 in skeletal muscle from insulin resistant patients with obesity,
IGT, GDM and NIDDM. Diabetes 41:465-475, 1992

50. Krook A, Bjornholm M, Galuska D, Jiang XJ, Fahlman R, Myers MG, Wallen-
berg-Henriksson H, Zierath JR: Characterization of signal transduction and glu-
cose transport in skeletal muscle from type 2 diabetic patients. Diabetes
49:284-292, 2000

51. Condorelli G, Vigliotta G, lavarone C, Caruso M, Tochetti CG, Androzzi F,
Cafieri A, Tecce MF, Formisano P, Beguinot L, Beguinot F: PED/PEA-15 gene
controls glucose transport and is overexpressed in type 2 diabetes mellitus.
EMBO J 17:3858-3866, 1998

52. Gulve EA, Ren J-M, Marshall BA, Gao J, Hansen PA, Holloszy JO, Mueckler
M: Glucose transport activity in skeletal muscle from transgenic mice over-
expressing GLUT 1. J Biol Chem 269:18366-18370, 1994

53. Zierath JR, Galuska D, Nolte LA, Thorne A, Smedegaard Kristensen J, Wal-
lenberg-Henriksson H: Effects of glycaemia on glucose transport in isolated
muscle from patients with NIDDM: in vitro reversal of muscular insulin resis-
tance. Diabetologia 37:270-277, 1994

54. Ebeling P, Koistinen HA, Koivisto VA: Insulin-independent glucose transport
regulates insulin sensitivity. FEBS Lett 436:301-303, 1998

55. Henriksen JE, Alford F, Handberg A, Vaag A, Ward GM, Kalfas A, Beck-Neilsen
H: Increased glucose effectiveness in normoglycemic but insulin-resistant
relatives of patients with non-insulin-dependent diabetes mellitus: a novel com-
pensatory mechanism. J Clin Invest 94:1196-1204, 1994

56. Christopher MJ, Rantzau C, Ward GM, Alford FP: Insulopenia and hypergly-
caemia influence the in vivo partitioning of GE and SI. Am J Physiol
268:E410-E421, 1995

57. Ader M, Ni T-C, Bergman RN: Glucose effectiveness assessed under dynamic
and steady state conditions: comparability of uptake versus production com-
ponents. J Clin Invest 99:1187-1199, 1997

58. Perseghin G, Price TB, Peterson KF, Roden M, Cline GW, Gerow K, Rothman
DL, Shulman GI: Increased glucose transport-phosphorylation and muscle
glycogen synthesis after exercise training in insulin-resistant subjects. N Engl
J Med 335:1357-1362, 1996

59. Storlein LH, Baur LA, Kriketos AD, Pan DA, Cooney GJ, Jenkins AB, Calvert
GD, Campbell LV: Dietary fats and insulin action. Diabetologia 39:621-631,
1996

60. Baron AD, Steinberg HO, Chaker H, Leaming R, Johnson A, Brechtel G:
Insulin-mediated skeletal muscle vasodilatation contributes to both insulin sen-
sitivity and responsiveness in lean humans. J Clin Invest 96:786-792, 1995

61. Nyholm B, Qu Z, Kaal A, Pederson SB, Gravholt CH, Andersen JL, Saltin B,
Schmitz O: Evidence of an increased number of type llb muscle fibers in
insulin-resistant first-degree relatives of patients with NIDDM. Diabetes
46:1822-1828, 1997

1177



