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Abstract

Background

Serotonin (5-HT) is a well-known modulator of eating behavior. Howeer molecular
mechanisms linking its action to body weight balance have beenparniglly elucidated.
Since platelets are a suitable peripheral model to study SrkfiBport, metabolism and

release, we herein evaluated the expression of the plateletr&-tfitake system (SERT)

[*H]-paroxetine binding assay. A cohort of 114 unrelated individuals (34 n&demales|
age, mean = SD: 38.57 = 12.47 years) without major psychiatric disovdassrecruited
following a naturalistic design regarding age or gender aaskified accordingly to thejir

body mass index (BMI). Subjects were divided into 5 groups: normahivgiNW),

overweight (OW) and grade I-lll obese (OB) individuals. For gendeiyaes, data wer

transformed intoH]-paroxetine density (B»)/BMI ratios to overcome both the disparity
women vs. men number and anthropometric differences between sexes.

Results

[*H]-paroxetine Ruax (SERT density, fmol/mg proteins) was reduced in platelet merara

of grade Il (p < 0.01) and Ill (p < 0.001) obese subjects vs. controls aodemveight
subjects (p < 0.05) vs. grade lll obese individuals. Considering alhtsategether, a stror
negative correlation between,& and BMI (r = -0.449; P < 0.0001) was demonstrg
Conversely, H]-paroxetine k (dissociation constant, nM) did not differ among groups
gender-related variation concerningBBMI ratios was observed in this cohort of subjec

Conclusions

The down-regulation of SERT in platelet membranes of severe hubesityo(BMI > 35
Kg/m?) confirms the involvement of 5-HT system in body weight gain. Moreotrés
findings may help to elucidate those monoamine-endocrine netwoikg act fat storagg
adipocyte signaling and energy balance. Targeting 5-HT/5-Hifeitlmarkers will possib

of

g
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uncover the existence of human obesity subtypes.
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Background

Among neurotransmitters linked to appetite control, serotonin (5-d%)ahparticular role:
this endogenous amine is tightly involved in the regulation of feedirpviom at
hypothalamic level, acting within the ventromedial and lateraleny&-3]. In fact, the
activity of 5-HTergic raphe and hypothalamic neurons is influetgetheal macronutrient
composition and insulin secretion, as suggested by the findingshendatyptophan/large
neutral amino acids concentration ratio (Trp:LNAAS) in plasmar(dex of Trp availability
to brain uptake) and 5-HT synthesis are both increased after a ydudehrich meal [4-8].
The same concept applies to protein-rich meals or meals contgragins with high
tryptophan content (e.g-lactalbumin) [9], demonstrating the impact of diet upon tryptophan
uptake, 5-HT production and synaptic release. On the other side, glimmdoresponse
influences monoamine/5-HT transmission and receptor function in thalceetyous system
(CNS), thus affecting feeding behavior and macronutrient choic&3JL0rhese observations
clearly suggest a link between stress-response, 5-HT functiaghtwgain and obesity.
Several studies indicate that obesity has, in most cases, a polygakiground [14-16].
Among others, genes coding for proteins involved in 5-HT system suchea$-HT
transporter (SERT or 5-HT-T) [17-21], carriers for neutral amirmdsa (including
tryptophan) [22] and 5-HT receptor subtypes [23-28] appear to be funcfioabkdl/ant in
either animal or human obesity. From diet studies conducted in rodedtfiumans, the
interest at targeting specific 5-HT sites and, in particulBR15[29,30] is strongly increased.
Structurally, SERT is a glycoprotein belonging to the supeilyaof membrane-bound
NaCl-dependent neurotransmitter transporters, characterized byuthBve membrane
spanning domains: it promotes 5-HT clearance (re-uptake) fromxthecellular milieu and
modifies the sensitization state of 5-HT receptors within threooms system or non-neural
districts (gut, platelets, lymphomonocytes) [31,32]. It is a pharmgicallly active site, the
target of re-uptake inhibitors as tricyclic antidepressants {T@#l Selective Serotonin
Reuptake Inhibitors (SSRIs) or 5-HT releasers like fenflunanaind 3,4-methylenedioxy-
methamphetamine (MDMA) [33]. Both SERT expression and 5-HT uptaketidnnare
finely tuned by protein-kinases activities and gene transcriptioohacontrol, following cell
necessities, conformational changes of the membrane-bound SERIN aad/or the degree
of SERT partition between cytoskeleton and plasma membrane [34-37].

Data on SERT expression/affinity in peripheral districts of oeggit/obese subjects are
currently not available. Platelets are a valuable peripheralrttetemimics 5-HT transport,
metabolism and release in the CNS, since they have been ehaeztfor many years as a
surrogate of impaired 5-HT activity in subjects with psychiatisorders, eating behavior
and ageing [38-44]. Therefore, the present study aimed to evaluate plateats SERT
number or affinity according to different categories of body mass index (8N\j¢nders.



Results
Subjects’ groups

As shown in Table 1, 114 individuals were recruited in the study andediinto 5 main
BMI groups: 28 normal weight subjects (NWs), 18 overweight (OWsgldss | obese (OB-
Is), 19 class Il obese (OB-IIs) and 32 class Ill obese (@Bihdividuals. ANOVA analysis
showed a significant difference among BMIs of the groups (p < 0.0@@hput noticeable
age variations (p > 0.05).

Table 1 The 5 groups of BMIs

Controls Overweight Obese | Obese Il Obese Il
(NWs,n=28) (OWSs, n=18) (OB-Is;n=17) (OB-lls;n=19) (OB-llls, n=232)
Age (y) 35.11+224 39.42+ 3.10 39.76 £ 3.22 36.16 +2.92 41.94+2.06
(20.0-61.0) (21.0-59.0) (16.0-63.0) (20.0-61.0) .(229.0)
BMI (Kg/m?) 21.39+0.39 27.07 £0.26 32.67 £0.30 37.52+0.34 46.34+0.67

(18.3-25) () (25.4-28.8) (***) (30.1-34.7) (***)(35.5-39.8) (***) (40.0-54.8)

Data are presented as mean + S.E.M. ; in paresthasiple ranges, minimum and maximum values amrsho
ANOVA BMI and post-hoc Bonferroni test: (***): p < 0.001, NWs vs. OWs, @Bl/llls.

[*H]-paroxetine binding experiments

Equilibrium saturation and Scatchard analysis®bfijparoxetine specific binding showed a
single population of high-affinity recognition sites in platelet membraioes all the subjects
under investigation, clearly indicating the labeling of a sipgtgein. The specific binding
was about 90% of total binding at the Koncentration. ThellH]-paroxetine By (fmoles/mg
protein) values, corresponding to SERT expression in platelet mermmpnaaee: 1311 +
51.29 (min.-max: 767-1795) in NWs; 1215 *+ 59.44 (min.-max: 665-1685) in OWs; 1137 £
70.36 (min.-max: 700-1700) in OB-Is; 986.4 + 89.73 (min.-max.: 344-1675) in OB-lIs; 906.8
+ 58.51 (min.-max: 336-1737) in OB-llls. The’H]-paroxetine K values (nM),
corresponding to the SERT protein affinity state for the spdafnd, were: 0.092 + 0.009
(min.-max: 0.028-0.20) in NWs; 0.073 £ 0.0085 (min.-max: 0.025-0.16) in OWs; 0.076 +
0.009 (min.-max: 0.03-0.15) in OB-Is; 0.085 £+ 0.009 (min.-max: 0.038-0.19) in OB-llIs;
0.077+ 0.007 (min.-max: 0.025-0.22) in OB-llIs. Individual results fei]-paroxetine R

and Ky, obtained from the 5 BMI groups of subjects, are reported in Figarb). ANOVA
analysis showed a significant difference between H§-daroxetine R.x means of the 5
BMI groups (p < 0.0001); after thaost-hoc Bonferroni correction test, Bx mean values
were significantly reduced in OB subjects class II-1ll (BMB5 kg/nf) vs. NWs (p < 0.01

and p < 0.001, respectively) (Figure la).Bvalues were also decreased in OB-llIs respect
to OWs (p < 0.05) (Figure 1a).

Figure 1 SERT parameters and ANOVA analysis Scattergram plots @) [*H]-paroxetine
Bmax fmol/mg protein (SERT number) aiil[°H]-paroxetine k&, nM (SERT affinity),
obtained in platelets from individuals of th&MI (Kg/m?) groups Among group ANOVA:
p < 0.0001 (all groups); Bonferropost-hoc tests showed significant tests: (**): OB-lIs vs.
NWs; (***): OB-llls vs. NWs and (*): OB-lll vs. OWSs. Each scattergram plisb shows the
mean + SEM




Correlation analyses and gender impact

Among-groups differences in SERT expression were additionallyisedthy the significant
negative correlation betweerH]-paroxetine B and BMI both in the whole cohort (r: -
0.449, p < 0.0001; Figure 2a) and by gender sub-analysis in women (r = -0.4178 ; p
0.0001; Figure 3a) and men (r=-0.52; p = 0.0017; Figure 3b). No significant gentef rela
differences in subjects’ variables (Table 2), as well a8,jg/BMI ratio (fmol n? /mg Kg)
were found (p= ns), (Figure 4). The Ba/BMI ratio was: 39.12 + 3.11 (min.-max: 9.33-
74.80) in men and 36.53 + 2.21 (min.-max:7.92-87.06) in women. No significant mariati
was reported in SERT affinity @ among the BMI based groups (Figures 1b and 2b).

Figure 2 Correlations of platelet SERT parameters with subjects’ BMI (Kg/nf).
Correlations betweea) [*H]-paroxetine By (fmol/mg protein, b) [*H]-paroxetine k (nM)
and BMLI Panels inside figures report the corresponding Pearson r coefficient and its
statistical significance. Lines &) andb) represents data linear fit from linear regression
analysis.

Figure 3 Correlations of platelet SERT density with BMI (Kg/m?) by gender.Correlation
analysis betweerfifi]-paroxetine B (fmol/mg protein) with BMI ina) women (n=80) and
b) men (n=34). Panels inside figures report the Pearson r coefficient andstgatat

significance. Lines im) andb) represents data linear fit from linear regression analysis.

Table 2 Gender effect on subject’s variables

Men, n =34 Women, n = 80

Age (years) 37.71+£2.28 38.94 +1.36
(20.00-63.00) (15.00-61.00)

BMI (kg/m?) 3274 +1.74 34.05+1.11
(18.71-54.30) (18.30-54.80)

[*H]-paroxetine Bmax (fmol/mg protein) 1142 + 58.31 1085 + 39.02

(336-1685) (344-1795)
[*H]-paroxetine Kp (nM) 0.071 + 0.006 0.085 +0.005

(0.028-0.170)

(0.025-0.220)

Data are presented as mean + S.E.M. and ranges (minimum and maximum values).

Figure 4 Comparison of [°H]-paroxetine Bma/BMI ratios (SERT density/BMI, fmol
m“/mg Kg), in males and femalesScattergram plots ofifi]-paroxetine B,.,/BMI ratios
obtained in men and women. Each scattergram plot also shows the mean + SEM.

Discussion

Serotonin (5-HT), primarily produced in CNS raphe nuclei and gayspa wide-ranging
modulatory role at the level of several homeostatic responsgsarticular, CNS 5-HT
regulates many amongst the main individual adaptive-relationditiesbito react to
environmental changes, such as feeding behavior, thermoregulation, wiotiy,dibido,

cognition, impulsivity, aggressiveness, nociception and mood. Besides, SsbiTa@k on
peripheral tissues and organs, modulating the immune and flogigtoneses, as well as
blood stem cells differentiation, hemodynamic function and integigratalsis [45]. Despite
5-HT has been extensively studied in recent years, the link betiveaxpression of 5-HT



transporter (SERT), the pivotal protein regulating its extra-i@ind-cell concentrations, and
human obesity has been supported by few studies. By single-photonoent@siography

(SPECT) analysis in midbrain areas of obese women affectebinigge eating disorder
(BED), a reduction in SERT density has been reported [46], and thistien was rescued
by SSRI therapy [47].

A more recentn vivo PET study, using a iodinate tracer{]-nor-p-CIT) in midbrain areas
of monozygotic twins, has shown a higher SERT density in co-twitis vigher BMI [48].

The latter study was conducted in the Finnish population, (presentreduaed genetic
variance than other human ethnic groups) and selected twins were prevalently women.

Conversely, other PET investigations on unrelated healthy volunteagsaudifferent SERT
ligand (F*C]-DASB), have shown a negative correlation between cerebral ®EfREssion

and BMI [49,50]. Our study clearly demonstrates a reduced SERT numbgatelet
membranes of severely obese subjects (> 35 % gamd a negative correlation between
platelet SERT Baxand BMI in human obesity. Instead, the lack of significant chamgéeei
SERT affinity parameter iKsuggests a comparable SERT protein conformation in lean and
obese individuals. All these studies substantiate the link between &ekMity, SERT
expression and weight gain, but discrepancies are present. An explasfatiis discrepancy
can be found putting all these data in the context of SERT regulatory pathways.

As introduced before, protein SERT expression is a model of ‘fineel’ regulation of
membrane-bound proteins. Beside undergoing a short-term up and downtioag@&RT

presence in cell membranes can be long-term modulated through p@sitveegative
signals, allowing long-lasting cell adaptation to the extralzllcontent of 5-HT or other
related stimuli. The balance between the converging short and longeguatatory pathways
of SERT defines its expression and affinity states during develofan stages, under
physiological and pathological conditions.

We have previously shown that SERT protein expression in platelgidaéma membrane
and intracellular pools) is regulated by megakaryoblast cédrdiftiation processes [51]. We
have also reported an up-regulated translocator protein TSPO sa&pras discrete brain
regions ofob/ob mice, without appreciable changes in SERT number either in thredsran
platelets [52]. Since leptin has been found to down-regulate SEREssiqm [53], we
hypothesized thatb/ob animals, during their development, can modulate SERT expression
through the activation of alternative regulatory pathways, withodueéxg modified SERT
reserve and 5-HT responsiveness. In the present study, a reduetet @&RT in severe
obesesubjects (grade Il and Ill) has been shown. This finding mirrotkeaperipheral levels
what previously reported in the brain [50]. In contrast to mutgmtinléackingob/ob mice, a
link between human obesity, often associated with high serum leptin [SdWBbSERT
regulatory cascades leading to its reduction or internalizatgon be hypothesized. The
implications of regulatory mechanisms on reduced SERT expressairesity is indirectly
supported by studies conducted on double knockout SERT(-/-)/brain derived neucotrophi
factor (BDNF) (+/-) mice [56,57] revealing the regulatory rofeeither other monoamine
protein markers or trophic factors on 5-HT physiology and activity oy baght balance.
Nevertheless, currently, a clear explanation for the lower S&fRfession found in platelets
of severe obese individuals is lacking. Platelet 5-HT can begbaa network involving
adipokines, cytokines and inflammatory responses [58]. This is suppgrttéte veport of
adipocytes expressing 5-HT receptor subtypes [59] and, more lyecaren SERT [60],
suggesting that adipose tissue and 5-HT system interact witho#zer. It is possible that the



reduced SERT expression is due to impaired 5-HT synthesiadivity in obese subjects
[3,61], as reported for neurotic behaviors and personality traits hah@ltered SERT/5-HT
receptors and/or SERT regulation underscore obesity. In this, stodg of the recruited
subjects had a present or past history of a major psychiatdodér, but some of them could
present personality traits that could be possibly linked to susdiyptibiobesity [57,62]. On
the other side, imbalanced appetite hormones, adipokines or gut hormonesoumit-c
regulate SERT expression.

The controversy between reduced SERT expression in obese sabgate€reased midbrain
SERT in acquired obesity, as reported in monozygotic co-twinsanltigher BMI [48], can
be explained by different SERT regulatory processes during gemer@ment interactions.
Specifically, the selection criteria applied in the Finnish ytoould have included higher
BMI co-twins under particular lifestyles and/or changes of dietary higlaiteng to SERT up-
regulation, as observed in rodent models of acquired obesity [63]héAtsame time,
considering the experimental design of the Finnish study, seéléetas could also bear a
genotype linked to vulnerability to stress as SERT-reducing obese suybfgctdoreover, of
note, our investigation and that by Erritzoe et al. (2011) [50] muchr dirfen the Finnish
study [48] in terms of: a) evaluated BMI ranges; b) employelshieal procedures (e.g., PET
vs. in vitro binding experiments carried in membranes; different SERT bindaugrs); c)
sample size of recruited subjects.

Despite the well-known gender-related differences in obesityardistribution, we did not
found appreciable differences in,&/BMI ratios in males vs. females, suggesting a gender-
independent effect of BMI on SERT expression in platelets of severe obese individuals.

Conclusions

Analyzing the biggest cohort of the literature so far, our stigigonstrates, for the first time,
that SERT density is reduced in plasma membranes of circulaltigjets of severe (class
I1/111, BMI > 35 kg/m?) obese subjects, without gender-related differences. Neverthitless
complexity of SERT regulation needs to be investigated éurtA multivariate statistical
elaboration in normal, overweight and obese subjects is currentyogress in order to
better define the contribution of energy metabolism/adipocyte amcin the modulation of
platelet SERT (number and function) in obese individuals. Moreover, we sfuggbetter
evaluate the role of 5-HT in body weight balance through the meafwther parameters
such as 5-HT re-uptake function, intra-platelet/bloodstream 5-HTs|ewéra-platelet SERT
content, plasma large-neutral amino acids, BDNF, TSPO as welha binding and
sensitization state of 5-HT receptor subtypes in obese subjedtsoakMay gene,
peptide/protein analyses and metabolomics would be helpful to idemti®ved signals,
effectors and regulatory cascades, also in other SERT exmalstricts such as the gut or
adipose tissue. The targeting of 5-HT-related gene/proteins o#met monoamine or
endocrine biomarkers would help to detect different subtypes of humaityplpessibly
triggered by distinct biological causes, allowing the developmenhavel therapeutic
strategies.



Methods

Chemicals

[*H]-paroxetine (specific activity: 15.5 Ci/mmol) was purchaseximfrPerkin-Elmer, Life
Science, Milan, Italy. All other reagents were of the best analytiadegr

Subjects

One hundred and fourteen (ltalian) subjects (34 M; 80 W; age: 38.57 + 12a#) wath a
BMI ranging between 18.30 and 54.80 K§/(83.54 + 9.923 Kg/ff) were enrolled for the
present study. Normal weight subjects were recruited frorm#ucal and laboratory staff of
the Endocrinology Center. Overweight and obese (BMI > 25 Rggbjects were recruited
among the patients of the Obesity Center, Endocrinology Unit 1, Uriwen$i Pisa.
Exclusion criteria were: active cancer, heart, liver or kydriiseases; presence of
hematological or neurological illnesses, a positive history fortanbs abuse and psychiatric
(Axis 1) disorders assessed by Structured Clinical InteriewDSM-IV Axis-I diseases
(SCID/I diagnostic criteria).

Subjects assuming substances acting on SERT, other psychotropicargesite-progestinic
drugs and Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) wadknitted to the study
after a 3 months and 10 long days withdrawal, respectively. Assuhypgtensive or
interfering with carbohydrate-lipid metabolism (insulin, oralpbglycemic compounds,
statines) drugs was an exclusion criteria as well.

Height was measured, while subjects were standing, using staredarteizhniques and
equipment. Body weight was measured by a precision instrument ectdomic scale (x
0.1Kg). A regular informed consent approved by the Ethics Committée ¢fisa University
was signed by all subjects after reading a full explanation of the project.

Platelet sampling

To avoid catecholamine release as well as circadian rhytterfarence, peripheral venous
blood (30 ml) was drawn from fasting subjects in clinostat positeiween 8.30 and 10 a.m.
Blood was collected into plastic tubes containing 5 ml of anticoag(®@a2fto sodium citrate,
1.2% citric acid) and centrifuged at low-speed (150 g) for 15 min 4 23 separate the
platelet rich plasma (PRP). Platelets were then precigittien PRP by an ensuing
centrifugation at 1,500 g for 15 min at 23°C and counted automaticalyawitix cytometer
(Cell-dyn 3500 system; Abbott, Milano, Italy). Platelets were tiwashed by centrifugation
for 10 min at 10,000 g, 4°C and resulting pellets stored at —80°C usél,aperformed
within 1 week.

Platelet membrane preparation

At the time of the assay, platelets were re-suspended in 10 \wI@amg ice-cold 5 mM
Tris—HCI buffer (pH 7.4) containing 5 mM EDTA and protease inhibi{@snzamidine
160ug/ml, bacitracine 2Q@/ml; trypsine soy inhibitor 2@/ml). After homogenization by
Ultraturrax, samples were centrifuged at 48,000 g for 15 minu#CatThe ensuing pellets
were washed twice in 10 volumew:.Y) ice-cold 50 mM Tris—HCI buffer (pH 7.4) by a



centrifugation step, as above indicated. The final membrane pekeets suspended in the
assay buffer consisting in a 50 mM Tris—HCI buffer (pH 7.4), containing 120 mM &talCh
mM KCI. Protein content was determined by the Bradford’'s methaod-ré@l), usingy-
globulins as the standard.

[°H]-Paroxetine binding assay

SERT binding parameters (maximal binding capacityaxBfmol/mg protein; dissociation
constant, s, nM) were evaluated in platelet membranes by measuringéudis binding of
[*H]-paroxetine. The °H]-paroxetine Bay represents the specific density (number) or the
degree of SERT protein expression on platelet membranes of eattadesubject, while K
being the main index of ligand-to-protein affinity. Saturation expenits were conducted as
follows: 100ul of membranes (corresponding to 50-1@0proteins/tube) were incubated in
assay buffer (50 mM Tris—HCI, 5 mM KCI, 120 mM NacCl, pH 7.4) wfitre increasing
concentrations ofH]-paroxetine (0.08-1.5 nM) in a final assay volume of 2 ml. Non-specific
binding was performed, for eacfH]-paroxetine concentration point, in the presence of 10
uM fluoxetine, as cold displacer. Incubation was performed at 22-2%°60fmin and halted
by rapid filtration using Whatman GF/C glass fiber filtersa Brandell filtration apparatus.
Filters were then washed three times with 5 ml ice-cold bafsay, put into pony vials and
measured for radioactivity (dpm) through a liquid phase scintifigticounter Packard 1600
TR. Specific binding was obtained by subtracting residual binding iprésence of 1QM
fluoxetine from total binding.

Data analysis

For statistical analyses, the subjects were divided into grocgpsding to BMI classes:
normal-weight (NW, controls), overweight (OW) and grade I-1ll @@3B) individuals [65].
Equilibrium-saturation binding data, maximum binding capacity (Bnmaw)/ng of protein)
and dissociation constant §KnM), were calculated by the iterative curve-fitting computer
programs EBDA-LIGAND (Kell for Windows, v. 6.0) [66] and Graph-Padmr{sersion 3
and 5, San Diego, CA, USA). Results of descriptive statistitallyaes were reported as the
mean + the Standard Error of the Mean (S.E.M.), when not differentigated in the text.
For inferential analyses relating SERT expression and a#ffiwnith obesity ANOVA
followed by the Bonferronpost-hoc test as well astest Student for unpaired data (gender
influence) were used; Pearson correlations analyses and liegaassion tests between
platelet fH]-paroxetine binding parameters and BMI values were also pestbin men and
women separately between platefiét]fparoxetine binding parameters and BMI values were
also performed in men and women separately. For gender-spei@ft analysis, binding
densities were normalized for BMI in women and men separataigining B../BMI values
(fmol x m? height squared/mg proteins x Kg body weight). For all stagisticalyses, Graph-
Pad Prism software was used and the significance threshold was set at p = 0.05.
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