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Serotonin transporter gene 
polymorphism modulates 
inflammatory cytokine responses 
during acute stress
Kaori Yamakawa1,2, Masahiro Matsunaga3, Tokiko Isowa4 & Hideki Ohira1

Cytokines are important mediators of various stress-related modulations of immune function. A 
major genetic factor determining inter-individual differences in stress reactivity is polymorphisms of 
the serotonin (5-hydroxytryptamine, 5HT) transporter (5HTT) gene. A short (S) variant, compared 
with a long (L) variant, of the promoter region of the 5HTT gene-linked polymorphic region 
(5HTTLPR) has been related to emotional and stress hyper-reactivity. The present study examined 
whether the 5HTTLPR can modulate responses of inflammatory cytokines under acute stress. Nine 
Japanese male participants carrying two copies of the S alleles and nine Japanese males carrying 
S and L alleles underwent the Trier Social Stress Test (TSST). Inflammatory cytokines, endocrine 
parameters, heart rate and subjective stress were measured before, during and after the task. 
The participants carrying the SS alleles, but not those carrying the SL alleles, showed a significant 
increase of IL-1β immediately after TSST. This hyper-reactivity to acute stress in individuals with the 
SS alleles was also observed in their heart rate and cortisol levels. These results suggest that the S 
allele of the 5HTTLPR is consistently associated with stress reactivity in multi-level stress-related 
biological systems.

Acute stressors stimulate the sympathetic and adrenomedullary (SAM) system, as well as the hypotha-
lamic–pituitary–adrenal (HPA) axis, leading to physiological responses that are essential for adaptation 
to one’s environment. Dysfunction in the levels of reactivity can result in physical and psychiatric disor-
ders1,2. One of the major genetic factors determining inter-individual differences in stress reactivity is the 
serotonin (5-hydroxytryptamine, 5HT) transporter (5HTT) gene polymorphism, which mediates reup-
take and recycling of released serotonin following neuronal stimulation. Transcriptional activity of the L 
allele of the gene is twice more than that of the S allele3. Thus, the S promoter allelic variant is linked to 
reduced 5HTT mRNA expression, resulting in less serotonin reuptake compared to the L allelic variant4,5.

Many studies have suggested an association between 5HTT genotype and physiological reactivity to 
acute stressors. Compared with wild-type controls, 5HTT knockout mice show facilitated catecholamine 
responses to brief and mild stressors6,7. Li et al.7 found that mice with diminished or absent 5HTT gene 
function exhibit greater elevations of adrenocorticotropic hormone, a typical stress hormone, in response 
to acute stress than their control littermates. Human studies suggest that 5HTT may modulate the activ-
ity of the HPA axis under stressful conditions8,9. Individuals with the homozygous double S alleles of the 
5HTT gene-linked polymorphic region (5HTTLPR) showed greater blood pressure reactivity to an acute 
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stressor compared with the SL allele and LL allele carriers8. Moreover, S allele carriers show enhanced 
cortisol secretion in response to acute psychological stressors10.

Previous studies11,12 have demonstrated that pro-inflammatory cytokines that increase after acute psy-
chological stress play key roles in physiological stress responses. Pro-inflammatory cytokines are defined 
as cytokines that promote systemic inflammation by transporting immune cells to the site of infection 
or injury13 and play important roles in eliminating invading viruses and bacteria as well as conserving 
energy in the immune system14. Despite the importance of pro-inflammatory cytokines in physiological 
stress responses, the association between 5HTTLPR and the reactivity of pro-inflammatory cytokines to 
acute stress situations has rarely been examined. An animal study revealed that the release of glucocor-
ticoids in response to acute stressors is associated with the inhibition of interleukin-6 (IL-6) responses 
in S carriers15. Fredericks et al.16 found higher IL-6/IL-10 ratios, indicating the balance of pro- and 
anti-inflammation, in S allele human participants at baseline and during stress. They observed an effect 
of the 5HTTLPR S allele on pro-inflammatory bias, although no such effects were found in 5HTTLPR 
on IL-6 and IL-10 absolute values. Because pro-inflammatory cytokines may mediate behavioural, psy-
chological and physiological responses during acute stress situations17, it is critical to examine the effects 
of 5HTTLPR on stress reactivity across multi-level physiological systems including pro-inflammatory 
cytokines in the same experimental conditions.

The main purpose of this study was to examine whether the 5HTT genotype affects the reactiv-
ity of pro-inflammatory cytokines as well as autonomic nervous and endocrine parameters to an 
acute stressor. We measured concentrations of IL-1β  and IL-6 in the peripheral blood to represent 
typical pro-inflammatory cytokines and the IL-6/IL-10 ratio as representing the balance of pro- and 
anti-inflammation16,18,19. Additionally, we measured the levels of natural killer (NK) cells in the periph-
eral blood, which have also been shown to increase in response to acute stress19,20. The heart rate (HR) 
and heart rate variability (HRV) served as indices of the SAM system activity whereas the cortisol level 
acted as an index of HPA axis activity. For this purpose, we used the Trier Social Stress Test21, which is 
a well-defined, standardised acute psychological stress task22.

Method
Participants.  Nine participants with the 5HTTLPR S allele and nine with the SL allele participated in 
the present study. All participants were male, right-handed, native Japanese, and undergraduate or grad-
uate students of Nagoya University (age (mean ±  standard error); SS: 20.78 ±  0.26 years, SL: 21.00 ±  0.25 
years). None of the participants was suffering from any chronic illnesses and none were taking medica-
tions known to influence immunity. Only men were studied to avoid influences of the menstrual cycle 
on any physiological stress responses in women23. All participants provided their informed consent to 
participate in the study, in accordance with university policy. The study was approved by the Ethics 
Committee of Nagoya University.

For determining genotypes, genomic DNA was extracted with a DNA Extractor WB-Rapid Kit (Wako 
Inc., Osaka, Japan) from frozen blood samples collected from the participants. We analyzed samples 
using polymerase chain reaction according to previously reported methods, generating L (528 bp) and 
S (484 bp) fragments4. Individuals carrying double copies of the S allele (SS genotype) and individuals 
carrying the S and L alleles (SL genotype) were identified. We compared stress responses in the SS (n =  9) 
and SL (n =  9) genotypes, as the proportion of LL genotypes is small in the Asian population24.

To evaluate participants’ levels of trait anxiety as a potential confounder, we asked the participants to 
complete a Japanese version25 of the state-Trait Anxiety Inventory (STAI)26.

Biological measures.  Blood samples were collected in EDTA tubes to determine changes in the pro-
portion of NK cells among peripheral circulating lymphocytes before and after the TSST. Two-color flow 
cytometry was performed. The whole-blood lysis method was used to stain the NK cells with a fluores-
cein isothiocyanate (FITC)-conjugated anti-CD16 antibody (Ab) (DakoCytomation, Carpinteria, CA) as 
well as a R-phycoerythrin (RPE)-conjugated anti-CD56 Ab (DakoCytomation), as described previously27. 
The samples were analyzed on a FACSCanto II flow cytometer (Becton Dickinson, Franklin Lakes, NJ) 
using FACSDiva software (Becton Dickinson).

Additional blood samples were collected in EDTA tubes and centrifuged at 3,000 ×  g for 10 min 
to determine changes in inflammatory cytokine and cortisol levels in the plasma before and after the 
TSST; the plasma was then separated and stored at − 80 °C until analysis occurred. Cytokine levels (IL-
1β , IL-6, and IL-10) in the plasma were determined using a FlowCytomix Assay (Bender Medsystems, 
Wien, Austria), according to the manufacturer’s instructions. The intra-assay coefficient of variation for 
each sample was 4.5–12.0%, and inter-assay coefficient of variation for each sample was 3.3–16.3%. The 
cytokine detection threshold was 4.2 pg/ml. Cortisol plasma concentration was measured using a cortisol 
ELISA kit (Oxford Biochemical Research Inc., Oxford, MI). Here, the intra-assay coefficient of variation 
was 3.4–3.7%, and the inter-assay coefficient of variation was 3.8–6.4%. Limit of detection was 0.3 μ g/ml.

Cardiodynamic activity was recorded using an electrocardiogram (ECG) at 500 Hz using an MP 100 
system (Biopac Systems Inc.) with Ag/AgCL electrodes placed on the extremities. Analysis of ECG wave-
forms was performed using AcqKnowledge software for MP 100. After rejection of artifacts in the ECG 
waveforms, HR and inter-beat-interval data were acquired during the baseline period, at three periods 
during the stress task (0–10, 10–15, and 15–20 min) and at each rest period. The inter-beat-interval 
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data were subsequently analyzed to yield HRV. Data from each participant were subjected to ocular 
inspection and only completely artifact-free data were used for estimation of the inter-beat-intervals. The 
inter-beat-interval data were resampled at 4 Hz to obtain equidistant time series values. A power spec-
trum density was then obtained through a fast Fourier transformation of the tachogram. In connection 
with the fast Fourier transformation, the data were detrended linearly and filtered through a rectangular 
window. Power spectrum integral was studied in two major frequency bands, the HF (0.15–0.5 Hz) and 
LF (0.05–0.15 Hz) components. The former is related to respiratory sinus arrhythmia and is exclusively 
attributable to parasympathetic influence reflecting vagal activity, and in the latter case, the LF compo-
nent mirrors the baroreceptor feedback loop that controls blood pressure and appears to reflect both 
sympathetic and parasympathetic activity. Consequently, the HF component and relative contributions 
of LF and HF power (LF/HF), which reflect sympathovagal balance, were considered28.

Stress task (the TSST).  The TSST includes a fake speech as well as a mental arithmetic task21. This 
is a standardized procedure for the induction (in laboratory settings) of acute psychological stress associ-
ated with the HPA axis and autonomic nervous system arousal29. After the participants were introduced 
to the TSST (1 min), they were given 10 min to prepare themselves for a speech about school life (5 min), 
followed by a mental arithmetic task in front of an audience (5 min). The participants were told that they 
would be videotaped for further analysis of their behavior.

Procedures.  The participants were instructed to eat a light breakfast on the morning of the experi-
ment; caffeinated beverages were not allowed. They were also instructed to paste a monoanesthetic seal 
at the location of the cannula insertion in their arms about 1 h before the experimental sessions to reduce 
pain. Participants suffering from an infectious illness within 2 weeks of the experiment were rescheduled.

For minimum confounds in the form of diurnal variations in hormone levels, experimental sessions 
for both conditions started at the exactly same time between 9:00 a.m. and 15:00 p.m. for each participant. 
Furthermore, experimental time (morning or afternoon) was counterbalanced between participants. The 
session was composed of a baseline period, the TSST, and 4 rest periods (Fig. 1). After the participants 
entered the experiment room, a cannula was inserted into the forearm vein of the non-dominant arm. 
Next, electrodes for electrocardiographic measurements were attached. After a first rest period of 10 min, 
the first blood sample was taken as baseline sample, and the participants were asked to fill out a ques-
tionnaire. In this questionnaire, the participants were asked to subjectively evaluate stress intensity on 
visual-analog scales (0–100%) as a psychological measure of subjective stress level. TSST instructions 
were then provided (speech followed by a simulated interview). Following this, the participants prepared 
their speech (10 min) and were then exposed to a simulated interview (5 min) conducted by two inter-
viewers in front of a video camera, followed by a mental arithmetic task (5 min). Immediately after the 
task, a second blood sample was taken and the participants again filled out the questionnaire. Finally, the 
participants read newspapers during the 90 min rest period. After each rest period (30, 60, and 90 min 
after the completion of the TSST), the third, fourth, and fifth blood samples were taken and the ques-
tionnaire was filled out for a final time. ECG was measured continuously throughout the experimental 
session. After the end of the procedure, the electrodes and cannula were removed and the participants 
fully debriefed and thanked.

Statistical analysis.  The present data were analyzed using repeated-measures analyses of vari-
ance (ANOVAs) with a between-participants factor of Group (SS genotype vs. SL genotype) and a 
within-participants factor of Period (at Baseline, Task, and Rest30 min, Rest60 min, Rest90 min), with regard to 
intensity of stress, cortisol, lymphocyte and cytokine data. Cardiovascular data was also analyzed using 
repeated-measures ANOVAs with a between-participants factor of Group and a within-participants fac-
tor of Period (at Baseline, Task10 min, Task15 min, Task20 min, Rest30 min, Rest60 min, Rest90 min). The Greenhouse–
Geisser epsilon correction factor, ε30, was used where appropriate. In cases where significant interactions 
were found, post hoc analyzes using Bonferroni tests (p <  0.05) were conducted to examine which com-
binations of data points differed significantly. Effect sizes are presented as η2-values.

Figure 1.  Experimental protocol of the present study. 
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Results
The basic characteristics of the participants are summarised in Table 1. Genotype groups did not differ 
significantly in terms of age, height, weight, BMI or trait anxiety.

Psychological data collected during the stress task and rest periods are presented in Table 2. Repeated 
measures ANOVAs revealed a statistically significant main effect of the Period [F (1.99, 37.83) =  17.70, 
p <  0.05, η2 =  0.48]. Post hoc analysis (p <  0.05) indicated that perceptions of stress after the task were 
higher than at baseline. However, the interaction between the Group and Period was not statistically 
significant for the perceptions of stress [F (1.99, 37.83) =  0.26, not significant (n.s.), η2 =  0.14].

As shown in Fig.  2, a statistically significant interaction between the Group and Period was found 
for IL-1β  [F (4, 60) =  2.77, p <  0.05, η2 =  0.16], and post hoc analysis (p <  0.05) indicated that IL-1β  
levels after the task in the SS group were higher than those in the SL group, although no significant dif-
ference was observed during the rest periods. Although the interaction between the Group and Period 
for IL-6 was not statistically significant [F (4, 60) =  0.77, n.s., η2 =  0.49; Table 3], the main effect of the 
Group on the IL-6/IL-10 ratio was statistically significant [F (1, 19) =  4.89, p <  0.05, η2 =  0.21; Fig.  3], 

SS genotype SL genotype

Age (years) 20.91 (2.11) 21.1 (2.17)

Height 171.36 (5.60) 171.50 (7.20)

Weight 66.36 (9.20) 63.80 (6.52)

BMI 22.62 (3.03) 21.83 (3.10)

STAI-trait 44.09 (10.14) 44.70 (5.50)

Table 1.   Participant characteristics.

Group Baseline Task Rest 30 min Rest 60 min Rest 90 min Effect

Intensity of Stress (%)

  SS 29.33 (5.94) 57.22 (7.70) 22.67 (6.42) 22.44 (6.12) 20.22 (6.56) n.s.

  SL 28.89 (5.58) 57.44 (6.23) 28.67 (5.67) 31.33 (7.92) 24.00 (6.81)

Table 2.   Means (standard error of the mean) of the stress intensity and ANOVA results.

Figure 2.  Interleukin-1β levels for each group. Error bars indicate the standard error of the mean. 
*Significant difference from the baseline value in each group (p <  0.05).

Group Baseline Task Rest 30 min Rest 60 min Rest 90 min Effect

IL-6 (pg/ml)

  SS 2.51 (1.73) 3.08 (1.81) 3.13 (2.17) 2.56 (1.22) 3.51 (1.89) n.s.

  SL 1.55 (1.29) 2.42 (1.91) 3.13 (2.70) 2.60 (2.14) 2.95 (2.28)

Table 3.  Means (standard error of the mean) of IL-6 levels and ANOVA results.



www.nature.com/scientificreports/

5Scientific Reports | 5:13852 | DOI: 10.1038/srep13852

which indicated that the SS group consistently showed a higher IL-6/IL-10 ratio. For a proportion of 
immune parameters, a significant main effect of Period for CD16 +  CD56 +  NK cells was observed [F 
(1.74, 27.78) =  55.39, p <  0.01, η2 =  0.77]. Post hoc analyses (p <  0.05) indicated that the proportions of 
NK cells after the stress task were higher than those at the baseline for all groups, although no significant 
interaction of Group and Period was observed for NK cells [F (1.74, 27.78) =  1.21, n.s., η2 =  0.70; Fig. 4]. 
In terms of cortisol concentrations, there was a significant interaction between the Group and Period 
[F (4, 60) =  2.55, p <  0.05, η2 =  0.15], as shown in Fig. 5. Cortisol levels significantly increased after the 
task compared with those at the baseline or during the rest periods only in the SS group. No such effect 
was found in the SL group (p < 0.05).

Cardiovascular data collected during the stress task and rest periods are presented in Fig. 6. A signif-
icant interaction was found between the Group and Period for the change in HR [F (2.23, 35.75) =  3.29, 
p <  0.05, η2 =  0.17]. Further analyses (p <  0.05) revealed that HR changes in the SS group were greater 
during the speech tasks as compared with the SL group. Additionally, HR changes were greater in the SS 
group during the tasks than at baseline or during the rest periods but no such difference was observed 
in the SL group. Table 4 depicts the high frequency (HF) components and the low frequency (LF)/HF 
ratio of HRV at baseline and during the task periods (task10 min, task15 min and task20 min) and rest periods 
(Rest30 min, Rest60 min and Rest90 min). There were no significant main effects or interactions for the HF 
components or LF/HF ratio [F (6, 96) =  1.04, n.s., η2 =  0.61; F (3.44, 55.05) =  1.32, n.s., η2 =  0.76].

Discussion
As predicted, the present study demonstrated a pronounced increase in IL-1β  levels in 5HTTLPR SS car-
riers as compared with L carriers. Steptoe12 proposed several possible mechanisms that may contribute to 
acute changes in the levels of circulating pro-inflammatory cytokines, particularly IL-1β , in response to 
acute stress. One plausible mechanism is that immune cells that synthesise and release pro-inflammatory 
cytokines are mobilised into the peripheral bloodstream from marginal blood pools by the activation of 

Figure 3.  Interleukin (IL)-6/IL-10 ratio for each group. Error bars indicate the standard error of the mean. 

Figure 4.  Percentage of natural killer cells for each group. Error bars indicate the standard error of the 
mean. 
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the sympathetic nervous system31,32. In line with this theory, acute psychological stress tasks do induce 
transient elevations of immune cell numbers via the activation of the sympathetic nervous system20. 
Bosch et al.33 demonstrated an elevation of monocytes, which mainly release IL-1β 34, in the peripheral 
blood following the exposure to acute stress. Therefore, the difference in IL-1β  reactivity between the 
5HTTLPR genotypes observed in the present study can be attributed to a difference in the degree of 
sympathetic nervous system activation.

Supporting this inference, we observed a greater transient increases in HR after the stress task in 
SS allele participants than in SL allele participants. Although the effect was not statistically significant, 
the SS group in this study exhibited increased stress reactivity in the LF/HF ratio, which is an index 
of relative sympathetic activity. Previous studies have shown that sympathetic nervous system activa-
tion that mediates the mobilization of monocytes is greater in S allele carriers than in L allele carri-
ers35,36. Serotonin neurotransmitter function in S allele carriers may be reduced via increased firing rates 

Figure 5.  Cortisol concentrations for each group. Error bars indicate the standard error of the mean. 
*Significant difference from the baseline value in each group (p <  0.05).

Figure 6.  Changes in heart rate throughout the experimental sessions. Error bars indicate the standard 
error of the mean. *Significant differences from the baseline value for each group (p <  0.05).

Group Baseline Task 10 min Task 15 min Task 20 min Rest 30 min Rest 60 min Rest 90 min Effect

HF components (%)

  SS 0.57 (0.12) 0.43 (0.16) 0.34 (0.14) 0.33 (0.15) 0.42 (0.19) 0.38 (0.18) 0.38 (0.11) n.s.

  SL 0.38 (0.22) 0.37 (0.22) 0.28 (0.13) 0.29 (0.16) 0.38 (0.16) 0.34 (0.17) 0.31 (0.19)

LF/ HF ratio

  SS 1.05 (0.47) 1.79 (0.69) 3.28 (1.68) 3.20 (2.24) 2.13 (0.87) 2.86 (1.77) 2.03 (0.80) n.s.

  SL 3.02 (2.77) 3.21 (2.34) 3.54 (1.92) 3.75 (2.83) 2.24 (0.96) 2.64 (1.01) 4.37 (4.02)

Table 4.   Means (standard error of the mean) of the high frequency (HF) component and low frequency 
(LF)/HF ratio and ANOVA results.
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of serotonin neurons37 and the down-regulation of inhibitory 5HT1A receptors38. In addition, Ohira  
et al.8 reported that participants carrying the SS allele demonstrated stronger reactivity in terms of blood 
pressure and the secretion of epinephrine as well as greater activation in stress-related brain regions 
such as the hypothalamus, which regulates the HPA and SAM axes. Taken together, the present finding 
of enhanced acute stress reactivity, as indexed by IL-1β  in SS carriers, can be interpreted in terms of the 
enhanced sensitivity of the sympathetic nervous system during acute stress.

Consistent with the findings of Fredrick et al.16, we found higher IL-6/IL-10 ratios in the SS group at 
baseline and during stress, which suggests that the smaller amount of serotonin found in the brains of 
those with the S allele of 5HTTLPR may lead to chronic pro-inflammatory bias. Thus, the present study 
showed that 5HTTLPR can regulate both the transient reactivity of pro-inflammatory cytokines to acute 
stress as reflected by IL-1β  and the chronic tendency of inflammation as reflected by the IL-6/IL-10 ratio. 
The effect of 5HTTLPR on the chronic IL-6/IL-10 ratio was consistently supported by our unpublished 
data with a larger sample size (N =  154: Supplementary figure online), suggesting the reliability of the 
findings from the present study.

In this study, we did not observe 5HTTLPR effects on stress reactivity in NK cell proportions and 
IL-6 levels. Many studies have indicated a transient increase in NK cell proportions in response to acute 
stress39,40, which is consistent with the results of the present study. Benschop et al.41 proposed that ele-
vated blood pressure elicited by sympathetic activity may physically transport NK cells into the periph-
eral blood. Accordingly, Kimura et al.20 found positive correlations between sympathetic cardiovascular 
activity and variations in subsets of lymphocytes, including NK cells, in acute stress situations. On the 
other hand, corticosteroids that are released via the HPA axis selectively inhibit the redistribution of 
NK cells42. Given that the 5HTTLPR S allele was linked with enhancement of the HPA axis (cortisol) 
activities in the present study, which is consistent with the previous report9, it seems reasonable to pro-
pose that the effects of 5HTTLPR on the two systems (SAM and HPA) appear to be antagonistic. Such 
enhancing (SAM) and inhibiting (HPA) effects on NK cells may offset the influences of the 5HTTLPR S 
allele on NK cell reactivity. Similarly, Zrkovic et al.43 reported that IL-6 was increased by the activation 
of the HPA axis, and Martos-Moreno et al.44 reported that secretion of IL-6 was inhibited by testoster-
one. As the 5HTTLPR S allele enhances both the HPA axis and testosterone reactivity45, the effects of 
5HTTLPR on IL-6 levels may be negated by the antagonistic influences of HPA axis activity and tes-
tosterone. Additionally, ratings of subjective stress were not different across the 5HTTLPR genotypes. 
Similar null results in recent studies46,47 suggest that this genotype may not affect conscious and experi-
enced sensitivity to acute stressors.

The present study has several limitations. First, the sample size was small; thus, the present findings 
are still preliminary and should be replicated with a larger sample. However, greater stress reactivity in 
pro-inflammatory cytokines, cardiovascular parameters and the HPA axis in SS allele carriers is consist-
ent with many previous studies, which suggests the validity of the present findings. Additional findings 
of the association between 5HTTLPR and the IL-6/IL-10 balance in a larger sample size (Supplement) 
reiterate the reliability of the present findings. Second, in the present study, only male participants were 
examined to avoid variations in endocrine and immune parameters caused by the menstrual cycle in 
women. Bceause a previous study35 reported sex differences in the effects of 5HTTLPR on stress reactivity, 
the generalizability of the present findings need to be further examined using participants of both sexes. 
However, the Supplement shows no sex differences in the IL-6/IL-10 ratio between the SS and SL groups. 
Because Japanese male SS carriers show higher levels of trait anxiety than SL carriers, this association 
between 5HTTLPR genotype and anxiety is reversed in Japanese females24. In our study, trait anxiety was 
not different between the genotype groups, and thus, the present findings can be attributed to genotype 
but not to levels of trait anxiety. Moreover, gender and ethnicity interactions have been indicated for 
the association between 5HTTLPR genotype and the cerebrospinal fluid level of 5-hydroxyindoleacetic 
acid48. Thus, whether our findings are specific to Japanese males remains to be determined.

In conclusion, we clarified that Japanese male 5HTTLPR SS allele carriers show enhanced acute stress 
reactivity in terms of pro-inflammatory cytokine release as reflected by IL-1β , as well as the parameters 
of the endocrine and autonomic nervous systems, relative to SL carriers. The mechanisms explaining the 
effects of a polymorphism of a single gene on stress reactivity in such multi-level physiological systems 
remain unclear and awaits further research.
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