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Abstract

Purpose In obesity, metabolic and voluntary factors regulate appetite, and a dysregulation of the reward pathway was
demonstrated in all addiction disorders. Deep transcranial magnetic stimulation (dTMS) is already used to modulate cerebral
dopamine activation in neuro-psychiatric diseases. We presently assess the acute effect of high frequency (HF) and low
frequency (LF) dTMS on the modulation of the main neuropeptides and neurotransmitters involved in the reward pathway in
obese subjects.

Methods This study was designed as a double-blind, sham-controlled, randomized clinical trial. Thirty-three obese patients
(9 males, 24 females, age 48.1 + 10.6, BMI 36.4 + 4.7) were enrolled in the study. All patients were studied during a single
dTMS session and blood aliquots were drawn before and after a single dTMS session. Metabolic and neuro-endocrine
parameters were evaluated before and after: (1) 18 Hz dTMS (HF, 13 patients); (2) 1 Hz dTMS (LF, 10 patients); (3) Sham
treatment (Sham, 10 patients).

Results No statistically significant variations in metabolic parameters, systolic and diastolic blood pressure, and heart rate
were shown acutely. HF showed a significant increase of B-endorphin compared to other groups (p = 0.048); a significant
increase of ghrelin in LF (p =0.041) was also demonstrated.

Conclusions A single session of HF dTMS treatment determines in obese subjects an acute increase of f-endorphin level,
indicating an activation of the reward pathway. The present findings constitute proof of principle for a potential application
of this methodology in obesity treatment.

Keywords Obesity - Transcranial magnetic stimulation * Food craving * B-endorphin - Ghrelin

Introduction

Food craving is mainly responsible for the difficulty in
maintaining weight loss in obesity. Neurophysiological
mechanisms underlying food craving involve several brain
regions. The prefrontal cortex (PFC), specifically the left
dorsolateral prefrontal cortex (DLPFC), a brain region
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implicated in top-down control of behavioral responses [1],
is primarily responsible for the cognitive control over eat-
ing. Compared with lean individuals, obese subjects con-
sistently showed a lower activation in the DLPFC following
a meal [2] suggesting an impaired function of PFC in the
inhibitory control and decision-making ability over appetite
and eating. Also, the PFC is integrated in the brain reward
areas: the meso-limbic and meso-cortical dopamine systems
[2].

An abnormal activation of central reward circuits, similar
to drugs addiction, has also been reported in obese subjects
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[3]. The meso-cortico-limbic dopaminergic pathway is a
central component of this system. Several studies suggest
that exposure to palatable food induces activation in reward
regions, and stimulates dopaminergic transmission mostly
in the dorsal striatum [4]. On the other hand, neuroimaging
studies showed a decreased striatal dopamine (DA) D2
receptor expression in obese subjects compared to lean
individuals, and a correlation between the decrease in DA
ligand binding in the dorsal striatum and the feeding [5, 6].
Together, these findings suggest that the reduced striatal DA
D2 receptor availability [5], and the lower sensitivity of
DA-based regions, may perpetuate in obese individuals
pathological eating as a means to compensate for decreased
activation of dopaminergic reward circuits [7, 8].

In addition to the dopaminergic system, substantial evi-
dence also suggests an involvement of the endogenous
opioid system in food and drug-induced reward and rein-
forcement. B-endorphin is released in the hypothalamic area
following several physiological stimuli like palatable food,
physical exercise, sexual intercourse etcetera, all being
related to pleasant feelings and sensations. B-endorphin
release is a fundamental step to sense satiety after a meal,
especially if the meal is constituted by the preferred food.
Dopamine release and f-endorphins levels are strictly
interrelated [9, 10].

Body weight homeostasis also involves a complex and
highly coordinated system of peripheral appetite hormones
and centrally mediated neuronal regulation. Perturbations in
circulating appetite modulators, including orexigenic pep-
tides like ghrelin, neuropeptide Y (NPY), and a suite of
anorexigenic hormones, such as leptin, insulin, cholecys-
tokinin (CCK), peptide YY (PYY), and glucagon-like
peptide (GLP)-1, have been shown to play a role in the
pathophysiology of obesity [10]. Abnormalities within the
food reward system may be associated with emotional and
physiological stress [11].

Repetitive transcranial magnetic stimulation (TMS) is a
novel technique for non-invasive, painless brain stimula-
tion. It generates a small electromagnetic current in the
brain, inducing modulation of neural excitability and pro-
moting DA release [12, 13]. Low frequency (LF) (<1 Hz)
TMS inhibits cortical excitability, while high-frequency
(HF) (25Hz) TMS enhances cortical excitability by
increasing neuronal depolarization [12]. For these proper-
ties, repetitive TMS has been explored as a potential tool for
the treatment of several neuropsychiatric disorders.
Recently, an H-coil has been developed by Zangen et al.
[14] to stimulate deep brain regions; considering their deep
brain localization, dopaminergic neurons could be reached
by deep TMS (dTMS), with consequent impact on addiction
diseases [15]. The dopaminergic pathways may also be
indirectly modulated by the repetitive TMS application to
the PFC, via more superficial projections of dopaminergic

@ Springer

neurons within the DLPFC [16]. Repetitive dTMS was
found to induce a significant reduction in daily alcohol
consumption in alcohol-addicted patients [17, 18], and
cigarette consumption in nicotine-addicted patients [19].
Cocaine craving and drug use frequency may also be
reduced by repetitive TMS applied to PFC in regular
cocaine users [20]. Furthermore, very recent studies sug-
gested dTMS for the treatment of chronic pain, showing that
it induced an increase of fB-endorphin concentration [21—
23], and suggesting this increase as a potential mechanism
of action of dTMS as pain reliever.

Although dTMS has been in use for over 15 years, at
present, scanty data are available on the neuroendocrino-
logical hormones modifications taking place after a single
dTMS session in humans, since most attention was posed
on neurophysiological changes.

Consistent with the dysregulation of the PFC inhibitory
control and brain reward system in obese subjects, and with
the dTMS modulatory effect on the reward system, we
hypothesized a potential role of dTMS in acutely mod-
ulating the reward pathways involved in hedonic hunger.
Specifically, the present study was designed to identify
acute modifications of the main neuropeptides (leptin,
ghrelin) and neurotransmitters (f-endorphin, epinephrine,
norepinephrine), related to the appetite/satiety balance in the
reward system, in response to a single session of dTMS.

Methods
Study design

This study was designed as a double-blind, sham-con-
trolled, randomized clinical trial, aimed to investigate the
acute effects of a single dTMS session on the main neuro-
peptides (leptin, ghrelin) and neurotransmitters (p-endor-
phin, epinephrine, norepinephrine) involved in food reward
system, and consequently, in food craving, comparing HF
with both LF and Sham stimulation. This trial could be
considered a proof-of-concept study aimed to detect a signal
that the dTMS is active on pathophysiological mechanisms
underlying obesity.

Eligible patients were randomly allocated either to HF or
LF or Sham group. Allocation in the three groups was
performed according to a randomization sequence generated
by a computerized program without any restrictions (such as
blocking and stratification). The randomization code was
only given to the treating investigator on the day of treat-
ment session by an independent investigator not involved
with any other aspect of the trial. The independent inves-
tigator could be contacted at any time to unblind the ran-
domization code in the case of a specific emergency.
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Participants and investigators were unaware of treatment
assignment.

Study approval

This study was conducted in accordance with the ethical
standards of the institutional research committee and with
the 1964 Helsinki declaration and its later amendments; it
received approval by the local Institutional Review Board
(Ethics Committee of San Raffaele Hospital, Milan, Italy).
All participants provided written informed consent before
participating in any study procedures.

Study participants

This study was performed at the Endocrinology and Meta-
bolism Division, IRCCS Policlinico San Donato Scientific,
Italy. Adult men and women (aged 22 to 65 years, inclu-
sive), who referred to Endocrinology and Metabolism out-
patient clinic for overweight/obesity treatment, were
screened with a short telephone interview to determine
eligibility. Inclusion criteria was a BMI ranging between 30
and 45 kg/m?. If eligible, a more complete direct interview
followed the telephone screening after providing signed
informed consent. Patients with a personal or a family
history of seizures, as well as patients with psychotic dis-
orders, organic brain disorders, implanted metal devices,
fasting blood glucose level > 150 mg/dl, abuse of substances
other than nicotine, treatment with anti-obesity medications
or other medications for weight reduction, or medications
associated with lowered seizure threshold, were excluded
from the study.

Repetitive deep transcranial magnetic stimulation
(dTMS) procedure

The repetitive dTMS was performed by a trained physician
using a Magstim Rapid®> TMS (The Magstim Co. Ltd.,
Whitland, Carmarthenshire, United Kingdom) stimulator
equipped with an H-shaped coil (H-ADD), specifically
designed to bilaterally stimulate the PFC and the insula
[14]. This H-coil allows direct stimulation of deeper brain
regions like insula (3 cm vs 1.5 cm from the skull). Mag-
netic cards encoding for real or sham stimulation were used
to activate the dTMS device. Both real and sham stimula-
tion produced identical sounds and scalp sensations during
the sessions.

During each dTMS session, the optimal stimulation
intensity was defined by searching the individual resting
motor threshold (RMT); the RMT was determined over the
left primary motor cortex. Before the dTMS session, the
optimal spot on the scalp was localized to stimulate the right
abductor pollicis brevis muscle, and the RMT was defined

by delivering single stimulations, applying one pulse every
5's to the motor cortex, and gradually decreasing intensity.
The RMT was defined as the stimulation with the lowest
required intensity to cause the right thumb to move. Once
the RMT was defined, the stimulation could begin.

High-frequency session consisted of 80 trains of 18 Hz,
each lasting 2 s, with an intertrain interval of 20 s. The HF
treatment duration was 29.3 min with 2880 pulses in total.
Low-frequency session consisted of four trains of 1 Hz,
each lasting 10 min, with an intertrain interval of 1 min. The
LF treatment duration was 43 min with 2400 pulses in total.
The Sham treatment was performed by a sham coil located
in the same case of the real coil, producing similar acoustic
artifacts and scalp sensations, inducing only negligible
electric fields in the brain. In all groups receiving the real
treatment, the stimulation was performed with an intensity
of 100% of the RMT.

Prior to stimulation, obese subjects were either shown a
series of palatable food images (cue) or not (no cue). In the
cue condition, the dTMS session was preceded by showing
the patients pictures of their favorite food, identified during
the interview with the subjects at the screening visit.

Measurements
Psychiatric and psychological evaluation

During the screening period, patients underwent psychiatric
and psychological evaluation to rule out current major
psychiatric disorders by the administration of the Structured
Clinical Interview for Diagnostic and Statistical Manual
(DSM) (SCID-I) [24].

Anthropometric values

Anthropometric measurements included body weight and
height, in order to calculate BMI (kg/m?). Body weight was
measured without shoes, wearing light underwear, on a
standing scale calibrated to the nearest 0.1 kg. Body height
was measured without shoes using a stadiometer calibrated
to the nearest 0.1 cm.

Blood pressure and heart rate

Systolic and diastolic blood pressure (SBP and DBP) were
measured using a calibrated device. The device was a
mercury sphygmomanometer with a cuff appropriate to the
girth of the subject’s arm. The same device was used for
each subject throughout the study. Blood pressure was
measured under standardized conditions (sitting position),
on the same arm. Both SBP and DBP were recorded.
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Table 1 Variations of
parameters measured after a
single dTMS session in the three
groups

HF (n=13) LF (n=10) Sham (n=10) p-value
Glucose (mg/dL) 5.54+£6.69 3.60+7.31 4.11+3.10 0.776
Insulin (UU/mL) —2.91+1445 —3.25+4.63 —2.12+5.93 0.995
Cholesterol (mg/dL) 3.85+6.40 0.90+10.33 4.67+543 0.591
Triglycerides (mg/dL) —2.00 [—12.00; —8.00 [—39.00;7.00] —12.00 [—23.00;0.00] 0.893

—2.00]
Ghrelin (ng/mL) —1.18+4.81 11.93+17.92 0.02+8.60 0.041 *
Leptin (ng/mL) —11.54£11.31 —5.92+10.70 —10.30£15.35 0.256
B-Endorphin (ng/mL) 0.08+0.12 —0.03 £0.06 0.01 £0.06 0.048 *
Epinephrine (pg/mL) 14.60 + 253.89 —5.05+£71.35 —72.36 +£186.04 0.562
Norepinephrine (ng/mL) 0.60 +1.06 —0.03+0.68 0.28£0.72 0.261
SBP (mmHg) —5.45+10.11 —2.78£6.67 —2.50+14.77 0.823
DBP (mmHg) —1.82+7.83 —0.56 +8.08 0.50+7.62 0.900
Heart rate (pulses/min)  —5.40+4.43 —3.89+5.16 —3.67+3.74 0.607

Data are shown as mean =+ standard deviation (SD)

For any outcome, variation between baseline and following a single dTMS session values is reported as A-
variation (value = SD) for all the three groups (HF, high frequency 18 Hz; LF, low frequency 1 Hz; Sham)

HF high frequency, LF low frequency, SBP systolic blood pressure, DBP diastolic blood pressure
*Results from post hoc ANOVA HF or LF vs. Sham: *p <0.05

Heart rate (pulse) was measured over 1 min under the
same conditions for blood pressure, and the results were
recorded.

Blood pressure and heart rate were measured before the
TMS treatment and immediately afterwards.

Laboratory measurements

The dTMS sessions were carried out after a 12-h overnight
fast. A Venflow catheter was placed into an antecubital vein
of each participant to draw blood. Blood samples were
centrifuged for 15 min at 2000 x g. A part of the blood was
immediately processed; about 10 mL of every sample were
stored in aliquots at —80°C. Neuropeptide, neuro-
transmitter, and metabolite determinations were performed
by standardized techniques.

The laboratory assessment included: leptin (ng/mL),
ghrelin (ng/mL), pB-endorphins (ng/mL), epinephrine (pg/
mL), norepinephrine (ng/mL). An assessment of the main
metabolites was included: glucose (mg/dL), insulin (uU/
mL), cholesterol (mg/dL), triglycerides (mg/dL).

Blood sample for catecholamines was performed at least
20 min after the intravenous cannula was introduced in the
antecubital vein, to avoid the conditioning produced by
puncture stress. The subjects were also instructed to abstain
from several types of food and beverages (e.g., chocolate,
licorice, bananas, citrus fruits, coffee, tea, alcohol) for
2-3 days prior to the blood sampling, and from smoking for
10 h prior to the blood sampling. Catecholamine levels in

@ Springer

the blood can change quickly, therefore blood samples were
centrifuged and processed within 5 min from sampling.

Ghrelin and B-endorphins were measured using com-
mercially available enzyme immunoassay (EIA) Kkits
(Phoenix Pharmaceuticals, Burlingame, CA, USA);
enzyme-linked immunosorbent assay (ELISA) kits were
used to assess epinephrine, norepinephrine (Elabscience
Biotechnology Co. Ltd, Wuhan, China), and leptin (Diag-
nostic Biochem Canada Inc, London, UK).

Blood glucose was quantified with enzymatic ultraviolet
method with hexokinase; serum triglycerides and total
cholesterol were determined by the enzymatic colorimetric
method. Insulin was determined by the electro-
chemiluminescence immunoassay (ECLIA).

Statistical analysis

Descriptive data are expressed as counts (percentages) for
categorical data and as means + standard deviation (SD) or
median [Q1-Q3] for continuous variables, as appropriate.
The relationship between changes in parameters from
baseline to a single dTMS session in glucose, insulin,
cholesterol, ghrelin, leptin, B-endorphin, epinephrine, nor-
epinephrine, SBP, DBP, and heart rate with changes into the
three groups (HF, 18 Hz, and Sham) was assessed with
ANOVA adjusted for baseline levels of the parameter.
Changes in median concentrations of triglycerides in the
three experimental groups were compared by the
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nonparametric Kruskal-Wallis test for non-normally dis- B-ENDORPHIN
tributed data for continuous variables. 0.20
Statistics were performed with SAS software version 9.4 5ie
(SAS Institute Inc., Cary, NC, USA). All P-values are two- g ’
tailed and considered significant if <0.05. @ DA2 ]
= 0081
. 0,04 [ H
Results 2 oo -
If] ) T \ 1 Sham
Participant characteristics g 0%
-0,08 -
Thirty-three subjects completed the study as per the proto- -0,12 -
HF LF Sham

col. The mean age of the sample group was 48.1 = 10.6
years and the mean BMI was 36.4 + 4.7 kg/m?.

Patients fulfilling all inclusion/exclusion criteria were
allocated to one of the three experimental groups. dTMS
stimulation conditions could either be high-frequency (HF,
18 Hz group), low-frequency (LF, 1Hz group) or sham
(Sham group). Thirteen obese subjects were allocated in HF
group, ten in LF group, and ten in Sham group. Obese
subjects belonging to HF and LF groups were either shown
a series of palatable food images (cue) or not (no cue); the
patients in the Sham group were all exposed to the cue.

At baseline, no significant differences in age and BMI
were found among the three groups. All patients underwent
blood collection at the beginning and at the end of the single
dTMS session.

Blood pressure and heart rate

After the dTMS session, no variations in SBP (p = 0.823),
DBP (p = 0.900) (Table 1) and heart rate (p = 0.607) (Table
1) were found in HF compared to the other groups.

Metabolic and neuro-endocrine effects of acute
dTMS

No significant acute variation in glucose, insulin, total
cholesterol, and triglycerides was found in the three groups.

After a single HF dTMS session, -endorphins increased
by +0.08 +0.12 ng/mL; after a single dTMS session f-
endorphin levels decreased by —0.03+0.06 ng/mL; f-
endorphin variation in Sham was negligible: +0.01 +
0.06 ng/mL. Variations difference among the three groups
was significant (p = 0.048) (Table 1, Fig. 1). The individual
changes in p-endorphin levels in the three groups are
reported in Fig. 2.

No significant variations were detected in all other neuro-
endocrine parameters measured, with the notable exception
of ghrelin hormone which increased in the LF compared to
the other treatment groups (HF: —1.18 +4.81 ng/mL; LF:
+11.93+17.92ng/mL; Sham: +40.02+8.60ng/mL; p =

Fig. 1 Acute dTMS effects on fB-endorphin levels in obese subjects.
The panel presents the average variation (ng/mL) of B-endorphins after
a single session of dTMS in the three differently treated groups of
obese subjects: HF (high frequency 18 Hz; n = 13), LF (low frequency
1Hz; n=10), Sham (n=10). p-endorphin increased by +0.08 +
0.12 ng/mL and by +0.01 + 0.06 ng/mL, respectively in HF and Sham,
and decreased by —0.03 +0.06 ng/mL in LF, with a significant dif-
ference among the three groups (p = 0.048). HF high frequency, LF
low frequency

0.041) (Table 1, Fig. 3). The individual variations of ghrelin
levels in the three groups are reported in Fig. 4.

No significant differences in f-endorphin release were
found between cue and no-cue subgroups, when stimulating
the subjects with pictures of favorite food just prior to the
HF, LF, and Sham dTMS session.

Discussion

This study examined the effects of a single treatment ses-
sion with dTMS over the PFC and insula, bilaterally, using
either high-frequency or low-frequency stimulation in obese
humans. The study comprehensively investigated acute
modifications induced by repetitive dTMS on neuro-
endocrine parameters related to the reward pathway. A
sub-analysis was performed to investigate potential cue
exposure-induced influence on acute neurophysiological
effects of dTMS.

The reward pathway is a complex neuronal network
connecting several areas of the brain like the hypothalamus,
the substantia nigra, the Ventral Tegmental Area (VTA), the
nucleus accumbens, the insula, and the PFC. The main
neurotransmitter involved in the reward system is the
dopamine, which plays a pivotal role in the “wanting” or
desire of certain types of food, which underlie food craving
[25]. The therapeutic effect of repetitive HF dTMS in
addiction disorders could be explained by a facilitation
effect on dopamine release via both a direct stimulation of
the cortico-striatal axons, and a reduction of GABA-
mediated intra-cortical inhibition, which indirectly
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Fig. 2 Individual variations in B-endorphin levels after a single session of dTMS in the three differently treated groups of obese subjects: HF, LF,

and Sham. HF high frequency, LF low frequency
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Fig. 3 Acute dTMS effects on ghrelin levels in obese subjects. The
panel presents the average variation (ng/mL) of ghrelin after a single
session of dTMS in the three differently treated groups of obese
subjects: HF (high frequency 18 Hz; n = 13), LF (low frequency 1 Hz;
n=10), Sham (n = 10). Ghrelin increased by +11.93 +17.92 ng/mL
in LF, by +0.02 +8.60 ng/mL in Sham, and decreased by —1.18 +
4.81 ng/mL in HF, with a significant difference among the three
groups (p =0.041)

A Ghrelin (ng/mL)

-5,00 4

-10,00 -

activates cortico-striatal neurons [18, 26]. It has been
hypothesized that the dTMS-induced effect on dopaminer-
gic system “mimics” the effect of food on these pathways,
while participants are in a food restriction diet [27].

In addition to dopamine, among the neurotransmitter
systems proposed to be important in controlling food-
seeking behavior, there is the endogenous opioid system,
which is mainly involved in the pleasurable feeling (“lik-
ing”) associated with the food rewarding stimuli [28]. The
anorexigenic pro-opiomelanocortin  (POMC) neurons,
located in the hypothalamic arcuate nucleus, secrete f-
endorphin; in turn, f-endorphin neurons project to various
brain regions including VTA, nucleus accumbens, amyg-
dala, and PFC. Interaction of p-endorphin with receptors,
especially p-opioid receptors, has been demonstrate to
promote DA release and to initiate processes associated
with reward and reinforcement [29]. Furthermore, f-
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endorphin release has been shown to inhibit further POMC
activation, leading to a decreased appetite and increased
energy expenditure [28].

Interestingly, in our study, after a single HF dTMS ses-
sion a significant increase in PB-endorphins, compared to
baseline and the other groups, was found. Consumption of
palatable and nonpalatable meals was shown to lead to
widespread endogenous opioid release in the brain [30]; we
may assume that HF dTMS “mimics” the effects of food on
the endogenous opioid system, as well as for the dopamine
system. This finding suggests, on the one hand, an endo-
genous opioids-induced activation of the DA system lead-
ing to DA release (‘“dopamine cascade”) [31], on the other
hand, a role of dTMS in modulating hypothalamic hunger
through a negative feedback of p-endorphins on POMC
neurons. This dual effect of dTMS in regulating both
“hedonic hunger” (reward system modulation) and
“homeostatic hunger” (hypothalamic regulation) may sug-
gest a potential indication of dTMS also in “food
addiction”.

A similar increase of B-endorphins was demonstrated by
Ahmed et al. [32] when a methodology similar to ours was
applied to the treatment of chronic pain with a HF protocol.
This confirms the efficacy of HF stimulation in increasing
endogenous opioids.

There was no evidence of the effect of dTMS on systolic/
diastolic blood pressure and heart rate in any treatment
group (HF, LF, and sham), suggesting a prevailing central
nervous system effect without major systemic physiological
changes after a single session. This is in line with the
minimal side effects registered during the TMS treatments
performed for addiction disorders [17-20].

In this study, LF (inhibitory) stimulation has not proven
to be effective in acutely influencing B-endorphin levels,
supporting the findings of a previous clinical trial testing the
efficacy of dTMS in smoking [13]. In fact, LF stimulation
(<1 Hz) has been shown to inhibit cortical excitability. Our
results are consistent with the model that suppression of the
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Fig. 4 Individual variations in ghrelin levels after a single session of dTMS in the three differently treated groups of obese subjects: HF, LF, and

Sham. HF high frequency, LF low frequency

left DLPFC by LF repetitive TMS induces an inhibitory
control reduction, leading to enhance cue-induced cravings
for drugs, as observed in methamphetamine-dependent
patients [33].

Interestingly, we observed a significant increase of
ghrelin levels during LF dTMS stimulation in obese sub-
jects. This trend was paralleled by an opposite trend during
HF stimulation. This finding, if confirmed in a larger
population, may constitute an additional potential mechan-
ism (besides B-endorphin increase) via which dTMS mod-
ulates appetite.

In our study, no disadvantage or advantage in B-endor-
phin production has been found when stimulating the sub-
jects with pictures of favorite food just prior to the high-
frequency or low-frequency stimulation treatment. This is in
contrast with the important role of f-endorphins in the cue-
induced cocaine cravings [34]. In our study the cueing
procedure was performed by showing pictures of the most
favorite type of food, rather than actual food. A recent study
demonstrated that food craving produced by virtual reality
or picture cues was significantly lower than real food, and
marginally higher than a neutral cue [35].

In conclusion, this study suggests a potential role of the
HF dTMS over the PFC and insula in increasing p-endor-
phin production in obese subjects. It is conceivable that the
main mechanism is the increased dopaminergic activity in
the mesolimbic and mesostriatal pathways, which induces a
positive modulation of all brain areas involved in the reward
pathway. Future larger studies should determine whether
this promising technique may become an obesity treatment
alone or in combination with weight-lowering drugs.

Acknowledgements This study was supported by the Italian Ministry
of Health (RF-2011-02349303).

Funding Prof. Livio Luzi was a recipient of a grant from the Italian
Ministry of Health (RF-2011-02349303).

Author contributions LL and IT contributed to designing the research
study. LL, AF, and CM conducted experiments; specifically, LL
provided research conduct oversight; AF contributed to performing
dTMS after a specific training, and to providing medical oversight;
CM contributed to collecting blood samples. AF and MA contributed
to acquiring data; FA and VM performed statistical analysis. AF, LL,
MA, FA and VM contributed to writing the manuscript. As corre-
sponding author, LL confirms that he had full access to all the data in
the study and has final responsibility for the decision to submit for
publication.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. T.A. Hare, C.F. Camerer, A. Rangel, Self-control in decision-
making involves modulation of the vmPFC valuation system.
Science 324(5927), 646648 (2009)

. MLE. Gluck, P. Viswanath, E.J. Stinson, Obesity, appetite, and the
prefrontal cortex. Curr. Obes. Rep. 6(4), 380-388 (2017)

3. J. McClelland, N. Bozhilova, I. Campbell, U. Schmidt, A sys-
tematic review of the effects of neuromodulation on eating and
body weight: evidence from human and animal studies. Eur. Eat.
Disord. Rev. 21(6), 436-455 (2013)

. D. Val-Laillet, E. Aarts, B. Weber, M. Ferrari, V. Quaresima, L.E.
Stoeckel, M. Alonso-Alonso, M. Audette, C.H. Malbert, E. Stice,
Neuroimaging and neuromodulation approaches to study eating
behavior and prevent and treat eating disorders and obesity.
Neuroimage Clin. 8, 1-31 (2015)

. N.D. Volkow, G.J. Wang, F. Telang, J.S. Fowler, P.K. Thanos, J.
Logan, D. Alexoff, Y.S. Ding, C. Wong, Y. Ma, K. Pradhan, Low
dopamine striatal D2 receptors are associated with prefrontal
metabolism in obese subjects: possible contributing factors.
Neuroimage 42(4), 1537-1543 (2008)

. D.M. Small, R.J. Zatorre, A. Dagher, A.C. Evans, M. Jones-
Gotman, Changes in brain activity related to eating chocolate:
from pleasure to aversion. Brain 124, 1720-1733 (2001)

. GJ. Wang, N.D. Volkow, J.S. Fowler, The role of dopamine in
motivation for food in humans: implications for obesity. Expert.
Opin. Ther. Targets 6(5), 601-609 (2002)

8. J.H. Baik, Dopamine signaling in food addiction: role of dopa-

mine D2 receptors. Bmb. Rep. 46(11), 519-526 (2013)

@ Springer



74

Endocrine (2019) 64:67-74

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

A

. E. Hadley, C. Haskell-Luevano, The Propiomelanocortin System.
Ann. N. Y. Acad. Sci. 885, 1-21 (1999)

B.C. Field, Neuroendocrinology of obesity. Br. Med. Bull. 109,
73-82 (2014)

M. Bose, B. Olivan, B. Laferrére, Stress and obesity: the role of
the hypothalamic-pituitary-adrenal axis in metabolic disease. Curr.
Opin. Endocrinol. Diabetes Obes. 16(5), 340-346 (2009)

G.S. Pell, Y. Roth, A. Zangen, Modulation of cortical excitability
induced by repetitive transcranial magnetic stimulation: influence
of timing and geometrical parameters and underlying mechanisms.
Prog. Neurobiol. 93(1), 59-98 (2011)

E.M. Wassermann, S.H. Lisanby, Therapeutic application of
repetitive transcranial magnetic stimulation: a review. Clin. Neu-
rophysiol. 112(8), 1367-1377 (2001)

A. Zangen, Y. Roth, B. Voller, M. Hallett, Transcranial magnetic
stimulation of deep brain regions: evidence for efficacy of the H-
coil. Clin. Neurophysiol. 116(4), 775-779 (2005)

M. Grall-Bronnec, A. Sauvaget, The use of repetitive transcranial
magnetic stimulation for modulating craving and addictive beha-
viours: a critical literature review of efficacy, technical and
methodological considerations. Neurosci. Biobehav. Rev. 47,
592-613 (2014)

G. Addolorato, L. Leggio, F.W. Hopf, M. Diana, A. Bonci, Novel
therapeutic strategies for alcohol and drug addiction: focus on
GABA, ion channels and transcranial magnetic stimulation.
Neuropsychopharmacology 37(1), 163-177 (2012)

B.R. Mishra, S.H. Nizamie, B. Das, S.K. Praharaj, Efficacy of
repetitive transcranial magnetic stimulation in alcohol depen-
dence: a sham-controlled study. Addiction 105(1), 49-55 (2010)
G. Addolorato, M. Antonelli, F. Cocciolillo, G.A. Vassallo, C.
Tarli, L. Sestito, A. Mirijello, A. Ferrulli, D.A. Pizzuto, G.
Camardese, A. Miceli, M. Diana, A. Giordano, A. Gasbarrini, D.
Di Giuda, Deep transcranial magnetic stimulation of the dorso-
lateral prefrontal cortex in alcohol use disorder patients: effects on
dopamine transporter availability and alcohol intake. Eur. Neu-
ropsychopharmacol. 27(5), 450—461 (2017)

L. Dinur-Klein, P. Dannon, A. Hadar, O. Rosenberg, Y. Roth, M.
Kotler, A. Zangen, Smoking cessation induced by deep repetitive
transcranial magnetic stimulation of the prefrontal and insular
cortices: a prospective, randomized controlled trial. Biol. Psy-
chiatry 76(9), 742-749 (2014)

A. Terraneo, L. Leggio, M. Saladini, M. Ermani, A. Bonci, L.
Gallimberti, Transcranial magnetic stimulation of dorsolateral
prefrontal cortex reduces cocaine use: a pilot study. Eur. Neu-
ropsychopharmacol. 26(1), 37-44 (2016)

M. Kanda, T. Mima, T. Oga, M. Matsuhashi, K. Toma, H. Hara,
T. Satow, T. Nagamine, J.C. Rothwell, H. Shibasaki, Transcranial
magnetic stimulation (TMS) of the sensorimotor cortex and
medial frontal cortex modifies human pain perception. Clin.
Neurophysiol. 114, 160-166 (2003)

C. Rapinesi, A. Del Casale, P. Scatena, G.D. Kotzalidis, S. Di
Pietro, V.R. Ferri, F.S. Bersani, R. Brugnoli, R.N. Raccah, A.
Zangen, S. Ferracuti, F. Orzi, P. Girardi, G. Sette, Add-on deep
Transcranial Magnetic Stimulation (dTMS) for the treatment of

Springer

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

chronic migraine: a preliminary study. Neurosci. Lett. 623, 7-12
(2016)

E. Yates, G. Balu, Deep Transcranial Magnetic Stimulation: A
Promising Drug-Free Treatment Modality in the Treatment of
Chronic Low Back Pain. Del. Med. J. 88(3), 90-92 (2016)

M.B. First, R.L. Spitzer, M. Gibbon, J.B. Williams,: Structured
clinical interview for DSM-IV-TR axis I disorders, research ver-
sion, non-patient edition (SCID-I/NP). New York, New York,
USA: Biometrics Research, New York State Psychiatric Institute
(2002)

K.C. Berridge, The debate over dopamine’s role in reward: the
case for incentive salience. Psychopharmacology 191(3), 391-431
(2007)

A.P. Strafella, T. Paus, J. Barret, A. Dagher, Repetitive tran-
scranical magnetic stimulation of the human prefrontal cortex
induces dopamine release in the caudate nucleus. J. Neurosci. 21
(15), RC157 (2001)

M.F. Maranhdo, N.M. Estella, M.E. Cury, V.L. Amigo, C.M.
Picasso, A. Berberian, I. Campbell, U. Schmidt, A.M. Claudino,
The effects of repetitive transcranial magnetic stimulation in obese
females with binge eating disorder: a protocol for a double-blin-
ded, randomized, sham-controlled trial. BMC Psychiatry 15, 194
(2015)

K. Fujioka, Sustained-release naltrexone/bupropion-a novel
pharmacologic approach to obesity and food craving. US Endo-
crinol. 10, 53-58 (2014)

C. Gianoulakis, Influence of the endogenous opioid system on
high alcohol consumption and genetic predisposition to alcohol-
ism. J. Psychiatry Neurosci. 26(4), 304-318 (2001)

J.J. Tuulari, L. Tuominen, F.E. de Boer, J. Hirvonen, S. Helin, P.
Nuutila, L. Nummenmaa, Feeding releases endogenous opioids in
humans. J. Neurosci. 37(34), 8284-8291 (2017)

K. Blum, E.R. Braverman, J.M. Holder, J.F. Lubar, V.J. Monastra,
D. Miller, J.O. Lubar, T.J. Chen, D.E. Comings, Reward defi-
ciency syndrome: a biogenetic model for the diagnosis and
treatment of impulsive, addictive, and compulsive behaviors. J.
Psychoact. Drugs 32(Suppl:i-iv), 1-112 (2000)

M.A. Ahmed, S.A. Mohamed, D. Sayed, Long-term antalgic
effects of repetitive transcranial magnetic stimulation of motor
cortex and serum beta-endorphin in patients with phantom pain.
Neurol. Res. 33(9), 953-958 (2011)

X. Li, R.J. Malcolm, K. Huebner, C.A. Hanlon, J.J. Taylor, K.T.
Brady, M.S. George, R.E. See, Low frequency repetitive tran-
scranial magnetic stimulation of the left dorsolateral prefrontal
cortex transiently increases cue-induced craving for methamphe-
tamine: a preliminary study. Drug Alcohol. Depend. 133(2),
641-646 (2013)

Y. Dikshtein, R. Barnea, N. Kronfeld, E. Lax, I. Roth-Deri, A.
Friedman, I. Gispan, E. Elharrar, S. Levy, M. Ben-Tzion, G.
Yadid, p-endorphin via the Delta Opioid receptor is a major factor
in the incubation of the cocaine cravings. Neuropsychopharma-
cology 38, 2508-2514 (2013)

T. Ledoux, A.S. Nguyen, C. Bakos-Block, P. Bordnick, Using
virtual reality to study food cravings. Appetite 71, 396402 (2013)



	High frequency deep transcranial magnetic stimulation acutely increases &#x003B2;-endorphins in obese humans
	Abstract
	Introduction
	Methods
	Study design
	Study approval
	Study participants
	Repetitive deep transcranial magnetic stimulation (dTMS) procedure
	Measurements
	Psychiatric and psychological evaluation
	Anthropometric values
	Blood pressure and heart rate
	Laboratory measurements
	Statistical analysis

	Results
	Participant characteristics
	Blood pressure and heart rate
	Metabolic and neuro-endocrine effects of acute dTMS

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




