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Abstract

Background

The hypothalamus is critically involved in the regulation of feeding. Previous studies have 

shown that glucose ingestion inhibits hypothalamic neuronal activity. However, this was 

not observed in patients with type 2 diabetes. Restoring energy balance by reducing ca-

loric intake and losing weight are important therapeutic strategies in patients with type 

2 diabetes. We hypothesized that caloric restriction would have beneficial effects on the 

hypothalamic neuronal response to glucose ingestion.

Methods

Functional magnetic resonance imaging was performed in 10 male type 2 diabetic patients 

before and after a 4-day very low-calorie diet (VLCD) at a 3.0 Tesla scanner using a blood 

oxygen level-dependent technique for measuring neuronal activity in the hypothalamus in 

response to an oral glucose load. Hypothalamic signals were normalized to baseline value, 

and differences between the pre- and postdiet condition were tested using paired t tests.

Results

Pre-VLCD scans showed no response of the hypothalamus to glucose intake (i.e., no signal 

decrease after glucose intake was observed). Post-VLCD scans showed a prolonged signal 

decrease after glucose ingestion.

Conclusions

The results of the current study demonstrate that short-term caloric restriction readily nor-

malizes hypothalamic responsiveness to glucose ingestion in patients with type 2 diabetes.
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Introduction

The hypothalamus plays a key role in the regulation of feeding. It contains glucose-sensitive 

neurons that are stimulated by falling blood glucose levels and implicated in hypoglycemia-

induced feeding1. Moreover, various hypothalamic neuronal circuits are involved in the 

control of glucose metabolism2.

Blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI) has 

been widely applied in spatiotemporal mapping of the human brain function and measuring 

neuronal activity. MRI contrast in BOLD measurements is based on the fact that the BOLD 

signal arises from local field inhomogeneities, caused by magnetic susceptibility differ-

ences between deoxyhemoglobin levels in the blood in capillaries and venous vessels and 

the surrounding tissue3. This phenomenon enables the possibility to determine local parts 

in the brain that are activated by an external trigger. The main advantage of BOLD fMRI is its 

noninvasive nature and local sensitivity combined with a good spatial resolution. Its main 

disadvantage refers to the nature of the BOLD signal: it is only an indirect measure of neural 

activity. Nevertheless, over the years, BOLD fMRI has shown to be a sensitive marker of brain 

activation. In this respect, it was shown that healthy lean volunteers demonstrated a significant 

dose-dependent decrease of the BOLD signal in the hypothalamus after glucose ingestion4.

Type 2 diabetes is a disease of impaired glucose homeostasis and insulin action, with 

energy imbalance and anomalous fuel flux as metabolic hallmarks. It has been shown that 

the hypothalamic neuronal activity is altered in patients with type 2 diabetes, demonstrated 

by the absence of a BOLD signal decrease after glucose ingestion5. This finding may suggest 

that the hypothalamus in patients with type 2 diabetes inappropriately perceives and/or 

processes signals in response to a nutrient load, reflecting an abnormal perception of the 

current metabolic status.

Restoration of the energy balance by reduction of the caloric intake and subsequent weight 

loss are important therapeutic strategies in type 2 diabetes. In the current study, we hypoth-

esized that caloric restriction normalizes the hypothalamic response to a nutrient load. Therefore, 

the purpose of the current study was to determine the effect of a very low-calorie diet (VLCD) on 

hypothalamic neuronal activity after glucose ingestion measured by BOLD fMRI.

Methods

Subjects

We recruited 10 Caucasian men diagnosed with type 2 diabetes according to World Health 

Organization criteria. At intake, mean age was 56.8 ± 3.9 years, weight 89.6 ± 6.9 kg, and BMI 

27.9 ± 1.6 kg/m2. Diabetes duration was 3.7 ± 1.8 years, and HbA1c was 5.9 ± 0.6%. Subjects’ 

type 2 diabetes treatment consisted of metformin and/or a diet.
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Main exclusion criteria were treatment with insulin or sulfonylurea derivatives, being on 

a weight-reducing diet already, weight changes of > 3 kg in the last 3 months, any type of 

chronic disease, smoking, and contraindications for MRI. The study protocol was approved 

by the local institutional review board, and written informed consent was obtained from 

every subject.

Design

Functional MRI was performed before and following a VLCD of 4 days. The VLCD comprised 

three liquid food shakes per day, containing a total of 450 kcal (Modifast Intensive; Nutrition 

& Santé Benelux n.v., Brussels, Belgium). The subjects were advised to drink at least 1.5 L of 

water per day.

To assure a craving status, subjects were asked to fast from 10 p.m. the night preceding 

each scan the next early morning. During fasting, no food or drinks were allowed, except 

water. Fasting glucose and insulin levels were determined to calculate insulin sensitivity 

according to the homeostasis model assessment parameter of insulin resistance (HOMA-IR), 

which is the product of the fasting serum insulin level (mU/L) and the plasma glucose level 

(mmol/L) divided by 22.5 6.

Data acquisition

MRI was performed at our institution using a 3.0 Tesla Achieva clinical scanner (Philips Health-

care, Best, the Netherlands). The protocol comprised a scout view for planning two single-slice, 

midsagittal scans: a T1-weighted Turbo Spin Echo sequence for imaging anatomical structures 

(repetition time 550 ms, echo time 10 ms, field of view 208 × 208 mm, voxel size = 0.52 × 

0.52 × 14 mm, scan time 1.15 min) and a T2*-weighted, gradient echo echo-planar imaging 

sequence that renders BOLD contrast, which is related to neuronal activity (repetition time 120 

ms, echo time 30 ms, flip angle 30°, field of view 208 × 208 mm, voxel size = 0.81 × 0.90 × 14 

mm, scan time 38.10 min, 900 time points). During this sequence, 300 mL water containing 75 

g of glucose (standard glucose tolerance test solution) was ingested through a tube after 8.5 

min. Scanning was continued after complete ingestion of the glucose solution. Slice thickness 

of 14 mm was chosen to encompass the hypothalamus in the left to right direction, the single-

slice technique for sufficient signal-to-noise ratio.

Functional MRI data analysis

Each of the 900 modulus images was registered to the image that was acquired halfway the 

scan by means of Multimodality Image Registration using Information Theory by maximiza-

tion of mutual information7. The resulting registration matrix was then applied to the real 

and imaginary images that were calculated from the original modulus and phase images. To 

reduce phase artifacts caused by swallowing or head motion, complex data were averaged 

for each set of four subsequent volumes, and finally modulus images were recalculated, 
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rendering 225 images that were corrected for movement and phase errors. The T1 scan was 

also registered to the functional scan, using the same algorithm and reference image.

The hypothalamus was segmented manually, using the anatomical image as an aid to 

delineate anatomical borders. Subdivision of the hypothalamus into four regions of interest 

(ROIs) was performed according to Matsuda et al8. As a reference, an ROI was drawn in gray 

matter, superior of the genu of the corpus callosum. For each ROI, the mean signal for each 

time point was established, and its baseline signal was calculated (i.e., the signal averaged 

over all measurements up to 0.5 min before drinking of the glucose solution started). Sub-

sequently, measurements were then normalized to the baseline value, yielding the signal 

change relative to baseline. To correct for scanner drift, the signal in the reference ROI was 

subtracted from that in the hypothalamus ROIs.

Statistical analysis

For each time point, normalized hypothalamic signal was averaged for all subjects, and 

data were pooled in 2-min time slots. Subsequently, differences between pre- and post-

diet condition were tested by a paired t test for each time slot after baseline (i.e., for all 

15 time slots from the moment drinking was started). Because we performed 15 t tests, a 

Bonferroni-corrected threshold of P < 0.0033 (= 0.05/15) was applied to correct for multiple 

comparisons. This method is comparable to differential regression analysis9.

Data are expressed as mean ± SD for demographic and biochemical characteristics and as 

mean percentage ± SEM for BOLD signal change.

Results

The VLCD was generally well tolerated and induced a mean body weight loss of 3.0 ± 1.4 

kg. Consequently, weight and BMI decreased to 86.6 ± 6.7 kg (P < 0.001) and 26.9 ± 1.5 kg/

m2 (P < 0.001), respectively, after the VLCD. HOMA-IR decreased from 2.3 ± 1.1 to 1.1 ± 0.7 (P 

= 0.007) (Table 1).

Table 1.  Patient characteristics

  pre-VLCD post-VLCD P value

Age (years) 56.8 ± 3.9 NA NA

Weight (kg) 89.6 ± 6.9 86.6 ± 6.7 < 0.001*

BMI (kg/m2) 27.8 ± 1.6 26.9 ± 1.5 < 0.001*

Duration of diabetes (years) 3.7 ± 1.8 NA NA

HbA1c (%) 5.9 ± 0.6 NA NA

HOMA-IR 2.3 ± 1.1 1.1 ± 0.7 0.007*

Patient characteristics before and after the 4-day VLCD. Values are mean ± SD. NA = not applicable.
* P < 0.05.
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After the VLCD, fasting serum insulin decreased from 8.8 ± 4.4 to 4.8 ± 3.2 mU/L (P = 

0.013) and fasting plasma glucose decreased from 6.4 ± 1.3 to 5.3 ± 1.0 mmol/L (P = 0.010). 

Triglycerides, total cholesterol, HDL cholesterol, and the total cholesterol/HDL ratio did not 

change (Table 2). Glucose drinking duration was 3.26 ± 1.20 and 3.00 ± 0.53 min for the first 

and second visit, respectively (P = 0.387).

Figure 1 shows which anatomical landmarks were used for drawing ROIs and division 

of the hypothalamus into four subregions. Figure 2 shows the percentage signal change 

from baseline value averaged for all subjects in the total hypothalamus and its quadrants 

for measurements before and after the VLCD. In all graphs, a signal drop was observed 

that was associated with movement of the head during drinking. Pre-VLCD scans showed 

no response of the hypothalamus to glucose intake (i.e., no signal decrease after glucose 

intake was observed). Post-VLCD scans showed a prolonged signal decrease after glucose 

ingestion. This effect was observed in all quadrants, but was most pronounced in the lower 

quadrants. A significant prolonged decrease in BOLD signal of 2 to 3% after glucose admin-

istration between pre- and post-VLCD in the total hypothalamus was observed from t = 8 

min onwards (P < 0.0033) (Figure 2).

Glucose concentrations were lower after the VLCD and may have resulted in the observed 

BOLD signal decrease. Therefore, the relation between fasting blood glucose level and the 

BOLD effect was tested in both the pre-VLCD as well as in the post-VLCD condition using a 

multivariate linear model adjusted for age. No significant correlations were found (P = 0.36 

and P = 0.70, respectively). In addition, no correlation was found between the difference in 

fasting blood glucose levels between the pre- and post-VLCD condition with the difference 

in corresponding BOLD signals (P = 0.89).

Table 2.  Biochemical characteristics

Pre-VLCD Post-VLCD P value pre-VLCD vs. 
post-VLCD

After 10-h 
fast

After oral 
glucose

After 10-h 
fast

After oral 
glucose

After 10-h 
fast

After oral 
glucose

Insulin (mU/L) 8.8 ± 4.4 25.3 ± 7.8 4.8 ± 3.2 19.2 ± 8.8 0.013* 0.096

Glucose (mmol/L) 6.4 ± 1.3 9.5 ± 2.2 5.3 ± 1.0 8.2 ± 2.0 0.010* 0.009*

Triglycerides (mmol/L) 2.5 ± 2.8 2.3 ± 2.4 1.6 ± 0.9 1.5 ± 0.8 0.214 0.159

Total cholesterol (mmol/L) 4.2 ± 0.9 4.1 ± 0.7 4.2 ± 1.0 4.0 ± 1.1 0.820 0.757

HDL cholesterol (mmol/L) 1.1 ± 0.3 1.1 ± 0.3 1.1 ± 0.2 1.0 ± 0.2 0.208 0.058

Total cholesterol / HDL ratio 4.1 ± 1.3 3.9 ± 1.2 4.2 ± 1.5 4.2 ± 1.4 0.599 0.189

Biochemical characteristics before and after the 4-day VLCD. Values are mean ± SD. Measurements after 10-h fast 
were performed preceding the MRI scan. Blood serum levels after oral glucose were acquired following the MRI 
scan ~30 minutes after glucose ingestion.
* P < 0.05.
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Figure 2.  Relative fMRI signal in the total (A), upper anterior (B), upper posterior (C), lower anterior (D), and lower 
posterior (E) hypothalamus before and after VLCD. Signal is normalized to the preprandial signal, which is calcu-
lated as average over the first 8 min. Each circle corresponds with the average signal for 2 min in all subjects. The 
vertical dashed lines indicate the start of glucose ingestion. Error bars indicate ± 1 SEM. White circles = pre-VLCD; 
black circles = post-VLCD; white triangle = P < 0.0033.

Figure 1.  Anatomical landmarks used for drawing 
ROIs and division of the hypothalamus into subre-
gions. ac = anterior commissure; LAH = lower anterior 
hypothalamus; LPH = lower posterior hypothalamus; 
mb = mammillary body; oc = optic chiasm; TH = 
thalamus; UAH = upper anterior hypothalamus; UPH 
= upper posterior hypothalamus.
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Discussion

We previously showed that glucose ingestion fails to inhibit hypothalamic neuronal activity 

in type 2 diabetic patients5. In this study, we demonstrate that after following a VLCD of 4 

days, the hypothalamus responds to glucose ingestion with an order of magnitude similar 

to that in healthy subjects4, 5. We therefore suggest that short-term caloric restriction nor-

malizes hypothalamic responsiveness to glucose ingestion in patients with type 2 diabetes.

The hypothalamus is critically involved in the feeding and metabolic regulatory system. 

Several hypothalamic nuclei, including the lateral hypothalamic area and the ventromedial 

hypothalamus, contain glucose-sensing neurons. These neurons communicate extensively 

with other appetite-regulating neuronal systems. A rise in glucose levels causes glucose-

responsive neurons to increase their firing rate, whereas glucose-sensitive neurons decrease 

their firing rate10, 11. In addition, the hypothalamus contains myriad receptors responsive 

to neurotransmitters including dopamine, serotonin, histamine, γ-aminobutyric acid, and 

estrogen, which are involved in feeding behavior11. Furthermore, insulin and the adipocyte-

derived hormone leptin signal the hypothalamus, resulting in reduced food intake12.

Previous studies have shown a diminished hypothalamic neuronal activity after glucose 

ingestion in healthy subjects4, 5, 13, 14. High preprandial signal in the hypothalamus may be 

connected with a state of craving that subdues when the need for energy is met. Smeets 

et al14 reported that glucose ingestion more effectively inhibited hypothalamic neuronal 

activity compared with intravenous glucose administration. Gastrointestinal signals and/or 

insulin are therefore very likely involved in the hypothalamic response to glucose intake14. 

Glucose ingestion triggers intestinal cells to release several hormones, including peptide YY, 

glucagon-like peptide-1, and oxyntomodulin into the circulation15, 16. These gut hormones 

signal food intake to the appetite-regulating circuits of the brain and act in the hypothalamus 

to induce satiety17-19. A functional neuroimaging study in rats showed that oxyntomodulin 

and glucagon-like peptide-1 inhibit neuronal activity in hypothalamic nuclei20. Furthermore, 

it has been shown that peptide YY facilitates insulin action21.

In accordance with the findings of Vidarsdottir et al5, glucose ingestion initially failed to 

reduce hypothalamic BOLD signals in our type 2 diabetic patients. Therefore, in subjects 

with type 2 diabetes, the hypothalamus appears to inappropriately perceive and/or process 

signals in response to a nutrient load. In addition, Matsuda et al8 found attenuated hypotha-

lamic fMRI signal inhibition in response to glucose ingestion in obese subjects with normal 

glucose tolerance compared with lean subjects, which was correlated with fasting plasma 

glucose and insulin concentration, and was independent of BMI.

Remarkably, after type 2 diabetic patients followed a 4-day VLCD, a normal BOLD signal 

pattern was observed after glucose ingestion (i.e., prolonged inhibition of neuronal activity). 

This BOLD signal pattern was comparable to those described in healthy male subjects4, 5. 

Apparently, the hypothalamus is capable to return to a normal responsive pattern following 
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a glucose load. It may be hypothesized that a caloric restriction recovers the sensitivity of 

glucose-sensitive neurons in type 2 diabetes. However, it must be noted that the magni-

tude of an increase in serum glucose does not increase the magnitude or duration of the 

decrease in hypothalamic activity14. Furthermore, fasting blood glucose levels were lower 

after the VLCD. Because no correlation was found between these glucose levels and the 

BOLD effect in both pre- and post-VLCD condition, it is unlikely that the lower fasting blood 

glucose level after the VLCD has resulted in the observed BOLD signal decrease.

More likely, insulin sensitivity may play a role. Caloric restriction has proven to be ben-

eficial in type 2 diabetes for obtaining metabolic control22 independent of body weight 

reduction23. Besides lowering the BMI, a 6-day VLCD improved peripheral insulin sensitivity 

in type 2 diabetic patients, measured by glucose disposal rate and HOMA-IR24. Our data also 

show that after a short-term VLCD, insulin sensitivity was improved, measured by HOMA-IR. 

Insulin signals the brain about the status of body fat stores. The arcuate nucleus, a key hy-

pothalamic region involved in energy homeostasis, contains populations of neuropeptide 

Y and proopiomelanocortin neurons, which express insulin receptors. Insulin stimulates 

proopiomelanocortin resulting in reduced food intake and increased energy expenditure. 

Conversely, neuropeptide Y is inhibited by insulin, again resulting in reduced food intake12. 

Considering the afferent signaling of insulin to the arcuate nucleus, it may be possible that 

an improvement in insulin sensitivity after a VLCD is in part responsible for the normalization 

of hypothalamic responsiveness to glucose ingestion. Moreover, improved insulin sensitiv-

ity may also favor the hypothalamic response to gut hormones, because these hormones 

support insulin action21.

Caloric restriction may also be a way to sensitize the hypothalamus to glucose ingestion 

in nondiabetic subjects. However, the intrinsic limitations of the BOLD phenomenon restrict 

this application. In the current study, we determined a VLCD BOLD effect up to 3% in patients 

with type 2 diabetes. Our current glucose-triggered BOLD response reaches levels that are 

comparable with healthy control subjects, also measured at a magnetic field strength of 3.0 

Tesla5. At a field strength of 3.0 Tesla, a 3% change is about the theoretical maximal BOLD ef-

fect that can be determined using an echo time of 30 ms25. Although it cannot be excluded 

that a VLCD will have effect on the hypothalamus in nondiabetic subjects, an additional 

BOLD effect can hardly be measured because the normal response is already up to 3%.

We have chosen not to use water as an additional control reference because the intrinsic 

reference, or calibration, of our experiments is the BOLD signal before glucose administra-

tion (i.e., the BOLD signal in the first 8 min). Many experiments in both control subjects 

and subjects with diabetic type 2 have clearly shown that water on itself (no glucose) does 

not alter the BOLD response4, 5, 8, 26. For studying the effect of a VLCD in type 2 diabetes, the 

addition of water as control condition would only have very limited additional value.

Lifestyle intervention, including body weight reduction and reduced intake of total and 

saturated fat, can reduce the incidence of type 2 diabetes in people at risk and improve 
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health in type 2 diabetic patients27, 28. This study shows that the absence of a hypothalamic 

response to glucose intake in patients with type 2 diabetes can be reversed by a 4-day VLCD. 

As hypothalamic neuronal activity contributes to the control of postprandial metabolism, 

this may be one of the key factors that explain the strong metabolic improvement that 

can be observed in type 2 diabetic patients on caloric restriction. It must be noted that 

the fundamental mechanism behind the hypothalamic response to glucose ingestion is yet 

unclear, as is the effect of VLCD in this study, and therefore requires further research.
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