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CHAPTER 6
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A BSTRA CT

This study investigates the molecular mechanisms underlying the blood glucose-lowering 

eff ect of a 2-day very low-energy diet (VLED, 1890 kJ/d =  very low calorie diet [VLCD, 450 

kCal/day]) in 12 obese (body mass index 36.3 ±  1.0 kg/m2 [mean ±  SEM]) type 2 diabetic 

(HbA
1c

 7.3 ±  0.4% ) patients simultaneously taken off  all glucose-lowering therapy, including 

insulin.

Endogenous glucose production (EGP) and glucose disposal ([6,6 2H
2
]-glucose) were 

measured before and after the VLED in basal and hyperinsulinaemic (insulin infusion rate 40 

mU/m2/min) euglycaemic conditions. Insulin signalling and expression of GLUT4, FAT/CD36 

and triglycerides were assessed in muscle biopsies, obtained before the clamp and after 30 

minutes of hyperinsulinaemia. 

Fasting plasma glucose decreased from 11.3 ±  1.3 to 10.3 ±  1.0 mmol/L because of a 

decreased basal EGP (14.2 ±  1.0 to 11.9 ±  0.7 µmol.kg-1.min-1, p =  0.009). Insulin-stimulated 

glucose disposal did not change. No diet eff ect was found on the expression of the insulin 

receptor and insulin receptor substrate-1 or on phosphatidylinositol 3’-kinase activity, or on 

FAT/CD36 expression pattern, GLUT4-translocation or triglyceride distribution in either the 

basal or insulin-stimulated situation. Unexpectedly, basal PKB/Akt-phosphorylation on T308 

and S473 increased after the diet, at equal protein expression.

In conclusion, a 2-day VLED lowers fasting plasma glucose via a decreased basal EGP with-

out an eff ect on glucose disposal. Accordingly, no changes in activation of phosphatidylino-

sitol 3’-kinase, triglyceride distribution, FAT/CD36 expression and GLUT-4 translocation were 

found in skeletal muscle biopsies.
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IN TRO D U CTIO N

Energy restriction (ER) and weight loss1,2 improve the insulin resistance (IR) seen in obese 

type 2 diabetic patients3. Because skeletal muscle is the primary site of insulin-stimulated 

glucose disposal4 with glucose transport over the membrane as rate limiting step5, skeletal 

muscle IR might play an important role in obese type 2 diabetic patients.

Intramyocellular lipid (IMCL) accumulation is strongly associated with IR6. The cause for 

IMCL accumulation might include an increased sarcolemmal expression of the fatty acid 

transporter FAT/CD36 in obese and non-obese type 2 diabetic patients7, leading to an in-

creased rate of fatty acid transport7,8.

Intramyocellular lipids, in turn, can impair insulin signal transduction5. It has been proposed 

that fatty acid metabolites induce a sustained activation of serine/threonine kinases, such as 

protein kinase C isoforms, IκB kinase-β and Jun N-terminal kinase, which phosphorylate the 

insulin receptor substrates (IRS) IRS-1 and IRS-2 on serine and threonine sites5. Serine-phos-

phorylated forms of IRS1/2 cannot associate with and activate phosphatidylinositol 3’-kinase 

(PI3K), resulting in a decreased activation of GLUT-4-regulated glucose transport.

Energy restriction improves blood glucose values and insulin-stimulated glucose disposal 

in humans with type 2 diabetes as early as 7 days after the initiation of a 3347 kJ/d [800 

kCal/day] diet1. The molecular mechanism underlying this improvement in insulin sensitivity 

is largely unknown. In rat skeletal muscle, 20 days of ER enhanced insulin-stimulated GLUT-4 

translocation9. However, this eff ect occurred independent of activation of PI3K, indicating 

that ER ameliorates insulin-stimulated GLUT-4 translocation via other mechanisms, possibly 

down-stream of PI3K. In this regard, PKB/Akt is an attractive candidate given its putative role 

in insulin-stimulated glucose transport10,11 and the observation that 20 days of ER led to an 

increased activation of this protein in rat skeletal muscle12.

W e found that a very low energy (calorie) diet (VLED = very low calorie diet [VLCD], Modi-

fast , Novartis Consumer Health, Breda, The Netherlands, 1883 kJ/d [450 kCal/day]) improves 

fasting plasma glucose (FPG) levels as early as 2 days after the initiation of the diet in obese 

type 2 diabetic patients simultaneously taken off  all blood glucose-lowering medication, in-

cluding insulin13. The present study was conducted to elucidate the mechanism underlying 

this eff ect. At the whole-body level, the blood glucose-lowering eff ect of a 2-day VLED ap-

peared to be due to a decrease in basal endogenous glucose production (EGP) with no eff ect 

on whole-body insulin-stimulated glucose disposal, as assessed with the hyperinsulinaemic 

euglycaemic clamp technique with stable isotopes14. However, because no eff ect on whole-

body insulin-stimulated glucose disposal does not preclude any eff ect (or a beginning eff ect) 

on skeletal muscle at the molecular level, we also took muscle biopsies. In fact, beforehand 

we assumed a beginning eff ect of ER on insulin signal transduction that might become ap-

parent at the whole-body level after 7 to 10 days.
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We therefore examined IRS-1-associated PI3K-activity and PKB/Akt phosphorylation in 

skeletal muscle biopsies taken before and after 2 days of a VLED, both in the basal and in the 

insulin-stimulated situation. In addition, we determined the expression and translocation of 

the fuel transporters GLUT-4 and FAT/CD36. Finally, we examined intramyocellular triglycer-

ide content with an oil red O staining.

RESEARCH  DESIG NS AND M ETH ODS

Subjects

Twelve obese type 2 diabetic patients, 5 male and 7 female (age 55 ± 4 years [mean ± SEM], 

body mass index [BMI] 36.3 ± 1.0 kg/m2) participated in this study, which was approved by 

the Medical Ethical Committee of Leiden University Medical Centre. Written informed con-

sent was obtained from all patients after the study was explained.

Patients used at least 30 units of exogenous insulin with or without oral blood glucose-low-

ering medication. Only subjects with remaining insulin secretion, defi ned as a fasting plasma 

C-peptide level of more than 0.8 ng/mL or a 2 times increase of the basal C-peptide level after 

1 mg glucagon iv15, were included.

Patients had to have 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 medication known to alter glucose or lipid 

metabolism was prohibited.

Diet and protocol outline

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

discontinued. At day -1 and day 4, only short-acting insulin was given. On day 0, baseline 

investigations (day 0) were performed as outlined below. Insulin therapy was restarted after 

this study day until the start of the 2-day VLED on day 5 (to ensure complete washout of 

stable isotopes) and remained stopped during the 2-day VLED. On day 7 the second study 

day (day 2) took place. The VLED consisted of 3 sachets of Modifast  per day, amounting 

approximately 1883 kJ/d [450 kcal/day]. Patients were provided with muesli, shakes, and po-

tage, from which they could chose freely. The exact amount of carbohydrates, protein, and fat 

in the Modifast  sachets varies a little between the diff erent substances; but with 3 sachets 

of Modifast  per day, patients receive about 50 g protein, 50 to 60 g carbohydrates, 7 to 9 g 

lipids, and 10 g of dietary fi bres. Patients followed the VLED at home and were only admitted 

to the research ward for study days.
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Study days

All studies started at 7:00 AM after an overnight fast. Length (m), weight (kg) and BMI (BMI = 

length [kg] / length2 [m]) were measured according to WHO recommendations16.

Metabolic studies were performed as described previously14. In short, basal rates of glu-

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

actual plasma glucose concentration [mmol/L]/5 (normal plasma glucose)17 continuous (0.33 

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

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). Insulin-stimulated rates of glucose and glycerol turnover 

were assessed after 4.5 hours of a hyperinsulinaemic-euglycaemic clamp (Actrapid , Novo 

Nordisk Pharma, Alphen aan de Rijn, The Netherlands, rate 40 mU/m2/min18). Glucose values 

were clamped at 5 mmol/L by the infusion of a variable rate of 20% glucose enriched with 

3% [6,6-2H
2
]-glucose.

Blood chem istry

Serum insulin was measured by an ultrasensitive Human Insulin assay (Linco Research, St 

Charles, MO, USA) with a detection limit of 0.1 mU/L. The interassay coeffi  cient of varia-

tion was below 6%. Serum C-peptide was measured with a radioimmunoassay from Linco 

Research. Serum triglycerides were determined with a fully automated Hitachi 747 system 

(Hitachi, Tokyo, Japan).

Serum glucose and [6,6-2H
2
]-glucose were determined in a single analytical run, using gas 

chromatography coupled to mass spectrometry as described previously19,20.

Serum non-esterifi ed fatty acids (NEFA) 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 suction21. 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 

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

40 mU/m2/min18), 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)22. 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 previously22.

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 phospho-specifi c PKB/Akt-Thr308, 

PKB/Akt-Ser473 (Cell Signalling Technology, Beverly, MA), IRS1 K6 and Akt-1 antibody (Up-

state, Lake Placid, USA). Bound antibodies were detected using appropriate horseradish 

peroxidase-conjugated secondary antibodies (Promega, Madison, WI) in a 1:10.000 dilution, 

followed by visualization by enhanced chemiluminescence. Blots were quantitated by densi-

tometric analysis of the fi lms using Scion Image beta 4.02 software.

Immunofl uorescence assay for FAT/CD36 and GLUT-4 and Oil Red O staining

Routine indirect (double) immunofl uorescence assays were performed as described previ-

ously23. Serial cryosections were fi xed and incubated overnight at 4oC with the following 

primary antibodies: MO25, a monoclonal antibody directed against human FAT/CD3623; 

sc-7309 (Santa Cruz, TeBu-Bio, Heerhugowaard, the Netherlands), a mouse IgM monoclonal 

antibody reactive to FAT/CD36 of human origin; GLUT-4-BW, a polyclonal rabbit antibody 

directed against the fi nal 12 amino acids of the C-terminus of the human GLUT-4 protein24; a 

polyclonal laminin antibody (L-9393, Sigma-Aldrich Chemie, Zwijndrecht, The Netherlands); 

a monoclonal caveolin-3 antibody (clone 26; BD Biosciences Pharmingen, Alphen aan de Rijn, 

The Netherlands); and a mouse monoclonal antibody directed against adult human slow 

myosin heavy chain (A4.840; developed by Dr. Blau25).

After washing the slides with phosphate-buff ered saline (PBS), sections were incubated 

with the appropriate secondary fl uorescent-labelled antibodies and thereafter mounted with 

Mowiol.

According to Koopman et al.26, tissue sections were stained with oil red O combined with an 

immunofl uorescence assay. Oil red O epifl uorescence signal was quantifi ed for each muscle 

cell of each cross section as described before27. Lipid droplet density was calculated by divid-

ing the total numbers of droplets by the total (IMCL) area measured. Statistical signifi cance of 

diff erences between trials was assessed by paired t-tests.

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).
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting for FAT/CD36 and GLUT-4

Western blotting analyses were performed as described before for GLUT-424 and FAT/CD3623. 

Briefl y, forty 20-µm-thick cryosections of muscle biopsies were sampled and homogenised. 

After centrifugation, the membrane fraction (pellet) and cytosol fraction (supernatant) were 

separated and both suspended in PBS. 

For SDS-polyacrylamide gel electrophoresis and Western blotting, 1 part of the samples 

was boiled for 4 min in 2 parts of SDS-sample buff er (Bio-Rad Laboratories, Veenendaal, The 

Netherlands). Equal amounts of proteins were loaded on 10% polyacrylamide SDS-gels (Bio-

Rad Laboratories). After electrophoretic separation, the proteins were transferred to nitrocel-

lulose in Western blotting, then the blots were preincubated for 20 min with 5% non-fat dry 

milk in 0.05% Tween 20 (Sigma-Aldrich Chemicals) in PBS and incubated overnight at room 

temperature with the polyclonal GLUT-4-BW antibody24 or the MO25 monoclonal antibody 

specifi c for FAT/CD3623. Chemiluminescence detection was performed after incubation with 

the appropriate horseradish-conjugated secondary antibodies. Proteins bands were analysed 

by densitometry using Image Master (Amersham Pharmacia Biotech, Piscataway, NJ, USA).

Calculations

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

d
) for glucose were calculated using 

the steady state equation by Steele as adapted for stable isotopes using a single-compart-

ment kinetic model28.

Endogenous glucose production during the basal steady state is equal to the R
a
 of [6,6-

2H
2
]-glucose, whereas EGP during the clamp was calculated as the diff erence between R

a
 and 

the glucose infusion rate.

Statistical analysis

Data are presented as mean ± SEM. Diff erences before (day 0) and after (day 2) the VLED were 

analysed by the Student’s t-test for paired samples. Correlation analysis was carried out using 

Pearson’s correlation. All analyses were performed using SPSS for Windows version 11.0 (SPSS 

Inc., Chicago, IL, USA). Signifi cance was accepted at p <  0.05.

RESULTS

Clinical and metabolic characteristics

Patient characteristics can be found in Table 1.

After 2 days of a VLED, FPG levels decreased (11.3 ± 1.3 to 10.3 ± 1.0 mmol/L), despite the 

cessation of all blood glucose-lowering medication. At that moment, weight loss amounted 

2.9 ± 0.4 kg (p = 0.001). The decrease in FPG was accompanied by a signifi cant decrease in 

basal EGP (Table 2) although basal insulin levels had also signifi cantly decreased.
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On both study days, we achieved comparable clamp serum glucose and insulin values 

(Table 2, these data have already been published14). Neither insulin suppressibility of EGP 

nor insulin stimulation of whole-body glucose disposal diff ered signifi cantly after 2 days of 

a VLED (Table 2). Serum NEFA levels were more, but not signifi cantly (p = 0.057), suppressed 

during hyperinsulinaemia on day 2. In line with this fi nding, the capacity of insulin to sup-

press whole-body lipolysis as measured by R
a
 of glycerol, also did not change after 2 days of 

a VLED (data not shown).

Eff ect of a 2-day VLCD on insulin signalling in skeletal muscle

To study the eff ect of 2 days of a VLED on insulin signalling, we examined IRS-1 associated 

PI3K activity in skeletal muscle biopsies obtained before and 30 minutes after the initiation 

Table 1. Patient characteristics.

Sex (male/female) 5 : 7

Age (years) 55 ± 4

BMI (kg/m2) 36.3 ± 1.0

Waist circumference (cm) 120 ± 3

Waist-hip ratio 1.02 ± 0.03

Fasting plasma glucose (mmol/L) 11.3 ± 1.3

HbA
1c

 (%) 7.3 ± 0.4

Fasting serum insulin (mU/L) 20.7 ± 2.1

Fasting serum C-peptide (ng/mL) 1.0 ± 0.1

Duration of type 2 diabetes (years) 7.9 ± 1.3

Units of insulin injected per day 78 ± 9

Additional use of oral glucose-  6 metformin

lowering medication  1 rosiglitazone

Data are presented as m ean ±  SEM .

Table 2. M etabolic param eters on day 0 and after 2 days of a VLED in obese type 2 diabetic patients.

Day 0 Day 2

Basal Clamp P Basal Clamp P

Glucose (mmol/L) 11.3 ± 1.3 5.0 ± 0.4 0.0001 10.3 ± 1.0 4.9 ± 0.4 0.0001

Insulin (mU/L) 20.7 ± 2.3* 88.1 ± 5.9 0.0001 15.9 ± 1.8* 83.7 ± 4.8 0.0001

NEFA (mmol/L) 1.1 ± 0.1 0.39 ± 0.07 0.001 1.5 ± 0.1 0.35 ± 0.04 0.0001

Triglycerides (mmol/L) 1.8 ± 0.2 2.1 ± 0.2 0.028 2.0 ± 0.2 2.0 ± 0.2 NS

Glucose R
d
 ∆ 14.2 ± 1.0† 12.1 ± 0.7 NS 11.9 ± 0.7† 11.3 ± 1.0 NS

EGP∆ 14.2 ± 1.0† 5.5 ± 0.8 0.0001 11.9 ± 0.7† 5.2 ± 0.5 0.0001

Glycerol R
a
 ∆ 5.2 ± 1.0 1.9 ± 0.2 0.008 4.0 ± 0.6 1.8 ± 0.2 0.008

Basal R
d
 =  R

a
=  EGP. During insulin stim ulation, the am ount of 20%  glucose has to be subtracted from  the R

d
 to get EGP. 

The data in this table have already been published 14.
∆ data in m ol.kg-1.m in-1

Basal day 0 versus day 2: * p =  0.033, † p =  0.008
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of a hyperinsulinaemic euglycaemic clamp. Of the 12 patients, 4 showed a higher basal PI3K 

activity after 2 days of a VLED, which was not associated with an increase in insulin-stimu-

lated PI3K activity nor with an increase in insulin-stimulated glucose disposal both before 

and after the VLED. Only in 5 out of 12 subjects, insulin increased IRS-1-associated PI3K activ-

ity, and a 2-day VLED did not improve the magnitude of this insulin response. Collectively, 

IRS-1-associated PI3K activity did not change after 2 days of a VLED, neither in the basal nor 

in the insulin-stimulated situation (Fig. 1). In addition, there was no eff ect of the VLED on the 

protein expression of the insulin receptor and IRS-1 (data not shown).

Basal PKB/Akt phosphorylation (both on T308 and S473) was signifi cantly higher after 2 

days of a VLED (Fig. 2), whereas the capacity of insulin to stimulate PKB/Akt activation was 

not signifi cantly diff erent between study days. When we looked at the individual data, none 

of the patients showed an increase in PKB/Akt phosphorylation during hyperinsulinaemia 

before the diet, whereas after the 2-day VLED, 3 of the 12 patients showed a 2-fold increase 

with hyperinsulinaemia. Protein expression of PKB/Akt (Fig. 2E) did not diff er between study 

days, neither in the basal nor in the insulin-stimulated situation.

In line with the fi nding that insulin-stimulated whole-body glucose disposal did not 

change, we also found no change in the total amount of GLUT-4 expression (Fig. 3A) nor 

in translocation of GLUT-4 from the cytoplasm to the sarcolemma (Fig. 3B-E) as assessed by 

immunofl uorescence staining (Fig. 3B-E) and Western blotting (Fig. 3A) in the skeletal muscle 

biopsies. Insulin-stimulated GLUT-4 translocation was monitored by a previously published 

Subject 13
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Figure 1.

Autoradiograph (A) and quantifi cation (B) of IRS-1-associated PI3K activity in vastus lateralis muscle biopsies obtained before (a and b) and 

after a 2-day VLED (c and d) in basal (a and c) and hyperinsulinaemic euglycaemic conditions (b and d), changes are not signifi cant. Data are 

expressed as mean±SEM .
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Figure 2.

Immunoblot and quantifi cation of Akt/PKB phosphorylation at Ser 473 (A and C) and Thr 308 (B and D) in vastus lateralis muscle biopsies 

obtained before (a and b) and after a 2-day VLED (c and d) in basal (a and c) and hyperinsulinaemic (b and d) conditions. An immunoblot of PKB 

protein expression is given in E. Data are expressed as mean ±  SEM  . Note the increase in basal PKB/Akt phosphorylation, at SER 473 as well as 

Thr 308, after 2 days of a VLED. * p <  0.001, † P <  0.005, day 2 compared to day 0.

Figure 3.

Immunoblotting (A) of total muscle fractions of two subjects (S5 and S11) before (0) and after a 2-day (2) VLED. Double-immunofl uorescence 

staining (B-E) of GLUT-4 (red) and caveolin-3 (green) in insulin-stimulated cryosections of human vastus lateralis muscle before (B, D) and after 

a 2-day VLED (C, E). 

B and C, GLUT4. D and E, GLUT4 and caveolin-3. Note the GLUT-4 accumulations near the plasmalemma both before and after the 2-day VLED 

(arrows).
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im m unofl uorescence m ethod, albeit in a diff erent m odel (increased G LU T-4 translocation 

upon 36 hours of pharm acologic blocking of fat oxidation using CPT129). U sing this m eth-

odology, w e also w ere able to detect, in a sem i-quantitative m anner, insulin-induced G LU T-4 

translocation after 2 hours of a hyperinsulinaem ic euglycaem ic clam p in healthy hum an sub-

jects. G iven these data (refl ecting a positive control) w e are also confi dent that the m ethod 

used is of suffi  cient sensitivity to detect insulin-m ediated changes in G LU T-4 localization.

Im m unofl uorescence staining show ed that FAT/CD  36 w as expressed at the sarcolem m a 

as w ell in the cytoplasm  of m uscle cells (Fig. 4B-E) and that FAT/CD  36 staining w as m ore in-

tense in type 1 m uscle fi bres. N either the VLED  nor hyperinsulinaem ia aff ected the FAT/CD  36 

staining pattern. A  W estern blot analysis confi rm ed the fi ndings of the im m unofl uorescence 

staining (Fig. 4A ).

Figure 4.

Immunoblotting (A) of the muscle cell membrane fraction. Shown are two subjects (S5 and S11) before (0) and after a 2-day (2) VLED. Double-

immunofl uorescence staining of FAT/CD36 (green) and myosin heavy chain type 1 (M HC-1) (red) in insulin-stimulated cryosections of vastus 

lateralis muscle before (A, C) and after 2-days of diet intervention (B, D). A and B, FAT/CD36. C and D, FAT/CD36 and M HC-1.

I , indicates type-1 muscle fi bers. No changes were observed between study days.
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Triglyceride content in skeletal muscle cells, as assessed with oil red O  staining, did not 

change between study days, neither in the basal nor in the insulin-stimulated situation 

(Fig. 5).

D ISCU SSIO N

This study was performed to elucidate the molecular mechanism underlying the blood glu-

cose-lowering eff ect of a 2-day VLED in insulin-treated obese type 2 diabetic patients. In line 

with our previous observations13, this study again shows that 2 days of a VLED, in combina-

tion with the cessation of all blood glucose-lowering medication in obese type 2 diabetic 

patients lowers FPG levels. At the whole-body level this decrease in FPG could be explained 

by a decrease in basal EGP without an improvement in insulin-stimulated glucose disposal. 

These results are described elsewhere14.

Although we did not fi nd any improvement in insulin-stimulated glucose disposal at the 

whole-body level, we did analyse the muscle biopsies we took during this study because 

we still expected a beginning eff ect of the VLED at the molecular level in skeletal muscle 

Figure 5.

Oil red O staining (A, B) in combination with myosin heavy chain type 1 (MHC-1) immunofl uorescence assay (C, D) in cryosections of vastus 

lateralis muscle before (A, C) and after 2-days of diet intervention (B, D). No changes were observed between study days.
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biopsies. H ow ever, w e did not fi nd a signifi cant diet eff ect either in G LU T-4 content or in 

G LU T-4 translocation from  the cytoplasm  to the plasm a m em brane (Fig. 3) in skeletal m uscle 

biopsies. In addition, no diet eff ect w as found on the protein expression of IRS-1 and on 

IRS-1-associated PI3K activation. O f the 12 patients, 4 show ed a higher basal PI3K activity 

after 2 days of a VLED , w hich w as not associated w ith an increase in insulin-stim ulated PI3K 

activity nor w ith an increase in insulin-stim ulated glucose disposal both before and after the 

VLED . Rem arkably, 7 of 12 patients lacked an increase in insulin-stim ulated PI3K activity. This 

is in accordance w ith several other studies in w hich a decreased insulin-stim ulated tyrosine 

phosphorylation of IRS-1 and PI3K activity w as found in skeletal m uscle of type 2 diabetic pa-

tients com pared to control subjects30-32. The fact that w e did not fi nd any stim ulation of PI3K 

activation during hyperinsulinaem ia in m ost of our patients probably refl ects their severely 

insulin-resistant state w ith a grossly disturbed insulin signal transduction. A  2-day VLED  does 

not (yet) im prove this.

W ith regard to PKB/A kt w e, unexpectedly, found a m arkedly enhanced phosphorylation 

on T308 and S473 after 2 days of a VLED  in the basal situation, w hereas w e failed to observe 

insulin-stim ulated PKB/A kt phosphorylation under our experim ental conditions. O ther stud-

ies found both decreased33 and norm al34 insulin-stim ulated PKB/A kt activity in patients w ith 

type 2 diabetes as com pared w ith controls. In the latter study, supraphysiological doses of 

insulin have been used how ever (infusion rate of 120-300 m U /m 2/m in). A nother problem  

w ith the com parison of our results w ith those of others is that som e studies, like w e did, used 

biopsies taken during in vivo physiological hyperinsulinaem ia, w hereas others take m uscle 

biopsies and incubate the m uscle strips in vitro33 w ith varying insulin concentrations. W ith 

regard to the increase in basal PKB/A kt phosphorylation, another study35 show ed that obese 

patients presenting w ith atypical diabetes had im paired A kt-2 expression and activation 

that increased after norm alisation of glycaem ia w ith intensive insulin therapy. There are 3 

A kt isoform s (insulin action in m uscle predom inantly involves A kt-1 and A kt-2 stim ulation) 

w ith A kt-2 knockout m ice having im paired glucose hom eostasis11. W e did not m easure A kt 

isoform s, and the interventions (VLED  versus insulin therapy) are diff erent but both are aim ed 

at low ering blood glucose levels, and it m ight have been interesting to see w hether 2 days of 

caloric deprivation w ould have the sam e results on PKB/A kt phosphorylation in these new ly 

diagnosed type 2 diabetic patients.

D espite the fact that w e found no changes in IRS-1 tyrosine phosphorylation and PI3K ac-

tivity, basal PKB/A kt phosphorylation w as increased after 2 days of a VLED , at equal PKB/A kt 

protein expression. This observation suggests that factors other than the IR-IRS-PI3K pathw ay 

also m odulate the activity of PKB/A kt. In the liver, PKB/A kt has been show n to be involved in 

gluconeogenesis36. If the increased basal PKB/A kt activation w e found in skeletal m uscle also 

holds for the liver, this m ight explain the low er basal glucose production after 2 days of ER.

Studies regarding the expression pattern of FAT/CD  36 in hum ans are scarce37,38. Recently, 

2 m orphologic studies23,39 using im m unofl uorescence m icroscopy show ed that FAT/CD  36 is 
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indeed expressed at both the sarcolemma and in the cytoplasm in human skeletal muscle. In 

both studies it became apparent that FAT/CD 36 is more abundant in type 1 muscle fi bres. In 

line with the study of Keizer et al.23 we show, for the fi rst time in obese, very insulin-resistant 

patients, a similar dual expression pattern of FAT/CD 36, which was also more prominent in 

type 1 muscle fi bres. Unlike other studies, we did not fi nd an eff ect of hyperinsulinaemia. 

This might be because many studies used the so-called giant vesicles method40,41 or it might 

refl ect the severely insulin-resistant state of our subjects. Recently, Bonen et al.7, found a 

4-fold increase in long-chain fatty acid (LCFA) transport along with an increased intramus-

cular triacylglycerol content in giant sarcolemmal vesicles prepared from skeletal muscle of 

relatively lean (BM I 25 ±  1.1 kg/m2) type 2 diabetic subjects (on diet or oral blood glucose-

lowering agents only) compared with control subjects. This increased LCFA transport was as-

sociated with an increased expression of FAT/CD 36 at the sarcolemma at equal total FAT/CD 

36 expression. This study supports the concept that augmented LCFA transport along with an 

imbalance between fatty acid reesterifi cation and oxidation leads to an excess accumulation 

of triacylglycerols in the skeletal muscle cell, a marker for insulin resistance. It also shows that 

impaired traffi  cking of FAT/CD 36 between the sarcolemma and the cytosol (with an increased 

expression at the sarcolemma) might be the underlying pathogenetic mechanism. Because 

FAT/CD 36 can, at least partly, be stimulated via the insulin signal transduction pathway42, a 

possible link with the altered GLUT-4 traffi  cking (which in contrast has a decreased expres-

sion at the sarcolemma as a pathogenic state) might be the cause of the impairment seen in 

both FAT/CD 36 and GLUT-4 traffi  cking in type 2 diabetic patients. We did not include control 

subjects and hence cannot confi rm that our patients also had relatively more FAT/CD36 at the 

sarcolemma compared with control subjects.

One might argue that we studied patients while they were not normoglycaemic. Indeed, 

hyperglycaemia may have deleterious eff ects on insulin signalling43,44, but each patient was 

his/her own control, and we were only looking for changes in signal transduction after 2 

days of a VLED. M oreover, although we discontinued all blood glucose-lowering agents, FPG 

tended to decline and certainly did not increase after 2 days of a VLED. Another criticism 

may be that the timing of the muscle biopsies might have been to soon after initiating hy-

perinsulinaemia. Serum samples showed that maximal insulin concentrations had already 

been achieved at the time of the biopsy (data not shown) although this does not mean that 

steady state insulin concentrations in the interstitium had been achieved. In addition, several 

studies have shown that the eff ect of hyperinsulinaemia on activation of insulin-signal trans-

duction molecules such as IRS-1, PI3K and PKB/Akt occur as early as 15 minutes45-47 and that 

over 50%  of the maximal eff ect already occurred at this time although maximal activity was 

reached at 60 minutes47.

Kelley et al.1 showed that peripheral glucose uptake increases and contributes to the blood 

glucose-lowering eff ect of a VLED already after 7 days. Because we had seen a decrease in 

FPG levels after only 2 days of a VLED13, we presumed a change in muscle glucose uptake or 
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at least already some changes at the molecular level in skeletal muscle biopsies. Our study 

shows that the very early (2 days) glucose-lowering, insulin-sparing eff ect of a VLED is pre-

dominantly due to a decreased EGP. Studies with a longer duration of the VLED have to be 

performed to detect the moment that an increased muscular glucose uptake contributes 

to the blood glucose-lowering eff ect, what the underlying molecular mechanisms are, and 

when these underlying molecular mechanisms become apparent.

In conclusion, this is one of the very few human studies investigating the short-term eff ect 

of ER on insulin-stimulated glucose disposal both at the whole-body and at the molecular 

level in obese type 2 diabetic patients in whom all blood glucose-lowering medication was 

discontinued. The participants in our study exhibit marked clinical insulin resistance. The 

clamp data indicate that two days of reduced food intake does not signifi cantly aff ect basal 

and insulin-stimulated peripheral glucose disposal. This observation is in line with the inabili-

ty of hyperinsulinaemia to activate PKB/Akt and the lack of an eff ect of the diet on other com-

ponents of the insulin-signalling pathway such as PI3K activation and GLUT-4 expression and 

degree of GLUT-4 translocation. Remarkably, basal PKB/Akt phosphorylation is signifi cantly 

increased after 2 days of reduced food intake indicating a link between the energy status 

and basal PKB/Akt activity. In the liver, PKB/Akt has been shown to be involved in regulating 

gluconeogenesis36. If this elevated basal PKB/Akt activation also holds for the liver, a situation 

diffi  cult to test in the human situation, this could explain the observed signifi cant decrease in 

EGP in the basal state after two days of reduced food intake.
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