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Aims: To investigate further the finding that insulin enhances brain glucose uptake (BGU) in

obese but not in lean people by combining BGU with measures of endogenous glucose produc-

tion (EGP), and to explore the associations between insulin-stimulated BGU and peripheral

markers, such as metabolites and inflammatory markers.

Materials and methods: A total of 20 morbidly obese individuals and 12 lean controls were

recruited from the larger randomized controlled SLEEVEPASS study. All participants were stud-

ied under fasting and euglycaemic hyperinsulinaemic conditions using fluorodeoxyglucose-

positron emission tomography. Obese participants were re-evaluated 6 months after bariatric

surgery and were followed-up for ~3 years.

Results: In obese participants, we found a positive association between BGU and EGP during

insulin stimulation. Across all participants, insulin-stimulated BGU was associated positively with

systemic inflammatory markers and plasma levels of leucine and phenylalanine. Six months after

bariatric surgery, the obese participants had achieved significant weight loss. Although insulin-

stimulated BGU was decreased postoperatively, the association between BGU and EGP during

insulin stimulation persisted. Moreover, high insulin-stimulated BGU at baseline predicted smal-

ler improvement in fasting plasma glucose at 2 and 3 years of follow-up.

Conclusions: Our findings suggest the presence of a brain-liver axis in morbidly obese individ-

uals, which persists postoperatively. This axis might contribute to further deterioration of glu-

cose homeostasis.
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1 | INTRODUCTION

Brain glucose metabolism has long been considered not to be influ-

enced by insulin, but this view has recently been challenged.1,2 Insulin

receptors are found throughout the human brain, with especially high

concentrations in the hypothalamus, cerebellum and cortex.3

Although the peripheral effects of insulin are well known, the cen-

tral effects of insulin on the human brain remain poorly understood.

Moreover, whether insulin action in the brain can affect peripheral

glucose metabolism, namely, glucose production and utilization, has

not been extensively assessed in humans. A connection between brain

and endogenous glucose production (EGP) is of special interest as

deregulation of insulin-induced EGP suppression is a characteristic of

type 2 diabetes (T2D) that contributes to fasting hyperglycaemia.4

In an early animal study, activation of the ventromedial nucleus of

the hypothalamus was found to increase plasma glucose levels by
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accelerating glycogenolysis in the liver, suggesting that the hypothalamus

could directly control EGP.5 Later work in rats showed that administration

of insulin agonists directly into the third cerebral ventricle suppresses

EGP.6 This effect was thought to operate through the phosphatidylinosi-

tol-3-kinase pathway as it was abolished by administration of KATP

inhibitors.6 Moreover, insulin in the brain activates the hepatic signal

transducer and activator of transcription 3 (STAT3) in a process involving

interleukin-6 (IL-6), as demonstrated by the fact that disturbing IL-6

signalling abolished insulin-induced phosphorylation of hepatic STAT3

and attenuated EGP suppression.7 Several lines of research have provided

evidence that central glucose sensing, involving glucose-regulated

neurons as well as astrocytes, may also modulate EGP.8

Recent findings on brain insulin action in larger animals and

humans support the existence of a “brain-liver axis”. Although insulin

administration into the head arteries of dogs did not suppress hepatic

glucose production, hepatic glycogen synthesis was increased and

mRNA expression of gluconeogenic enzymes was decreased.9 In a

small study in humans, Dash et al.10 showed that intranasal insulin

administration suppresses EGP during a pancreatic clamp. In addition,

Heni et al.11 have recently demonstrated that intranasal insulin appli-

cation decreases EGP in lean but not in overweight subjects.

We previously showed that insulin stimulation enhances brain glu-

cose uptake (BGU), measured with fluorodeoxyglucose (18F-FDG) posi-

tron emission tomography (PET), as compared to fasting, in obese

individuals and in individuals with impaired glucose tolerance but not in

lean individuals or those with normal glucose tolerance.12,13 The molec-

ular mechanism of this phenomenon is thus far unknown. Moreover,

suppression of EGP during hyperinsulinaemic conditions is impaired in

obese as compared to lean individuals14; therefore, we hypothesized

that the two variables (ie, BGU and EGP) might be interrelated in mor-

bidly obese individuals. The aim of the present study was to test

whether BGU was associated with EGP in humans. Moreover, possible

associations between insulin-stimulated BGU and peripheral markers

such as metabolites and inflammatory markers were also explored.

2 | MATERIALS AND METHODS

2.1 | Study population

This study follows up on a previous study, the rationale and methodol-

ogy of which have been published.13,15,16 In brief, 20 morbidly obese

individuals were recruited as part of a larger randomized, controlled

clinical study comparing laparoscopic sleeve gastrectomy (n = 9) with

Roux-en-Y gastric bypass (RYGB, n = 11) in the treatment of morbid

obesity (the SLEEVEPASS study, NCT00793143).16 Individuals with

T2D used only metformin (1-3 g daily); those on insulin treatment

were excluded from the study. Other inclusion criteria have been pre-

viously described.16 Twelve healthy, lean control individuals were

recruited via an advertisement in local newspapers.

2.2 | Study design

All participants underwent a screening visit before inclusion in the

study. At the visit, an oral glucose tolerance test (OGTT) was

performed, with blood samples drawn before and at 30, 60, 90 and

120 minutes for glucose, insulin and C-peptide measurements. Fasting

blood samples for metabolomics were also collected. At baseline, mag-

netic resonance imaging (MRI) and two 18F-FDG PET studies, the first

in the fasting state and the second during euglycaemic hyperinsulinae-

mia, were performed and both these measurements were repeated

6 months after bariatric surgery.17 The PET studies were performed

on separate days, <2 weeks apart. Baseline studies were carried out

before the obese participants started a 4-week very-low-energy die-

tary regime prior to the surgery. A total of 17 participants completed

the studies after surgery, because three did not return for the post-

surgery studies for personal reasons. In one participant, steady-state

was not achieved during the euglycaemic clamp and her study was

therefore excluded from the analysis (laparoscopic sleeve gastrec-

tomy, n = 8; RYGB, n = 8). Healthy participants were studied once.

MRI was performed after 2 to 3 hours of fasting, and PET studies after

an overnight fast. Strenuous physical activity was prohibited from the

preceding evening. Anti-diabetic treatment was withheld 24 to

72 hours before the metabolic studies. Obese participants were fol-

lowed for up to 3 years after bariatric surgery. At the follow-up visits,

body weight, body mass index (BMI), fasting plasma glucose, and gly-

cated haemoglobin (HbA1c) were recorded. Prior to inclusion, each

participant provided written consent. The study protocol was

approved by the Ethics Committee of the Hospital District of South-

west Finland and conducted in accordance with the Declaration of

Helsinki.

2.3 | PET study protocol and data acquisition

The studies were performed after a 12-hour fast using the GE

Advance PET camera (General Electric Medical Systems, Milwaukee,

Wisconsin). The euglycaemic hyperinsulinaemic clamp technique was

applied as previously described.18 In brief, in all 20 obese and 12 lean

participants a primed-continuous insulin infusion (at a rate of 40 mU/

m2/min) was started and continued until the end of the study

(Actrapid; Novo Nordisk, Copenhagen, Denmark). During the clamp, a

variable rate of a 20% glucose solution was infused to maintain

plasma glucose concentration at 5 mmol/L. Plasma glucose levels

were measured every 5 to 10 minutes throughout the clamp. At

100 � 10 minutes into the clamp, 18F-FDG (187 � 9 MBq) was

injected intravenously over 15 seconds, and radioactivity in the brain

was followed thereafter for 40 minutes (4 × 30-, 3 × 60- and

7 × 300-second frames). The PET study protocols are described in

more detail in previous reports13,17 (Figure S1A). 18F-FDG was syn-

thesized using computer-controlled apparatus.19 All data were cor-

rected for dead time, decay and measured photon attenuation, and

reconstructed using a Hann filter with a cut-off frequency of 0.5 and

a median root prior reconstruction method.20 Arterialized blood sam-

ples were drawn during the scan and analysed for radioactivity con-

centration in plasma using an automatic γ counter (Wizard 1480;

Wallac, Turku, Finland). During the clamp, plasma glucose, serum insu-

lin and free fatty acids were taken at baseline and every 5, 30 and

60 minutes, respectively.
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2.4 | Quantification of brain glucose metabolism

The influx constant (Ki) was calculated for each voxel separately using

the linear Gjedde-Patlak plot with the arterial plasma input function,

with a linear phase start time of 20 minutes. BGU (μmol/100 g/min)

was then calculated at voxel level as follows: BGUglu = Ki.Cp/LC,

where Cp is the average plasma glucose concentration from the injec-

tion until the end of the brain scan, and LC is the lumped constant for

the brain (which was set at 0.65).21 Brain density was set at 1.04.22

Summed PET images were spatially normalized to the 18F-FDG tem-

plate in Montreal Neurological Institute space (MNI International Con-

sortium for Brain Mapping) using statistical parametric mapping (SPM

[SPM12; www.fil.ion.ucl.ac.uk/spm/]) running on Matlab for windows

(version 9.1.0; Math Works, Natick, Massachusetts). Normalization

variables were subsequently applied to corresponding parametric glu-

cose metabolism images. Parametric images were smoothed at 10 mm

full-width at half-maximum. Eight brain regions of interest (ROIs; ante-

rior cerebellum, posterior cerebellum, frontal lobe, limbic lobe, mid-

brain, occipital lobe, parietal lobe, temporal lobe) were selected via

wfu pickatlas (www.fmri.wfubmc.edu/cms/software) and extracted

from the BGU parametric images via Marsbar (http://marsbar.source-

forge.net) in order to perform the heat map analysis and linear regres-

sions with EGP.

2.5 | Calculations

The EGP values and insulin-stimulated glucose disposal (M-values) were

calculated as previously described.15,23 Briefly, EGP during the euglycae-

mic hyperinsulinaemic clamp is calculated by subtracting the exogenous

glucose infusion rate from the rate of disappearance of glucose

(EGP = Rd + Vglucose × Δglucose/ΔT – glucose infusion rate), where Rd is

the rate of disappearance, Vglucose is the estimated glucose distribution

volume (0.19 L/kg), Δglucose is the change in glucose from 18F-FDG injec-

tion to the end of sampling (mmol/L), and ΔT is the time of 18F-FDG

injection to the end of sampling (minutes). Rd is calculated from the fol-

lowing equation: Rd = (doseFDG- urineFDG)/AUCFDG × avgglucose, where

avgglucose is the average glycaemia from the time of FDG injection to the

end of sampling, AUCFDG is the area under the curve of 18F-FDG in

plasma from 18F-FDG injection to the end of sampling, and urineFDG is

the decay-corrected quantity of 18F-FDG measured in the total volume

of urine from 18F-FDG injection to the end of the PET scan. In the fasting

state, EGP is equal to Rd. Insulin clearance was calculated from the OGTT

as mean insulin secretion divided by mean insulin concentration.24

2.6 | Statistical analysis

Data are presented as mean � SD (or median [interquartile range] for

non-normally distributed variables). Linear regressions were per-

formed in SPM to evaluate correlations between BGU and single

regressors (EGP, inflammatory markers, metabolites, follow-up vari-

ables) while controlling for confounding factors (setting 0 in the con-

trasts). Scatterplots of the associations are presented next to each

SPM image to aid visualization of the results. To determine these scat-

terplots, we extracted either (1) mean BGU values from whole-brain

ROIs for global effects, or (2) mean BGU values from only the voxels

that were identified as being significant in SPM analyses, in which the

effect was not global (presented as BGU*, as in Figure 2A and

Figure S2A). These values were then regressed against the different

variables (EGP, inflammatory markers, metabolites, follow-up vari-

ables). The results, visualized in scatterplot data, were used to support

interpretation of the corresponding SPM analyses; all statistical infer-

ence was however based on the whole-brain SPM analyses. Compari-

sons between groups and time (before vs after surgery) were

performed in SPM analysis with a two-sample independent (for

groups) or paired (for intervention) t tests. The statistical threshold in

SPM analysis was set at a cluster level and corrected with false dis-

covery rate (FDR) with P < 0.05. Further statistical analyses were per-

formed using JMP version 13.0 (SAS Institute, Cary, North Carolina).

Linear regression between BGU and EGP was also performed for each

of the eight ROIs. Comparisons between groups were performed

using the t test for normally distributed variables and the Mann–

Whitney U test for non-normally distributed variables; paired t tests

or Wilcoxon signed rank test for non-parametric variables were per-

formed to assess if there was any difference within participants

between preoperative and postoperative data. Associations between

circulating metabolites and insulin-stimulated BGU were tested using

Spearman rho correlation coefficient. Heat maps were created using R

3.1.0 package gplots.25,26 A P value ≤0.05 was considered statistically

significant. Control for FDR in multiple testing was done using the

Benjamini-Hochberg procedure.27 FDR was set at 5%. Post hoc power

calculation analysis based on the BGU of the two groups (obese and

lean), with significance level set α = 0.05, yielded a power (1-β) of

0.96. Post hoc power calculation analysis on a linear bivariate regres-

sion (for BGU and EGP) with significance level set α = 0.05 yielded a

power (1-β) of 0.93 in the whole dataset, 0.87 in the obese partici-

pants and 1 in the lean participants (G*Power 3.1).

3 | RESULTS

3.1 | Before surgery

Obese participants had higher glucose and lipid profiles, and higher

hepatic enzymes as compared with lean controls. IL-6, high-sensitivity

C-reactive protein (hsCRP) and leptin levels were higher in the obese

participants as compared to the age-matched lean controls (Table 1).

In the overnight fasted state, BGU was not different between

obese and lean participants.13 EGP was higher in the obese as com-

pared with the lean participants when expressed in μmol/min

(Table 1). During the clamp, plasma glucose levels were stable and

similar between obese participants and controls throughout the study

(Figure S1B). Although the exogenous insulin infusion was adjusted

for body surface area, steady-state plasma insulin levels were higher

in obese participants as a result of lower insulin clearance (Figure S1C

and Table 1). As expected, obese participants had lower M-values and

higher insulin-suppressed EGP, the two variables being reciprocally

related in the whole dataset (Figures S1D–F). Insulin-stimulated BGU

was ~10% higher in obese as compared to control participants

(Figure 1A,D).13 Different plasma insulin levels between groups did

not account for the difference in BGU. In the whole dataset, insulin-

stimulated BGU and insulin-suppressed EGP were positively
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associated (r = 0.51, P = 0.003), although the association was driven

by the obese group (r = 0.60, P = 0.006 in obese participants;

r = −0.1, P = 0.7 in lean participants [Figure 1B,C,E,F]). The associa-

tion between insulin-stimulated BGU and insulin-suppressed EGP

remained significant after accounting for BMI (r = 0.66, P = 0.009) or

steady-state insulin (r = 0.54, P = 0.003).

Similarly, at the level of the ROIs that were specifically examined,

in the obese participants the positive association between BGU and

EGP was detected across all of them (anterior cerebellum: r = 0.59,

P = 0.007; posterior cerebellum: r = 0.52, P = 0.02; frontal lobe:

r = 0.64, P = 0.003; limbic lobe: r = 0.63, P = 0.003; midbrain:

r = 0.57, P = 0.009; occipital lobe: r = 0.59, P = 0.006; parietal lobe:

r = 0.65, P = 0.002; temporal lobe: r = 0.59, P = 0.006).

In the combined obese and lean group (n = 26, 19 obese and

seven lean participants), IL-6 and hsCRP were positively associated

with BGU (r = 0.52, P = 0.006, at the cluster level for IL-6 and

r = 0.52, P = 0.007, at the whole-brain level for hsCRP [Figure S2A,

and Figure 2B]). These associations remained significant after control-

ling for BMI (P = 0.02 for both). Insulin-stimulated BGU was positively

associated with leptin (r = 0.48, P = 0.01), but this association was lost

after accounting for BMI (n = 26). Also, insulin-stimulated BGU was

positively associated with the aromatic amino acid, phenylalanine

(r = 0.60, P = 0.001), and the branched-chained amino acid leucine

(r = 0.59, P = 0.002; n = 26 [Figure 3]). The correlation between BGU

and phenylalanine and leucine, remained significant after adjusting for

the M-value (r = 0.68, P = 0.01, and r = 0.67, P = 0.01, respectively).

3.2 | After surgery

Six months after surgery, the obese participants had lost 11 BMI units

(~24% of their initial body weight), but their BMI remained signifi-

cantly higher as compared with the controls. The M-value doubled,

TABLE 1 Comparisons between obese and lean participants before and after surgery

Controls
Obese participants:
pre-surgery

Obese participants:
post-surgery

P1 P2 P3

n 12 20 16 - - -

Men/women 4/8 1/19 0/16 - - -

NGT/IGT/T2D 9/3/0 4/10/6 13/2/1 <0.0001 0.0009 0.4

Age, y 43 � 11 46 � 9 47 � 9 0.4 - 0.6

Body weight, kg 68.1 [8.1] 118.4 [17.9] 87.5 [18.5] <0.0001 <0.0001 <0.0001

BMI, kg/m2 23.2 [3.0] 43.1 [2.5] 32.2 [3.1] <0.0001 <0.0001 <0.0001

Fat mass, % 32.4 [9.1] 48.1 [1.7] 41.9 [3.0] <0.0001 <0.0001 <0.0001

Fasting plasma glucose, mmol/L 5.5 � 0.4 6.2 � 0.8 5.4 � 0.5 0.01 0.0002 0.4

Insulin clearance, L/min/m2 1.5 � 0.3 1.1 � 0.3 1.3 � 0.3 0.004 0.0002 0.08

HbA1c 0.08 0.04 0.7

mmol/mol 37 � 3.4 40 � 5.1 37 � 3.6

% 5.6 � 0.3 5.8 � 0.5 5.5 � 0.3

Leptin, ng/mL 15.5 [14] 55.7 [23] 26.9 [15] 0.0002 <0.0001 0.01

IL-6, pg/mL 1.1 [1.2] 2.6 [2.0] 1.9 [0.6] 0.02 0.02 0.1

hsCRP, mg/L 0.8 [1.3] 3.2 [5.1] 1.0 [1.8] 0.003 0.009 0.3

Total cholesterol, mmol/L 5.1 � 0.8 4.4 � 0.8 4.2 � 0.5 0.04 0.4 0.004

HDL cholesterol, mmol/L 1.9 � 0.5 1.3 � 0.2 1.5 � 0.2 0.003 0.01 0.02

LDL cholesterol, mmol/L 3.0 � 0.7 2.8 � 0.7 2.5 � 0.5 0.5 0.3 0.07

Triglycerides, mmol/L 0.9 � 0.4 1.3 � 0.4 0.9 � 0.2 0.006 0.005 0.4

ALT, U/L 17 � 7 31 � 12 19 � 10 0.0007 0.01 0.7

AFOS, U/L 47 � 10 64 � 22 62 � 20 0.05 0.5 0.07

gGT, U/L 15 [13] 30 [18] 13 [8] 0.0006 0.2 0.4

Steady-state insulin, pmol/L 392 � 94 518 � 190 467 � 76 0.04 0.3 0.03

Steady-state glucose, mmol/L 5.1 [0.2] 5.0 [0.1] 5.2 [0.1] 0.4 0.2 0.8

Coefficient of variation, % 7.6 7.4 9.2

M-value, μmol/kgFFM/min 67.3 [43.3] 25.2 [23.0] 52.1 [34.0] <0.0001 <0.0001 0.05

Fasting EGP, μmol/kgFFM/min 15.49 [2.78] 14.82 [4.68] 14.76 [3.25] 0.8 0.5 0.2

Fasting EGP, μmol/min 724 [142] 899 [311] 754 [236] 0.0004 <0.0001 0.7

EGP clamp, μmol/kgFFM/min 0.27 [7.74] 6.20 [8.18] 3.6 [5.56] 0.03 0.8 0.06

EGP clamp, μmol/min 12 [351] 390 [522] 208 [318] 0.006 0.9 0.5

% suppression as compared to fasting 99 54 74

Abbreviations: AFOS, alkaline phosphatase; ALT, alanine transaminase; BMI, body mass index; EGP, endogenous glucose production; FFM, fat free mass;
gGT, gamma-glutamyltransferase; HbA1c, glycated haemoglobin; hsCRP, high-sensitivity C-reactive protein; IGT, impaired glucose tolerance; IL, interleukin;
NGT, normal glucose tolerance; T2D, type 2 diabetes.
Values are mean � SD or median [interquartile range]. P1 = P value for the comparison of obese patients pre-surgery versus lean controls; P2 = P value for
the comparison of obese patients pre- versus post-surgery; P3 = P value for the comparison of obese patients post-surgery versus lean controls.

4 REBELOS ET AL.



and serum IL-6 and CRP levels decreased significantly. Fasting EGP

decreased significantly, in accordance with previous findings.28

Insulin-suppressed EGP showed a small, non-significant decrease and

was no longer significantly different from the value in controls

(Table 1). BGU was decreased (~5%) but was still higher than in con-

trols (Figure S2B,C) and positively associated with EGP (r = 0.56,

P = 0.02; Figure 2A). Interaction analyses showed no effect of surgical

procedure on this association, but the limited sample size does not

allow an effect to be conclusively ruled out. The reductions in EGP

and BGU were not associated. After surgery, BGU was no longer asso-

ciated with plasma IL-6 and CRP concentrations.

3.3 | Follow-up

Patients remained weight-stable at 2 and 3 years of follow-up (median

[interquartile range] BMI 32.1 [4.1] kg/m2 and 32.1 [3.8] kg/m2,

respectively). A higher insulin-stimulated BGU before surgery was

associated with a smaller improvement in fasting plasma glucose

levels at 2 years (r = −0.63, P = 0.006 [Figure 2C]). This association

persisted after correcting for baseline BMI (r = −0.66, P = 0.01) or M-

value (r = −0.72, P = 0.02; n = 17). In 13 participants who had com-

plete follow-up data for up to 3 years, higher baseline values of

insulin-stimulated BGU were still predictive of smaller postoperative

decrements of fasting glucose levels (r = −0.71, P = 0.006; data not

shown). By contrast, baseline BGU was unrelated to BMI or HbA1c at

follow-up.

4 | DISCUSSION

The main findings of the present study were that insulin-stimulated

BGU was positively associated with EGP in morbidly obese but not in
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FIGURE 1 A, Statistical parametric mapping (SPM) two-sample t test between obese patients preoperatively and controls. Marked brain areas

show regions with significantly higher brain glucose uptake (BGU) in the obese patients as compared to controls. Higher T values denote larger
differences between groups. P values <0.05 cluster level, false discovery rate (FDR)-corrected. D, Corresponding boxplots showing the
differences in BGU between the two groups. Data are mean � SEM; *P < 0.05. B, SPM images of the association between insulin-stimulated
BGU and insulin-suppressed endogenous glucose production (EGP) in the obese patients pre-operatively. P values <0.05 cluster level, FDR-
corrected. C, No association between insulin-stimulated BGU and EGP in lean controls. For images B and C marked brain areas show where the
association between BGU and EGP was statistically significant. Higher T values denote stronger association between BGU and EGP (coloured bar
at the bottom). E, F, Corresponding scatterplots of the association between BGU and EGP in the obese patients and lean participants,
respectively
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lean participants and that this association persisted after significant

weight loss resulting from bariatric surgery, with a possible contribu-

tion of the preoperative 4-week very-low-energy diet. Moreover,

insulin-stimulated BGU predicted metabolic outcome after bariatric

surgery. Finally, insulin-stimulated BGU was positively associated with

markers of systemic inflammation and with the amino acids phenylala-

nine and leucine. The brain-EGP axis was explored using 18F-FDG

PET, the state-of-the-art methodology for the study of in vivo human

metabolism. The plasma 18F-FDG kinetic data were also used to esti-

mate EGP, a method that has been validated against D-[6,6-2H]glu-

cose infusion.23 All analyses regarding BGU data were performed

using SPM. This approach is the current community-approved stan-

dard in full-volume neuroimaging analysis; it allows voxel-by-voxel

analysis of the effects of interest, thereby increasing sensitivity in

comparison with ROI analysis. In addition, FDR correction controls

the likelihood of false-positive results.

In addition to the present study population,13 we have reported

in two other study cohorts that insulin resistance was positively asso-

ciated with insulin-stimulated BGU. We showed that insulin-

stimulated BGU was higher in individuals with impaired glucose toler-

ance than in lean individuals.12 More recently the same finding was

reported in individuals with inherited insulin resistance as compared

with age-matched controls.12,13,29

Tschritter et al.30 coined the term “cerebrocortical insulin resis-

tance”, showing using magnetoencephalography that the cerebrocorti-

cal insulin effects are blunted both in genetically inherited insulin

resistance and in individuals with lifestyle-induced obesity. Heni

et al11 showed that during a euglycaemic hyperinsulinaemic clamp

intranasal insulin administration decreases EGP (measured with

D-[6,6-2H]glucose) in lean but not in overweight individuals. Further-

more, using functional MRI, they found that the hypothalamus and

the striatum were involved in this process.11 Our finding of a positive
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FIGURE 2 A, Statistical parametric mapping (SPM) images of the association between insulin-stimulated brain glucose uptake (BGU) and insulin-

suppressed endogenous glucose production (EGP) in the obese patients postoperatively and the corresponding scatterplot. In the scatterplot the
mean BGU from the significant voxels only is presented (BGU*). B, SPM images of the association between insulin-stimulated BGU at baseline and
plasma C-reactive protein (CRP) and the corresponding scatterplot; grey circles: obese (n = 19), white squares: lean controls (n = 7). C, SPM images
of the association between insulin-stimulated BGU at baseline and change in plasma glucose at 2 years of follow-up in 17 obese patients and the
corresponding scatterplot. P values <0.05 cluster level; FDR-corrected. Higher T values denote stronger associations (coloured bar at the bottom)
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association between insulin-stimulated BGU and EGP in morbidly

obese participants before and after bariatric surgery may help explain

why the addition of intranasal insulin to systemic hyperinsulinaemia

failed to suppress EGP in the overweight as compared to the lean par-

ticipants in that study. Notably, we failed to detect any association

between EGP and BGU in the fasting state. Although the reason for

the discrepancy in this association between the fasting and insulin-

stimulated state needs to be further elucidated, our data are in line

with a previous study conducted by Gancheva et al.31 who did not

observe any effect of intranasal insulin on suppressing EGP during

fasting.

It is known that overfeeding rapidly induces insulin resistance.32

Our findings in turn suggest that in morbidly obese individuals the

severe calorie restriction and marked weight loss that follow the com-

bination of a 4-week very-low-energy diet period and bariatric surgery

are not sufficient to disrupt the association between BGU and EGP.

Thus, factors other than high-fat diet and obesity per se might be

involved in this interrelation.

One salient finding of the present study was that high insulin-

stimulated BGU predicted worse fasting glycaemia 2 to 3 years after

surgery; this longitudinal association persisted after adjusting for BMI

and whole-body insulin sensitivity. Impaired β-cell glucose sensing

and decreased whole-body insulin sensitivity are known independent

predictors of worse glycaemic control in individuals without diabe-

tes.33 In morbidly obese individuals with normal glucose tolerance

who undergo bariatric surgery fasting plasma glucose levels fall rapidly

after surgery.34 Insulin-stimulated BGU at baseline did not predict

worse HbA1c levels or weight gain at 2 or 3 years of follow up, but it

was a significant predictor of the metabolic change that is mainly

linked with increased EGP, that is, fasting glycaemia; this suggests that

the brain-EGP axis may be involved in the deterioration of glucose

homeostasis over time. To further test our hypothesis that high

insulin-stimulated BGU is a predictor of worse metabolic outcome we

also analysed metabolite data. We found a positive correlation

between BGU and known predictors of increased risk of T2D, such as

the branched-chain amino acid leucine and the aromatic amino acid

phenylalanine.35 These findings are in line with results from the TULIP

study, an intervention study with lifestyle modification targeting

weight loss. In that study, Tschritter et al.36 showed that central insu-

lin resistance (assessed by magnetoencephalography) was associated

with a smaller decrease in total and visceral adipose tissue and fasting

plasma glucose levels and worse adherence to the lifestyle

recommendations.

Markers of systemic inflammation were positively associated with

insulin-stimulated BGU. Thaler et al.37 have shown that high-fat diet

and obesity are associated with neuroinflammation. In a recent study,

Zimmer et al.38 showed that brain 18F-FDG uptake in PET studies is

driven by astrocytes. This is in accord with what was originally pro-

posed as the astrocyte-neuron lactate shuttle, whereby astrocytes

convert glucose into lactate and supply lactate to neurons,39 but this

metabolic paradigm remains controversial.40 Altogether, a plausible

interpretation of our data could be that the increased BGU in obe-

sity13 is, at least in part, attributable to obesity-induced astrocyte pro-

liferation. An obesity-induced astrocyte proliferation could also

explain an interplay between brain and EGP.41 Future PET studies

with specific astrocyte ligands are necessary to confirm whether

astrocyte proliferation occurs in human obesity.

The present study has some limitations. First, the number of par-

ticipants was small and, because of the complexity of the study

design, we had a relatively large dropout rate. Despite the fact that

the postoperative group was smaller, however, the association

between BGU and EGP remained significant. Second, it would be

interesting to know whether the increased BGU during insulin stimu-

lation affects neuronal functionality, which the present study was not

FIGURE 3 Spearman correlations between insulin-stimulated regions of interest of brain glucose uptake (BGU) and fasting metabolites (N = 26).

CER-A, anterior cerebellum; CER-P, posterior cerebellum; FRO, frontal lobe; LIMB, limbic lobe; MID, midbrain; OCC, occipital lobe; PAR, parietal
lobe; TEMP, temporal lobe. DHA, 22:6, docosahexaenoic acid; DHAFA, ratio of 22:6, docosahexaenoic acid to total fatty acids; FAw3, Omega-3
fatty acids; FAw3FA, ratio of Omega-3 fatty acids to total fatty acids; Glc, glucose; Gln, glutamine; Glol, glycerol; Gp, glycoprotein acetylation;
HDLC, total cholesterol in HDL; HDL2C, total cholesterol in HDL2; His, histidine; LDLTG, triglycerides in LDL; Leu, leucine; MUFA,
monounsaturated fatty acids; MUFAFA, ratio of monounsaturated fatty acids to total fatty acids; Phe, phenylalanine; PUFAFA, ratio of
polyunsaturated fatty acids to total fatty acids; Pyr, pyruvate; Serum-TG, serum total triglycerides; SFAFA, ratio of saturated fatty acids to total
fatty acids; Tyr, tyrosine; UnSat, estimated degree of unsaturation; VLDLC, total cholesterol in VLDL
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designed to evaluate. Third, it would be interesting to assess small

brain areas, such as the hypothalamus, but the spatial resolution of

the PET (6-8 mm) does not allow this.42 Finally, the present study doc-

uments associations but does not explain the mechanisms underlying

the relationship between BGU and EGP.

In summary, insulin-stimulated BGU in obese individuals is

increased as compared to lean individuals, and is positively associated

with EGP, markers of systemic inflammation, and levels of branched-

chain and aromatic amino acids. Additional studies are needed to

unravel the peculiar characteristics of brain insulin resistance, and to

elucidate whether the increased BGU in insulin resistance might con-

tribute to further deterioration of glucose homeostasis.
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