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Abstract Serotonergic system and free fatty acids

Subjects with obesity and insulin resistance display a low response to a
serotonergic challenge test. One of the hallmarks of obesity and insulin resistance
is elevated plasma free fatty acids (FFAs).

We hypothesize that increasing plasma FFA by infusion of a lipid emulsion, may be
a contributing component leading to decreased serotonergic responsivity in
healthy young men.

Ten lean healthy men, 23.6 ± 5.0 years and BMI 22.6 ± 1.9 kg/m2 were included.
Serotonergic responsivity was assessed using the prolactin response to infusion
with citalopram, a selective serotonin reuptake inhibitor (SSRI), which is a validated
tool to assess serotonergic tone. All participants received a lipid / heparin emulsion
(Intralipid) infusion during 6h. Saline infusion was used as a control. To evaluate a
possible effect of heparin per se on prolactin, four out of the ten subjects also
received heparin only during 6h without the serotonergic challenge test.

Plasma prolactin increased by 74.3 ± 15.5% during saline infusion. Intralipid
infusion increased plasma FFA from 0.5 ± 0.05 to 2.3 ± 0.2 mmol/l (P < 0.001). The
increase in plasma prolactin during Intralipid infusion was significantly lower (39.3
± 10% (P < 0.001 compared to saline infusion)). Heparin infusion per se increased
plasma prolactin by 14.0 ± 1.9%. We found that during the Intralipid infusion with
concomitant high plasma FFA levels the serotonergic response was decreased in
healthy young men. Higher FFA levels may be the mediator of the decreased
serotonergic response reported in patients with insulin resistance and obesity.

138

Chapter 7



 

 138  139

Abstract Serotonergic system and free fatty acids

Subjects with obesity and insulin resistance display a low response to a
serotonergic challenge test. One of the hallmarks of obesity and insulin resistance
is elevated plasma free fatty acids (FFAs).

We hypothesize that increasing plasma FFA by infusion of a lipid emulsion, may be
a contributing component leading to decreased serotonergic responsivity in
healthy young men.

Ten lean healthy men, 23.6 ± 5.0 years and BMI 22.6 ± 1.9 kg/m2 were included.
Serotonergic responsivity was assessed using the prolactin response to infusion
with citalopram, a selective serotonin reuptake inhibitor (SSRI), which is a validated
tool to assess serotonergic tone. All participants received a lipid / heparin emulsion
(Intralipid) infusion during 6h. Saline infusion was used as a control. To evaluate a
possible effect of heparin per se on prolactin, four out of the ten subjects also
received heparin only during 6h without the serotonergic challenge test.

Plasma prolactin increased by 74.3 ± 15.5% during saline infusion. Intralipid
infusion increased plasma FFA from 0.5 ± 0.05 to 2.3 ± 0.2 mmol/l (P < 0.001). The
increase in plasma prolactin during Intralipid infusion was significantly lower (39.3
± 10% (P < 0.001 compared to saline infusion)). Heparin infusion per se increased
plasma prolactin by 14.0 ± 1.9%. We found that during the Intralipid infusion with
concomitant high plasma FFA levels the serotonergic response was decreased in
healthy young men. Higher FFA levels may be the mediator of the decreased
serotonergic response reported in patients with insulin resistance and obesity.

139

Serotonergic system and free fatty acids

Ch
ap

te
r 

7



 

 140  141

Introduction

The interaction between obesity and the serotonergic system has recently been
studied. First, obese subjects are prone to dysfunction of the serotonergic system,
leading to depression (1;2). Second, the efficacy of selective serotonin reuptake
inhibitors (SSRIs) is lower in overweight and obese subjects (3). Finally, subjects
with obesity and insulin resistance have a lower serotonergic response during a
serotonergic challenge test (4 6). The serotonergic challenge test is a validated
method for quantifying the central serotonergic response. It comprises the
administration of an i.v. bolus of a selective serotonin reuptake inhibitor (SSRI)
(0.33 mg/kg lean body weight), which enhances serotonergic neurotransmission.
The release of prolactin from the anterior pituitary depends on serotonergic signals
from the hypothalamus. Thus, the prolactin response (% increase) to SSRI is a
measure of the central serotonergic response (7). The previously mentioned
association between insulin resistance and obesity on the one hand, and the
serotonergic system on the other hand is of interest, although the mechanism
leading to a lower serotonergic response in these conditions remains to be
elucidated. Theoretically, elevated plasma free fatty acids (FFAs) by itself could
decrease central serotonergic responsivity. Since both obesity (8) and insulin
resistance (9) are associated with elevated plasma FFA, we hypothesized a link
between elevated plasma FFA levels and the serotonergic response. We therefore
studied serotonergic responsivity by administrating a bolus of citalopram (a SSRI) in
lean healthy men. Elevation of plasma FFA levels was achieved by administration of
Intralipid (i.v. lipid infusion) and heparin to induce active lipolysis and thus
generation of FFA. Saline infusion was used as a control. We observed that
elevated plasma FFA resulted in a decrease in the serotonergic responsivity.

Materials and Methods

Subjects
Ten healthy male subjects were recruited from the Amsterdam region, the
Netherlands, through advertisement. To prevent fluctuations in prolactin level due
to the menstrual cycle, only male volunteers were included. Subjects were healthy
and without any abnormalities in medical history, physical examination and routine
laboratory tests at screening visit. Participants had a mean age of 23.6 years (18 33
years) with a BMI ranging from 19 to 25 kg/m2, they did not use any medication.
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The participants were studied at the Metabolic Research Unit after an overnight
fast, starting at 08:30 h. This study was approved by the institutional review board
of the Academic Medical Center of the University of Amsterdam, the Netherlands.
All subjects gave written informed consent. This study can be identified by
ClinicalTrials.gov NCT number: NTR1755.

Experimental protocol
On the morning of the study visit two intravenous cathethers were inserted into
each forearm, one for blood sampling and one for the infusion of saline, citalopram
or Intralipid 20% / heparin emulsion. The order of the infusions, i.e. Intralipid
versus saline, was assigned in a random fashion during 2 separate study days, at
least 2 weeks apart. Lean body weight was measured by bioelectrical impedance
analysis (Malprom, Maltron BF 906, Rayleigh, United Kingdom). Blood sampling
started at 9:00 h (t = 0) after a 30 min adaptation phase. Sampling was done every
hour for plasma FFA and triglycerides measurements till t = 3 h, with subsequent
sampling for prolactin and FFA concentration and triglycerides analyses every 30
min up to 6 h (Fig 1).
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Figure 1. Serotonergic response test protocol with saline (day 1) or lipid / heparin emulsion
(day 2). SSRI infusion started at both days in the afternoon (t = 3 h) after an overnight fast.
Citalopram was dosed at 0.33 mg/kg lean body mass and was administered by a controlled
infusion pump over 30 minutes.

All blood samples were collected on ice, centrifuged within 10 min (T = 4 °C, 3,000
rpm, t = 10 min), and stored at 80°C until analysis. Subjects were in resting position
in a silent environment.
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Serotonergic challenge test
The quantification of serotonergic activity is based on a challenge test of the
serotonergic pathways present in the human hypothalamic pituitary axis (HPA).
Other investigators reported this test before and it involves an intravenous bolus of
a SSRI, citalopram (Lundbeck, IP International Pharmacy GmbH, Germany) at t = 3
h, followed by repetitive measurement of plasma prolactin levels (10). To increase
bioavailability and reduce variability, we used a body size adjusted intravenous
bolus of citalopram (0.33 mg/kg lean body mass/hour) (11). Citalopram exhibits
almost exclusive affinity for the serotonin receptor (12). The extent of the pituitary
prolactin release after SSRI administration provides an index of the serotonergic
responsiveness of the HPA. Previous studies have shown that the prolactin
response to intravenous citalopram (in doses ranging from 5 mg to 20 mg) is dose
dependent, reproducible and has a high specificity (13;14). As a consequence, this
test has often been used to examine the activity of serotonergic systems (13;14).
To minimize the influence of circadian variation on plasma prolactin levels the
serotonergic challenge test was conducted in the afternoon.

Generation of elevated plasma free fatty acid levels
A high plasma FFA level (> 2.0 mmol/l) state was induced by administration of a
lipid / heparin emulsion (LHE) Intralipid 20%, 0.8 mL/kg body wt/h (Fresenius Kabi,
the Netherlands) and heparin (bolus of 3U/kg, followed by a continuous infusion of
24 U/kg/h (LEO Pharma, Breda, the Netherlands) (9;15;16). Our aim was to achieve
FFA levels above the physiological range to enhance the effect on the serotonergic
challenge test. Therefore the dose of Intralipid was chosen aiming to achieve
plasma FFA levels > 1.5 mmol/l (17) To exclude an effect of heparin per se on
circulating prolactin levels, we administered heparin without concomitant infusion
of Intralipid and citalopram in 4 subjects. The 4 subjects were part of the 10
included subjects. We considered 4 subjects to be enough to illustrate that heparin
itself has no effect on prolactin levels. The subjects were part of the 10 included
subjects.

Biochemical analyses
Plasma FFA and total plasma triglyceride concentrations were analyzed using a
commercial available assay from Randox (Westburg, Leusden, The Netherlands).
Plasma FFA samples were subjected to centrifugation (10 minutes, 10,000 rpm 4
°C) in order to remove the chylomicron fraction. Analyses were performed on a
Cobas Mira autoanalyzer (Roche (Indianapolis, IN).
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Prolactin was measured using a solid phase, two site, time resolved
fluoroimmunometric assay (Delfia Prolactin, Wallac Oy, Turku, Finland) with a limit
of detection of 1.0 mg/l. The intra assay coefficient of variation (CV) was 4–6% and
the interassay CV was 5.5–7.2%, with reference values for plasma prolactin 0.5–
19.0 g/l in men (18).
The collected blood samples for measurement of citalopram serum concentrations
(CSC) were sent to the Laboratory of Clinical Pharmacology, OLVG hospital,
Amsterdam, The Netherlands. Serum was stored at 20° C until analysis. CSC were
determined using a previously validated HPLC MS/MS method. A Thermo Finnigan
(San Jose, CA, USA) Surveyor HPLC system was used equipped with a Surveyor auto
sampler. Separation was carried out on an Agilent Eclipse XDB C18 column, 100 x
2.1 mm, particle size 3.5 m (Agilent, Amstelveen, The Netherlands). A mixture of
70% (v/v) 2 mM ammonium acetate (pH 3.2) and 30% (v/v) acetonitrile was used as
mobile phase. Serum samples were treated with an internal standard solution
allowing protein precipitation. Briefly, 100 μL of serum samples were mixed with
200 l of internal standard solution (protriptyline 1 mg/l in 20 mL zinc sulphate 1%
solution mixed with 80 mL of methanol). After centrifugation for 10 minutes
(3,000g), 8 μL of the upper layer was injected into the HPLC MS/MS system.
Selected reaction monitoring (SRM) was used for drug quantification (SRM
citalopram 325.1/246.0 and SRM protriptyline 264.2 /191.1). The retention times
were 2.6 min (citalopram) and 4.0 min (protriptyline). Calibration curves were
constructed by adding known amounts of citalopram to blank serum (5 75 μg/l
range).

Statistical analysis
Changes over time in citalopram, FFA, triglycerides and prolactin levels obtained
after infusion with SSRI and after SSRI lipid / heparin emulsion were compared by
means of analysis of repeated measures, using mixed linear models. Prolactin
response was expressed as % change from baseline. Correlation between PRL and
FFA was done with linear regression analysis. A two tailed P value of less than 0.05
was considered significant. All analyses were carried out with SPSS software
(version 11.0, Chicago IL).
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Results

Subject characteristics are listed in Table 1. No changes in diet, weight, or lifestyle
were recorded from the time of recruitment until completion of the study.

Mean ± SD

n 10

Age, y 23.6 ± 4.97

Waist circumference, cm 82.00 ± 5.6

BMI, kg/m2 22.6 ± 1.9

Total cholesterol, mmol/l 4.45 ± 0.91

LDL Cholesterol, mmol/l 2.45 ± 0.70

HDL Cholesterol, mmol/l 1.55 ± 0.37

Triglycerides, mmol/l 1.0 ± 0.64

HbA1c, % 5.27 ± 0.22

Systolic blood pressure, mmHg 124.9 ± 11.0

Diastolic blood pressure, mmHg 76.4 ± 8.3

Creatinin, μmol/l 77.7 ± 8.97

Fasting glucose, mmol/l 5.07 ± 0.39

CRP, mg/l 0.73 ± 0.28

Hemoglobin, mmol/l 9.4 ± 0.42

Prolactin at screening μg/l 7.7 ± 3.6

Baseline prolactin control day μg/l 8.0 ± 4.2

Baseline prolactin citalopram day μg/l 7.2 ± 3.7

Table 1. Participant Characteristics

Thirty minutes after the infusion of citalopram, we observed a rise in the
citalopram serum concentrations to a mean peak concentration of 22.1 g/l.
During the lipid / heparin emulsion (LHE) infusion the citalopram serum
concentration reached a mean peak concentration of 27.8 g/l. The serum
concentration of citalopram did not differ significantly between the two test days
(figure 2).
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Figure 2. Mean serum citalopram concentrations in 10 healthy male subjects following
citalopram administration. The peak mean citalopram concentration ( ) was 22.1 g/l
reached at 300 min. For the combination of citalopram and lipid / heparin emulsion peak
mean concentration ( ) was 27.8 g/l reached at 240 min. Values are mean ± SEM.

The plasma FFA levels during saline infusion showed a slight increase during the
day (0.5 ± 0.09 mmol/l at t = 0 h and 0.8 ± 0.1 mmol/l at t = 6 h). Lipid / heparin
emulsion infusion resulted in a significant increase in plasma FFAs (0.5 ± 0.05 at t =
0 h to 2.3 ± 0.2 mmol/l at t = 6 h, P < 0.001) (figure 3).
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Figure 3. Plasma FFA concentration during 6 h without ( ) and with ( ) infusion of Intralipid
20%/Herparin emulsion (LHE). At t = 3 h the SSRI was given intravenously. Values are mean ±
SEM. P < 0.001 SSRI+LHE vs. SSRI.
The plasma triglyceride levels during saline infusion remained stable during the day
(0.9 ± 0.1 mmol/l at t = 0 h and 0.8 ± 0.1 mmol/l at t = 6 h). Lipid / heparin emulsion
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infusion resulted in a significant increase in plasma triglycerides (1.0 ± 0.1 mmol/l
at t = 0 h and 2.7 ± 0.3 mmol/l at t = 6 h P < 0.001) (figure 4).
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Figure 4. Plasma triglycerides concentration during 6 h without ( ) and with ( ) infusion of
Intralipid 20%/heparin emulsion (LHE). At t = 3 h the SSRI was given intravenously. Values
are mean ± SEM. P < 0.001 SSRI+LHE vs. SSRI.

When the serotonergic challenge test was performed during saline infusion, the
serotonergic responsivity, expressed as % increase in plasma prolactin was 74.3% ±
15.5% (figure 5 �). When elevated plasma FFAs were induced by the infusion of
lipid / heparin emulsion, the serotonergic responsivity was significantly attenuated
(39.3% ± 10%, P < 0.001) (figure 5 ) compared to the serotonergic challenge test
during saline infusion Heparin infusion per se during 6 h elicited a prolactin
response of 14.0% ± 1.9% (figure 5 , ns). The subjects completed the protocol
without any side effects or major complaints.
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The plasma triglyceride levels during saline infusion remained stable during the day
(0.9 ± 0.1 mmol/l at t = 0 h and 0.8 ± 0.1 mmol/l at t = 6 h). Lipid / heparin emulsion
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infusion resulted in a significant increase in plasma triglycerides (1.0 ± 0.1 mmol/l
at t = 0 h and 2.7 ± 0.3 mmol/l at t = 6 h P < 0.001) (figure 4).
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Figure 4. Plasma triglycerides concentration during 6 h without ( ) and with ( ) infusion of
Intralipid 20%/heparin emulsion (LHE). At t = 3 h the SSRI was given intravenously. Values
are mean ± SEM. P < 0.001 SSRI+LHE vs. SSRI.

When the serotonergic challenge test was performed during saline infusion, the
serotonergic responsivity, expressed as % increase in plasma prolactin was 74.3% ±
15.5% (figure 5 �). When elevated plasma FFAs were induced by the infusion of
lipid / heparin emulsion, the serotonergic responsivity was significantly attenuated
(39.3% ± 10%, P < 0.001) (figure 5 ) compared to the serotonergic challenge test
during saline infusion Heparin infusion per se during 6 h elicited a prolactin
response of 14.0% ± 1.9% (figure 5 , ns). The subjects completed the protocol
without any side effects or major complaints.
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Figure 5. Plasma prolactin levels (% change) in healthy subjects during 3 h after SSRI
challenge test saline + SSRI ( ) infusion. The peak change from baseline was 74,3%. The
corresponding change in prolactin concentration was 5.0 μg/l, reached at t = 4 h. Changes in
prolactin level with lipid / heparin emulsion (LHE) ( ). The peak change from baseline was
39,4%. Mean peak concentration was 2.4 g/l reached at t = 3,5 h. Administration of heparin
only is shown as ( ). Values are mean ± SEM. P < 0.001 SSRI+LHE vs. SSRI.

Discussion

In the present study we show that an induction of elevation of plasma FFA lowers
the serotonergic response in healthy young men. To our knowledge the effect of
elevated FFAs on the serotonergic system had not yet been studied before in
humans. In obese subjects and individuals with insulin resistance, circulating levels
of FFAs are often elevated (8;9). Our results are in line with previous cohort studies
reporting an association between obesity and insulin resistance with low
serotonergic responses (4;5). Collectively, it may be possible that high FFAs
contribute to the reduced serotonergic response in the presence of obesity and
insulin resistance.
Fatty acids enter the brain compartments and specifically the hypothalamus
(19;20). Plasma FFAs are mostly bound to albumin and cross the blood brain barrier
mainly by simple diffusion in the unbound form. The access of circulating FFAs to
the brain is generally proportional to the plasma concentration of FFAs (20) and
going down the line, the composition of brain fatty acids is reflecting the dietary
composition of fat (21). A recent PET study in humans revealed enhanced brain
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fatty acid uptake in patients with metabolic syndrome. Both fatty acid uptake and
accumulation appeared to be increased in metabolic syndrome patients and
reversed by weight reduction (22). The metabolic disposition of intravenous FFA
into the brain may be a rapid process since studies in a rat model have shown that
within a time frame of 5 60 min 15 50% of the labelled FFA entering the brain is
incorporated into stable compartments, such as glycerolipids (23;24). However, the
biochemical mechanism by which elevation in circulating FFA result in reciprocal
changes in the pituitary prolactin response remains to be elucidated. Previously
Khan et al. (25) proposed a possible pharmacokinetic interaction between
citalopram and obesity. Citalopram is a highly lipophilic substance and a substantial
increase in blood lipid contents is likely to significantly increase the volume of
distribution and affect the bioavailability of such substance in the brain tissue. Such
interaction has been proposed as a possible explanation for reduced efficacy of
antidepressant treatment in obese populations (25).

There is growing evidence that hypothalamic regions can function as a sensor for
FFA availability. Thereby, the hypothalamus can integrate nutritional and hormonal
signals. Even physiological elevations in circulating FFA can be sensed within the
hypothalamus and raise FFA concentrations within the mediobasal hypothalamus
(MBH) (26), where subpopulations of FFA sensitive neurons reside (27;28). Within
the mediobasal hypothalamus, the arcuate nucleus is a key nucleus where the
blood brain barrier is leaky, which enables the integration of hormonal, nutritional
(FFA) and neural signals (29;30). Another possible signalling pathway of FFAs is
through the area postrema. The area postrema is a medullary structure and
considered as a vital player for integration for various humoral signals in the blood
as they enter the central nervous system (31). In sum, the hypothalamus and
possibly a limited number of additional brain areas sense FFA. A crucial step to
explain the findings of our study would be to reveal the release of
neurotransmitters, in particular serotonin, by the hypothalamus upon FFA
administration. There are only limited data from animal experiments to link
particular neurotransmitters to FFA sensitive neurons. Within the arcuate nucleus
it has been reported that FFAs act through anorexigenic (POMC) and orexigenic
(NPY) neuropeptides (32). Neuropeptide Y (NPY) acts in the hypothalamus as a
central member of a coordinated group of neuropeptides, in control of feeding and
energy utilization. NPY promotes feeding (33) and its gene expression in the
arcuate nucleus increases in the fasted state and decreases in the fed state (34).
Interestingly, NPY affects hepatic lipid metabolism in mice as a suppressed VLDL
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Figure 5. Plasma prolactin levels (% change) in healthy subjects during 3 h after SSRI
challenge test saline + SSRI ( ) infusion. The peak change from baseline was 74,3%. The
corresponding change in prolactin concentration was 5.0 μg/l, reached at t = 4 h. Changes in
prolactin level with lipid / heparin emulsion (LHE) ( ). The peak change from baseline was
39,4%. Mean peak concentration was 2.4 g/l reached at t = 3,5 h. Administration of heparin
only is shown as ( ). Values are mean ± SEM. P < 0.001 SSRI+LHE vs. SSRI.

Discussion

In the present study we show that an induction of elevation of plasma FFA lowers
the serotonergic response in healthy young men. To our knowledge the effect of
elevated FFAs on the serotonergic system had not yet been studied before in
humans. In obese subjects and individuals with insulin resistance, circulating levels
of FFAs are often elevated (8;9). Our results are in line with previous cohort studies
reporting an association between obesity and insulin resistance with low
serotonergic responses (4;5). Collectively, it may be possible that high FFAs
contribute to the reduced serotonergic response in the presence of obesity and
insulin resistance.
Fatty acids enter the brain compartments and specifically the hypothalamus
(19;20). Plasma FFAs are mostly bound to albumin and cross the blood brain barrier
mainly by simple diffusion in the unbound form. The access of circulating FFAs to
the brain is generally proportional to the plasma concentration of FFAs (20) and
going down the line, the composition of brain fatty acids is reflecting the dietary
composition of fat (21). A recent PET study in humans revealed enhanced brain
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fatty acid uptake in patients with metabolic syndrome. Both fatty acid uptake and
accumulation appeared to be increased in metabolic syndrome patients and
reversed by weight reduction (22). The metabolic disposition of intravenous FFA
into the brain may be a rapid process since studies in a rat model have shown that
within a time frame of 5 60 min 15 50% of the labelled FFA entering the brain is
incorporated into stable compartments, such as glycerolipids (23;24). However, the
biochemical mechanism by which elevation in circulating FFA result in reciprocal
changes in the pituitary prolactin response remains to be elucidated. Previously
Khan et al. (25) proposed a possible pharmacokinetic interaction between
citalopram and obesity. Citalopram is a highly lipophilic substance and a substantial
increase in blood lipid contents is likely to significantly increase the volume of
distribution and affect the bioavailability of such substance in the brain tissue. Such
interaction has been proposed as a possible explanation for reduced efficacy of
antidepressant treatment in obese populations (25).

There is growing evidence that hypothalamic regions can function as a sensor for
FFA availability. Thereby, the hypothalamus can integrate nutritional and hormonal
signals. Even physiological elevations in circulating FFA can be sensed within the
hypothalamus and raise FFA concentrations within the mediobasal hypothalamus
(MBH) (26), where subpopulations of FFA sensitive neurons reside (27;28). Within
the mediobasal hypothalamus, the arcuate nucleus is a key nucleus where the
blood brain barrier is leaky, which enables the integration of hormonal, nutritional
(FFA) and neural signals (29;30). Another possible signalling pathway of FFAs is
through the area postrema. The area postrema is a medullary structure and
considered as a vital player for integration for various humoral signals in the blood
as they enter the central nervous system (31). In sum, the hypothalamus and
possibly a limited number of additional brain areas sense FFA. A crucial step to
explain the findings of our study would be to reveal the release of
neurotransmitters, in particular serotonin, by the hypothalamus upon FFA
administration. There are only limited data from animal experiments to link
particular neurotransmitters to FFA sensitive neurons. Within the arcuate nucleus
it has been reported that FFAs act through anorexigenic (POMC) and orexigenic
(NPY) neuropeptides (32). Neuropeptide Y (NPY) acts in the hypothalamus as a
central member of a coordinated group of neuropeptides, in control of feeding and
energy utilization. NPY promotes feeding (33) and its gene expression in the
arcuate nucleus increases in the fasted state and decreases in the fed state (34).
Interestingly, NPY affects hepatic lipid metabolism in mice as a suppressed VLDL
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secretion by insulin is prevented by central NPY infusion (35). In line, central NPY
administration increases VLDL secretion in rats (36).
Hypothalamic serotonin signalling is involved in food intake (37). It is known that
hypothalamic NPY and POMC are influenced by serotonergic activity (38) but
whether NPY and POMC are able to regulate brain serotonin levels is unknown. An
alternative explanation may be that the infusion of calories would have resulted in
higher leptin levels which subsequently resulted in decreased serotonin release or
synthesis (39). On the other hand, fatty acid sensing neurons are present
throughout the brain and hypothetically might alter brain serotonin levels as well.
We observed a diminished serotonergic response by the pituitary gland when FFAs
were administrated. Thus, FFAs may decrease hypothalamic NPY, thereby
decreasing serotonin responsivity as a reflection of the fed state.
Possibly different pathways are involved. In rodents, Intralipid was previously
infused into the carotid artery to stimulate hepatic insulin resistance. When
investigating the hypothalamus, it was found that enhancement of nitric oxide
synthases activity within the hypothalamus was induced. The hepatic insulin
resistance was reversed when nitric oxide synthases inhibitor was injected in the
carotid artery (40). Therefore, in human hypothalamic nitric oxide synthases
activity may play a role in our observations as well. However, this remains to be
investigated in men.

Limitations

This study has several limitations, which need closer attention. First, the included
number of subjects is relatively small; therefore, no causal implications can be
made. Besides, to prevent fluctuations in prolactin levels due to the menstrual
cycle, only male volunteers were included. Our results are therefore limited to the
male population. Moreover, the intervention with Intralipid involved a volume and
caloric load of non diffusible solute that may have effects different from saline
load, heparin administration and elevations in serum triglycerides. The rise in FFA is
the most likely mediator of the observed change in serotonergic response;
however, the experimental design does not exclude the possibility that other
factors play a role.
Since heparin does not pass the blood brain barrier, it is unlikely that it interferes
with the response originating in the brain; therefore an infusion with heparin and
citalopram was not performed. However, we cannot rule out an effect of heparin
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on the serotonergic response. Besides, our manipulation involved a complex lipid
load. In addition to increasing levels of plasma fatty acids, subjects experienced a
volume load of non diffusible solute and an increase in serum triglycerides, mono
and diacyl glycerides and glycerol which may have contributed to the lower
response.
One other limitation is that the elevation of FFA in this study is not within the
physiological range found in obese subjects. Therefore, the relevance of the
findings for human obesity is questionable at this stage.

Conclusion

Our findings demonstrate that elevated plasma FFA levels diminish central
serotonergic response in healthy human male adults. This might explain the
observations of earlier clinical studies in which it was reported that higher body
weight or obesity predicts poor response or non response to treatment of
depression with SSRIs (3;25). Whether lowering FFA in these subjects ameliorates
serotonergic response and whether this has an independent beneficial effect on
glucose and lipid metabolism has yet to be established.
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