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Study Objectives: Because serotonin (5-HT) is a neurotransmitter as-
sociated with circadian rhythm regulation, we explored a possible rela-
tion among 5-HT, serotonin metabolite, 5-hydroxyindolacetic acid (5-
HIAA), and the functional polymorphism of the serotonin transporter gene
(SLC6A4) promoter with rotating shift work.

Design and Participants: 683 men were included in this study: 437 day
workers were compared with 246 rotating shift workers.

Results: Platelet 5-HT content differed significantly (P = 0.002) between
day workers (41.28+1.99 pg/mg) and rotating shift workers (37.91+4.16
pg/mg); 5-HIAA content was also significantly (P = 0.00004) higher in day
workers (11.40+0.82 pg/mg) than in rotating shift workers (9.33+1.02 pg/
mg). We looked for further differences in SLC6A4 promoter (5-HTTLPR,
44 bp insertion: long (L)/deletion: short (S) alleles). We found a significant
(P =0.016) difference in genotype distribution between day workers LL:
126 (28.8%), LS: 202 (46.2%), and SS: 109 (24.9%), and rotating shift
workers LL: 47 (19.1%), LS: 124 (50.4%), and SS: 75 (30.5%). When
we divided the subjects between workers with less and more than 60

month rotating shift-work exposure, the difference in SLC6A4 genotypes
frequency was only significant in the group with 260 months (P = 0.011).
In addition, there was a significantly lower content of platelet 5-HIAAin S
allele carriers in comparison with the other genotypes (SS: 9.2+1.0 pg/mg
vs. SL/LL: 11.0+0.8 pg/mg, P <0.02).

Conclusions: Platelet 5-HT and 5-HIAA contents were significantly lower
in rotating shift workers than day workers, and there was a significant
association between the S variant of SLC6A4 promoter and shift work.
These findings may be important for targeting effective therapeutic strate-
gies to ameliorate the associated comorbidities and behavioral problems
in rotating shift workers.
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INTRODUCTION

The major function of the circadian system is the internal cy-
cling of physiologic and metabolic events.! Circadian rhythms
are synchronized to the 24-h day, mostly by light-dark cycles and
social time cues.? The circadian rhythm and environmental condi-
tions can become desynchronized in rotating shift workers whose
night activity is out of phase with many coupled rhythms, owing
to desynchronization of the normal phase relation between bio-
logical rhythms within the circadian system.* Such desynchroni-
zation may contribute to important public health problems whose
impact may be underestimated. For instance, the effects of rotat-
ing and night shift work on the cardiovascular and metabolic sys-
tems have been reported, showing that shift work may be directly
responsible for increased body fatness, higher blood pressure lev-
els, and some features of the metabolic syndrome.*¢ Additionally,
up to 20% of shift workers have clinical intolerance to shift work.
This intolerance may range from minor problems to others that
are so severe as to cause the worker to give up a job, often follow-
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ing medical advice.’

Actually, the term shift work maladaptation syndrome has been
used to describe the typical constellation of signs and symptoms
seen in shift work intolerant workers,® and its etiology is not yet
fully understood. Nevertheless, the research evidence supports
the idea that interindividual variability exists in the ability to tol-
erate shift work,*!* suggesting the involvement of genetic factors
operating at the level of certain neurotransmitter systems.

Between the diverse neurochemical systems that interact to
regulate wakefulness and sleep, serotonergic neurotransmission
plays an important role within brain areas modulating circadian
rhythm, sleep, and waking.!"'? In addition, serotonin (5-HT) is
involved in both photic and non-photic synchronization of the
mammalian biological clock located in the suprachiasmatic nu-
clei.>

It was previously shown that serotonergic agonists and an-
tagonists or agents that alter levels of serotonin in the synapse
can modulate many aspects of circadian rhythmicity in animal
models, supporting the involvement of serotonin turnover in cir-
cadian rhythm regulation.™ In this regard, serotonin reuptake is
controlled by the serotonin transporter (5-HTT) and therefore de-
pendent on a common functional length polymorphism of the se-
rotonin transporter gene (SLC6A44) promoter region (5S-HTTLPR,
44 bp insertion: long (L)/deletion: short (S) alleles).! Thus, 5-
HTT recycles serotonin after its release, thereby determining the
magnitude and duration of serotonergic responses.

The aim of the present study was to investigate the role of the
serotonin, 5-hydroxyindolacetic acid, and the functional inser-
tion/deletion polymorphism in the corresponding 5-HTTLPR in
individuals under the rotating shift work schedule.

MATERIALS AND METHODS
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Healthy subjects recruited from a factory in Buenos Aires
metropolitan area who underwent an annual health examination
during the 2005 period were included in a cross-sectional popula-
tion-based study. Altogether, 683 men of self-reported European
ancestry were included in this study, in which 437 day workers
were compared with 246 rotating shift workers.

The job schedule type was divided into rotating shift work
and daytime work. Rotating shift work was based on 2-shift and
clockwise rotation in 28 days (4 work days, 3 rest days, 2 work
nights, 3 rest days, 4 work nights and 3 rest days, 2 work days,
3 rest days, 4 work days. Day and night work periods started at
06:00 and 18:00 respectively. None of the subjects interchanged
their job schedule.

Medical history was investigated using a self-administered
questionnaire. The answers were confirmed by individual inter-
views conducted by occupational physicians.

The participants were asked to fast for >8 hours. After 5 min-
utes’ rest in a quiet room, systolic (SABP) and diastolic (DABP)
arterial blood pressure were measured on the right arm with a
standard mercury sphygmomanometer with the participant in a
sitting position. Health examinations included anthropometric
measurements, a questionnaire on health related behaviors, and
biochemical determinations. Information about the years of work,
whether shift work or day work, and past medical history were
also included. The day or shift work duration was defined as the
total number of months during which the subject had engaged in
day work or shift work.

Blood was drawn from fasting subjects who had lain in a supine
resting position for at >30 min. Serum insulin, total cholesterol,
HDL and LDL-cholesterol, triglycerides, and plasma glucose
were measured by standard clinical laboratory techniques.

All the investigations performed in this study were conducted
in accordance with the guidelines of The Declaration of Helsinki.
Written consent from individuals had been obtained in accor-
dance with the procedures approved by the Ethical Committee of
our institution.

5-HT and 5-Hydroxyindolacetic Acid (5-HIAA) Determinations

Blood (4 ml) was drawn from cubical vein in a plastic syringe
with 1 ml of acid citrate dextrose (ACD) anticoagulant between
06:00 and 09:00 after at least an 8 hour or overnight fast in all
cases, regardless of the work schedule. Platelet-rich plasma was
centrifuged at 10,000 rpm and the platelet pellet treated with 400
pl of 0.4 mol/L perchloric acid. After centrifugation, the super-
natant was frozen at —20°C in light-protected vials for 5-HT and
5-HIAA assays. Pellets were re-suspended in 500 pl 0.1 mol/L
NaHO for protein determination through a commercial reagent
and according to the manufacturer’s indication (Bio-Rad protein
assay, Bio-Rad, Hercules, CA, USA).

In this assessment, 5-HT and 5-HIAA were separately assayed
by standard isocratic electrochemical detection-high performance
chromatographic methods. Briefly, a Waters Chromatographic sys-
tem (Waters Corporation, Milford, MA, USA) consists of a Water
590 solvent delivery system, a 77251 100 pl fixed-loop Rheodyne
injector connected to a Lichospher 100 RP-8 (5 p, 125x4 mm)
cartridge (Merck KgaA Performance & Life Science Chemicals,
Darmstadt, Germany) and a LC-4B BAS electrochemical detector
with a glassy carbon electrode at 0.8 V with respect to a Ag/AgCl
reference electrode (Bioanalytical Systems, West Lafayette, IN,
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USA). The analogical signal was processed and integrated by an
A/D card inserted in a PC. For 5-HT, the mobile phase (36 mmol/
L NaHPO,, 17.5 mmol/L citric acid, 0.5 mmol/L EDTA and 10
mmol/L triethyl amine, pH 3.0) was delivered at 1.5 ml/min.
For 5-HIAA, the mobile phase had no triethylamine, and 10%
methanol was added. Standards were daily prepared in 0.4 mol/L
perchloric acid. The inter- and intra-assay variation coefficients
were less than 10%. The 5-HT and 5-HIAA data were normalized
by platelet protein content. All reagents were from Sigma Co (St
Louis, MO, USA) unless otherwise indicated.

Genotyping

The genetic analysis was performed on genomic DNA extract-
ed from white blood cells by a standard method as previously
described.!¢

Genotyping for the 44 bp deletion—insertion polymorphism in
the 5-HTTLPR was performed by hot-start polymerase chain re-
action using Molecular Biology grade reagents and a Robocycler
96 thermal cycler (Stratagene, La Jolla, CA, USA).

The details of PCR protocol have been described previously!’
but primers to detect the variant were different: 5’-CGT TGC
CGC TCT GAA TGC-3’ and 5’-TGG TAG GGT GCA AGG
AGA ATG 3’- amplifying a 384-bp (L long allele) and a 340-bp
(S short allele) fragment.

Statistical Analysis

Quantitative data were expressed as mean + SE unless oth-
erwise indicated. Since for most of the variables we observed a
significant variance difference between groups, we chose to be
conservative and to assess differences between groups by means
of the Mann-Whitney test. For 5-HT and 5-HIAA mean differ-
ence between groups, we used ANCOVA with age as covariate on
log transformation of the variables.

Genotypes frequencies were analyzed by means of the y? test.
Logistic regressions were used to test multivariate association be-
tween variables, taking rotating shift work as the outcome vari-
able and 5-HTTLPR short allele (dominant model was formed by
pooling LS+SS in comparison with LL genotype as the reference
group, recessive model was formed by pooling LL+LS as a ref-
erence group in comparison with SS genotype, and the additive
model corresponds to the 3 genotypes separately assigning 0 to
LL, 1to LS, and 2 to SS genotype), and age, work exposure time,
waist-hip ratio, DABP, and triglycerides as independent log-trans-
formed variables in which we observed significant differences be-
tween day and shift workers. In addition, multiple regression was
used to analyze the correlation between the log-transformed val-
ues of platelet 5-HT and 5-HIAA content as dependent variables
and rotating shift work, work exposure time, BMI, waist circum-
ference, SABP, DABP, total and HDL cholesterol, triglycerides,
and uric acid as independent variables.

We used the CSS/ Statistica program package, StatSoft V 6.0
(Tulsa, OK, USA) to perform these analyses.

RESULTS

Clinical features, anthropometric variables and laboratory find-
ings of the participants according to the job schedule are shown
in Table 1. Rotating shift workers had most of the risk factors of
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Table 1—Clinical Features, Anthropometric Variables, and Labora-
tory Findings of the Participants According to Job Schedule

Variables Day workers Shift workers P level
Number of subjects 437 246

Age (years) 35.0£0.4 37.0£0.6 0.001
Smoking habit (cigarettes/day) 4.0+0.3 4.0+0.4 0.62
Physical activity (h/week) 2.2+0.2 1.1+0.15  0.0002
Drinking habit (g/day) 28.0+3.1 36.0+4.9 0.22
BMI (Kg/m?) 26.4+0.2 27.240.5 0.06
Waist-hip ratio 0.93+0.01 0.96+0.01 0.001
SABP (mmHg) 122.0+0.6 123.0+0.9 0.3
DABP (mmHg) 77.0£0.5 79.0+0.6 0.006
Fasting glucose (mmol/L) 5.00+0.03 5.10+£0.03  0.018
Fasting Insulin (pmol/L) 48.8+2.1 57.4£3.5 0.011
HOMA 1.58+0.07 1.88+0.11  0.008
Total Cholesterol (mmol/L) 5.0+0.04 5.1+0.06  0.54
HDL-Cholesterol (mmol/L) 1.3+0.02 1.3+0.02  0.11
LDL-Cholesterol (mmol/L) 3.2+0.04 3.1+0.05  0.09
Triglycerides (mmol/L) 1.5+£0.05 1.7+0.07  0.011

BMI: body mass index. SABP and DABP: systolic and diastolic ar-
terial blood pressure. HOMA: homeostatic model assessment.
Results are expressed as mean+SE. P stands for statistical signifi-
cance using Mann-Whitney test and remained significant after mul-
tiple testing adjustment by the Benjamini & Hochberg’s false dis-
covery rate method (Benjamini and Hochberg 1995).

the metabolic syndrome: elevated waist-hip ratio, DABP, fasting
glucose and insulin, HOMA index, and triglycerides.

Platelet 5-HT content differed significantly (P <0.002) between
day workers and rotating shift workers (Figure 1). Platelet me-
tabolite (5-HIAA) content was also significantly different in both
populations (P <0.00004), proving higher in day workers than
in shift workers (Figure 1). In addition, in multiple regression
analysis, the log transformed values of platelet 5-HT and 5-HIAA
content were correlated with rotating shift work (5-HT, beta+SE:
0.17+0.05, P <0.002; -HIAA, beta+SE: 0.19+0.05, P <0.0003) in-
dependently of work exposure time, BMI, waist circumference,
SABP, DABP, total and HDL cholesterol, triglycerides, and uric
acid.

In the day workers’ population—taken as the reference popula-
tion—genotypes for the SLC644 gene promoter were in Hardy-
Weinberg equilibrium and were resembled those reported in other
populations (LL: 29%, LS: 46% and SS: 25%)'7; the observed
allele frequencies were 52% for the L and 48% for the S allele.

In univariate analysis, we found that there was no difference
between 5-HTT genotypes and clinical and biochemical charac-
teristics, such as age, systolic and diastolic arterial blood pressure,
waist circumference, total cholesterol, HDL and LDL cholesterol,
triglycerides, plasma fasting glucose, insulin, and HOMA index
(data not shown).

The distribution of genotypes among day workers was LL: 126
(28.8%), LS: 202 (46.2%), and SS: 109 (24.9%). The distribution
of genotypes among shift workers was LL: 47 (19.1%), LS: 124
(50.4%), and SS: 75 (30.5%). The group difference between allele
distributions was statistically significant (chi-square = 8.3, df =2,
P=0.016). Moreover, 71.1% and 80.9% of day workers and shift-
workers had at least 1 S allele.

Consequently, as shift-work exposure time can be a selection
factor, we divided the subjects between workers with less and equal
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Table 2—5-HTTLPR genotype frequencies in the population ac-
cording to day work and shift work exposure time (<60 months and
>60 months of work exposure time). LL: Homozygous for the long
allele. SS: Homozygous for the short allele. LS: heterozygous. P =
0.011 vs. Day work at the same work exposure time (chi-square =
9.0, df = 2). Note that the subject number included in this analysis is
slightly lower, owing to the lack of information about exposure time
for a few subjects.

LL LS SS
Exposure time <60 months
Day workers N: 428
Shift workers N: 244

38(29.2%) 53 (40.8%) 39 (30.0%)
16 (23.5%) 34 (50.0%) 18(26.5%)
Exposure time >60 months

Day workers N: 428
Shift workers N: 244

85 (28.5%) 144 (48.3%) 69 (23.2%)
31 (17.6%) 88 (50.4%) 57 (30.5%)

or more than 60 months of rotating shift work exposure. Among
those with > 60 months exposure, the distribution of genotypes
among day workers was LL: 85 (28.5%), LS: 144 (48.3%), and
SS: 69 (23.2%). The distribution of genotypes among shift work-
ers was LL: 31 (17.6%), LS: 88 (50.4%), and SS: 57 (30.5%),
Table 2. The group difference between allele distributions was
statistically significant (chi-square = 9.0, df =2, P = 0.011). In
day workers and shift workers 71.5% and 80.9%, respectively,
had at least 1 S allele.

Among those with <60 months exposure, the distribution
of genotypes among day workers was LL: 38 (29.2%), LS: 53
(40.8%), and SS: 39 (30.0%); the distribution of genotypes
among shift workers was LL: 16 (23.5%), LS: 34 (50.0%), and
SS 18 (26.5%), Table 2. The group difference between allele dis-
tributions was not statistically significant (chi-square = 1.6, df =
1, P=0.45). In day workers and shift workers 70.8% and 76.5%,
respectively, had at least 1 S allele.

Logistic regression analysis for the dominant model showed
that shift work was associated with the presence of at least one 5-
HTTLPR short allele independently of age, work exposure time,
waist-hip ratio, DABP, triglycerides, and BMI (adjusted OR:
1.60, 95% CI:1.02 to 2.51, P <0.04). Otherwise, for the additive
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Figure 1—Platelet serotonin (5-HT) and 5-hydroxyindolacetic acid
(5-HIAA) levels in shift workers (SW) and day workers (DW) ac-
cording to the job schedule. Results are expressed as mean+SE. *
5-HT P <0.002 vs. day workers. # 5-HIAA P <0.00004 vs. day work-
ers. ANCOVA with age as covariate on log transformation of the
variables.
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model, compared to LL homozygous subjects, S allele carriers
are 1.4 per allele more likely found as shift workers than as day
workers (adjusted OR: 1.42, 95% CI: 1.09 to 1.86, P <0.009), and
for the recessive model, logistic regression analysis showed that
shift work was associated with the presence of two 5-HTTLPR
short alleles (adjusted OR: 1.62, 95%CI: 1.06 to 2.48, P <0.025)
independently of age, work exposure time, waist-hip ratio, DABP,
triglycerides, and BMI.

Finally, there was no difference in platelet 5-HT levels between
S-HTTLPR genotypes (SS: 38.3£3.2 pg/mg vs. SL+LL: 40.5+2.5
pg/mg, P = 0.28). However, for the platelet 5-HIAA levels, there
was a significantly lower content in 5S-HTTLPR short allele ho-
mozygous in comparison with other genotypes (SS: 9.2+1.0 pg/
mg vs. SL+LL: 11.0+0.8 pg/mg, P <0.02).

DISCUSSION

Biological rhythms are essential components of homoeostasis
and circadian rhythms are synchronized to the 24-hour day mostly
by light-dark cycles.'

Because serotonin (one of the first neurotransmitters to be as-
sociated with regulation of circadian rhythmicity) is involved
in a wide range of behavioral and physiological processes,” we
looked for differences between day workers and shift workers by
exploring a possible relation between 5-HT and its metabolite, 5-
HIAA, and rotating shift work.

The main finding of our study was that platelet 5-HT and 5-
HIAA contents were significantly lower in rotating shift workers
than in day workers. As far as we know, there are no previous ob-
servations about this association, though it has been demonstrated
that 5-HT is involved in photic shifting of the mammalian circa-
dian clock, illustrating the modulatory role of the serotoninergic
system in the regulation of the circadian clock.? It has also been
reported that 5-HT contributes to the phase-resetting response to
a new light-dark cycle.® Additionally, in the human adult brain,
serotoninergic neurons play key roles in integrating circadian and
neuroendocrine functions such as food intake, sleep, and sexual
behavior?! through the coordination of the activity of a number of
other neurotransmitter systems.

This study should be interpreted in the light of the limitations
resulting from the fact that our results are obtained from periph-
eral serotonergic markers; therefore a direct extrapolation of the
data from peripheral to central serotonergic function should be
avoided. But the dynamics (uptake, storage, and release) of plate-
let 5-HT resembles the corresponding processes in the central se-
rotonergic neurons, blood platelets have been used as a limited
peripheral model for the central serotonergic neurons.?

Nonetheless, we wish to note that our observations were made
on the basis of a cross-sectional study, and all samples were drawn
from the subjects at the same time during the morning and regard-
less of their work schedules. This may introduce a bias between
the groups, since there could be biological circadian variation at
the 5-HT and 5-HIAA levels. In this regard, it has been reported
that serotonin concentration exhibits a 12-h rhythmicity® and the
serotonin uptake also shows a circadian rthythm with a 24-h peri-
od. Moreover, a seasonal variation has been reported in platelet 5-
HT showing that it was significantly higher at 08:00 than at 16:00
in spring but not in autumn.? By contrast, in another study no
common circadian rhythm for platelet serotonin concentrations
was observed.
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Following our first finding, we looked for further differences in
the genetic variants of the 5S-HTTLPR in order to explain the re-
duced platelet 5-HT and 5-HIAA contents in rotating shift work-
ers since the 5-HT transport into the presynaptic neuron acts as a
functional “bottle neck.” In addition, 5-HTT is responsible for the
active transport of serotonin not only in the brain but also in many
peripheral tissues.?!

Human 5-HTT is encoded by a single gene (SLC6A4) on
chromosome 17q11.1-17q12 % and a polymorphic region was
described in the SLC6A44: a 44 base pair (bp) insertion/deletion
in the promoter (5-HTTLPR).”” We have focused our attention
on the 44 bp insertion/deletion polymorphism, since transfection
studies demonstrated that long (L) and short (S) variants of the
promoter differentially modulate SLC6A44 transcription rate, S
variant being less efficient,?” a fact that suggests an association
between S-HTTLPR variants and an altered functional response
of the serotonin system.

In this regard, we found a significant association between the
S variant of the SLC644 promoter and rotating shift work. Be-
sides, although we found no differences in platelet 5-HT levels
between SLC6A44 genotypes, we observed a significant differ-
ence for platelet 5-HIAA levels between the SLC644 genotypes.
Platelet 5-HIAA content was lower in homozygous SS carriers,
as might be expected if less 5-HT is taken from the intracellular
space and degraded to 5-HIAA by the intracellular monoamine
oxidase enzyme. Accordingly, the S allele was previously associ-
ated with decreased serotonergic function, a low cerebrospinal
fluid 5-HIAA concentration in the Rhesus macaque.?®

In addition, we observed that the proportion of the S allele
carriers in the group of rotating shift workers depended on the
number of years during which the person had engaged in rotat-
ing shift work, finding significant differences only in those in-
dividuals who had worked under such conditions for more than
5 years. This may explain the interindividual difference in the
adaptability to or compliance with the desynchronization of the
biological rhythms imposed by the shift work. We may hypoth-
esize that there is a sort of natural selection of the S carriers in the
group of individuals with a higher duration of rotating shift work.
Furthermore, we may speculate that S carriers are more prone to
develop a phenotypic adaptation to a novel input in their lives. In
this case, the changes imposed by shift work might be triggering
the phenomenon.

The genetic influence on the rotating shift work adaptability
may be associated with a locus near the serotonin transporter
gene. In this regard, potential genes may be carboxypeptidase D
(CPD) and neurofibromatosis type 1 (NF1) located at chromo-
some band 17q11.2.%° In fact, an involvement of the NF1 locus in
the susceptibility to several psychiatric disorders has been sug-
gested.?® We cannot rule out the possibility that the association
observed in our study is due to another functional polymorphism
in linkage disequilibrium with the 5-HTTLPR variant.

Lastly, it is known that stressful environments modify the inte-
gration of neuroendocrinological, morphological, and behavioral
regulatory systems by means of an accumulation of phenotypical-
ly neutral genetic variance which, in a way, ensures the evolution-
ary persistence of stress-response strategies and provides a link
between individual adaptability and evolutionary adaptation.?!

Although we studied a relatively large population, further
research is needed to confirm and extend the current findings,
improving the power of the study by increasing the number of
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subjects. Further research is also needed to reveal the intimate
mechanism by which the decreased levels in the platelet 5-HT
and 5-HIAA and shift work are connected, and to explain why
the carriers of the SLC644 S allele might adapt to the conditions
imposed by rotating shift work.

Finally, rhythm disturbance is frequently manifested as sleep
problems, but some major health disorders (for instance, cardio-
vascular disease and metabolic syndrome) are also associated
with repeated rhythm interruption as found in shift workers. We
observed an almost two-fold increase in of metabolic risk factors
(abdominal obesity, diastolic blood pressure hypertension, high
triglycerides, and insulin resistance) in shift workers in compari-
son with day workers.

In conclusion, platelet 5-HT and 5-HIAA contents were sig-
nificantly lower in rotating shift workers than day workers, and
there was a significant association between the S variant of the
SLC6A44 promoter and rotating shift work. These findings may be
important not only to understand the mechanisms related to the
circadian rhythm desyncrhonization imposed by the rotating shift
work regime but also to target truly effective therapeutic strate-
gies that may ameliorate the associated comorbidities and behav-
ioral problems.
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