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A B STR A C T

To investigate the eff ect of considerable weight loss on skeletal muscle glucose disposal, 

both at the whole body and at the molecular level, 10 obese (BMI 40.2 ±  1.6 kg/m2 [mean 

±  SEM]) insulin-treated type 2 diabetic patients (HbA
1c

 7.7 ±  0.4% , FPG 11.1 ±  0.8 mmol/L) 

were studied during a very low calorie diet (VLCD, 450 kCal/day) on day 2 and again after 

losing 50%  of their overweight (50%  OW R). Oral blood glucose-lowering agents and insu-

lin were discontinued 3 weeks prior to the VLCD and at the start of the VLCD, respectively. 

Endogenous glucose production (EGP) and whole-body glucose disposal (6,6-2H
2
-glucose), 

lipolysis (2H
5
-glycerol) and substrate oxidation rates were measured on both study days in 

basal and hyperinsulinaemic (insulin infusion rate 40mU/m2 per minute) euglycaemic condi-

tions. In addition, skeletal muscle biopsies were obtained from the vastus lateralis muscle, 

in the basal situation and 30 min after the start of the insulin infusion for determination of 

insulin signalling, insulin-mediated expression of GLUT-4 and FAT/CD36 at the cell membrane 

and intramyocellular triglyceride content.

W eight reduction (20.3 ±  2.2 kg from day 2 to day 50%  OW R) not only normalised basal 

EGP, but also improved insulin sensitivity, especially insulin-stimulated glucose disposal (18.8 

±  2.0 to 39.1 ±  2.8 µmol.kgFFM-1.min-1, p =  0.001). At the myocellular level, insulin-stimulated 

phosphatidylinositol 3’-kinase (PI3K)-activity over basal was signifi cantly higher after weight 

loss. In addition, 2 down-stream eff ectors, AS160 and PRAS40, showed an absolute increase 

after weight loss. The improvement in insulin signalling was accompanied by a tendency 

for increased GLUT-4 content at the sarcolemma during hyperinsulinaemia. Intramyocellular 

triglyceride content decreased, with no signifi cant change in insulin-stimulated sarcolemmal 

FAT/CD36 content. Time to weight loss of 50%  overweight was negatively correlated with the 

number of type I muscle fi bres at baseline.

In conclusion, the increase in insulin-stimulated glucose disposal after considerable weight 

loss in obese type 2 diabetic patients is associated with a tendency to improved insulin sig-

nalling at the level of PI3K, and a signifi cant improvement in signalling towards the more 

downstream components, AS160 and PRAS40. The observed decrease in intramyocellular 

triglyceride content might have contributed to this eff ect. The fact that GLUT-4 content at 

the sarcolemma did not change signifi cantly indicates that it is not GLUT-4 content that is 

important in insulin-stimulated glucose disposal, but rather its insulin-stimulated transloca-

tion or the intrinsic activity of GLUT-4. Alternatively, another glucose transporter or increased 

glucose uptake in adipose tissue might be responsible for the observed increase in insulin-

stimulated glucose uptake.
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IN TRO D U CTIO N

About 80% of insulin-stimulated glucose disposal takes place in skeletal muscle1, with glu-

cose transport over the membrane as the rate limiting step2. In type 2 diabetic patients, insu-

lin-stimulated glucose disposal is disturbed due to defects in the insulin-signalling pathway 

regulating the translocation of the glucose transporter GLUT-4 to the cell membrane. Nota-

bly, defects in insulin-induced phosphorylation of insulin receptor substrate-1 (IRS-1) and 

phosphatidylinositol 3-kinase (PI3K)3-6 and in translocation of GLUT-4 to the cell membrane7,8 

have been found in skeletal muscle of patients with type 2 diabetes, whereas total GLUT-4 

protein and mRNA levels in type 2 diabetic patients have repeatedly shown to be normal9,10. 

The involvement of the PI3K substrate protein kinase B (PKB/Akt) in skeletal muscle insulin 

resistance is less clear, as is illustrated by studies reporting either normal4,11 or impaired ac-

tivation12,13 by insulin. However, the recently characterised Akt substrate 160 (AS160)14,15 has 

been implicated in linking PKB/Akt activation to GLUT-416 traffi  cking and insulin-mediated 

AS160 phosphorylation is impaired in skeletal muscle of type 2 diabetic patients17. Collec-

tively these studies highlight the importance of the PI3K-PKB/AKT-AS160-signalling pathway 

regulating GLUT-4 traffi  cking.

Caloric restriction and weight loss both improve hyperglycaemia in type 2 diabetic patients. 

We previously reported that a 2-day very low calorie diet (VLCD, Modifast , 450 kCal/day) de-

creased basal endogenous glucose production (EGP) in obese insulin-treated type 2 diabetic 

patients in whom all blood glucose-lowering medication was discontinued17. These changes 

were neither accompanied by an improvement in whole-body peripheral insulin sensitivity, 

nor by changes in insulin signalling, fuel transporter (GLUT-4, FAT/CD 36) localisation and 

triglyceride content in skeletal muscle biopsies19.

In the present study, we assessed whether a prolonged VLCD in obese insulin-treated type 

2 diabetic patients leading to substantial weight loss (50% of overweight) has a diff erent 

blood glucose-lowering mechanism as compared to caloric restriction only (2-day VLCD). 

During the study all blood glucose-lowering agents, including insulin, were discontinued. 

Insulin sensitivity was determined by hyperinsulinaemic euglycaemic clamp (insulin infusion: 

10 minute prime followed by a constant rate of 40 mU/m2/min) on day 2 of the VLCD and after 

loss of 50% of the overweight. Insulin signalling, insulin-mediated expression of GLUT-4 and 

FAT/CD36 at the cell membrane and intramyocellular triglyceride content were determined 

in skeletal muscle biopsies obtained on both study days in the basal situation and 30 minutes 

after the start of the insulin infusion.
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RESEARCH  DESIG N AND M ETH ODS

Subjects

10 obese (BMI 40.2 ± 1.6 kg/m2, [mean ± SEM]) patients with type 2 diabetes mellitus (FPG 

11.1 ± 0.8 mmol/L, HbA
1c

 7.7 ± 0.4%, duration of type 2 diabetes mellitus 8 ± 3 years), 8 

women and 2 men (age 54 ± 3 years) participated in this study, which was approved by the 

Medical Ethical Committee of Leiden University Medical Centre. Written informed consent 

was obtained from all patients after the study was explained.

Patients had to use at least 30 units of insulin per day (mean 94 ± 14 units/day, 8 patients 

also used metformin and 2 patients used rosiglitazone with the insulin therapy) and had to 

have a BMI >  30 kg/m2. In addition, patients had to have remaining endogenous insulin secre-

tion defi ned as a fasting plasma C-peptide level of more than 0.8 ng/mL or a 2-fold increase 

of the basal C-peptide level after administration of 1 mg glucagon i.v.

Patients had to have a stable body weight for at least 3 months and were instructed not 

to alter life style habits (eating, drinking, exercise) from screening until the start of the study. 

None of the patients were smokers and the use of other medication (than that used specifi c 

for the treatment of hyperglycaemia) known to alter glucose or lipid metabolism was pro-

hibited.

Diet and protocol outline

Three weeks before the start of the study, all oral blood glucose-lowering medication was dis-

continued. At day -1 only short acting insulin was given, evening doses of intermediate- and 

long-acting insulin were omitted. On day 0, patients started a VLCD (450 kCal/day) consisting 

of 3 sachets of Modifast  (Nutrition &  Santé, Antwerpen, Belgium) per day, providing about 

50 gram protein, 50 to 60 g carbohydrates, 7 to 9 g lipids, and 10 g of dietary fi bres. Insulin 

therapy remained stopped from the start of the VLCD on. After 48 hours of the VLCD patients 

were admitted to the research centre for the metabolic studies (day 2) as outlined below. After 

this study day patients continued the VLCD until they had lost 50% of their overweight (see 

Calculations). Then the second study day took place (day 50% overweight-reduced [OWR]).

During the VLCD patients visited the research centre on a weekly basis for measurement of 

body weight, waist-hip ratio, blood pressure and blood glucose regulation.

Study days

All studies started at 7:00 AM after an overnight fast. Length (meters [m]), weight (kilograms 

[kg]) and body mass index (BMI= weight (kg) / length2 (m)) were measured according to WHO 

recommendations20. Body fat mass (FM) and fat free mass (FFM) were measured by Bioelectri-

cal Impedance Analysis (BIA, Bodystat  1500, Bodystat Ltd., Douglas, Isle of Man, UK). The im-

pedance measurements were performed fi rst thing in the morning after subjects had voided 

and while they were fasting and resting in bed.
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Metabolic studies were performed as described previously18. In short, basal rates of glu-

cose and glycerol turnover were assessed after 3 hours of an adjusted primed (17.6 µmol/kg 

x actual plasma glucose concentration (mmol/L)/5(normal plasma glucose)21 continuous 

(0.33 µmol/kg per min) infusion of [6,6-2H
2
]-glucose (Cambridge Isotopes, enrichment 99.9% 

Cambridge, USA) and 1.5 hours of a primed (1.6 µmol/kg) continuous (0.11µmol/kg per min) 

infusion of [2H
5
]-glycerol (Cambridge Isotopes, Cambridge, USA). Insulin-stimulated rates of 

glucose and glycerol turnover were assessed after 4.5 hours of a hyperinsulinaemic eugly-

caemic clamp (Actrapid , Novo Nordisk Pharma, Alphen aan de Rijn, The Netherlands, rate 40 

mU/m2/min 22). Glucose values were clamped at 5 mmol/L via the infusion of a variable rate 

of 20% glucose enriched with 3% [6,6-2H
2
]-glucose.

Blood chemistry

Serum insulin was measured with an immunoradiometric assay (IRMA, Biosource, Nivelles, 

Belgium). The detection limit was 3 mU/L en the interassay coeffi  cient of variation was below 

6%.

Serum C-peptide was measured with a radioimmuno assay from Linco Research, St. Charles 

MO, USA. The interassay coeffi  cient of variation (CV) varied between 4.2 and 6.0% at diff er-

ent levels with a sensitivity of 0.03 nmol/L. Serum triglycerides were determined with a fully 

automated Hitachi 747 system (Hitachi, Tokyo, Japan).

Serum glucose and [6,6-2H
2
]-glucose as well as serum glycerol and [2H

5
]-glycerol were de-

termined in a single analytical run, using gas chromatography coupled to mass spectrometry 

as described previously23,24.

Serum non-esterifi ed fatty acids (NEFAs) were measured using the enzymatic colorimetric 

acyl CoA synthase/acyl-CoA oxidase assay (Wako Chemicals, Neuss, Germany) with a detec-

tion limit of 0.03 mmol/L. The interassay coeffi  cient of variation was below 3%.

M uscle biopsies

Muscle biopsies were taken from the vastus lateralis muscle after localised anaesthesia with 

1% lidocaine, with a modifi ed Bergström needle (Maastricht Instruments, Maastricht, The 

Netherlands) using applied suction25. The muscle biopsies were taken in the basal situation 

(8:00 AM, i.e., 1 hour after patients came in and were in a semirecumbent position) and 30 

minutes26 after the start of the insulin infusion (10 minute prime followed by a constant rate 

of 40 mU/m2/min), while blood glucose levels were kept at initial values during these fi rst 30 

minutes via the infusion of 20% glucose at a variable rate. Muscle samples were snap-frozen 

in isopentane chilled on dry ice and stored at -80°C until further analysis.

Insulin Signalling

Muscle biopsies were homogenised in PI3K lysis buff er using an ultraturrax mixer and centri-

fuged (15 minutes; 14.000 rpm; 4oC), then protein content was determined using a BCA-kit 
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(Pierce, Rockford, IL)27. Insulin receptor substrate-1 (IRS-1) was immunoprecipitated over-

night (4oC) from 1.5 mg protein using IRS-1 antibody K6, and PI3K-activity was determined as 

described previously27.

To determine expression and phosphorylation of other components of the insulin signal-

ling system, proteins (25 µg/lane) were separated by sodium dodecyl sulfate (SDS)-polyacryl-

amide gel electrophoresis and blotted on polyvinylidene difl uoride-membranes (Millipore, 

Bedford, MA). Filters were incubated overnight (4oC) with IRS-1 K6 and Akt-1 antibody (Up-

state, Lake Placid, USA), anti-phospho-Proline rich Akt substrate 40 (PRAS40)-Thr246 (#44-

100G), anti-phospho-AS160 (#44-1071G) (Biosource International, Camarillo, CA, USA) and 

anti-AS160/TBC1D4-antibody (Abcam, Ltd, Cambridge, UK). Bound antibodies were detected 

using appropriate horseradish peroxidase-conjugated secondary antibodies (Promega, 

Madison, WI, USA) in a 1:10.000 dilution, followed by visualization by enhanced chemilumi-

nescence. Blots were quantitated by densitometric analysis of the fi lms using Scion Image 

beta 4.02 software.

Oil Red O staining

According to Koopman et al.28 tissue sections of basal biopsies were stained with Oil Red 

O (ORO) combined with a double-immunofl uorescence assay. Briefl y, after fi xation with 

4% formaldehyde in mQ -water, sections were incubated for 45 minutes at room tempera-

ture with a mixture of the polyclonal rabbit antiserum directed to laminin (L-9393, Sigma, 

Sigma-Aldrich Chemie, Zwijndrecht, The Netherlands) and a mouse monoclonal antibody 

directed against adult human slow myosin heavy chain (Developmental Studies Hybridoma 

Bank, Iowa City, IO, USA). After three washing steps with phosphate-buff ered saline (PBS), 

sections were incubated for 30 minutes at room temperature with the appropriate second-

ary antibodies, i.e., Goat anti-Rabbit AlexaFluor350 and Goat anti-Mouse IgM AlexaFluor488 

(Molecular Probes, Invitrogen, Breda, The Netherlands). After three fi nal washing steps with 

PBS, sections were stained with Oil Red Oil according to Koopman et al. 28. Finally, the sections 

were mounted in Mowiol. 

Images were examined in a Nikon E800 microscope (Uvikon, Bunnik, the Netherlands) and 

were digitally captured using a 1.3 Megapixel Basler A101C progressive scan colour CCD co-

lour camera, driven by LUCIA laboratory image processing and analysis software (Laboratory 

Imaging, Prague, Czech Republic).

Oil Red O epifl uorescence signal was quantifi ed for each muscle cell of each cross section 

as described before29. Lipid droplet density was calculated by dividing the total number of 

droplets by the total (IMCL) area measured.
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Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and Western blotting for FAT/CD36 and GLUT-4

For Western blotting analyses, muscle membrane fractions and total muscle protein fractions 

were prepared as described before for GLUT-430 and FAT/CD36 19,31 in biopsies taken during 

the insulin-stimulated situation.

Equal amounts of proteins were loaded on 10% polyacrylamide SDS-gels and after elec-

trophoretic separation, the proteins were transferred to nitrocellulose in Western blotting. 

Then the blots were preincubated for 60 min with Odyssey Blocking Buff er (Licor, Westburg, 

Leusden, The Netherlands) 1:1 diluted in PBS and incubated overnight at room temperature 

with the polyclonal GLUT-4-BW antibody30 or the MO25 monoclonal antibody specifi c for FAT/

CD3631. Then, after incubation with the appropriate secondary antibodies Donkey anti-Rab-

bit IRDye800 and Donkey anti-Mouse IRDye800 (Rockland, TeBu-bio, Heerhugowaard, The 

Netherlands), protein bands were detected and quantifi ed with an Odyssey Infrared Imager 

(Licor). Primary and secondary antibodies were diluted in Odyssey Blocking Buff er. Finally, 

protein bands were detected and quantifi ed with an Odyssey Infrared.

Calculations

The rate of appearance (R
a
) and rate of disappearance (R

d
) for glucose and glycerol were cal-

culated using the steady state equation by Steele32 as adapted for stable isotopes using a 

single compartment kinetic model.

Endogenous glucose production (EGP) during the basal steady state is equal to the R
a
 of 

glucose, whereas EGP during the clamp was calculated as the diff erence between R
a
 and the 

glucose infusion rate.

Total lipid and carbohydrate oxidation rates were calculated as described by Simonson 

and DeFronzo33. For the conversion of fat oxidation from milligram per kilogram per minute 

to micromole per kilogram per minute an average molecular weight of 270 was assumed for 

serum NEFAs. Non-oxidative glucose metabolism was calculated by subtracting the glucose 

oxidation rate (determined by indirect calorimetry) from R
d
.

Percentage overweight was calculated as: 100 x (weight/ideal body weight) – 100. Ideal 

body weight for height was determined according to the Metropolitan Life Insurance tables 

(1983).

Statistical analysis

Data are presented as mean ± SEM. Diff erences between day 2 and day 50% OWR, as well as 

diff erences between basal and insulin-stimulated biopsies were analysed by the Student’s t-

test for paired samples. Non-parametric (Wilcoxon signed-rank test) tests for paired samples 

were performed when appropriate. Correlation analysis was carried out using Pearson’s cor-

relation. All analyses were performed using SPSS for Windows version 12.0 (SPSS Inc., Chi-

cago, IL, USA). Signifi cance was accepted at p <  0.05.
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RESULTS

Clinical and metabolic characteristics

Patient characteristics can be found in Table 1. Mean weight loss from day 2 to day 50% OWR 

amounted 20.3 ± 2.2 kg, average time to weight loss of 50% of overweight was 17 weeks 

(range 4 to 35 weeks). FPG levels declined signifi cantly from day 2 to day 50% OWR (12.5 ± 

0.5 to 7.8 ± 0.5 mmol/L, p = 0.0001). Basal EGP decreased from 20.0 ± 0.9 to 16.4 ± 1.2 µmol.

kgFFM-1.min-1, p = 0.001. Weight loss to 50% OWR also improved insulin sensitivity (Table 2), 

Table 1. Patient characteristics.

Sex (male/female) 2 : 8

Age (years) 54 ± 3

Weight (kg) 113.0 ± 7.1

BMI (kg/m2) 40.2 ± 1.6

Waist circumference (cm) 126.8 ± 3.3

Fat mass (kg) 51.0 ± 3.9

Fasting plasma glucose (mmol/L) 11.1 ± 0.8

HbA
1c

 (%) 7.7 ± 0.4

Duration type 2 diabetes (years) 8 ± 3

Units of insulin injected per day 94 ± 14

Additional use of oral glucose-lowering medication 8 metformin 
2 rosiglitazone

Data are presented as m ean ±  SEM .

Table 2. M etabolic param eters during a VLCD on day 2 and after 50%  reduction of overweight in obese type 2 diabetic patients.

Day 2 Day 50% OW R

Basal Clamp P Basal Clamp P

Glucose (mmol/L) 12.5 ± 0.5 5.1 ± 0.3 0.0001 7.8 ± 0.5* 5.4 ± 0.3 0.003

Insulin (mU/L) 24.2 ± 2.2 90.2 ± 3.3 0.0001 15.2 ± 1.3† 80.8 ± 4.0‡ 0.0001

NEFA (mmol/L) 1.6 ± 0.2 1.1 ± 0.3 NS 1.2 ± 0.1§ 0.3 ± 0.1|| 0.012

Triglycerides 
(mmol/L)

2.7 ± 0.5 2.5 ± 0.5 NS 1.2 ± 0.1¶ 0.9 ± 0.1# 0.0001

Glycerol (µmol/L) 150 ± 15 114 ± 18 NS 108 ± 12** 65 ± 12†† 0.011

Glucose R
d
 ∆ 20.0 ± 0.9 18.8 ± 2.0 NS 16.4 ± 1.2† 39.1 ± 2.8† 0.001

EGP∆ 20.0 ± 0.9 8.5 ± 0.9 0.0001 16.4 ± 1.2† 4.6 ± 1.2¶ 0.0001

Glycerol R
a

16.4 ± 2.3 11.5 ± 2.3 NS 14.6 ± 1.4 7.5 ± 1.6 0.012

Glucose oxidation∆ 6.7 ± 1.4 6.1 ± 0.9 NS 4.2 ± 0.4 12.7 ± 1.5‡‡ 0.001

NOGD∆ 14.8 ± 1.1 12.2 ± 1.6 NS 12.4 ± 1.1§§ 27.7 ± 2.8‡‡ 0.005

Lipid oxidation∆ 8.0 ± 0.5 8.3 ± 0.3 NS 7.1 ± 0.5 5.5 ± 0.8** 0.011

∆ values in value in µm ol.kgFFM -1.m in-1 ; value in µm ol.kgFM -1.m in-1

NEFA =  non-esterifi ed fatty acids, R
d
 =  rate of disappearance (=  peripheral glucose disposal); EGP =  endogenous glucose production, 

NOGD =  non-oxidative glucose disposal rate, FFM  =  fat free m ass, FM  =  fat m ass

Day 2 versus day 50%  OW R: 
* p =  0.0001; † p =  0.001; ‡ p =  0.023; § p =  0.018; || p =  0.017; ¶ p =  0.005; # p =  0.019; ** p =  0.008, †† p =  0.011; ‡‡ p =  0.002; §§ p =  0.036
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especially insulin-stimulated glucose disposal increased by 107% (18.8 ± 2.0 to 39.1 ± 2.8 

µmol.kgFFM-1.min-1 (p=0.001)).

Eff ect of w eight loss on insulin signalling in skeletal muscle

Absolute levels of insulin-stimulated IRS-1-associated PI3K were equal on both study days 

but the magnitude of the insulin-eff ect compared to basal was greater and only signifi cantly 

enhanced after weight loss (p = 0.01, Fig. 1). To corroborate this fi nding, we also assessed the 

phosphorylation of two more distal components of the insulin signalling system, i.e., the re-

cently identifi ed PKB/Akt substrates AS160 and proline-rich Akt substrate 40 (PRAS40). Basal 

as well as insulin-stimulated AS160 phosphorylation, corrected for AS160 protein expression, 

was signifi cantly higher after weight loss as compared to day 2 of the VLCD (Fig. 2). In addi-

tion, basal and hyperinsulinaemic levels of PRAS40 phosphorylation, were also signifi cantly 

increased on day 50% OWR as compared to day 2 (Fig. 3).

Eff ect of w eight loss on the fuel transporters GLUT-4 and FAT-36

Weight reduction had no signifi cant eff ect on the abundance of the fuel transporters GLUT-4 

(Fig. 4) and FAT/CD36 (Fig. 5) at the plasma membrane following hyperinsulinaemia. How-

ever, it should be noted that 7 out of the 10 patients showed a higher GLUT-4 density at the 
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Figure 1

Immunoblot (A) and quantifi cation (B) of IRS-1-associated PI3K activity in vastus lateralis muscle biopsies obtained on day 2 of a VLCD (a and b) 

and after 50% of overweight was lost (c and d) in basal (a and c) and hyperinsulinaemic euglycaemic conditions (b and d). Data are expressed as 

mean±SEM. Note that only insulin-stimulated increase over basal is signifi cant on day 50% OWR.
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Figure 2

Immunoblot (A) and quantifi cation (B) of AS160 phosphorylation in vastus lateralis muscle biopsies obtained on day 2 of a VLCD (a and b) and 

after 50% of overweight was lost with the VLCD (c and d) in basal (a and c) and hyperinsulinaemic (b and d) conditions. Data are expressed as 

mean ± SEM .

Note the absolute increase in AS160 phosphorylation following weight loss, both in the basal as well as in the insulin-stimulated situation. * P = 

0.026, day 50% OWR compared to day 2 , basal as well as insulin-stimulated.
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Figure 3

Immunoblot (A) and quantifi cation (B) of PRAS40 phosphorylation in vastus lateralis muscle biopsies obtained on day 2 of a VLCD (a and b) and 

after 50% of overweight was lost with the VLCD (c and d) in basal (a and c) and hyperinsulinaemic (b and d) conditions. Data are expressed as 

mean ± SEM.

Note that PRAS 40 phosphorylation is increased in the basal and insulin-stimulated situation after weight loss. * P = 0.046, † p = 0.018, day 50% 

OWR compared to day 2.
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cell membrane after weight loss. As to FAT/CD 36 the results were much less coherent: 4 

patients showed an increase, 4 a decrease and 2 had equal FAT/CD36 expression at the cell 

membrane after weight loss.

In a correlation analysis, insulin-stimulated GLUT-4 content at the cell membrane did not 

correlate with the rate of glucose disposal on either study day. Neither did the change in insu-

lin-stimulated sarcolemmal GLUT-4 content between study days correlate with the change in 

insulin-stimulated glucose disposal. Also no correlation between insulin-stimulated plasma-

lemmal GLUT-4 content and body weight, age or duration of type 2 diabetes was found.

FAT/CD36 at the cell membrane during insulin infusion did not correlate with whole-body li-

polysis, lipid oxidation or insulin-stimulated glucose disposal. However, a negative correlation 

was found between insulin stimulated sarcolemmal FAT/CD36 and the serum concentration 

of NEFAs during insulin stimulation (r = -0.88, p = 0.004 on day 2 and r = -0.72, p = 0.045).
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Figure 4

Quantifi cation of GLUT-4 at the cell membrane during insulin-stimulated conditions on day 2 of a VLCD and after 50% of the overweight was lost 

with the VLCD (50% OWR). Data are expressed as mean ± SEM. Changes between study days were not signifi cant.
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Figure 5

Quantifi cation of FAT/CD36 at the cell membrane during insulin-stimulated conditions on day 2 of a VLCD and after 50% of the overweight was 

lost with the VLCD (50% OWR). Data are expressed as mean ± SEM. Changes between study days were not signifi cant.
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Intramyocellular triglyceride content as assessed with an Oil red O Staining 

Oil-red-O staining, as a measure of intramyocellular lipids, showed a reduction in intramyocel-

lular lipids after weight loss (Fig. 6, Fig. 7). Type I and type II muscle fi bres were also examined 

separately. Type I muscle fi bres contained signifi cantly more intramyocellular triglycerides 

on either study day as compared with type II muscle fi bres. In both fi bre types however, the 

amount of intramyocellular triglycerides decreased with weight loss. The percentage type 

I fi bres did not change with weight loss although a slight, non-signifi cant increase was ob-

served (46.8 ± 4.9% to 51.5 ± 4.1%, p = NS, Fig. 7B), and accordingly, a decrease in type II 

muscle fi bres. Interestingly, time to weight loss of 50% overweight correlated negatively with 

the number of type I fi bres at the start of the diet (day 2), r = -0.64, p = 0.046. The amount 

of intramyocellular triglycerides correlated signifi cantly with lipid oxidation (r = 0.74, p = 

0.024) and whole-body insulin-stimulated glucose disposal (negative correlation, r = -0.63, p 

= 0.049) on day 50% OWR. In addition, the change in intramyocellular triglyceride concentra-

tion did not correlate with change in body weight, glucose and lipid metabolism (variables 

as shown in Table 2), insulin signalling or FAT/CD36 content.

DISCUSSION

This study shows that, as opposed to a 2-day VLCD, which only decreased basal EGP, pro-

longed caloric restriction leading to a loss of 50% of overweight also improves insulin sen-

sitivity, especially insulin-stimulated glucose disposal (see Chapter 8 for the discussion of 

the clamp studies). Over 80% of insulin-stimulated glucose disposal takes place in skeletal 

muscle1, with glucose transport over the membrane being the rate-limiting step2. We found 

improved insulin signalling, refl ected by a small insulin-stimulated increase over basal with 

respect to IRS-1-associated PI3K activity and a clear absolute increase in two of its down-

stream components, AS160 and PRAS40. The amount of GLUT-4 at the cell membrane dur-

ing insulin stimulation showed a tendency to increase after weight loss, however, this small 

increase in sarcolemmal GLUT-4 seems not in accordance with the clear improvement (107% 

increase as compared to day 2) in insulin-stimulated glucose disposal.

The reason why the increase in insulin-stimulated glucose disposal at the whole-body level 

was not refl ected by a signifi cant improvement in GLUT-4 translocation to the cell membrane 

is unclear and may refl ect changes in intrinsic activity of GLUT-4. Others have also reported a 

dissociation between insulin-stimulated glucose disposal and either insulin signalling and/or 

GLUT-4 content at the cell membrane. Ryder et al.7 found that although insulin-stimulated 

glucose disposal was 50% lower in patients with type 2 diabetes compared with lean con-

trols, insulin-stimulated cell surface GLUT-4 content over basal amounted only 10% that of 

healthy controls in type 2 diabetic patients. In another study, Karlsson et al. found a signifi -

cant, 36% improvement in insulin-stimulated whole-body glucose uptake after 26 weeks of 
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treatm ent w ith 8 m g rosiglitazone daily in new ly diagnosed type 2 diabetic patients, that 

w as not accom panied by im proved signalling of IRS-1 associated PI3K, PKB/AKT or AS16034. 

Finally, Friedm an et al.35 show ed that w eight loss of 36%  of initial body w eight by gastric 

A B

Figure 6

Oil red O staining (red) in combination with myosin heavy chain type 1 (MHC-1) immunofl uorescence- (green) and lamin staining (blue) in 

cryosections of vastus lateralis muscle on day 2 of a VLCD (A) and after 50%  of overweight was lost with the VLCD (B). Note the decrease in 

intramyocellular triglyceride content on day 50%  OW R (Fig. 6B).
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Figure 7

Quantifi cation of the percentage intramyocellular triglycerides (IMTG, Fig. 7A) in type I muscle fi bres (black bars), type II muscle fi bres (light 

grey bars) and mean %  IMTG (i.e., type I and II fi bres combined, dark grey bars) on day 2 (a,b,c) of a VLCD and after 50%  of overweight was lost 

(d,e,f). Note the signifi cant decrease in IMTG after weight loss in both fi bre types. Figure 7B shows the number of type I (black bars) and type II 

(grey bars) fi bres on either study day. Note the signifi cant increase in type I muscle fi bres after weight loss.
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bypass surgery im proved w hole-body glucose disposal by 3-fold and m axim al glucose trans-

port activity in vitro by 50%  in 3 non-diabetic and 4 type 2 diabetic m orbidly obese individu-

als, w ithout an eff ect on total G LU T-4 protein content in skeletal m uscle biopsies. Collectively, 

this indicates that not the am ount of G LU T-4 at the cell m em brane but its function and, con-

sequently, the velocity of glucose transport over the m em brane are the m ain determ inants of 

insulin-stim ulated glucose disposal. A lternatively, another glucose transporter, either G LU T-

17, or a yet unidentifi ed one, m ay have contributed to the increase in glucose uptake seen 

after w eight loss. A nother possible explanation is that insulin-stim ulated glucose disposal 

in adipose tissue is greatly enhanced w ith w eight loss. In 4 out of 8 patients from  w hom  w e 

obtained abdom inal subcutaneous adipose tissue biopsies, an increase in insulin-stim ulated 

PI3K-activity w as observed after w eight loss (data not show n).

Insulin-stim ulated phosphorylation of A S160, a recently discovered substrate of PKB/A kt, 

has previously been reported to be disturbed in skeletal m uscle of m oderately obese (BM I 

27 kg/m 2) type 2 diabetic patients w ith relatively m ild diabetes (9 out of 10 used oral agents, 

only 1 patient on insulin therapy, H bA
1c

 6.0 ±  0.5% )17. W e did not use control subjects and can 

therefore not com pare insulin-stim ulated A S160 phosphorylation in our patients w ith that of 

healthy lean subjects. H ow ever, our patients w ere m uch m ore obese (BM I 40.2 ±  1.6 kg/m 2) 

and severely insulin-resistant (glucose disposal rate 18.8 ±  2.0 µm ol.kgFFM -1.m in-1; M -value 

9.9 ±  2.3 µm ol.kgFFM -1.m in-1) as the patients in the study m entioned above17 and, notw ith-

standing, w e found a signifi cant eff ect of insulin on A S160 phosphorylation on both study 

days. This study also show s that signifi cant w eight reduction (50%  of overw eight) enhances 

insulin-stim ulated A S160 phosphorylation.

N otably, w e observed that w eight reduction signifi cantly increases insulin-stim ulated 

PRA S 40 phosphorylation, another substrate for PKB/A kt. PRA S40 is a nuclear protein, 36,37 

and phosphorylation of PRA S40 facilitates the binding of 14-3-3-proteins in vitro. Studies in 

anim al m odels and cultured cell lines suggest that PRA S40 regulates cell survival and protec-

tion from  ischaem ia. A lthough the physiological function of PRA S40 in insulin action is still 

unclear, w e recently observed that phosphorylation of this protein is induced by physiologi-

cal hyperinsulinaem ia in insulin target tissues, and blunted under conditions of high-fat-

diet-induced insulin resistance (E.B.M . N ascim ento et al., subm itted). Together, these fi ndings 

suggest an im portant role for PRA S40 in physiological insulin action.

It has been hypothesised, that accum ulation of intram yocellular lipids (IM CLs) are involved 

in the cause of im paired insulin signalling via phosphorylation of IRS-1 and IRS-2 on serine 

residues by fatty acid m etabolites, thereby rendering these serine-phosphorylated IRSs un-

able to associate w ith and activate PI3K41. In our study substantial w eight loss w as associated 

w ith a signifi cant decrease in IM CL. O nly intram yocellular lipid content on day 50%  O W R 

correlated negatively w ith the glucose disposal rate, but not w ith any other m etabolic pa-

ram eter w e m easured, nor w ith insulin signalling. Indeed, several other studies have also 

reported a decrease in IM CL follow ing substantial w eight reduction after bariatric surgery in 
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morbidly obese, non-diabetic subjects39-41, which was also associated with improved insulin-

stimulated glucose disposal. On the other hand, more moderate weight loss (approximately 

8 to 10 kg) in obese patients did not aff ect total IMCL content in 2 other studies42,43. In obese 

type 2 diabetic patients, Goodpaster et al. found a 41% reduction in IMCL following weight 

loss of approximately 14 kg44. 

Several studies have shown that patients with type 2 diabetes have a decreased percent-

age type I (oxidative) muscle fi bres and an increased percentage type IIb (glycolytic) muscle 

fi bres45,46, like in our patients. A low capacity to oxidise fat due to a low percentage of type 

I muscle fi bres might lead to obesity. However, whether the altered fi bre type composition 

is the cause of obesity and type 2 diabetes or an eff ect of these pathologic states is unclear. 

Weight loss resulted in a slight, albeit non-signifi cant, increase in the percentage of type I 

(and hence decrease in type II) muscle fi bres. Only one other study47 reported a tendency to 

increased type I fi bres following weight loss, whereas the remainder of studies showed no 

changes in type I muscle fi bres with weight loss48-50. None of these studies were performed 

in type 2 diabetic patients however. Interestingly, like one other study51, we also found a 

positive relation between the amount of type I (oxidative) muscle fi bres on day 2 and time 

to loss of 50% of overweight. The fact that type I muscle fi bres contain more IMCL than type 

II muscle fi bres and that IMCL in both muscle type fi bres decrease with weight loss has been 

observed before47.

IMCL might accumulate via increased fatty acid uptake and/or decreased fatty acid oxida-

tion and/or –re-esterifi cation. Weight loss did not change the amount of the fatty acid trans-

porter FAT/CD 36 at the cell membrane in our study (if any it was a tendency to increase). This 

is in contradiction with the hypothesis of Bonen et al., who observed an increased sarcolem-

mal expression of FAT/CD 36 in skeletal muscle of obese and type 2 diabetic patients along 

with an increased long-chain fatty acid uptake and proposed that this could contribute to 

increased IMCL and hence impaired insulin signalling52. With this hypothesis in mind, before-

hand we expected to fi nd a decreased sarcolemmal expression of FAT/CD 36 after substantial 

weight loss. However, like GLUT-4, FAT/CD 36 traffi  cs between the sarcolemma and the cy-

toplasm and has even been demonstrated in mitochondria53. The traffi  cking can be regu-

lated by insulin and exercise, involving PI3K/Akt54 and adenosine monophosphate activated 

protein kinase (AMPK)54 signalling pathways, respectively. Therefore, a weight-loss-induced 

improvement in insulin signalling could also enhance insulin-induced FAT/CD 36 transloca-

tion to the sarcolemma. However, in our study, insulin-stimulated sarcolemmal FAT/CD 36 

did not change. Plasma NEFA levels and IMCL decreased, in combination with a decrease in 

whole-body lipolysis and lipid oxidation. Although highly speculative, one could assume that 

as a consequence of the considerable loss of adipose tissue whereby a new steady state has 

developed in our patients, the total release of NEFAs by fat cells is diminished and, therefore, 

the uptake by myocytes, leading to decreased IMCL and lipid oxidation.

Ingrid BW.indd   175 03-03-2006   11:13:38



176

Chapter 8

In conclusion, substantial weight loss in obese, insulin-treated type 2 diabetic patients, 

improves insulin sensitivity of skeletal muscle, adipose tissue and the liver. Especially insulin-

stimulated glucose disposal improved considerably. At the cellular level, this was accompa-

nied by improved insulin signalling. The observed decrease in IMCL might have contributed 

to the improved insulin signalling.
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