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The coronavirus disease 2019 (COVID-19) pandemic has been associated with high mortality worldwide.
Owing to its complicated pathophysiology, diagnostic and prognostic biomarkers for effective patient
management remain scarce. We analyzed kynurenine, tryptophan, and serotonin levels in the serum of
patients with COVID-19 via liquid chromatography/mass spectrometry analysis. Serum serotonin levels
were decreased in patients with more severe COVID-19, along with increased kynurenine and decreased
tryptophan concentrations. Patients with moderate disease who subsequently worsened showed
significantly lower serotonin concentrations compared with those who did not experience severe dis-
ease. Serum serotonin levels may represent a valuable biomarker for COVID-19 severity and prognosis.

© 2022 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The coronavirus disease 2019 (COVID-19), which is caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), was first reported in China1 and spread rapidly worldwide
causing high mortality; it was declared a global pandemic in
March 2020.2 Although some treatments, including antiviral
agents and corticosteroids, and several vaccines have been
recently developed and employed against the disease,3 the
number of infected people continues to rise globally with several
regional pandemic waves caused by newly-emerged viral vari-
ants.2 As of April 1, 2022, a total of 486,761,597 confirmed cases
and 6,142,735 deaths associated with COVID-19 were reported by
the World Health Organization.2 The severity of COVID-19 pneu-
monia varies widely among patients; more than 80% of patients
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experience mild stage disease without requiring treatment,
whereas 15% develop severe respiratory distress, of which
approximately 5% rapidly progress to critical pneumonia and
multiorgan injury requiring intensive care with a high risk of fatal
outcomes due to cytokine storm.1,4e7 Therefore, predicting dis-
ease progression based on the symptoms remains challenging.
Although several comorbidity factors, including obesity, diabetes,
hypertension, cardiomyopathy, liver dysfunction, kidney disease,
heart disease, and general frailty, influence disease severity and
mortality rate, they cannot definitively explain all critical
cases3,4,6,7 due to the lack of a complete understanding of the
pathophysiology of COVID-19. Therefore, diagnostic and prog-
nostic COVID-19 biomarkers that can be used at an early disease
stage are still required to assess the risk of disease severity and
effective clinical management.

Several mass spectrometry-based studies, including some
metabolomic approaches,8e17 have investigated alterations in the
serum/plasma levels of biomolecules that could be associated with
the COVID-19 pathophysiology. In particular, tryptophan meta-
bolism was described as the top pathway affected by COVID-19
based on targeted and untargeted metabolomics studies, with
significant decreases in plasma tryptophan and serotonin levels,
nese Pharmacological Society. This is an open access article under the CC BY-NC-ND
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and increases in plasma kynurenine levels being described in SARS-
CoV2-positive patients.13 The major metabolic pathway of trypto-
phan, which converts tryptophan into kynurenine, is regulated by
the rate-limiting enzyme indole 2,3-dioxygenase (IDO), which
plays an immune-regulatory role and is induced by pro-
inflammatory cytokines, such as interferon (IFN)-g, in response to
viral infection.18,19 Serotonin is another metabolite of tryptophan
that is altered in the serum/plasma of patients with COVID-19.
Proteomic and metabolomic characterization studies showed that
serum serotonin levels decrease with the increasing COVID-19
severity.9 Other metabolomic studies have also shown a decrease
in serotonin levels in the serum/plasma of patients with COVID-
19.13,17 Recently, peripheral serotonin was reported as an immune
modulator20,21; however, changes in serotonin metabolism during
COVID-19 progression remain unclear.

Collectively, tryptophan, kynurenine, and serotonin are po-
tential diagnostic biomarkers of COVID-19 progression. However,
in most previous studies characterizing alterations in tryptophan
and its metabolites, patients with COVID-19 (mostly severe cases)
were compared with healthy controls, but few studies have
evaluated such alterations during disease development or among
mild, moderate, and severe disease stages.12,13 Moreover, a
comprehensive understanding of the expression profile of these
metabolites during disease progression is lacking. Notably, most
of these metabolomic studies used untargeted metabolomic
analysis approaches, which only provide qualitative or semi-
quantitative results; thus, it may be difficult to compare absolute
biomarker concentrations for clinical diagnostic and/or prognostic
purposes. To date, one recent study has determined the serum
serotonin concentrations in patients with mild/moderate and
severe COVID-1922; however, this previous study employed
enzyme-linked immunosorbent assay (ELISA), which is associated
with concerns of selectivity and specificity,23 especially in the
quantification of low molecular weight metabolites in biological
fluid. Moreover, the validity of the analytical parameters of this
ELISA was not described. Therefore, in this study, we investigated
patients with COVID-19 at various disease stages and determined
the kynurenine, tryptophan, and serotonin serum concentrations
using validated liquid chromatography/mass spectrometry (LC/
MS) analysis. Serum samples from moderate-stage patients were
further compared based on their longitudinal progression (that is,
whether or not they subsequently developed severe disease) to
better characterize the clinical applicability of kynurenine, tryp-
tophan, and serotonin levels as biomarkers of COVID-19 severity
and prognosis.
Table 1
Sample characteristics in the groups of healthy subjects and COVID-19 patients.

Group Healthy subjects (h) Covid-19 mild (a) Covid-19 moderate (

Number of Subjects 59 13 18
Number of samples 59 25 62
General data
Age (years) 52.5 ± 7.93 55.2 ± 21.1 57.4 ± 9.89
Gender (M/F) 29/30 14/11 41/21
Body mass index 21.3 ± 1.56 27.0 ± 4.68 27.6 ± 4.69
Clinical data
CRP (mg/dL) NA 0.42 ± 0.47 3.75 ± 3.89
D-dimer (mg/mL) NA 1.49 ± 2.04 1.11 ± 1.20
Platelet (x104/uL) NA 30.99 ± 12.74 27.33 ± 10.70

Alphabets in brackets followed by group used to present statistical differences between
significance was shown as p-values in ANOVA followed by Tukey's test or chi-square tes
M/F; male/female, CRP; C-reactive protein. N/A; not available.

* p < 0.05.
** p < 0.01.

*** p < 0.001.
**** p < 0.0001.
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2. Materials and methods

2.1. Materials

L-kynurenine and serotonin were purchased from
SigmaeAldrich (St. Louis, MO, USA). L-tryptophan was purchased
from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan).
Serotonin-d4 and L-tryptophan-d5 were purchased from Toronto
Research Chemicals (Toronto, Canada), and L-kynurenine sulfate
(ring-D4, 3, 3-D2) was purchased from Cambridge Isotope Labo-
ratories (Tewksbury, MA, USA). All other solvents and reagents used
were of commercially available LC/MS or high-performance LC
grade.

2.2. Sample collection

A total of 153 serum samples from 27 patients with SARS-CoV-2
infection confirmed via polymerase chain reaction were collected
from May 15 to November 25, 2020, at a single clinical center. A
total of 59 serum samples from age matched healthy subjects were
collected at another clinical center. The severity of the COVID-19
pneumonia was determined at the time of blood sampling and
was defined as mild, moderate, severe, and critical based on the
Japanese Medical Guidance for COVID-19 applied at the hospital,
which replaced the corresponding categorization protocol of the
National Institutes of Health COVID-19 Treatment Guidelines.24

General and clinical data of all samples are summarized in
Table 1, and Supplemental Table 1 (patients) and 2 (healthy sub-
jects). This studywas conducted in accordancewith the Declaration
of Helsinki and was approved by the Ethics Committee of the Na-
tional Institute of Health Science (No. 322, 333 and 337) and Nagoya
City (University) East Medical Center (No. 20-04-314). Written
informed consent was obtained from all participants.

2.3. Sample preparation

For LC/MS analysis, 30 mL of patient serum was mixed with
470 mL of 85% methanol in water containing the internal standards
(12.5 ng/mL kynurenine-d6, 100 ng/mL tryptophan-d5, and
12.5 ng/mL serotonin-d4). After removing proteins via centrifuga-
tion (18,440 or 21,210 �g, 10 min, 4 �C), the solution was filtered
with FastRemoverC18 (GL Science, Tokyo, Japan) using an auto-
mated system (Microlab NIMBUS with an MPE2 unit; Hamilton,
Reno, NV, USA). The flow-through fraction was diluted 1:3 (v/v)
with water and subjected to LC/MS analysis. The preparation
b) Covid-19 severe (c) Covid-19 critical (d) p-value

13 4
47 19

56.0 ± 9.50 52.8 ± 4.87 *:b-d, b-h
42/5 19/0 *:a-c, b-c, b-d,**:a-d,***:c-h, d-h
26.3 ± 4.14 26.6 ± 0.77 ****:a-h, b-h, c-h, d-h

5.88 ± 5.39 7.89 ± 5.90 **:a-b, b-d,****:a-c, a-d
2.29 ± 2.16 3.37 ± 3.68 *: a-d, b-c,**:b-d
27.20 ± 13.04 25.02 ± 6.12

each groups in the column of p-value. Mean ± standard deviation. The statistical
t with Bonferroni correction: ns, not significant.
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method used for the serum samples of the healthy subjects was
slightly different because of the low volumes of patient serum
samples available for analysis. Proteins were removed using an
automated system by mixing the serum (50 mL) with 450 mL of 90%
methanol in water containing the internal standard and filtering
with FastRemover for Protein (GL Science); the following procedure
was the same as described above.

2.4. LC/MS analysis

Chromatographic separation was performed using the Ultimate
3000 system (Thermo Fisher Scientific, Waltham, MA, USA) with a
Triart PFP column (1.9 mm, 2.1 � 100 mm; YMC, Kyoto, Japan) at
45 �C. Mobile phase A consisted of water with 0.3% formic acid and
mobile phase B consisted of methanol with 0.3% formic acid. A
sample volume of 5 mL was injected. After holding 20% B for 0.5 min
at a flow rate of 0.3 mL/min, a ramp gradient was used as follows:
20% B at 0.5 min, increased to 100% B at 2.5 min, held for 1.5 min
before returning to 20% B at 4.1 min and holding for 0.9 min.

The mass spectrometer used was TSQ-Quantiva (Thermo Fisher
Scientific), whichwas operated in themultiple-reactionmonitoring
mode. The samples separated via chromatography were ionized via
heated electrospray ionization in positive mode. Ion source pa-
rameters were as follows: Ion source voltage, 3.5 kV; ion-transfer
tube temperature, 350 �C; vaporizer temperature, 250 �C. The gas
settings were as follows: Sheath gas, 40 arbitrary units (Arbs);
auxiliary gas, 10 Arbs; sweep gas, 1 Arb. The following multiple-
reaction monitoring transitions (m/z) were monitored at collision
energies of 10 V with Ar 1.5 Torr: Tryptophan 205.1/188.1,
tryptophan-d5 210.1/192.0, kynurenine 209.1/192.1, kynurenine-d6
215.1/198.1, serotonin 177.2/160.1, and serotonin-d4 181.2/164.1.
Obtained raw data were processed using TraceFinder 4.1 (Thermo
Fisher Scientific) and Prism 9 (GraphPad Software, San Diego, CA,
USA). Determined concentrations of kynurenine, tryptophan, and
serotonin in individual serum samples are shown in Supplemental
Table 1 (patients) and 2 (healthy subjects).

2.5. Validation of LC/MS analysis

The following parameters of LC/MS analysis were assessed for
quantitative analysis: Calibration curve, carryover, parallelism,
precision, and relative accuracy. Calibration standards were pre-
pared in water at for kynurenine and serotonin (20, 40, 100, 200,
400, 1,000, 2,000, and 4000 ng/mL), and for tryptophan (150, 300,
750, 1,500, 3,000, 7,500, 15,000, and 30,000 ng/mL). The dilution of
serotonin calibration standards must be conducted with poly-
propylene tubes but not glass vialsA. Two quality control (QC)
samples (QCa and QCb) were prepared by pooling serum samples
from patients with various lung diseases. In addition, the lowest QC
sample (QC diluted) was prepared by diluting other samples of
pooled sera with 10% bovine serum album in phosphate-buffered
saline, and the spiked QC sample (QC spiked) was prepared by
spiking another sample of pooled sera with the highest calibration
standard concentration.

The calibration curves were established using the normalized
peak area (analyte/IS) of the calibration standards in duplicate
using Prism 9 (GraphPad Software). A linear regression model
with 1/X2 weighting was used to obtain the calibration curve
equation. Calibration curves were assessed using the correlation
coefficient (r) and relative error (RE, %) of the back-calculated
concentration against the nominal concentration of each cali-
bration standard. Carryover was assessed by comparing the peak
area of the blank sample injected immediately after the highest
calibration standard concentration with that of the lowest cali-
bration standard concentration. Parallelism was assessed by
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calculating the slope ratio between the calibration curve calcu-
lated using the calibration standards and the response curve
calculated using four QC samples. Within-run precision and
relative accuracy were determined by measuring QC samples in
six replicates; three replicates of three individual batches were
used to determine between-run precision and relative accuracy.
Reinjection reproducibility was assessed by the relative value (%)
of the second injection in comparison with the first injection; the
second injection was conducted after sample vial storage at 4 �C
for over 12 h.

2.6. Statistical analysis

All statistical analyses were performed using Prism 9 (GraphPad
Software). Significant differences in numerical characteristics and
metabolite concentrations of patients with COVID-19 and healthy
subjects were assessed using analysis of variance (ANOVA) fol-
lowed by post-hoc Tukey's test for more than two groups and an
unpaired t-test for two groups. Significant differences in categorical
characteristics were assessed using the Chi-square test with Bon-
ferroni correction. Receiver operating characteristic analysis was
performed to assess the potential of the metabolites as prognostic/
diagnostic biomarkers.

3. Results

3.1. Analytical method validation

A summary of the LC/MS validation assay for kynurenine,
tryptophan, and serotonin analysis is shown in Supplemental
Table 3. Overall, the RE of the back-calculated concentrations of
kynurenine, tryptophan, and serotoninwerewithin ±3.59, 1.81, and
4.95%, respectively, and the correlation coefficient for all analytes
was greater than 0.999. Carryover of kynurenine, tryptophan, and
serotonin was not detected. In parallelism evaluation, the slope
ratio of the calibration standards and QC samples was 96.60, 97.71,
and 98.76% for kynurenine, tryptophan, and serotonin, respectively.
The within-run precision of the four QC samples was within 9.75%
for kynurenine, 9.27% for tryptophan, and 9.36% for serotonin,
whereas the between-run precision was within 5.05% for kynur-
enine, 3.20% for tryptophan, and 6.32% for serotonin. The within-
run relative accuracy of the four QC samples was 94.47e98.33%
for kynurenine, 96.69e101.03% for tryptophan, and 98.45e104.68%
for serotonin, whereas the between-run relative accuracy was
94.47e104.37% for kynurenine, 96.69e103.08% for tryptophan, and
92.81e104.68% for serotonin. The reinjection reproducibility was
within ±1% of the original values for all three analytes. As these
results were compatible with the acceptance criteria for drugs
outlined in the Guidance/guidelines of bioanalytical method vali-
dation using LC/MS,25 the herein used LC/MSmethod was validated
for the quantitative analysis of kynurenine, tryptophan, and
serotonin.

3.2. Sample characteristics of patients with COVID-19 and healthy
subjects

The characteristics of the patients with COVID-19 and healthy
subjects enrolled in the study are shown in Table 1. Although the
healthy subjects were age-matched to those included in the COVID-
19 group, a slight difference in age between the control group and
patients with moderate symptoms was observed. In addition, age
differences were detected between the moderate and critical
COVID-19 groups. Regarding gender ratio, several differences
among the different-stage patients and control groups were
observed. In contrast, the body mass index (BMI) of patients with



Table 2
Sample characteristics in the groups of moderate stage COVID-19 patients before
and without worsening.

Group Before worsening (A) Without worsening (B) p-value

Number of subjects 6 7
Number of samples 9 25
General data
Age (years) 54.1 ± 4.81 60.6 ± 13.5
Gender (M/F) 8/1 15/10
Body mass index 30.5 ± 3.63 26.7 ± 5.45
Clinical data
CRP (mg/dL) 8.57 ± 5.16 4.40 ± 3.67 *: A-B
D-dimer (mg/mL) 0.61 ± 0.32 0.68 ± 0.48
Platelet (x104/uL) 18.2 ± 6.92 24.1 ± 9.34

Alphabets in brackets followed by group used to present statistical differences be-
tween each groups in the column of p-value. Mean ± standard deviation. The sta-
tistical significance was shown as p-values in student t-test or chi-square test: ns,
not significant.
M/F; male/female, CRP; C-reactive protein.

* p < 0.05.
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COVID-19 was significantly higher than that of healthy subjects but
was similar among those in different disease stage groups. In
agreement with previous studies, the C-reactive protein (CRP) and
D-dimer values, which are potential biomarkers for COVID-19
severity, also increased with disease severity, whereas platelet
numbers were not significantly changed.

3.3. Changes in kynurenine, tryptophan, and serotonin
concentrations, and their relationship with COVID-19 severity

An overall increase in kynurenine and a decrease in tryptophan
and serotonin serum concentrations were observed in patients
with COVID-19 as the disease severity increased (Fig. 1). However,
only serotonin concentration significantly changed in all disease
severity stages compared with the control group, whereas kynur-
enine and tryptophan levels only significantly changed in the
moderate, severe, and critical stages. In addition, among the COVID-
19 groups, serotonin concentrations were significantly different in
four comparisons, whereas kynurenine and tryptophan concen-
trations were significantly different in one and three comparisons,
respectively. The average concentrations of serotonin were
160.70 ng/mL in healthy subjects, 111.94 ng/mL in patients with
mild-stage disease, 75.61 ng/mL in patients with moderate-stage
disease, 58.86 ng/mL in patients with severe-stage disease, and
36.98 ng/mL in patients with critical-stage disease. Therefore, these
results suggested that, among tryptophan and its metabolites, se-
rotonin was the most promising biomarker associated with COVID-
19 severity.

Next, we examined the impact of the general background of the
patients (age, sex, and BMI) on serum serotonin concentration as
some significant differences were detected among the patients and
healthy subjects groups (Table 1). Nevertheless, further analysis of
the data in relation to the median age and BMI of the healthy
subjects showed no significant differences in serum serotonin
concentrations between young and old patients, males and females,
and patients with low and high BMI (Supplemental Table 4). These
Fig. 1. Kynurenine (A), tryptophan (B), and serotonin (C) concentrations in the serum of
ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 by ANOVA follo
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results suggested that the effect of the patient background was
negligible on the serum serotonin concentrations, at least in
healthy subjects.

3.4. Prognostic performance of serum serotonin levels in moderate-
stage COVID-19

Further analysis was performed to investigate the prognostic
value of serotonin, kynurenine, and tryptophan to differentiate
patients who had stable moderate-stage disease from those who
had moderate-stage disease and subsequently developed severe
and/or critical-stage disease (Table 2). Analysis of the clinical data
showed that the CRP values were significantly higher in patients
who subsequently developed severe and/or critical-stage disease
than those in patients who did not. Similarly, serum serotonin
levels were significantly lower in patients who subsequently
developed severe and/or critical-stage disease compared with
healthy subjects and patients with COVID-19. Each dot represents individual samples.
wed by Tukey's test.



Fig. 2. Kynurenine (A), tryptophan (B), and serotonin (C) concentrations in the serum of moderate-stage patients with COVID-19. Comparison between the samples of patients
with moderate-stage COVID-19 who subsequently developed severe disease (before worsening) and those who did not develop severe disease (without worsening). ns, not sig-
nificant; **p < 0.01 by ANOVA followed by Tukey's test.
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those in patients who did not (Fig. 2). Neither kynurenine nor
tryptophan levels showed such a trend. Thus, as well as CRP values,
serotonin concentration was also associated with the prognosis of
patients with moderate-stage COVID-19.

Supported by the above-described results, the potential clinical
utility of serotonin levels for COVID-19 prognosis in the moderate
disease stage, where further transition to more severe stage would
require critical care, was evaluated by establishing receiver oper-
ating characteristic curves. As shown in Fig. 3, the area under the
curve (AUC) to differentiate between patients who did or did not
subsequently develop severe and/or critical-stage disease from
moderate-stage disease was 0.840 for serotonin, which was even
better than that obtained for CRP (0.747). We then determined the
correlation between serotonin and CRP levels in the serum of these
patients with moderate-stage COVID-19 but found no significant
correlation (Supplemental Fig. 1). The lack of correlation between
the CRP and serum serotonin concentrations was consistent with
that reported previously.22 Thus, we also constructed a prognostic
Fig. 3. Receiver operating characteristic curves of serotonin (A) and CRP (B) concentrati
with moderate-stage COVID-19 between those who subsequently did or did not develo
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model using logistic regression analysis with serotonin concen-
trations and CRP values. The following equation was used:
score¼ 2.42þ 0.369� CRP�0.101� serotonin. As shown in Fig. 3B,
the AUC of the prognostic model was 0.88. Taken together, these
results indicated that serotonin had greater potential as a prog-
nostic biomarker than CRP and that its differentiating ability can be
further improved by combining it with CRP.

4. Discussion

This study aimed to identify diagnostic and prognostic bio-
markers of COVID-19 severity. A validated quantitative LC/MS was
employed to measure the serum concentrations of kynurenine,
tryptophan, and serotonin in patients with COVID-19 at various
stages of severity. Notably, the alteration in serotonin concentra-
tions was associated with disease severity even in mild stage
disease. Furthermore, serum serotonin concentrations were found
to be associated with severity and prognosis for moderate COVID-
ons, and diagnostic model generated using serotonin and CRP (C) levels in patients
p severe disease. AUC, area under the curve; CRP, C-reactive protein.
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19. To the best of our knowledge, this is the first study to show the
potential of serotonin as a prognostic biomarker for the risk of
developing severe and/or critical COVID-19 from moderate
COVID-19.

A clear decrease in serum serotonin concentrations was
observed in patients with COVID-19 as disease severity worsened.
This observation is in agreement with that of a previous study,
which demonstrated lower serum serotonin concentration in pa-
tients with severe COVID-19 than in patients with mild/moderate
COVID-19; the previous study determined the serum concentration
of serotonin using ELISA.22 Important physiological roles of sero-
tonin have been reported in the immune, vascular, and digestive
systems, as well as in the central nervous system.20,21 Therefore, the
decreased serum concentrations of serotonin may be associated
with the immune status of patients with COVID-19. Although the
underlying mechanism is unclear, several metabolomic studies
have revealed increased kynurenine and decreased tryptophan
levels, along with a decrease in serotonin levels in patients with
COVID-19.8e13,15e17 In agreement with these findings, increased
kynurenine and decreased tryptophan levels were also observed in
the present study. Some of these previous studies proposed that the
upregulation of the IDO enzyme in patients with COVID-19 may
play a role in increased tryptophan conversion into kynurenine
during the immune response to COVID-19. Regarding serotonin
homeostasis, it has been proposed that IDO activation leads to
significant consumption of tryptophan and limits its availability for
serotonin production.20 As IDO is also involved in the conversion of
serotonin to formyl-5-hydroxykynurenamine,20 its upregulation
may also decrease the serum serotonin concentration by enhancing
serotonin metabolism. Taken together, the decrease in serotonin
levels as disease severity progressed can be attributed to the
upregulation of IDO caused by SARS-CoV-2 infection.

In the present study, a decrease in serotonin concentrations was
observed even between healthy subjects and patients with mild
COVID-19, whereas alterations in tryptophan and kynurenine
concentrations were not significant (Fig. 1). Furthermore, the
prognostic ability of serotonin (but not of kynurenine and trypto-
phan) for further progression to more severe stages was confirmed
in patients with moderate-stage COVID-19 (Figs. 2 and 3). There-
fore, there may be another mechanism other than the upregulation
of IDO underlying the decrease in serotonin concentrations. To date,
there is no established mechanism associated with COVID-19;
however, recent reports have suggested several possibilities
regarding the decreased serum serotonin levels. Serotonin is
metabolized by IDO but also bymonoamine oxidases (MAOs) and is
synthesized from 5-hydroxy-L-tryptophan by L-dopa decarboxylase
(DDC).20 In 2021, Cuperlovic-Culf et al.26 suggested an increase in
MAO activity in patients with COVID-19 evidenced by alterations in
several metabolite ratios upon reanalysis of previously published
metabolomics data.9 Alternatively, in vitro experiments on epithe-
lial cell lines (VeroE6 and A549) infected with SARS-CoV-2 revealed
a strong negative correlation between viral RNA and DDC mRNA
levels,27,28 which implied that patients with COVID-19 may have
decreased DDC levels in their epithelial cells. Thus, IDO-
independent alterations in serotonin homeostasis in patients with
COVID-19 may also contribute to the decreased serum serotonin
levels.

The present data further demonstrated the potential prognostic
ability of serum serotonin for assessing the risk of developing se-
vere and/or critical COVID-19 frommoderate COVID-19. To date, the
role of serotonin in COVID-19 prognosis has been unknown. How-
ever, serotonin treatment was reported to suppress the release of
interleukin (IL)-6 and tumor necrosis factor (TNF)-a in cultured
macrophages and lymphocytes,29 and of INF-g in cultured whole
blood.30 Nau et al. reported that the activation of the serotonin 2A
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receptor inhibits the intestinal production of IL-6 and the increase
in circulating IL-6 levels caused by TNF-a in mice.31 Taken together,
these results indicate that serotonin may suppress the release of
pro-inflammatory cytokines, such as IL-6, which may explain why
patients with COVID-19 with low serum serotonin concentrations
had a higher risk of developing severe and/or critical disease from
moderate COVID-19. Contrary to its anti-inflammatory effect, se-
rotonin is known as accelerate blood coagulation,32 which may
cause further increase the severity of COVID-19. However, as shown
in Fig. 1, the serum serotonin concentrations in all patients with
moderate-stage COVID-19 were mostly lower than those in healthy
subjects. Therefore, at least among the patients with moderate-
stage COVID-19 whom we recruited, excessive blood coagulation
by serotonin may not have played a role in the progression of
disease.

As serotonin plays important physiological roles in the immune,
vascular, digestive, and central nervous systems,20,21 the decreased
serotonin concentration with COVID-19 progression may also
contribute to some of the symptoms of COVID-19. In particular,
studies have demonstrated an association between COVID-19 and
depression.33e35 It has also been reported that the serum serotonin
levels inversely correlated with the degree of anxiety and depres-
sion36; thus, decreased serotonin levels with disease progression
may be one of the causes of depressive syndrome of COVID-19,
although the cause and effect remain unclear. On the contrary,
the role of serotonin in the gastrointestinal symptoms has also been
proposed. Ha et al. demonstrated increased plasma serotonin levels
with COVID-19 severity and its strong correlation with the inci-
dence of diarrhea.37 However, the plasma concentration of sero-
tonin, which reflects pre-clotting state of the blood, could not be
simply compared with serum serotonin concentration, which re-
flects post-clotting state of the blood. Thus, the association be-
tween serum serotonin levels and diarrhea remains unclear,
warranting further research. In addition, an inverse correlation of
plasma and serum serotonin levels against COVID-19 severity could
not simplify the role of serotonin in COVID-19, but simultaneous
analysis of plasma and serum serotonin levels may be capable of
addressing the pathophysiological implication of serotonin on
COVID-19.

This study has several limitations. First, owing to the limited
number of patients in a single hospital, we used several serum
samples from the same patient on different days and at different
stages. This limitation also made it difficult to recruit healthy sub-
jects with matching backgrounds to patients at all stages of COVID-
19, although there was no influence of age, sex and BMI on serum
serotonin concentrations in healthy subjects. However, there are still
concerns of confounding influence of an unidentified patient back-
ground factor on serum serotonin concentration in patients with
COVID-19. Second, detailed clinical information of the patients,
especially regarding comorbidities, was not available. This may be
important considering that alterations in serum serotonin concen-
trations are observed in several other diseases, including cancer,
human immunodeficiency virus infection, and depression.20 There-
fore, caution should be exercised when considering the clinical
application of serum serotonin concentrations as a predictor of
COVID-19 progression in patients with other relevant diseases.
Larger sample size and comprehensive consideration of clinical in-
formation are required to complement the present findings.

5. Conclusion

Using a validated method, the present study revealed dynamic
changes in serotonin concentrations during severe COVID-19 pro-
gression. In particular, serotonin concentrations are significantly
decreased in patients with moderate COVID-19 who subsequently
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develop severe/critical conditions compared with those who
experienced the stable moderate disease. Therefore, serum sero-
tonin concentration is a possible biomarker of the severity and
prognosis of COVID-19.
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