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Abstract

Coronavirus disease 2019 (COVID-19) has resulted in long-term psychiatric symptoms because of the immunologic response
to the virus itself as well as fundamental life changes related to the pandemic. This immune response leads to altered trypto-
phan (TRP)-kynurenine (KYN) pathway (TKP) metabolism, which plays an essential role in the pathophysiology of mental
illnesses. We aimed to define TKP changes as a potential underlying mechanism of psychiatric disorders in post-COVID-19
patients. We measured plasma levels of several TKP markers, including KYN, TRP, kynurenic acid (KYNA), 3-hydrox-
ykynurenine (3-HK), and quinolinic acid (QUIN), as well as the TRP/KYN, KYNA/3-HK, and KYNA/QUIN ratios, in 90
post-COVID-19 patients (on the first day of hospitalization) and 59 healthy controls (on the first admission to the Check-Up
Center). An online questionnaire that included the Depression, Anxiety and Stress Scale-21 (DASS-21) was used 6 months
after the initial assessment in both groups. A total of 32.2% of participants with COVID-19 showed depressive symptoms,
21.1% exhibited anxiety, and 33.3% had signs of stress at follow-up, while 6.6% of healthy controls exhibited depressive and
anxiety symptoms and 18.6% had signs of stress. TRP and 3-HK were negative predictors of anxiety and stress, but KYN
positively predicted anxiety and stress. Moreover, TRP negatively predicted depression, while KYNA/3-HK was a negative
predictor of anxiety. The correlation between depression, anxiety, and stress and TKP activation in COVID-19 could provide
prospective biomarkers, especially the reduction in TRP and 3HK levels and the increase in KYN. Our results suggest that
the alteration of TKP is not only a potential biomarker of viral infection-related long-term psychiatric disorders but also that
the therapy targets future viral infections related to depression and anxiety.
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Introduction

The coronavirus disease 2019 (COVID-19) virus that first
emerged in Wuhan Province, China, in December 2019
quickly spread all over the world and became a pandemic.
Since then, it has caused the death of nearly 5.8 million
people worldwide by January 2022 (WHO 2022). There
is considerable concern about the burden of psychiatric
disorders after the pandemic. Apart from its enormous
impact on the psychological state of people by changing
everything that people are accustomed to Li et al. (2020),
it has been suggested that there may be outcomes due to
the direct effect of the virus on the human nervous system
as well as its impact on neuroimmunology (Troyer et al.
2020). Past viral pandemics indicated that neuropsychi-
atric manifestations during viral pandemics are common
(Manjunatha et al. 2011) and the COVID-19 pandemic is
not an exception.

Considering that the pandemic has been a source of
fear of illness, death, obscurity of the future, and major
changes in our lives, such as social isolation and lock-
downs, it has led to traumatization to some extent for
almost everyone (Carvalho et al. 2020). According to the
literature, the degree of influence on individuals is related
to biopsychological and psychosocial factors, such as a
good stress response and positive appraisal of the coro-
navirus crisis, that are associated with the psychological
and biological consequences of the COVID-19 pandemic
(Berezina and Rybtsov 2021; Veer et al. 2021). However,
short- and long-term immunologic responses to viruses
as well as the direct impact of the virus on emerging psy-
chiatric symptoms appear to have received less attention.

The tryptophan—kynurenine (TKP) pathway plays a
pivotal role in regulating the immune response. Activated
TKP has been found to be linked to a wide variety of clini-
cal conditions, such as inflammatory reactions, infection,
cancer, neurodegenerative disorders, and psychiatric dis-
orders (Tanaka et al. 2020, 2021). SARS-CoV-2 infection
is also associated with altered tryptophan—kynurenine
metabolism, which is increased neurotoxic metabolites
such as quinolinic acid (QA) and 3-hydroxykynurenine
(3-HK) and decreased neuroprotective metabolites such
as kynurenic acid (KA), as an early inflammation marker
(Lawler et al. 2021). Furthermore, the metabolites of TKP
were shown to indicate the severity of the infection and
predict mortality (Mangge et al. 2021; Michaelis et al.
2022). On the other hand, the TKP is an emerging research
interest in terms of its involvement in the pathophysiology
of mental disorders (Myint 2012; Pu et al. 2020). Existing
literature suggests that dysregulation of this pathway may
be implicated in a range of psychiatric disorders, including
major depressive disorder (Pu et al. 2020), schizophrenia,

@ Springer

(Noyan et al. 2021), and anxiety disorders (Butler et al.
2022). Regarding the association between TKP and psy-
chiatric disorders, the literature shows decreased trypto-
phan (Ogawa et al. 2014), kynurenine, and kynurenic acid
in patients with MDD (Ogyu et al. 2018), and increased
plasma kynurenine levels in patients with endogenous
anxiety (Orlikov et al. 1994). Moreover, a recent study
indicated that reduced kynurenine levels were associated
with major depressive disorder as well as better treatment
response to escitalopram in this patient group (Erabi et al.
2020).

Although the neuroendocrine-immune changes in the
acute phase of SARS-CoV-2 infection have been investigated,
research on possible pathways for the long-term (neuro)psychi-
atric effects of SARS-CoV-2 infection has still suffered obscu-
rity. Thus, in a sample of patients infected with SARS-CoV-2,
we evaluated plasma levels of numerous TKP indicators in
the blood sample that patients gave shortly after they tested
positive in the PCR test. These TKP indicators were kynure-
nine, kynurenic acid, 3-hydroxykynurenine, quinolinic acid,
and tryptophan, as well as the kynurenic acid/quinolinic acid
rate, kynurenic acid/3-hydroxykynurenine, and kynurenine/
tryptophan ratios. Post-COVID conditions are an umbrella
term referring to the health consequences that present 4 or
more weeks after infection with SARS-CoV-2 (Greenhalgh
et al. 2020). Although the post-acute or long-COVID terms
have not yet been well defined, we used the acute-COVID term
for the first 3 weeks of SARS-CoV-2 infection and long-term
(post-acute) COVID for outcomes after 3 weeks of infection.
To examine the long-term psychiatric effects of SARS-CoV-2
infection, we evaluated the patients 6 months later regarding
psychiatric symptomatology. We hypothesized that TKP
alterations may be a possible causal factor for psychiatric
manifestations after infection with SARS-CoV-2. While little
is known about TKP's role in psychiatric manifestations, there
are no studies investigating the effect of TKP in SARS-CoV-
2-infected patients in terms of psychiatric manifestations. We
intend to shed light on TKP alterations as a possible under-
lying mechanism of psychiatric disorders in post-COVID-19
patients and perhaps other future viral infections. Further-
more, our study might contribute to the limited knowledge for
treating psychiatric ramifications of SARS-CoV-2 infection
by revealing the underlying mechanism. We hypothesize that
TKP metabolites differ significantly in SARS-CoV-2-infected
patients with psychiatric symptoms from those without psy-
chiatric symptoms and healthy controls.
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Methods
Study design and participants

This study was a prospective cohort study. Individuals who
presented to Gazi University Medical Faculty Hospital
between April and November 2020 were examined. Indi-
viduals who have been diagnosed with COVID-19 by fully
meeting the World Health Organization COVID-19 criteria
(World Health Organization 2022), as well as those who
have not been diagnosed with COVID-19 or vaccinated
against COVID-19, were included in the study. SARS-
CoV-2 RT-PCR positivity in oropharyngeal and naso-
pharyngeal samples confirmed COVID-19 infection in all
patients. Patients were admitted to the hospital if they had
a fever, cough, dyspnea, or rapid breathing and met at least
one of the following criteria: respiratory rate > 30 breaths
per minute; severe respiratory distress; or SpO, <90%
on room air (World Health Organization 2022). Healthy
controls with no history of psychiatric illness, as well as
COVID-19 infection and vaccination, enrolled in the study
at Gazi University Hospital's Check-Up Center.

The study's exclusion criteria were being under 18 years
of age; having any psychiatric diagnosis and serious medi-
cal conditions affecting immunological function, such as
respiratory, cardiovascular, endocrine, or neurological dis-
eases or medications; being pregnant; and having a disease
that causes communication problems, such as deafness,
mental retardation, or dementia.

A total of 606 individuals have been invited to partici-
pate in the study since July 2020. However, 115 patients
with COVID-19 and 59 uninfected and unvaccinated
against COVID-19 healthy controls participated in the
study. After 6 months of the first assessment, 25 individu-
als were excluded from the study, because they refused to
agree to the online interview.

The following assessments were performed to deter-
mine the risk factors and biomarkers that may lead to the
development of depression and anxiety disorders:

A data extraction form was used to collect sociode-
mographic and clinical data, such as age, sex, healthcare
worker, chronic disease history, length of hospitaliza-
tion, length of stay in the intensive care unit, and baseline
kynurenine metabolite levels.

Blood sampling and tryptophan-kynurenine
pathway metabolite measurement

Blood samples from the patient group were taken on the
first day of hospitalization, while blood samples from the
healthy control group were collected on the first admission

to the XXX University Hospital's Check-Up Center from
9:00 to 11:00 a.m. Then, 5 ml of blood that was drawn
from each person was transferred to a vacuum tube.
Finally, after 1 h of waiting at room temperature, blood
was centrifuged at 3000xg for 10 min at 4 °C. Serum
samples were stored at — 80 °C until analysis. The lev-
els of tryptophan (TRP), kynurenine (KYN), kynurenic
acid (KYNA), 3-hydroxykynurenie (3HK), and quinolinic
acid (QA) in serum specimens and validated Jasem Serum/
Plasma Tryptophan and Its Kynurenine Pathway Metabo-
lites LC-MS/MS Analysis Kit were used (Sem Laboratuar
Cihazlar1 Pazarlama San. ve Tic. Inc., Istanbul, Turkey).
The LC-MS/MS platform used for chromatographic and
mass spectral analysis of these TRYP-KYN pathway
metabolites consisted of an Agilent HPLC system (Agilent
Technologies, Santa Clara, CA, USA) involving a flex-
ible pump (G7104A), column compartment (G7116B)
and autosampler (G7129C) coupled to an Agilent Ultivo
triple quadrupole LC/MS (6465B, Agilent Technologies,
Santa Clara, CA, USA) with an electrospray ionization
(ESI) source. The limit of quantitation concentrations of
QA, 3HKYN, KYN, KYNA, and TRP were 0.906 ng/mL,
0.696 ng/mL, 2.436 ng/mL, 0.708 ng/mL, and 45.011 ng/
mL, respectively.

Clinical assessment

Our study psychiatrists used the Turkish version of the struc-
tured clinical interview for DSM-5 (SCID-5) after receiving
standard training in its use. The validity in Turkey Reliabil-
ity has been investigated (Elbir et al. 2019) (Kappa coef-
ficient: 0.74, the percentage of diagnostic harmony between
interviewers: 99%). The interviews were conducted at the
beginning of the study during the hospital stay, and patients
diagnosed with psychiatric diagnoses were excluded. This
interview was only conducted face to face with the patients
who agreed to the examination voluntarily 6 months after
the first interview.

The following scale was completed in online interviews
with patients 6 months after the first interview:

Depression—Anxiety Stress Scale (DASS-21): Lovibond
created the Depression—Anxiety Stress Scale (DASS-21)
by selecting DASS-42 items to shorten the application
time (Lovibond and Lovibond 1995). It is a valid and relia-
ble scale to measure depression, anxiety, and stress levels.
Each subscale evaluates negative emotions and consists of
seven items. The Likert four-level rating system is used
on the scale, with 0 to 3 points reflecting nonconformity
(0) to extremely consistency (3). The higher the score, the
more negative feelings there are (Lovibond 2014). The
following are the recommended cut-off scores for con-
ventional severity labels (normal, mild, moderate, and
severe, extremely severe): For depression, scores ranging
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from O to 4 would be considered normal, 5 to 6 mild, 7 to
10 moderate, 11 to 13 severe and 14 + extremely severe.
For anxiety, scores were considered to range from 0 to 3
normal, 4 to 5 mild, 6 to 7 moderate, 8 to 9 severe, and
10 + extremely severe. For stress, scores would be con-
sidered to range from O to 7 normal, 8 to 9 mild, 10 to 12
moderate, 13 to 16 severe, and 17 + extremely severe mod-
erate stress (Saricam 2018). The DASS-21 distinguishes
patients (depression average score = 10.83; anxiety aver-
age score = 10.39; stress mean score =11.85) from healthy
controls (depression average score =35.88; anxiety mean
points =5.37; stress mean points =7.90) (U=15310.50;
4748.50; 5562.50, p=0.00) at a good level in a Turkish
society (Saricam 2018). As a result, each total was divided
into two categories to distinguish patients with psychiatric
symptoms from healthy controls in the current study. The
first contained the 'normal to moderate' groups, while the
second contained the ‘severe to extremely severe' groups.
The first group was accepted as normal, and the second
group of patients was accepted as patients with depres-
sion/anxiety/stress. A Turkish validity and reliability study
was conducted (Cronbach’s a ranges from 0.87 to 0.90,
with intercorrelations ranging from 0.82 to 0.93) (Yildirim
et al. 2018). In this study, Cronbach's alpha was used to
assess the validity of the questionnaire, and it was found
to be 0.952.

Statistical analysis

SPSS software version 22 was used to analyze the data.
First, descriptive statistics were applied to summarize
the sample's characteristics. Second, outliers were identi-
fied visually using box plots, and those lying more than
three times the interquartile range (IQR) below the first
quartile or above the third quartile were removed. Visual
inspection of histograms, as well as skewness and the Sha-
piro—Wilk statistic, were used to determine data normality.
Because variables, except for TRP level, are not normally
distributed, they were converted to the log natural for an
approximately normal distribution. The independent sam-
ples ¢ test and Mann—Whitney U tests were then performed
to determine whether there were any significant differences
between groups of outpatients and inpatients with COVID-
19. Data are provided as the mean + SD and the median
and sum of the ranks where needed. Additionally, Pearson
correlation tests were used between quantitative variables
(functional scales and mood assessment vs. serum kynure-
nines). Based on DASS-21 subscale scores, multiple linear
regression analysis was performed to determine the com-
ponents linked with depression, anxiety, and stress. The
significance values were set at p <0.05.
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Results

The sociodemographic characteristics of the 149 partic-
ipants are presented in Table 1. Patients with COVID-
19 (44.58 +15.36) were older than the healthy controls
(30.58+7.43) (p <0.001). However, there was no statisti-
cally significant difference based on sex, education level,
being a health worker, or smoking status between these
two groups. A total of 26.17% of the 90 post-COVID-19
patients (N =39, length of hospital stay =10.72 +6.22)
were admitted to the hospital with pneumonia caused by
COVID-19, and 10% of patients with COVID-19 required
intensive care. At the end of the sixth month, 6.6% of post-
COVID-19 participants applied to the post-COVID-19 out-
patient clinic. According to the SCID-5, 66.6% of those
(4.4% of post-COVID-19 participants) were diagnosed
with generalized anxiety disorder, and 33.3% of those
(2.2% of post-COVID-19 participants) were diagnosed
with major depressive disorder.

According to the Mann—Whitney U test results, in
terms of DASS-21 total scores (p <0.001), depression
level (p <0.001), anxiety level (p <0.001), and stress level
(p <0.001), there was a noteworthy difference between the
two groups. Additionally, in terms of severe and extremely
severe depression (p <0.001), anxiety (p =0.018), and
stress (p =0.05), there was also a considerable difference
between the groups. A total of 32.2% of participants with
COVID-19 showed severe and extremely severe depressive
symptoms, 21.1% exhibited severe and extremely severe
anxiety and 33.3% showed signs of severe and extremely
severe stress at follow-up, while 6.6% participants exhib-
ited severe and extremely severe depressive and anxiety
symptoms and 18.6% had signs of severe and extremely
severe stress. The mean scores, median, and sum of ranks
of the scale and its subscales are summarized in Table 1.

The mean TRP level in post-COVID-19 patients was
considerably higher (11.73 +3.41 pg/ml) than that in
the control group (1.53 +£2.69 ug/ml) (t (147)=6.792,
p <0.001). The mean KYN level in post-COVID-19
patients was substantially different (6.29 +0.58 ng/ml)
from that in the control group (6.08 +0.24 ng/ml), (¢
(147)=-3.037 p=0.003). Additionally, the mean TRP/
KYN ratio in post-COVID-19 patients was considerably
different (1.87 +0.54) from that in the control group
(2.52+0.44), (+ (147)=7.928 p<0.001). The mean
KYNA level in post-COVID-19 patients was significantly
different (2.61 +0.80 ng/ml) from that in the control
group (2.08 +0.37 ng/ml), (r (147)=-5.376 p<0.001),
as was the mean 3HK level in post-COVID-19 patients
(2.04 +0.97 ng/ml) compared with that in the control
group (2.45+0.30 ng/ml), (¢ (147)=3.749 p <0.001).
Post-COVID-19 patients had a significantly higher mean



Psychological outcomes of COVID-19 survivors at sixth months after diagnose: the role of... 1081

Table 1 Demographic characteristics of participants, DASS-21, and kynurenine pathway metabolites

COVID-19 positive (n=90) Control (n=59) P value df (X% or U(z) or daf (1)
Age (years); mean (SD) 44.58 (15.36) 30.58 (7.43) <0.001 147 (-6.515)¢
Sex; % female (n) 54.80 (51) 45.20 (42) 0.074 1(3.203)*
Education level; % less than 12 years (n) 62.50 (30) 37.50 (18) 0.718 1(0.130)*
Healthcare-worker; % yes (n) 44.60 (25) 36.60 (34) 0.328 1 (0.955)*
Smoking status; % smokers (1) 66.70 (28) 33.30 (14) 0.327 1(0.959)*
Inpatient; % (n) 26.17 (39) None
Comorbidity; % (n) COPD: 3.33 (3) None
HT: 5.6 (5)
CAD: 4.4 (4)
Asthma: 7.8 (7)
DM: 7.8 (7)
Length of stay; mean (SD) 10.72 (6.22); Min=4, Max =27 None
Staying intensive care; % (n) 6(9) None
DASS scores; mean, (median; sum of ranks)
DASS-21 total 34.8 (90.23, 8121) 14.8 (51.76, 3054) <0.001 1284 (-5.361)°
DASS-21 depression 5.83 (89.07, 8016.5) 2.39 (53.53, 3158.5) <0.001 1388.5 (-5.013)°
DASS-21 anxiety 5.08 (88.28, 7945) 2.17 (54.75, 3230) <0.001 1460 (-4.723)°
DASS-21 stress 6.4 (89.43, 8049) 2.83 (52.98, 3126) <0.001 1356 (-5.125)°

Distribution of groups according to DASS-21 subscale severity level; people who have severe-to-very severe symptoms, % (n)

Depression Outpatient:48.5 (16)
Inpatient: 39.4 (13)

Anxiety Outpatient:43.5 (10)
Inpatient:39.1 (9)

Stress Outpatient:46.3 (19)
Inpatient:26.8 (11)

Diagnosis at 6. months MDD: 2.2 (2)
GAD: 4.4 (4)

The level of the TKP metabolites; Mean (SD)

TRP (microgram/ml) 11.73 (3.41)

KYN (ng/ml) 6.29 (0.58)

TRP/KYN 1.87 (0.54)

KYNA (ng/ml) 2.61 (0.80)

3-HK (ng/ml) 2.04 (0.97)

QUIN (ng/ml) 4.86 (1.03)

KYNA/3-OHKYN 1.52 (3.35)

KYNA /QUI 0.54 (0.12)

12.1 (4) <0.001 1(13.379)*
17.4 4) 0.018 1(5.607)*
26.8 (11) 0.05 1 (3.855)*
None

15.32 (2.69) <0.001 147 (6.792)¢
6.08 (0.24) 0.003 147 (=3.037)¢
2.52 (0.44) <0.001 147 (7.928)¢
2.08 (0.37) <0.001 147 (=5.376)¢
2.45 (0.30) <0.001 147 (3.749)¢
4.10 (0.34) <0.001 147 (—6.423)¢
0.85(0.13) 0.13 147 (- 1.523)¢
0.51 (0.08) 0.09 147 (—=1.705)¢

COPD chronic obstructive pulmonary disease, HT hypertension, CAD coronary artery disease, DM diabetes mellitus, DASS-21 The Depression,
Anxiety and Stress Scale-21, TKP tryptophan kynurenine pathway, KYN kynurenine, TRP tryptophan, KYNA kynurenic acid, 3-HK 3-hydrox-

ykynurenine, QUIN quinolinic acid
3df (X?); Chi-square test

"U(z); Mann—Whitney U test
Cdf(t); independent samples ¢ test

QUIN level (4.86 +1.03 ng/ml) than the control group
(4.10+0.34 ng/ml), (t (147)=- 6.423 p <0.001). The
mean KYNA/3-HK ratio level in post-COVID-19 patients
was not significantly different (1.52 +3.35) from that in the
control group (0.85+0.13), (r (147)=-1.523 p=0.13),
whereas the mean KYNA/QUIN ratio in post-COVID-19
patients was not different (0.54 +0.12) from that in the
control group (0.51+0.08), (¢ (147)=-1.705 p=0.09).

Table 1 displays the mean value and standard deviation
of TKP metabolites. In addition, the mean values of TKP
metabolites in the control and post-COVID-19 groups are
illustrated in Fig. 1.

Moreover, Fig. 2 illustrates the difference between
the mean TKP metabolite levels according to the sever-
ity of depression, anxiety, and stress. The mean TRP
level in the low depression level was significantly higher
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Fig.2 The TKP metabolite levels according to depression, anxiety, and stress severity

(13.18 +3.58 pg/ml) than that in the high depression level
(11.29+2.980 pg/ml) (¢ (147)=3.860, p <0.001). In addi-
tion, the TRP level was significantly higher both at low
anxiety levels (13.65 +3.63) compared to high anxiety lev-
els (11.18+2.67), (¢ (147)=3.380, p<0.001) and at low
stress levels (13.41 +3.68) compared to high stress levels
(11.35+2.28), (t (147)=2.327, p=0.02). 3HK levels were
significantly higher in participants with low depression
(p=0.02) and anxiety levels (p=0.02). The mean values
and standard deviations of the TKP metabolites according
to the symptom levels shown in Fig. 2 are provided in Sup-
plementary Material 1.

KYN, KYNA, 3-HK, QUIN, and TRP levels and the
KYNA/QUIN, KYNA/3-HK, and KYN/TRP ratios and their
correlation with DASS-21 scores were explored. Depres-
sion (r=-0.332, p=0.01; r=- 0.568, p=0.01), anxiety
(r=-0.311, p=0.01; r=- 0.256, p=0.01), and stress
levels (r=-0.308, p=0.01; r=-0.240, p=0.01) were all
negatively related to the TRP level and TRP/KYN ratio,
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respectively, whereas depression (r=0.267, p=0.01), anxi-
ety (r=0.205, p=0.01), and stress levels (r=0.269, p=0.01)
were positively related to the KYNA/3-HK ratio. In other
words, whereas TRP/KYN exhibited a moderate relationship
with depression symptom scores, TRP and KYNA/3HK had
a low-level relationship with depression, anxiety, and stress
symptom scores. Hospitalization length was positively and
weakly associated with QUIN (r=0.459, p=0.01), KYN
(r=0.370, p=0.01), and KYNA (r=0.322, p=0.01), but
negatively associated with TRP level (r=-0.174, p=0.01)
and TRP/KYN ratio (r=-0.430, p=0.01). While the corre-
lation level of hospital stay was very weak with TRP, it was
weak with TRP/KYN. Table 2 demonstrates the correlations
between kynurenine pathway markers and DASS-21 total
score, DASS-21 depression, DASS-21 anxiety, DASS-21
stress, age, and length of hospitalization.

Male sex was a negative predictor for depression
(B=-2.05,CI —-3.79, - 0.31, p=0.02), anxiety (B=-1.79,
CI - 3.29, — 0.28, p=0.02), and stress (B=-2.31, CI
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Table 3 The predictors for DASS-21 subscales

DASS-21 depression DASS-21 anxiety

DASS-21 stress

DASS-21 depression

B SE  95%CI p B SE  95%CI p B SE  95%CI p
Age -0.03 004 -0.10;005 053 -00l 003 -0.07:006 084 -007 004 —-0.15001  0.09
Sex -205 088 -379;-031 002 -179 076 -329;-028 002 -231 089 -4.08:055 0.01
Length of stay 0.18 0.0 -001;038 007 010 009 -007;027 024 015 0.10 -005034 0.5
TRP -051 019 -0.89;-0.13 001 -036 0.17 -0.69;-0.04 003 -037 020 -0.76;001  0.06
KYN 1.65 120 -0.73;4.03 017 1.86 1.04 -020;392 008 246 122 0.04;4.87 0.05
QUIN 131 284 -693;430 064 -075 246 -562:411 076 -076 288 —-646;495  0.79
3-HK 090 055 -2.00;0.19 011 -127 048 -222;-032 001 -158 0.56 -2.69;047  0.01
KYNA 205 430 -645;10.54 0.64 048 372 -6.88;785 090 047 436 -8.16;9.10 091
KYNA/QUIN ~1.69 17.18 -35.67;3228 092 063 14.88 -28.81;30.07 097 125 1744 -3325,35.75 0.94
KYNA/3-HK -0.13 016 -044;0.18 041 -030 0.4 -056;-0.03 0.03 -025 0.16 -057;006 0.12
TRP/KYN 215 143 -0.68,498 014 084 124 -161;329 050 031 145 -256:3.19 0.3

DASS-21 depression; R2=0.163, DASS-21 anxiety; R”=0.185, DASS-21 stress; R2=0.195
Clconfidence interval, SE =standard error, DASS-21 The Depression, Anxiety and Stress Scale- 21, KYN kynurenine, TRP tryptophan, KYNA

kynurenic acid, 3-HK 3-hydroxykynurenine, QUIN quinolinic acid

— 4.08, 0.55, p=0.01). The TRP level was negatively
associated with depression (B=-0.51, CI — 0.89, — 0.13,
p=0.01), anxiety (B=-0.36, CI — 0.69, — 0.04, p=0.03),
and stress (B=-0.37, CI —0.76, 0.01, p=0.06), while the
KYN level was positively associated with anxiety (B=1.86,
CI — 0.20, 3.92, p=0.08) and stress levels (B=2.46, CI
0.04, 4.87, p=0.05). 3HK was a negative predictor of
anxiety (B=-1.27, CI — 2.22,-0.32, p=0.01) and stress
(B=-1.58,CI —-2.69,047, p=0.01). KYNA/3-HK was
negatively related to anxiety (B=-0.30, CI — 0.56, -0.03,
p=0.03). Table 3 shows the predictors of depression, anxi-
ety, and stress.

Discussion

This is the first long-term study to explore the relation-
ship between TKP metabolites and depression and anxiety
symptoms linked to the COVID-19 pandemic. These results
were based on post-COVID-19 outpatients and inpatients
and COVID-19-negative, unvaccinated controls. Depression,
anxiety, and stress levels were all negatively related to the
TRP/KYN ratio and the TRP level, whereas the KYNA/3-
HK ratio was positively related. However, when compared
to TRP, the relationship between DASS-21 scores and other
metabolite levels was modest. TRP and 3HK were negative
predictors of anxiety and stress, but KYN was a positive pre-
dictor of anxiety and stress. Moreover, TRP was a negative
predictor of depression. Finally, we revealed that hospitaliza-
tion length was positively associated with QUIN, KYN, and
KYNA, but negatively associated with TRP levels and the
TRP/KYN ratio. Long-term hospitalization was also linked
to increased DASS-21 scores.

@ Springer

According to a Chinese study on 1210 Chinese people
who completed the DASS 21 questionnaire, 28.8% had anxi-
ety, 8.8% had stress, and 16.5% experienced depression at
least moderate levels (Wang et al. 2020). In another study,
23% of surviving participants from COVID-19 reported
depression or anxiety symptoms at follow-up in a cohort
study conducted in the early period of the pandemic (Huang
et al. 2021). While one study did reveal no differences in
depression and anxiety scores between healthy controls and
patients with COVID-19 (Frontera et al. 2021), our data
support that there is a growing concern and that individu-
als infected with SARS-COV-2 have increased depression,
anxiety, and stress symptoms when compared to noninfected
individuals based on the current literature (Thye et al. 2022).
Furthermore, whereas the levels of anxiety and depression
were higher in individuals even if they were not infected
with SARS-COV-2 in the first months of the pandemic
(Ozdin and Bayrak Ozdin 2020), our findings suggest that
these proportions have declined.

Psychosocial and biological conditions created by the
COVID-19 pandemic are thought to interact with preexist-
ing conditions, increasing a person's susceptibility to harm
or worsening health outcomes (Candido and Gongalves
Janior 2021). Thus, there might be many reasons for psy-
chiatric consequences related to the COVID-19 pandemic.
Several studies have found that the COVID-19 pandemic
response and associated quarantine periods triggered and
exacerbated a slew of personal, social, medical, political,
and economic difficulties (Shrestha et al. 2020; Xiang et al.
2021). These changes have had an impact on both clinical
and general population mental health (Brasso et al. 2022).
While a good stress response and a positive appraisal are
the best resistance factors (Rolin et al. 2021), it has been



Psychological outcomes of COVID-19 survivors at sixth months after diagnose: the role of... 1085

established that the steps taken to inhibit the spread of the
virus impact brain activation as well as social behavior (Can-
dini et al. 2021; Ellena et al. 2020). In summary, the direct
effects or indirect effects of the virus in the brain due to
inflammation or deprivation of social interaction and indi-
vidual characteristics may affect each other synergistically
and determine the emotional and behavioral responses to
the pandemic. However, we focused mainly on the biologic
part of the pandemic (Horton 2020), especially on the rela-
tionship between SARS-CoV-2 infection and TKP. TKP is
induced following immunological activation and plays criti-
cal roles in the immune response to SARS-COV-2, such as
other viral infections (Atlas et al. 2013; Bipath et al. 2015;
Larrea et al. 2007). In the studies, the TRP level and 3HK
decreased (Thomas et al. 2020), while KYN (Thomas et al.
2020), KYNA (Shen et al. 2020; Thomas et al. 2020), and
QUIN (Shen et al. 2020; Thomas et al. 2020), the KYNA/
KYN ratio (Cai et al. 2020) and the ratio of KYN/TRP
(Kimhofer et al. 2020) increased in patients with COVID-19
compared to the control group. Consistent with these stud-
ies, we revealed that TRP and 3HK levels and the TRP/KYN
ratio were lower in post-COVID-19 patients than in the con-
trol group, whereas KYN, KYNA, and QUIN levels and the
KYNA/QUIN ratio were higher in post-COVID-19 patients
than in the control group. However, there was no differ-
ence in the KYNA/3HK ratio between the groups. In post-
COVID-19 patients, peripheral KYN passes the blood—brain
barrier, increases KYNA synthesis in the CNS, and thus
blocks glutamate neurotransmission (Miller et al. 1994),
and increased QUIN contributes to oxidative stress (Vara-
tharaj et al. 2020) and can lead to cognitive disturbances.
The alteration of TKP by increasing the transformation of
TRP to KYN has been shown to reduce serotonin levels in
post-COVID-19 patients (Thomas et al. 2020). Even though
depression and anxiety disorders are reported to be sensitive
in post-COVID-19 patients (Mazza et al. 2020), whether the
vulnerability of psychiatric symptoms in these patients is
associated with decreased serotonin due to increased TRP
to KYN conversion remains to be determined (Collier et al.
2021). We believe that the current study is significant in
terms of revealing the link between TKP and depression/
anxiety/stress.

The literature focuses mainly on the depression—TKP
associated with (Marx et al. 2020), while data on the anxi-
ety—TKP interaction are limited (Kim and Jeon 2018). TRP,
the primary precursor of TKP, is reduced in depression
(Anderson et al. 1990; Cho et al. 2017) and anxiety (Miller
et al. 2000), whereas a few studies revealed that there is no
difference in TRP levels between controls and patients with
depression (Hennings et al. 2013; Sublette et al. 2011). Par-
allel with the literature, we revealed that the decrease in TRP
levels was not only negatively related to depression, anxiety,
and stress levels but also a negative predictor of depression

in patients with COVID-19. A study involving social anxiety
disorder suggested that there was an increase in KYN and
KYN/TRP in those with a social anxiety disorder who had
a history of suicidal ideation (Butler et al. 2022) and phar-
macologically induced anxiety caused an increase in plasma
KYN concentration (Orlikov and Ryzov 1991). Moreo-
ver, a meta-analysis revealed that individuals who had an
increased KYN/TRP ratio exhibited depressive symptoms.
The KYN level in COVID-19 patients was greater than that
in the control group, and we found that KYN is a positive
predictor of depression and anxiety, which is consistent with
the previous studies. KYN, 3-HK, and QUIN are excitatory
tryptophan catabolites with anxiogenic activity in anxiety
animal models (Lapin 1998; Lapin et al. 1996). Meanwhile,
KYNA has been shown to have anxiolytic properties and to
be an anti-excitatory tryptophan catabolite (Lapin 1998).
Additionally, KYNA, KYNA/QUIN, and the KYNA/3-HK
ratio are decreased in depressive patients following compre-
hensive metanalysis results (Marx et al. 2020), and unlike
animal studies related to anxiety, the 3-HK level was found
to be nonsignificantly different between depressive patients
and the control group (Cho et al. 2017; Meier et al. 2016).
Unlike these studies on anxiety and depression, we deter-
mined that the 3-HK level was negatively correlated with
depression, anxiety, and stress scores, whereas the KYNA/3-
HK ratio was positively correlated, and the QUIN level was
not. Furthermore, we determined that 3-HK was a nega-
tive predictor of stress and anxiety, while KYNA/3-HK was
a negative predictor of anxiety. In summary, the levels of
TKP metabolites were like those in current studies related
to COVID-19, but there were some differences from the
studies investigating the relationship between depression/
anxiety and TKP.

When earlier findings of TKP in COVID-19 patients and
TKP in mental disorders are considered, our findings show
that the switch in tryptophan metabolism from the serotonin
pathway to TKP in post-COVID-19 patients is also associ-
ated with depression, anxiety, and stress symptoms. Further-
more, these findings may contribute to the limited research
on anxiety—KNY pathway associations. Additionally, studies
that focus on the relationship between TKP and depression/
anxiety in unmedicated people with depression or anxiety
disorders focused mostly on the plasma or serum blood level
of TKP metabolites at the time of diagnosis. As a result, our
study varies from similar studies in that it investigates the
long-term impact of the immune reaction in the presence of
a viral infection affecting the CNS.

There were some limitations and strengths related to our
study. We assessed TKP metabolites in peripheral blood
rather than cerebrospinal fluid. However, recent research
has shown that kynurenine metabolites in cerebrospinal fluid
are correlated with plasma kynurenine metabolites (Haroon
et al. 2020), and peripheral kynurenine markers may be
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associated with a central mechanism (Chiappelli et al. 2016).
While we excluded patients taking psychotropic medication
or having a psychiatric diagnosis at the beginning of the
study and evaluated those who came to the outpatient clinic
voluntarily in terms of psychiatric diagnosis, the amount
of TKP metabolites might be evaluated not only upon hos-
pital admission but also at the sixth month of diagnosis to
see the change in TKP metabolites. Since vaccination or
medication against COVID-19 could cause a change in the
inflammatory response that affects TKP (Wang et al. 2021),
blood samples were not repeated 6 months after admission.
Low albumin levels are linked to inflammation (Don and
Kaysen 2004). An increase in the free TRP component,
combined with increased tissue uptake and quick equilibra-
tion of free and albumin bound TRP, results in a decrease
in total [TRP] (Nazzari et al. 2020). Under these settings,
the [KYN]/ [TRP] ratio might be raised merely by directing
plasma-free TRP down the KYN route, with no need for
TDO or IDO induction. Future research should examine the
free-circulating form of the metabolites. The last important
limitation of our study is that various psychosocial problems
associated with the COVID-19 pandemic and individual
characteristics such as genetic factors (Oxenkrug 2011), gut
microbiota (Gheorghe et al. 2019), or inflammatory indica-
tors (Nazzari et al. 2020) that may impact TKP during infec-
tion were not investigated. Long-term observational studies
with larger samples are required in this field to evaluate all
these aspects.

Conclusions

Consistent with previous research, the levels of anxiety and
depression in COVID-19 survivors have risen over time
during the pandemic. Furthermore, we determined that the
metabolites of the kynurenine pathway, specifically KYN,
TRP, 3-HK, and the KYN/TRP ratio, have a strong rela-
tionship with the symptoms of depression and anxiety that
emerge in post-COVID-19 individuals. TRP and 3-HK were
found to be negative predictors of anxiety and stress, and
KYNA/3-HK was a negative predictor of anxiety. However,
KYN positively predicted anxiety and stress. Moreover, TRP
was a negative predictor of depression. In addition, we deter-
mined that despite a greater rate of anxiety and depression
in the online survey, only a small number of patients were
referred to the post-COVID-19 outpatient clinic. TRP, 3-HK,
KYNA/3-HK, and TRP/KYN can be evaluated as biomark-
ers to determine depression and anxiety problems reported
in COVID-19 patients in the long term. This study may con-
tribute to the limited information on the association between
anxiety and TKP. This association, we hope, will be impor-
tant in the development of medications for COVID-19 treat-
ment, the selection of appropriate drugs for the treatment of

@ Springer

depression and anxiety symptoms that arise in COVID-19
patients, and future pandemic research. However, we are
aware that a biologically based approach alone is not suffi-
cient to combat the pandemic. Despite our concentration on
the biological side, we believe that the psychological conse-
quences of pandemics such as COVID-19 cannot be under-
stood apart from the social environments under which they
spread. As a result, it should be encouraged to investigate
the synergistic effects of direct and indirect SARS-CoV-2
damage on mental health in a larger sample size using proper
techniques. Based on a greater understanding of these con-
sequences and data from longer follow-up periods, it will
be possible to provide effective and targeted therapies to
reduce the direct and indirect damage caused by SARS-
CoV-2 infection.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00702-022-02525-1.

Author contributions MK, SC, ES, and OG designed the study. MK,
YY, and AYP edited the online survey form. MK, SC, and AYP con-
ducted psychiatric interviews. AYP, MB, GYA, and TDB collected
and stored the blood samples. YY, MB, and ES assessed patients with
COVID-19. MK, YY, and SC performed statistical analysis of the
study. MK, YY, and AYP wrote the manuscript. MK, MB, GYA, and
TDB created the tables of the manuscript. All authors reviewed the
study.

Funding This research was funded by the Gazi University Rectorate of
Scientific Research Commission on 01.07.2021 with TGA-2021-7206
Project Number.

Data availability The data for this study can be obtained from the cor-
responding author upon request.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest.

Ethics approval Ethics approval for this study was obtained from
the Gazi University Committee on Ethics in Research involving
Humans (number 412) on July 2020.

References

Anderson IM, Parry-Billings M, Newsholme EA, Poortmans JR,
Cowen PJ (1990) Decreased plasma tryptophan concentration
in major depression: relationship to melancholia and weight
loss. J Affect Disord 20(3):185-191. https://doi.org/10.1016/
0165-0327(90)90143-V

Atlas A, Franzen-Rohl E, Soderlund J, Jonsson EG, Samuelsson M,
Schwieler L, Skoldenberg B, Engberg G (2013) Sustained eleva-
tion of kynurenic Acid in the cerebrospinal fluid of patients
with herpes simplex virus type 1 encephalitis. Int J Tryptophan
Res IJTR 6:1JTR.S13256. https://doi.org/10.4137/1JTR.S13256


https://doi.org/10.1007/s00702-022-02525-1
https://doi.org/10.1016/0165-0327(90)90143-V
https://doi.org/10.1016/0165-0327(90)90143-V
https://doi.org/10.4137/IJTR.S13256

Psychological outcomes of COVID-19 survivors at sixth months after diagnose: the role of... 1087

Berezina TN, Rybtsov SA (2021) The biopsychological indicators of
age significantly influence the severity of COVID-19. Biol Life
Sci Forum 7(1):16. https://doi.org/10.3390/ECB2021-10267

Bipath P, Levay PF, Viljoen M (2015) The kynurenine pathway activi-
ties in a sub-Saharan HIV/AIDS population. BMC Infect Dis.
https://doi.org/10.1186/s12879-015-1087-5

Brasso C, Bellino S, Blua C, Bozzatello P, Rocca P (2022) The impact
of SARS-CoV-2 infection on youth mental health: a narrative
review. Biomedicines 10(4):772. https://doi.org/10.3390/BIOME
DICINES10040772

Butler MI, Long-Smith C, Moloney GM, Morkl S, O’Mahony SM,
Cryan JF, Clarke G, Dinan TG (2022) The immune-kynurenine
pathway in social anxiety disorder. Brain Behav Immun 99:317—
326. https://doi.org/10.1016/J.BB1.2021.10.020

Cai Y, Kim DJ, Takahashi T, Broadhurst DI, Ma S, Rattray NJW, Cas-
anovas-Massana A, Israelow B, Klein J, Lucas C, Mao T, Moore
AJ, Muenker MC, Oh J, Silva J, Wong P, Team YIR, Ko Al,
Khan SA (2020) Kynurenic acid underlies sex-specific immune
responses to COVID-19. MedRxiv. https://doi.org/10.1101/2020.
09.06.20189159

Candido EL, Gongalves Janior J (2021) COVID-19 syndemic, gov-
ernment, and impact on mental health: a Brazilian Reality. Front
Psych 12:966. https://doi.org/10.3389/FPSYT.2021.671449/
BIBTEX

Candini M, Battaglia S, Benassi M, di Pellegrino G, Frassinetti F
(2021) The physiological correlates of interpersonal space. Sci
Rep 11(1):1-8. https://doi.org/10.1038/s41598-021-82223-2

Chiappelli J, Postolache TT, Kochunov P, Rowland LM, Wijtenburg
SA, Shukla DK, Tagamets M, Du X, Savransky A, Lowry CA,
Can A, Fuchs D, Hong LE (2016) Tryptophan metabolism and
white matter integrity in schizophrenia. Neuropsychopharmacol-
ogy 41(10):2587-2595. https://doi.org/10.1038/NPP.2016.66

Cho HJ, Savitz J, Dantzer R, Teague TK, Drevets WC, Irwin MR
(2017) Sleep disturbance and kynurenine metabolism in depres-
sion. J Psychosom Res 99:1-7. https://doi.org/10.1016/J.JPSYC
HORES.2017.05.016

Collier ME, Zhang S, Scrutton NS, Giorgini F (2021) Inflammation
control and improvement of cognitive function in COVID-19
infections: is there a role for kynurenine 3-monooxygenase inhi-
bition? Drug Discov Today 26(6):1473-1481. https://doi.org/10.
1016/J.DRUDIS.2021.02.009

de Carvalho PMM, Moreira MM, de Oliveira MNA, Landim JMM,
Neto MLR (2020) The psychiatric impact of the novel coronavirus
outbreak. Psychiatry Res 286:112902. https://doi.org/10.1016/J.
PSYCHRES.2020.112902

Don BR, Kaysen G (2004) Serum albumin: relationship to inflamma-
tion and nutrition. Semin Dial 17(6):432-437. https://doi.org/10.
1111/J.0894-0959.2004.17603.X

Elbir M, Topbas O, Bayad S, Kocabas T, Topak O, Cetin S, Ozdel
O, Atesci F, Aydemir O (2019) Adaptation and reliability of the
Structured Clinical Interview for DSM-5-Disorders—Clinician
Version (SCID-5/CV) to the Turkish language. Turk Psikiyatri
Derg 30(1):1-5

Ellena G, Battaglia S, Ladavas E (2020) The spatial effect of fearful
faces in the autonomic response. Exp Brain Res 238(9):2009-
2018. https://doi.org/10.1007/S00221-020-05829-4

Erabi H, Okada G, Shibasaki C, Setoyama D, Kang D, Takamura M,
Yoshino A, Fuchikami M, Kurata A, Kato TA, Yamawaki S, Oka-
moto Y (2020) Kynurenic acid is a potential overlapped biomarker
between diagnosis and treatment response for depression from
metabolome analysis. Sci Rep 10(1):1-8. https://doi.org/10.1038/
$41598-020-73918-z

Frontera JA, Lewis A, Melmed K, Lin J, Kondziella D, Helbok R,
Yaghi S, Meropol S, Wisniewski T, Balcer L, Galetta SL (2021)
Prevalence and predictors of prolonged cognitive and psychologi-
cal symptoms following COVID-19 in the United States. Front

Aging Neurosci 13:357. https://doi.org/10.3389/FNAGI.2021.
690383/BIBTEX

Gheorghe CE, Martin JA, Manriquez FV, Dinan TG, Cryan JF, Clarke
G (2019) Focus on the essentials: tryptophan metabolism and the
microbiome-gut-brain axis. Curr Opin Pharmacol 48:137-145.
https://doi.org/10.1016/J.COPH.2019.08.004

Greenhalgh T, Knight M, A’Court C, Buxton M, Husain L (2020) Man-
agement of post-acute covid-19 in primary care. BMJ. https://doi.
org/10.1136/BMJ.M3026

Haroon E, Welle JR, Woolwine BJ, Goldsmith DR, Baer W, Patel T,
Felger JC, Miller AH (2020) Associations among peripheral and
central kynurenine pathway metabolites and inflammation in
depression. Neuropsychopharmacology 45(6):998—1007. https://
doi.org/10.1038/s41386-020-0607-1

Hennings A, Schwarz MJ, Riemer S, Stapf TM, Selberdinger VB,
Rief W (2013) Exercise affects symptom severity but not bio-
logical measures in depression and somatization—results on IL-6,
neopterin, tryptophan, kynurenine and 5-HIAA. Psychiatry Res
210(3):925-933. https://doi.org/10.1016/J.PSYCHRES.2013.09.
018

Horton R (2020) Offline: COVID-19 is not a pandemic. The Lancet
396(10255):874. https://doi.org/10.1016/S0140-6736(20)32000-6

Huang C, Huang L, Wang Y, Li X, Ren L, Gu X, Kang L, Guo L, Liu
M, Zhou X, Luo J, Huang Z, Tu S, Zhao Y, Chen L, Xu D, Li Y,
Li C, Peng L, Cao B (2021) 6-month consequences of COVID-19
in patients discharged from hospital: a cohort study. The Lancet
397(10270):220-232. https://doi.org/10.1016/S0140-6736(20)
32656-8/ ATTACHMENT/2A67FD00-0525-4528-B4ED-944C3
1313F8C/MMCI1.PDF

Kim Y-K, Jeon SW (2018) Neuroinflammation and the immune-
kynurenine pathway in anxiety disorders. Curr Neuropharmacol
16(5):574-582. https://doi.org/10.2174/1570159X 156661709131
10426

Kimhofer T, Lodge S, Whiley L, Gray N, Loo RL, Lawler NG, Nitschke
P, Bong SH, Morrison DL, Begum S, Richards T, Yeap BB, Smith
C, Smith KGC, Holmes E, Nicholson JK (2020) Integrative mod-
eling of quantitative plasma lipoprotein, metabolic, and amino
acid data reveals a multiorgan pathological signature of SARS-
CoV-2 infection. J Proteome Res 19(11):4442-4454. https://doi.
org/10.1021/ACS.JPROTEOME.O0C00519

Lapin IP (1998) Antagonism of kynurenic acid to anxiogens in mice.
Life Sci 63(15):PL231-PL236. https://doi.org/10.1016/S0024-
3205(98)00404-4

Lapin IP, Mutovkina LG, Ryzov IV, Mirzaev S (1996) Anxiogenic
activity of quinolinic acid and kynurenine in the social interaction
test in mice. J Psychopharmacol (oxford, England) 10(3):246-249.
https://doi.org/10.1177/026988119601000312

Larrea E, Riezu-Boj JI, Gil-Guerrero L, Casares N, Aldabe R, Sarobe
P, Civeira MP, Heeney JL, Rollier C, Verstrepen B, Wakita T,
Borras-Cuesta F, Lasarte JJ, Prieto J (2007) Upregulation of
indoleamine 2,3-dioxygenase in hepatitis C virus infection. J Virol
81(7):3662-3666. https://doi.org/10.1128/IV1.02248-06

Lawler NG, Gray N, Kimhofer T, Boughton B, Gay M, Yang R, Moril-
lon AC, Chin ST, Ryan M, Begum S, Bong SH, Coudert JD,
Edgar D, Raby E, Pettersson S, Richards T, Holmes E, Whiley
L, Nicholson JK (2021) Systemic Perturbations in Amine and
Kynurenine Metabolism Associated with Acute SARS-CoV-2
Infection and Inflammatory Cytokine Responses. J Proteome Res
20(5):2796-2811. https://doi.org/10.1021/ACS.JPROTEOME.
1C00052/ASSET/IMAGES/LARGE/PR1C00052_0008.JPEG

Li S, Wang Y, Xue J, Zhao N, Zhu T (2020) The impact of COVID-19
epidemic declaration on psychological consequences: a study on
active Weibo users. Int J Environ Res Public Health. https://doi.
org/10.3390/JERPH17062032

Lovibond PF, Lovibond SH (1995) The structure of negative emo-
tional states: Comparison of the Depression Anxiety Stress Scales

@ Springer


https://doi.org/10.3390/ECB2021-10267
https://doi.org/10.1186/s12879-015-1087-5
https://doi.org/10.3390/BIOMEDICINES10040772
https://doi.org/10.3390/BIOMEDICINES10040772
https://doi.org/10.1016/J.BBI.2021.10.020
https://doi.org/10.1101/2020.09.06.20189159
https://doi.org/10.1101/2020.09.06.20189159
https://doi.org/10.3389/FPSYT.2021.671449/BIBTEX
https://doi.org/10.3389/FPSYT.2021.671449/BIBTEX
https://doi.org/10.1038/s41598-021-82223-2
https://doi.org/10.1038/NPP.2016.66
https://doi.org/10.1016/J.JPSYCHORES.2017.05.016
https://doi.org/10.1016/J.JPSYCHORES.2017.05.016
https://doi.org/10.1016/J.DRUDIS.2021.02.009
https://doi.org/10.1016/J.DRUDIS.2021.02.009
https://doi.org/10.1016/J.PSYCHRES.2020.112902
https://doi.org/10.1016/J.PSYCHRES.2020.112902
https://doi.org/10.1111/J.0894-0959.2004.17603.X
https://doi.org/10.1111/J.0894-0959.2004.17603.X
https://doi.org/10.1007/S00221-020-05829-4
https://doi.org/10.1038/s41598-020-73918-z
https://doi.org/10.1038/s41598-020-73918-z
https://doi.org/10.3389/FNAGI.2021.690383/BIBTEX
https://doi.org/10.3389/FNAGI.2021.690383/BIBTEX
https://doi.org/10.1016/J.COPH.2019.08.004
https://doi.org/10.1136/BMJ.M3026
https://doi.org/10.1136/BMJ.M3026
https://doi.org/10.1038/s41386-020-0607-1
https://doi.org/10.1038/s41386-020-0607-1
https://doi.org/10.1016/J.PSYCHRES.2013.09.018
https://doi.org/10.1016/J.PSYCHRES.2013.09.018
https://doi.org/10.1016/S0140-6736(20)32000-6
https://doi.org/10.1016/S0140-6736(20)32656-8/ATTACHMENT/2A67FD00-0525-4528-B4ED-944C31313F8C/MMC1.PDF
https://doi.org/10.1016/S0140-6736(20)32656-8/ATTACHMENT/2A67FD00-0525-4528-B4ED-944C31313F8C/MMC1.PDF
https://doi.org/10.1016/S0140-6736(20)32656-8/ATTACHMENT/2A67FD00-0525-4528-B4ED-944C31313F8C/MMC1.PDF
https://doi.org/10.2174/1570159X15666170913110426
https://doi.org/10.2174/1570159X15666170913110426
https://doi.org/10.1021/ACS.JPROTEOME.0C00519
https://doi.org/10.1021/ACS.JPROTEOME.0C00519
https://doi.org/10.1016/S0024-3205(98)00404-4
https://doi.org/10.1016/S0024-3205(98)00404-4
https://doi.org/10.1177/026988119601000312
https://doi.org/10.1128/JVI.02248-06
https://doi.org/10.1021/ACS.JPROTEOME.1C00052/ASSET/IMAGES/LARGE/PR1C00052_0008.JPEG
https://doi.org/10.1021/ACS.JPROTEOME.1C00052/ASSET/IMAGES/LARGE/PR1C00052_0008.JPEG
https://doi.org/10.3390/IJERPH17062032
https://doi.org/10.3390/IJERPH17062032

1088

M. Kucukkarapinar et al.

(DASS) with the Beck Depression and Anxiety Inventories. Behav
Res Ther 33(3):335-343. https://doi.org/10.1016/0005-7967(94)
00075-U

Lovibond (2014) Depression anxiety stress scales—DASS. Accessed
date: 18.02.2022 http://www?2.psy.unsw.edu.au/dass/

Mangge H, Herrmann M, Meinitzer A, Pailer S, Curcic P, Sloup Z,
Holter M, Priiller F (2021) Increased kynurenine indicates a fatal
course of COVID-19. Antioxidants (basel, Switzerland). https://
doi.org/10.3390/ANTIOX 10121960

Manjunatha N, Math SB, Kulkarni GB, Chaturvedi SK (2011) The neu-
ropsychiatric aspects of influenza/swine flu: a selective review. Ind
Psychiatry J 20(2):83. https://doi.org/10.4103/0972-6748.102479

Marx W, McGuinness AJ, Rocks T, Ruusunen A, Cleminson J, Walker
AJ, Gomes-da-Costa S, Lane M, Sanches M, Diaz AP, Tseng PT,
Lin PY, Berk M, Clarke G, O’Neil A, Jacka F, Stubbs B, Carvalho
AF, Quevedo J, Fernandes BS (2020) The kynurenine pathway in
major depressive disorder, bipolar disorder, and schizophrenia: a
meta-analysis of 101 studies. Mol Psychiatry 26(8):4158-4178.
https://doi.org/10.1038/s41380-020-00951-9

Mazza MG, de Lorenzo R, Conte C, Poletti S, Vai B, Bollettini I,
Melloni EMT, Furlan R, Ciceri F, Rovere-Querini P, Benedetti
F (2020) Anxiety and depression in COVID-19 survivors: role
of inflammatory and clinical predictors. Brain Behav Immun
89:594-600. https://doi.org/10.1016/1.BB1.2020.07.037

Meier TB, Drevets WC, Wurfel BE, Ford BN, Morris HM, Victor
TA, Bodurka J, Teague TK, Dantzer R, Savitz J (2016) Relation-
ship between neurotoxic kynurenine metabolites and reductions
in right medial prefrontal cortical thickness in major depressive
disorder. Brain Behav Immun 53:39-48. https://doi.org/10.1016/J.
BBI.2015.11.003

Michaelis S, Zelzer S, Schnedl WJ, Baranyi A, Meinitzer A, Enko D
(2022) Assessment of tryptophan and kynurenine as prognostic
markers in patients with SARS-CoV-2. Clin Chim Acta 525:29—
33, https://doi.org/10.1016/].CCA.2021.12.005

Miller LDP, Mahanty NK, Connor JA, Landis DMD (1994) Spontane-
ous pyramidal cell death in organotypic slice cultures from rat
hippocampus is prevented by glutamate receptor antagonists. Neu-
roscience 63(2):471-487. https://doi.org/10.1016/0306-4522(94)
90544-4

Miller HEJ, Deakin JFW, Anderson IM (2000) Effect of acute trypto-
phan depletion on CO2-induced anxiety in patients with panic dis-
order and normal volunteers. Br J Psychiatry 176(FEB.):182—188.
https://doi.org/10.1192/BJP.176.2.182

Myint AM (2012) Kynurenines: from the perspective of major psy-
chiatric disorders. FEBS J 279(8):1375-1385. https://doi.org/10.
1111/J.1742-4658.2012.08551.X

Nazzari S, Molteni M, Valtorta F, Comai S, Frigerio A (2020) Pre-
natal IL-6 levels and activation of the tryptophan to kynurenine
pathway are associated with depressive but not anxiety symptoms
across the perinatal and the post-partum period in a low-risk sam-
ple. Brain Behav Immun 89:175-183. https://doi.org/10.1016/J.
BBI1.2020.06.015

Noyan H, Erdag E, Tiiziin E, Yaylim i, Kiigiikhiiseyin O, Hakan MT,
Giiloksiiz S, Rutten BPF, Saka MC, Atbagoglu C, Alptekin K,
van Os J, Ucok A (2021) Association of the kynurenine pathway
metabolites with clinical, cognitive features and IL-1f levels in
patients with schizophrenia spectrum disorder and their siblings.
Schizophr Res 229:27-37. https://doi.org/10.1016/].SCHRES.
2021.01.014

Ogawa S, Fujii T, Koga N, Hori H, Teraishi T, Hattori K, Noda T,
Higuchi T, Motohashi N, Kunugi H (2014) Plasma L-tryptophan
concentration in major depressive disorder: new data and meta-
analysis. J Clin Psychiatry 75(9):e906-e915. https://doi.org/10.
4088/JCP.13R08908

Ogyu K, Kubo K, Noda Y, Iwata Y, Tsugawa S, Omura Y, Wada
M, Tarumi R, Plitman E, Moriguchi S, Miyazaki T, Uchida H,

@ Springer

Graft-Guerrero A, Mimura M, Nakajima S (2018) Kynurenine
pathway in depression: a systematic review and meta-analysis.
Neurosci Biobehav Rev 90:16-25. https://doi.org/10.1016/]J.
NEUBIOREV.2018.03.023

Orlikov A, Ryzov I (1991) Caffeine-induced anxiety and increase of
kynurenine concentration in plasma of healthy subjects: a pilot
study. Biol Psychiatr 29(4):391-396. https://doi.org/10.1016/
0006-3223(91)90225-B

Orlikov AB, Prakhye IB, Ryzov IV (1994) Kynurenine in blood
plasma and DST in patients with endogenous anxiety and
endogenous depression. Biol Psychiatr 36(2):97-102. https://
doi.org/10.1016/0006-3223(94)91189-4

Oxenkrug GF (2011) Interferon-gamma-inducible kynurenines/pteri-
dines inflammation cascade: implications for aging and aging-
associated psychiatric and medical disorders. J Neural Transm
(vienna, Austria: 1996) 118(1):75-85. https://doi.org/10.1007/
S00702-010-0475-7

Ozdin S, Bayrak Ozdin $ (2020) Levels and predictors of anxiety,
depression and health anxiety during COVID-19 pandemic in
Turkish society: the importance of gender. Int J Soc Psychiatry
66(5):504-511. https://doi.org/10.1177/0020764020927051

PuJ, Liu Y, Zhang H, Tian L, Gui S, Yu Y, Chen X, Chen Y, Yang
L, Ran Y, Zhong X, Xu S, Song X, Liu L, Zheng P, Wang H,
Xie P (2020) An integrated meta-analysis of peripheral blood
metabolites and biological functions in major depressive disor-
der. Mol Psychiatry 26(8):4265-4276. https://doi.org/10.1038/
s41380-020-0645-4

Rolin SN, Flis A, Davis JJ (2021) Work coping, stress appraisal, and
psychological resilience: reaction to the COVID-19 pandemic
among health care providers. Psychol Neurosci. https://doi.org/
10.1037/PNE0000257

Saricam H (2018) The psychometric properties of Turkish version
of Depression Anxiety Stress Scale-21 (DASS-21) in health
control and clinical samples. J Cognit-Behav Psychother Res
7(1):19-30

Shen B, Yi X, Sun Y, Bi X, DuJ, Zhang C, Quan S, Zhang F, Sun R,
Qian L, Ge W, Liu W, Liang S, Chen H, Zhang Y, LiJ, XuJ, He Z,
Chen B, Guo T (2020) Proteomic and metabolomic characteriza-
tion of COVID-19 patient sera. Cell 182(1):59-72.e15. https://doi.
org/10.1016/J.CELL.2020.05.032

Shrestha N, Shad MY, Ulvi O, Khan MH, Karamehic-Muratovic A,
Nguyen USDT, Baghbanzadeh M, Wardrup R, Aghamoham-
madi N, Cervantes D, Nahiduzzaman KM, Zaki RA, Haque U
(2020) The impact of COVID-19 on globalization. One Health
11:100180. https://doi.org/10.1016/J.ONEHLT.2020.100180

Sublette ME, Galfalvy HC, Fuchs D, Lapidus M, Grunebaum MF,
Oquendo MA, John Mann J, Postolache TT (2011) Plasma
kynurenine levels are elevated in suicide attempters with major
depressive disorder. Brain Behav Immun 25(6):1272-1278.
https://doi.org/10.1016/J.BB1.2011.05.002

Tanaka M, Bohar Z, Vécsei L (2020) Are kynurenines accomplices
or principal villains in dementia? Maintenance of kynurenine
metabolism. Molecules (basel, Switzerland). https://doi.org/10.
3390/MOLECULES25030564

Tanaka M, Téth F, Polyak H, Szab6 A, Mandi Y, Vécsei L (2021)
Immune influencers in action: metabolites and enzymes of
the tryptophan—kynurenine metabolic pathway. Biomedicines
9(7):734. https://doi.org/10.3390/BIOMEDICINES9070734

Thomas T, Stefanoni D, Reisz JA, Nemkov T, Bertolone L, Francis
RO, Hudson KE, Zimring JC, Hansen KC, Hod EA, Spitalnik SL,
D’Alessandro A (2020) COVID-19 infection alters kynurenine
and fatty acid metabolism, correlating with IL-6 levels and renal
status. JCI Insight. https://doi.org/10.1172/JCLINSIGHT.140327

Thye AYK, Law JWF, Tan LTH, Pusparajah P, Ser HL, Thurairajas-
ingam S, Letchumanan V, Lee LH (2022) Psychological symp-
toms in COVID-19 patients: insights into pathophysiology and


https://doi.org/10.1016/0005-7967(94)00075-U
https://doi.org/10.1016/0005-7967(94)00075-U
http://www2.psy.unsw.edu.au/dass/
https://doi.org/10.3390/ANTIOX10121960
https://doi.org/10.3390/ANTIOX10121960
https://doi.org/10.4103/0972-6748.102479
https://doi.org/10.1038/s41380-020-00951-9
https://doi.org/10.1016/J.BBI.2020.07.037
https://doi.org/10.1016/J.BBI.2015.11.003
https://doi.org/10.1016/J.BBI.2015.11.003
https://doi.org/10.1016/J.CCA.2021.12.005
https://doi.org/10.1016/0306-4522(94)90544-4
https://doi.org/10.1016/0306-4522(94)90544-4
https://doi.org/10.1192/BJP.176.2.182
https://doi.org/10.1111/J.1742-4658.2012.08551.X
https://doi.org/10.1111/J.1742-4658.2012.08551.X
https://doi.org/10.1016/J.BBI.2020.06.015
https://doi.org/10.1016/J.BBI.2020.06.015
https://doi.org/10.1016/J.SCHRES.2021.01.014
https://doi.org/10.1016/J.SCHRES.2021.01.014
https://doi.org/10.4088/JCP.13R08908
https://doi.org/10.4088/JCP.13R08908
https://doi.org/10.1016/J.NEUBIOREV.2018.03.023
https://doi.org/10.1016/J.NEUBIOREV.2018.03.023
https://doi.org/10.1016/0006-3223(91)90225-B
https://doi.org/10.1016/0006-3223(91)90225-B
https://doi.org/10.1016/0006-3223(94)91189-4
https://doi.org/10.1016/0006-3223(94)91189-4
https://doi.org/10.1007/S00702-010-0475-7
https://doi.org/10.1007/S00702-010-0475-7
https://doi.org/10.1177/0020764020927051
https://doi.org/10.1038/s41380-020-0645-4
https://doi.org/10.1038/s41380-020-0645-4
https://doi.org/10.1037/PNE0000257
https://doi.org/10.1037/PNE0000257
https://doi.org/10.1016/J.CELL.2020.05.032
https://doi.org/10.1016/J.CELL.2020.05.032
https://doi.org/10.1016/J.ONEHLT.2020.100180
https://doi.org/10.1016/J.BBI.2011.05.002
https://doi.org/10.3390/MOLECULES25030564
https://doi.org/10.3390/MOLECULES25030564
https://doi.org/10.3390/BIOMEDICINES9070734
https://doi.org/10.1172/JCI.INSIGHT.140327

Psychological outcomes of COVID-19 survivors at sixth months after diagnose: the role of... 1089

risk factors of long COVID-19. Biology 11(1):61. https://doi.org/
10.3390/BIOLOGY 11010061

Troyer EA, Kohn JN, Hong S (2020) Are we facing a crashing wave
of neuropsychiatric sequelae of COVID-19? Neuropsychiatric
symptoms and potential immunologic mechanisms. Brain Behav
Immun 87:34-39. https://doi.org/10.1016/J.BB1.2020.04.027

Varatharaj A, Thomas N, Ellul MA, Davies NWS, Pollak TA, Tenorio
EL, Sultan M, Easton A, Breen G, Zandi M, Coles JP, Manji H,
Al-Shahi Salman R, Menon DK, Nicholson TR, Benjamin LA,
Carson A, Smith C, Turner MR, Plant G (2020) Neurological and
neuropsychiatric complications of COVID-19 in 153 patients: a
UK-wide surveillance study. Lancet Psychiatry 7(10):875-882.
https://doi.org/10.1016/S2215-0366(20)30287-X

Veer IM, Riepenhausen A, Zerban M, Wackerhagen C, Puhlmann
LMC, Engen H, Kober G, Bogemann SA, Weermeijer J, Uscitko
A, Mor N, Marciniak MA, Askelund AD, Al-Kamel A, Ayash
S, Barsuola G, Bartkute-Norkuniene V, Battaglia S, Bobko Y,
Kalisch R (2021) Psycho-social factors associated with mental
resilience in the Corona lockdown. Transl Psychiatry 11(1):1-11.
https://doi.org/10.1038/s41398-020-01150-4

Wang C, Pan R, Wan X, Tan Y, Xu L, Ho CS, Ho RC (2020) Immediate
psychological responses and associated factors during the initial
stage of the 2019 Coronavirus Disease (COVID-19) epidemic
among the general population in China. Int J Environ Res Public
Health 17(5):1729. https://doi.org/10.3390/IJERPH17051729

Wang Y, Wang X, Luu LDW, Chen S, Jin F, Wang S, Huang X, Wang
L, Zhou X, Chen X, Cui X, Li J, Tai J, Zhu X (2021) Proteomic

and metabolomic signatures associated with the immune response
in healthy individuals immunized with an inactivated SARS-
CoV-2 vaccine. MedRxiv. https://doi.org/10.1101/2021.07.21.
21260959

WHO (2022) WHO Coronavirus (COVID-19) Dashboard | WHO Coro-
navirus (COVID-19) Dashboard With Vaccination Data. https://
covid19.who.int/

World Health Organization (2022) Living guidance for clinical man-
agement of COVID-19. https://www.who.int/publications/i/item/
WHO-2019-nCoV-clinical-2021-2

Xiang S, Rasool S, Hang Y, Javid K, Javed T, Artene AE (2021) The
effect of COVID-19 pandemic on service sector sustainability and
growth. Front Psychol 12:1178. https://doi.org/10.3389/FPSYG.
2021.633597/BIBTEX

Yildirim A, Boysan M, Kefeli MC (2018) Psychometric properties of
the Turkish version of the Depression Anxiety Stress Scale-21
(DASS-21). Br J Guid Couns 46(5):582-595. https://doi.org/10.
1080/03069885.2018.1442558

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3390/BIOLOGY11010061
https://doi.org/10.3390/BIOLOGY11010061
https://doi.org/10.1016/J.BBI.2020.04.027
https://doi.org/10.1016/S2215-0366(20)30287-X
https://doi.org/10.1038/s41398-020-01150-4
https://doi.org/10.3390/IJERPH17051729
https://doi.org/10.1101/2021.07.21.21260959
https://doi.org/10.1101/2021.07.21.21260959
https://covid19.who.int/
https://covid19.who.int/
https://www.who.int/publications/i/item/WHO-2019-nCoV-clinical-2021-2
https://www.who.int/publications/i/item/WHO-2019-nCoV-clinical-2021-2
https://doi.org/10.3389/FPSYG.2021.633597/BIBTEX
https://doi.org/10.3389/FPSYG.2021.633597/BIBTEX
https://doi.org/10.1080/03069885.2018.1442558
https://doi.org/10.1080/03069885.2018.1442558

	Psychological outcomes of COVID-19 survivors at sixth months after diagnose: the role of kynurenine pathway metabolites in depression, anxiety, and stress
	Abstract
	Introduction
	Methods
	Study design and participants
	Blood sampling and tryptophan–kynurenine pathway metabolite measurement
	Clinical assessment
	Statistical analysis

	Results
	Discussion
	Conclusions
	References




