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Weight loss after bariatric surgery normalizes brain opioid
receptors in morbid obesity
HK Karlsson1, JJ Tuulari1, L Tuominen1,2, J Hirvonen1,3,4, H Honka1, R Parkkola1,4, S Helin1, P Salminen5, P Nuutila1,6 and L Nummenmaa1,7,8

Positron emission tomography (PET) studies suggest opioidergic system dysfunction in morbid obesity, while evidence for the role
of the dopaminergic system is less consistent. Whether opioid dysfunction represents a state or trait in obesity remains unresolved,
but could be assessed in obese subjects undergoing weight loss. Here we measured brain μ-opioid receptor (MOR) and dopamine
D2 receptor (D2R) availability in 16 morbidly obese women twice—before and 6 months after bariatric surgery—using PET with
[11C]carfentanil and [11C]raclopride. Data were compared with those from 14 lean control subjects. Receptor-binding potentials
(BPND) were compared between the groups and between the pre- and postoperative scans among the obese subjects. Brain MOR
availability was initially lower among obese subjects, but weight loss (mean= 26.1 kg, s.d. = 7.6 kg) reversed this and resulted in
~ 23% higher MOR availability in the postoperative versus preoperative scan. Changes were observed in areas implicated in reward
processing, including ventral striatum, insula, amygdala and thalamus (P'so0.005). Weight loss did not influence D2R availability in
any brain region. Taken together, the endogenous opioid system plays an important role in the pathophysiology of human obesity.
Because bariatric surgery and concomitant weight loss recover downregulated MOR availability, lowered MOR availability is
associated with an obese phenotype and may mediate excessive energy uptake. Our results highlight that understanding the
opioidergic contribution to overeating is critical for developing new treatments for obesity.
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INTRODUCTION
Obesity is a major public health concern throughout the world.
Converging evidence suggests that overeating is associated with
altered neurochemistry in the brain circuits controlling reward
functions.1 The dopaminergic system is involved in incentive
motivation and reward processing in the brain, and dysfunctions
of this system are observed in several addictive disorders, both in
preclinical and clinical studies.2,3 Positron emission tomography
(PET) studies show that alcohol and drug dependence is
associated with lower dopamine D2 receptor (D2R) availability in
the striatum,4–6 reflecting tonic downregulation of the D2R due to
perpetual overstimulation by the drug of abuse. However, PET
studies measuring D2R availability have not shown a consistent
pattern of abnormalities in obese versus lean subjects.7–12

The endogenous opioid system is also closely involved in
reward functions. Human PET studies show that alcohol and
cocaine dependence is associated with higher μ-opioid receptor
(MOR) availability in the reward circuit,13–15 although opiate use
causes downregulation in MOR.16,17 Moreover, animal studies
suggest that the opioidergic system also plays a significant role in
appetite and hedonic liking of foods.18 We have recently shown
that morbidly obese humans have significantly lower MOR
availability, but unaltered striatal D2R availability.12 Obesity may
therefore have unique neurobiological underpinnings, which are
not similar to those in addictive disorders in general.
Cross-sectional studies cannot determine whether neurorecep-

tor alterations are the cause or consequence of obesity. In

contrast, longitudinal studies on individuals undergoing weight
loss procedures could resolve whether dysfunction of the MOR
system reflects a stable vulnerability endophenotype for devel-
oping obesity, or whether it is related to the obese phenotype.
Bariatric surgery is the most effective method for weight loss in
morbid obesity,19 and is therefore a powerful method for studying
the relationship between MOR dysfunction and obesity. Prior
imaging studies on the effects of weight loss on D2R availability
after bariatric surgery have shown conflicting results.10,20,21

Whether weight loss influences brain MOR availability in obesity
is unknown.
In this longitudinal study, we investigated whether weight loss

caused by bariatric surgery influences brain D2R and MOR
availability. We used in vivo PET imaging pre- and postoperatively
to quantify D2R and MOR availability with selective radioligands
[11C]raclopride and [11C]carfentanil, respectively. Because MOR
systems contribute significantly to appetite control and food
hedonics18 and as patients often report decreased appetite after
bariatric surgery,22,23 we predicted that MOR availability would
increase following bariatric surgery.

MATERIALS AND METHODS
The study was conducted in accordance with the Declaration of Helsinki
and approved by the Ethical Committee of the Hospital District of South-
Western Finland (SleevePET2, NCT01373892, http://www.clinicaltrials.gov).
All participants signed an ethical committee-approved and informed
consent form before scans.

1Turku PET Centre, University of Turku and Turku University Hospital, Turku, Finland; 2Department of Psychiatry, University of Turku and Turku University Hospital, Turku, Finland;
3Medical Imaging Centre of Southwest Finland, Turku, Finland; 4Department of Radiology, University of Turku and Turku University Hospital, Turku, Finland; 5Department of
Digestive Surgery, University of Turku and Turku University Hospital, Turku, Finland; 6Department of Endocrinology, Turku University Hospital, Turku, Finland; 7Department of
Neuroscience and Biomedical Engineering, School of Science, Aalto University, Espoo, Finland and 8Department of Psychology, University of Turku, Turku, Finland.
Correspondence: Dr HK Karlsson, Turku PET Centre, University of Turku, Turku University Hospital, Kiinamyllynkatu 4-8, Turku, FIN-20520, Finland.
E-mail: hekrka@utu.fi
Received 31 May 2015; revised 5 August 2015; accepted 10 August 2015

Molecular Psychiatry (2015), 1–6
© 2015 Macmillan Publishers Limited All rights reserved 1359-4184/15

www.nature.com/mp

http://dx.doi.org/10.1038/mp.2015.153
http://www.clinicaltrials.gov
mailto:hekrka@utu.fi
http://www.nature.com/mp


Subjects
We recruited 16 morbidly obese women (mean± s.d. BMI 40.4 ± 3.9 kgm–2,
BMI range 36.1− 49.3 kgm–2, mean± s.d. age 42.8 ± 10.2 years) who were
eligible for bariatric surgery (Table 1). Either Roux-en-Y gastric bypass or
sleeve gastrectomy was performed as their standard clinical treatment.
Fourteen healthy non-obese women, age and height-matched (mean± s.d.
BMI 22.7 ± 2.9 kgm–2, mean± s.d. age 44.9 ± 12.9 years), served as controls.
Sample size was determined by joint a priori power analysis based on
longitudinal PET studies using [11C]carfentanil,14,24 which suggested that a
sample size of 14+14 would be sufficient for establishing the predicted
effects at Po0.05 with actual power exceeding 0.95. Preoperative data for
this sample have been reported previously.12 To increase statistical power
in the longitudinal analysis, three additional morbidly obese subjects were
included in the sample. Clinical screening included history, physical
examination, anthropometric measurements and laboratory tests. Exclu-
sion criteria involved opiate drug use, binge-eating disorders, neurological
and mental disorders, substance abuse, excessive alcohol consumption
(more than eight units per weeks) determined by clinical interviews,
medical history and blood tests. For the obese subjects, screening was
performed both pre- and postoperatively and no subjects had to be
excluded postoperatively. Depression and anxiety levels were measured
using Beck Depression Inventory II and state-Trait Anxiety Inventory (STAI)
questionnaires, respectively. Food craving and eating behavior were
assessed with the Food Craving Questionnaire, Dutch Eating Behaviour
Questionnaire (DEBQ) and the Yale Food Addiction Scale (YFAS) (Table 2).
None of the controls smoked tobacco, but six obese subjects were light

smokers (3–15 cigarettes per day). Six obese subjects had Type 2 diabetes
(T2DM) with oral medication, nine used medication for elevated blood
pressure, four for hypercholesterolemia and three for hypothyreosis.
Antidiabetic, antihypertensive and cholesterol-lowering drugs were
discontinued before the study.

Image acquisition and quantification of receptor availability
We measured MOR availability with [11C]carfentanil25 and D2R availability
with [11C]raclopride26 using PET on two separate visits. Preoperative scans
were performed before the start of the standard very low-calorie diet.
Obese subjects were scanned again with both radiotracers 6 months after
the bariatric surgery. Radiotracer production has been described
previously.12 Both radiotracers had high radiochemical purity (499%).
Subjects fasted 2 h before scanning. Before scanning, a catheter was
placed in the subject’s left antecubital vein for tracer administration and
their head was strapped to the scanner table.
Radiotracers were administered as bolus injections. Injected doses were

251± 12MBq for [11C]carfentanil and 253± 20MBq for [11C]raclopride.
Radioactivity of both tracers was measured with the GE Healthcare
Discovery 690 PET/CT scanner (General Electric Medical Systems,
Milwaukee, WI, USA) for 51min, using 13 time frames. Effective resolution
of the PET scanner was 4.7 mm full width at half maximum. Data were
corrected for dead-time, decay and CT-based photon attenuation estimate.
Dynamic PET-scans were reconstructed using time-of-flight information.
Anatomical reference images (1 mm3 voxel size) were acquired with Philips

Table 1. Characteristics of the participants

Non-obese subjects
(n= 14)

Obese subjects before
surgery (n= 16)

Obese subjects after
surgery (n= 16)

M s.d. M s.d. P-valuea M s.d. P-valueb

Age (years) 44.86 12.88 42.75 10.19 0.63 43.31 9.90 0.003
Weight (kg) 61.39 7.19 111.81 15.20 o0.001 85.74 12.75 o0.001
Height (cm) 164.86 6.32 165.87 6.21 0.67 166.13 6.13 0.54
BMI (kg/m2) 22.65 2.94 40.35 3.90 o0.001 31.00 3.69 o0.001
Percentage of fat (%) 30.21 10.17 49.86 4.04 o0.001 42.40 3.60 o0.001
Subcutaneous fat mass (kg) 4.10 1.30 16.40 3.50 o0.001 10.50 2.90 o0.001
Visceral fat mass (kg) 0.80 0.40 3.90 1.80 o0.001 2.10 1.11 o0.001
GHbA1c (%) 5.61 0.30 5.89 0.79 0.20 5.36 0.46 o0.001
HOMA-IR (fraction) 1.30 0.90 4.20 3.17 0.003 2.10 1.68 o0.001
Amount of alcohol use (units per week) 2.75 2.09 1.33 1.30 0.06 NA NA NA
Tobacco smokers/non-smokers (N) 0/14 6/10 o0.001 3/13 o0.001
Injected activity of [11C]raclopride (MBq) 257.78 18.51 245.19 25.50 0.13 256.43 11.36 0.06
Injected activity of [11C]carfentanil (MBq) 250.14 9.23 252.94 11.19 0.46 250.63 15.28 0.57

Abbreviations: BMI, body mass index; NA, data not available. aDifferences between control subjects and preoperative obese subjects. bDifferences between
pre- and postoperative measurements of the obese subjects. Statistically significant differences are shown in boldface.

Table 2. Questionnaire scores

Non-obese subjects (n=14) Obese subjects before
surgery (n=16)

Obese subjects after
surgery (n= 16)

M s.d. M s.d. P-valuea M s.d. P-valueb

BDI-II (points) 4.36 4.11 5.25 5.40 0.61 3.36 1.50 0.35
STAI (points) 34.07 5.47 38.25 8.19 0.11 36.36 5.15 0.22
FCQ state (points) 26.71 6.28 32.25 9.99 0.08 25.50 6.45 0.010
FCQ trait (points) 86.21 25.61 101.81 35.81 0.13 77.36 26.30 0.006
DEBQ restrained eating (points) 26.00 6.18 32.38 7.21 0.014 33.43 5.08 1.00
DEBQ emotional eating (points) 22.07 6.33 27.63 10.37 0.08 23.21 6.76 0.042
DEBQ external eating (points) 25.36 5.76 27.00 5.50 0.43 22.00 3.90 0.003
YFAS (points) 7.86 5.95 16.06 10.36 0.012 7.64 5.61 0.010

Abbreviations: BDI-II, Beck Depression Inventory II; DEBQ, Dutch Eating Behaviour Questionnaire; FCQ, Trait And State Food Cravings Questionnaires;
STAI, State-Trait Anxiety Inventory; YFAS, Yale Food Addiction Scale. aDifferences between control subjects and preoperative obese subjects. bDifferences
between pre- and postoperative measurements of the obese subjects. Statistically significant differences in t-tests are shown in boldface.
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Gyroscan Intera 1.5T CV Nova Dual scanner using a T1-weighted sequence
(TR 25ms, TE 4.6 ms, flip angle 30°, scan time 376 s).
Alignment and coregistration were performed using SPM8 software

(www.fil.ion.ucl.ac.uk/spm/) running on Matlab R2012a (The Mathworks
Inc., Sherborn, MA, USA). To correct for head motion, dynamic PET images
were first realigned frame-to-frame. Individual T1-weighted MR images
were coregistered to the summed images calculated from the realigned
frames. Regions of interest (ROIs) for reference regions were drawn
manually on MRI images using PMOD 3.4 software (PMOD Technologies
Ltd., Zurich, Switzerland). Occipital cortex was used as the reference region
for [11C]carfentanil and cerebellum for [11C]raclopride. Receptor availability
was expressed in terms of receptor-binding potentials (BPND), which is the
ratio of specific to non-displacable binding in brain and proportional to
receptor density. BPND was calculated by applying a basis function method
for each voxel using the simplified reference tissue model with reference
tissue time–activity curves as input data.27 This model corrects the possible
different peripheral distribution of radiotracers when using the same
amount of injected activity in both obese and non-obese subjects.
Subject-wise parametric BPND images were normalized to the Montreal

Neurological Institute standard space using the T1-weighted MR images,
and smoothed with a Gaussian kernel of 8 mm full width at half maximum.
Subsequently, voxel-wise differences in D2R and MOR availability were
compared using SPM8. Preoperative differences between obese and lean

subjects were quantified with independent-samples t-test and the effects
of bariatric surgery in the obese subjects using repeated-measures t-test.
Statistical threshold was set at Po0.05 with the false discovery rate
corrected at cluster level. In a complementary approach, anatomic ROIs
were generated in the ventral striatum, dorsal caudate nucleus, putamen,
insula, amygdala, thalamus, orbitofrontal cortex, anterior cingulate cortex,
medial cingulate cortex and posterior cingulate cortex using the AAL28 and
Anatomy29 toolboxes. BPNDs were extracted from these ROIs in both pre-
(both groups) and postoperative (obese subjects only) scans. Between-
groups ROI data were analyzed using a 2 (obese vs lean) × 10 (ROI) mixed
ANOVA, and the follow-up data using a 2 (preoperative vs postoperative)×
10 (ROI) fully within-subjects ANOVA. Associations between ROI-wise
receptor availabilities, questionnaire scores and biological variables were
assessed using Pearson’s correlations. Normality assumption was tested
with the Kolmogorov–Smirnov test and sphericity assumption was
confirmed with Mauchly’s test.

RESULTS
As reported previously,12 SPM analysis revealed that MOR
availability was preoperatively lower in the morbidly obese in
the ventral striatum, dorsal caudate, putamen, insula, amygdala,
thalamus, orbitofrontal cortex and posterior cingulate cortex
(P'so0.05; Figure 1). The ROI analysis corroborated these findings
(Figure 2). BPNDs were lower in the obese group, F(1,28) = 6.50,
P= 0.02, ηp

2 = 0.18 and also varied across ROI, F(1,28) = 467.62,
Po0.001, ηp

2 = 0.94. The interaction between ROI and group was
not significant, F= 2.19. Weight loss (mean± s.d. 26.1 ± 7.6 kg)
following the bariatric surgery resulted in an average of 23%
higher MOR availability in the postoperative scans. SPM analysis
revealed significant increases in MOR availability in several areas
implicated in reward processing including ventral striatum, dorsal
caudate, insula, amygdala, thalamus, orbitofrontal cortex and
anterior cingulate cortex. ROI analysis confirmed that weight loss
led to BPND increase across ROIs, F(1,15) = 18.72, Po0.001,
ηp
2 = 0.55 and the mean BPND varied across ROIs, F(1,15) = 111.57,

Po0.001, ηp
2 = 0.81. However, MOR recovery did not vary across

ROIs, F= 1.80. A postoperative increase in MOR availability was
seen in all except one subject (Figure 3). This recovery increased
the MOR availability to comparable levels with control subjects,
F(1,28) = 0.41 and there was no significant difference in MOR
availability between postoperative obese subjects and controls in
any ROI (P's40.05; Figure 2). Weight loss did not influence D2R
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Figure 1. Mean distribution of [11C]carfentanil and [11C]raclopride
BPND.

Figure 2. Mean regional MOR and D2R availabilities. Significant differences between preoperative scans in obese and control subjects:
#Po0.05, ##Po0.01. Significant differences between pre- and postoperative scans in obese subjects: *Po0.05, **Po0.01, ***Po0.001.
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availability in any brain region. However, weight loss was
associated with loss of subcutaneous (mean± s.d. 5.8 ± 2.3 kg)
and visceral fat (mean ± s.d. 2.1 ± 1.7 kg). T2DM was remitted in
four (67%) subjects.
Preoperatively, BMI correlated negatively with MOR availability

in every tested brain region except for anterior cinculate cortex
(r'so − 0.36, P'so0.05). MOR availability also correlated negatively
with fat percent in ventral striatum, putamen, amygdala and
thalamus (r'so − 0.43, P'so0.02), and with subcutaneous and
visceral fat mass in ventral striatum, dorsal caudate, putamen,
insula, amygdala, thalamus, orbitofrontal cortex and posterior
cingulate cortex (r'so − 0.39, P'so0.05). Leptin levels correlated
negatively with MOR availability in ventral striatum and thalamus
among obese and control subjects (r'so − 0.36, P'so0.05).
Postoperatively, MOR availability correlated negatively with BMI
in ventral striatum and dorsal caudate (r'so − 0.45, P'so0.05).
Other postoperative scores on these variables were not associated
with MOR availability in any brain region. Insulin sensitivity and
plasma glucose levels did not correlate with MOR availability pre-
or postoperatively, and there was no significant difference
between MOR availability between obese subjects with or without
T2DM. No differences in D2R availability between obese and non-
obese subjects were observed. Moreover, no associations between
pre- or postoperative D2R availability and anthropometric
measurements or metabolic variables were found.
Before the surgical procedure, morbidly obese subjects had

higher scores in the scales measuring restrained eating (DEBQ)
and food addiction (YFAS), P'so0.05 (Table 2). Obese and control
groups did not differ from each other in Beck Depression
Inventory II, trait anxiety (STAI), Food Craving Questionnaire
scores, or in DEBQ emotional and external eating scales.
Postoperatively, obese subjects reported significantly lower scores
in food addiction (YFAS), food craving as well as pathological
eating patterns (DEBQ emotional and external eating), P'so0.05.
No significant associations between receptor availabilities and
questionnaire scores were observed with the exception of STAI
scores, which were negatively associated with preoperative MOR
availability in all ROIs (r'so − 0.31, P'so0.04); subjects with lower
MOR tended to have higher scores for trait anxiety. No correlations
between pre- or postoperative D2R availability and behavioral
measures were found.

To rule out the possible effect of smoking on receptor availability
pre- and postoperatively, we reanalyzed the data excluding the
smokers. This analysis yielded similar results for MOR and D2R as in
the whole sample population, confirming that changes in MOR
availabilities among obese subjects are not due to smoking. We also
compared the BPNDs between the obese smokers and non-smokers,
and found no significant differences in any ROI. In addition,
including the use of antidiabetic, antihypertensive and cholesterol-
lowering drugs as covariates in the analyses did not change the
overall pattern or significance of the results.

DISCUSSION
Weight loss following bariatric surgery normalized the initially
downregulated opioid receptor availability in the brain reward
circuit in morbid obesity independently of insulin sensitivity and
T2DM. Magnitude (mean increase 23%) as well as effect size for
weight loss on MOR availability was substantial (ηp

2 = 0.55),
suggesting that body weight changes play a major role in cerebral
MOR availability. However, effects of obesity and weight loss on the
dopaminergic system were absent. The MOR system promotes
hedonic aspects of feeding,18 and this can make obese individuals
susceptible to overeating in order to gain the desired hedonic
response from food consumption, which may further promote
pathological eating. We propose that at the initial stages of weight
gain, excessive eating may cause perpetual overstimulation of the
MOR system, leading to subsequent MOR downregulation. Similar
downregulation occurs in the dopaminergic system during
prolonged cocaine and amphetamine use.2,3 Accordingly, over-
eating may lead to a vicious circle, where eating-induced down-
regulation of MOR causes overeating in order to get the desired
hedonic response, which in turn further suppresses the endogen-
ous opioid system. However, bariatric surgery-induced weight loss
and decreased food intake may reverse this process. The presently
established link between the MOR system and obesity may thus
make adherence to low-calorie diet challenging.
Nevertheless, the link between the receptor systems and

overeating can be more complex than what clinical imaging
studies suggest. Recent experimental animal work suggests that
blunted hedonic responses due to reduced dopamine signaling
lead to significantly less ad libitum caloric intake and eliminates
motivation to work for food.30 Experimental human studies
however show opposite results, with experimentally reduced
dopamine function resulting in significantly lower post-meal
hunger rating without altering actual food intake.31 Consequently,
more animal and human studies are needed to establish whether
lowered MOR (or D2R) availability is directly linked with blunted
hedonic responses following palatable food consumption and
subsequent overeating.
Unlike the MOR system, the D2R system was not altered in the

obese state, and we did not observe any changes in D2R
availability after weight loss, even with statistically more lenient
thresholds (Po0.05 uncorrected for multiple comparisons).
Corroborative evidence also stems from a study showing no
change in D2R availabilities after the bariatric surgery,21 even
though increased10 and decreased20 D2R availability after a short
(6–7 weeks) follow-up period have also been reported. Altogether
these data indicate that the contribution of the dopaminergic
system in human obesity is far more complex than has been
previously thought. Even though the dopaminergic system—at
least as measured with PET—seems insensitive to weight gain and
loss, previous studies clearly implicate the role of this system in
feeding and obesity. Feeding elevates dopamine release especially
in the dorsal striatum,32 and there is recent evidence that obese
subjects have reduced dopamine release following glucose intake
in ventral striatum.33 In addition, animal studies indicate that the
deficits of dopamine signaling and low availability of dopamine
receptors in the striatum are associated with weight gain.34 In fact,
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Figure 3. Postoperative changes in striatal MOR and D2R availability
in the obese subjects.
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it is likely that the interactions between D2R and MOR systems are
important in human obesity, and these interactions may be crucial
when modulating the rewarding properties of food.35–37

Altogether our data show that drawing parallels between
obesity and drug additions in general may be overly simplistic. For
example, cocaine addiction is associated with higher rather than
lower MOR availability, and the MOR levels remain elevated in
abstinence.14,38 Similarly, patients with alcohol dependency have
elevated MOR availability in the ventral striatum, and the
availability remains elevated in abstinence.13 Our data from the
MOR availability, nevertheless, parallel those observed in opiate
dependence. Heroin-dependent subjects show reduction in MOR
availability on buprenorphine treatment measured with [11C]
carfentanil, while MOR availability recovers after detoxification.24

Similarly, one study using [11C]diprenorphine found increased
availability after early opioid abstinence.39 On the basis of our
studies, the neurobiological basis of obesity is more similar to
opiate addictions than other addictive disorders, yet the exact
mechanism underlying this similarity remains unclear. Our results
thus suggest that the MOR system is a convincing target for
pharmacological treatments of obesity. Accordingly, combination
therapy with opioid antagonist naltrexone and atypical antide-
pressant bupropion has proven effective for treating obesity.40

This study has certain limitations. First, our outcome measure
(BPND) does not distinguish between receptor density, affinity and
the amount of endogenous neurotransmitter occupancy. Because
we included only female subjects, the results may not be
generalizable to male subjects. Also, we used only a D2R
antagonist [11C]raclopride, and D2R agonist ligands could be more
sensitive for revealing between-group differences, especially
among the obese subjects with lower BMI, as shown earlier.41 In
addition, some patients may start gaining weight later than
6 months from the bariatric surgery,42 suggesting that longer
follow-up studies are needed. Finally, our study shows that
bariatric surgery-induced weight loss leads to increased MOR
availability, we cannot fully differentiate the combined effects of
weight loss and altered gastrointestinal functions following
surgery. Furthermore, the actual mechanisms behind the
increased MOR availability are unknown. Altered neuroreceptor
availability may be due to the changes in gut hormones but also
due to reduced intake of palatable foods. Further studies are thus
needed to elucidate the sole effect of weight loss due to altered
energy intake on MOR availability by comparing the effects of
weight loss by surgery versus dieting.

CONCLUSIONS
Weight loss recovers dysfunction of the MOR system highlighting
that the endogenous opioid system may be a key feature of the
obese phenotype. The link between obesity and brain opioids
established here suggests that future psychological and pharma-
cological interventions targeting this system could be an effective
way for treatment of obesity.
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