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Abstract

Objective—Although the interrelationships between sleep disturbance, inflammation, and 

depression have been found, molecular mechanisms that link these conditions are largely 

unknown. Kynurenine metabolism is hypothesized to be a key mechanism that links inflammation 

and depression. Inflammation activates the kynurenine pathway, leading to increases in 3-

hydroxykynurenine (3HK) and quinolinic acid (QA), potentially neurotoxic metabolites, and 

decreases in kynurenic acid (KynA), a potentially neuroprotective compound. This relative 

neurotoxic shift in the balance of kynurenine metabolites has been associated with depression, but 

never been examined regarding sleep disturbance. We tested the association between sleep 

disturbance and this relative neurotoxic shift in 68 currently depressed, 26 previously depressed, 

and 66 never depressed subjects.

Methods—Sleep disturbance was assessed using the Pittsburgh Sleep Quality Index. Serum 

concentrations of kynurenine metabolites were measured using high performance liquid 

chromatography. Putative neuroprotective indices reflecting the relative activity of neuroprotective 

and neurotoxic kynurenine metabolites were calculated as KynA/QA and KynA/3HK (primary 

outcomes).

Results—Sleep disturbance was associated with reduced KynA/QA in the currently depressed 

group only (unadjusted beta −0.43, p<0.001). This association remained significant even after 
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controlling for age, sex, analysis batch, body-mass index, and depressive symptoms in currently 

depressed subjects (adjusted beta −0.30, p=0.02). There was no significant association between 

sleep disturbance and KynA/3HK in any of the groups. Sleep disturbance was associated with 

increased C-reactive protein in currently depressed subjects only (unadjusted beta 0.38, p=0.007; 

adjusted beta 0.33, p=0.02).

Conclusion—These data support the hypothesis that altered kynurenine metabolism may 

molecularly link sleep disturbance and depression.
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1. INTRODUCTION

Sleep disturbance, characterized as insomnia complaints and extremes of sleep duration, has 

a major public health impact because approximately 25% of the US population report 

insomnia symptoms [1] and almost 10% fulfill diagnostic criteria for chronic insomnia [2–

4]. Furthermore, sleep disturbance increases the risk of several major medical and mental 

illnesses including infectious disease, cardiovascular disease, cancer, and depression, 

ultimately contributing to all-cause mortality [5–10]. Depression by itself is also a major 

public health burden because it is highly prevalent— the lifetime prevalence of major 

depression is almost 20% in the US general population [11]—and it represents a leading 

cause of disability worldwide [12].

Although sleep disturbance is an important risk factor for depression [7, 13, 14] and thus a 

prime target for depression prevention [15, 16], the mechanisms underlying this association 

remain poorly understood. Inflammation is one potential mechanism underlying the 

relationship between sleep and depression; sleep disturbance increases inflammation [17–

23], which in turn causally contributes to or is intimately associated with certain forms of 

depression occurring in the context of immune-activating treatments (e.g., interferon-α) or 

chronic diseases (e.g., cardiovascular, infectious, and autoimmune) [24–26]. Poor sleep 

quality strongly predicts risk for developing major depressive disorder during interferon-α 
treatment [27]. We have shown that preexisting mild sleep disturbance increases 

vulnerability to inflammation-induced depression in a human experimental model using 

endotoxin [28]. However, the downstream molecular mechanisms underlying the link 

between sleep disturbance, inflammation, and depression are not yet clear.

Inflammatory mediators activate indoleamine 2,3 dioxygenase (IDO), an enzyme that 

metabolizes tryptophan (TRP) to kynurenine (KYN); hence the ratio of kynurenine/

tryptophan (KYN/TRP) represents a measure of IDO activity. In turn, KYN is metabolized 

into 3-hydroxykynurenine (3HK) by the enzyme kynurenine monooxygenase (KMO), which 

is also upregulated under inflammatory conditions [29, 30], leading to an increase in 

quinolinic acid (QA) on the putatively neurotoxic branch of the kynurenine pathway (Figure 

1). Concurrently, these inflammation-induced metabolic steps lead to a relative decrease in 

kynurenic acid (KynA) on the putatively neuroprotective branch of the kynurenine pathway. 

While 3HK is a free radical generator and QA is an N-methyl-D-aspartate (NMDA) receptor 
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agonist that has been associated with a plethora of neurotoxic effects, KynA is an antagonist 

of NMDA receptors [31, 32] and is protective against the excitotoxic action of QA [33, 34]. 

Neuroprotective indices of kynurenine metabolites calculated as KynA/QA and KynA/3HK 

reflect the relative activity of the two distinct branches of the kynurenine pathway [35]. 

Activation of glutamate receptors—specifically NMDA receptors—by excessive QA could 

conceivably cause neuronal damage through the process of excitotoxicity, ultimately leading 

to the development of depression [36].

Kynurenine metabolism is increasingly recognized as a potential mechanistic pathway in the 

link between inflammation and depression. For example, when activation of the kynurenine 

pathway is genetically or pharmacologically blocked, systemic immune stimulation (i.e., 

lipopolysaccharide administration) fails to induce depression-like behavior in rodents, which 

would otherwise occur following increases in levels of pro-inflammatory cytokines [37, 38]. 

Similarly, in studies of patients with inflammatory diseases or patients treated with 

interferon-α, there is a robust association between depressive symptoms and the production 

of neurotoxic kynurenine metabolites, implicating the kynurenine pathway as a potential 

mechanism [39–41]. Additionally, several cross-sectional studies have reported that patients 

with depressive spectrum disorders, including major depression [42, 43], bipolar depression 

[44], and suicidality [45, 46], display a decrease in KynA and/or an increase in 3HK or QA 

in blood [42–44] and CSF [45, 46]. Further, electroconvulsive therapy was demonstrated to 

significantly reduce QA [43] and increase KynA as well as KynA/3HK [47] in patients with 

depression. However, it should be noted that there have also been more nuanced or negative 

findings regarding the role of the kynurenine pathway in depression pathophysiology. For 

example, in one study, somatization but not depression was characterized by disorders in the 

kynurenine pathway [48]; and in another study, kynurenine pathway markers were not 

significantly different between patients with major depressive disorder and healthy controls 

[49].

In sum, sleep disturbance is associated with higher levels of inflammation [17], and 

kynurenine metabolism is increasingly recognized as a potential pathway linking 

inflammation to depression [50]. However, the relationship between sleep disturbance and 

kynurenine metabolism has never been examined in depressed subjects. This study aimed to 

examine the associations between sleep disturbance and kynurenine metabolism in currently 

depressed, previously depressed, and never depressed subjects. We hypothesized that sleep 

disturbance would be associated with reduced neuroprotective indices of circulating 

kynurenine metabolites (i.e., reductions in the ratio of neuroprotective KynA relative to 

neurotoxic 3HK and QA). We tested this hypothesis in currently depressed, previously 

depressed, and never depressed subjects using a cross-sectional study design. Furthermore, 

consistent with prior findings, we hypothesized that sleep disturbance would be associated 

with increased systemic inflammation as assessed by circulating high-sensitivity C-reactive 

protein (hs-CRP). Lastly, the associations between sleep disturbance and biomarkers of 

inflammation and kynurenine metabolism would be stronger among currently depressed 

subjects compared to previously depressed and never depressed subjects, given the increased 

severity of sleep disturbance in those who are currently depressed.
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2. METHODS

2.1. Participants

One hundred sixty participants completed this study, composed of 68 currently depressed, 

26 previously depressed, and 66 never depressed subjects. Participants were recruited 

through a variety of sources including: the clinical services of the Laureate Psychiatric 

Clinic and Hospital (LPCH), newspaper, flyer, radio, Facebook or other media 

advertisements in the Tulsa metropolitan area. Subjects provided written informed consent 

after receiving a full explanation of the study procedures and risks, as approved by the IRB 

overseeing the study. All subjects were interviewed with the Structured Clinical Interview 

for the DSM-IV-TR (SCID). Additionally, in order to confirm the SCID diagnosis, 

unstructured psychiatric interviews with board-certified psychiatrists were obtained on all 

currently and previously depressed subjects, who met the criteria for current and prior major 

depressive disorder (MDD) respectively. The majority of the currently depressed subjects 

had Montgomery-Asberg Depression Rating Scale (MADRS) scores in the moderately-to-

severely depressed range. Previously depressed subjects were not only required to meet 

DSM-IV-TR criteria for full remission but were also asymptomatic at the time of the study 

with a MADRS score of <10 (corresponding to the non-depressed range). Currently and 

previously depressed subjects had not received any psychotropic medication for at least 4 

weeks (8 weeks for fluoxetine) prior to the blood draw. Exclusion criteria were as follows: 

suicidal ideation or behavior; medical conditions or concomitant medications likely to 

influence central nervous system or immunological function including cardiovascular, 

respiratory, endocrine and neurological diseases, and a history of drug or alcohol abuse 

within 6 months or a history of drug or alcohol dependence within 1 year. Never depressed 

subjects met the same exclusion criteria except that they had no personal or family (first-

degree relatives) history of psychiatric illness assessed using the Structured Clinical 

Interview for the DSM- IV-TR and the Family Interview for Genetic Studies. We have 

previously reported between-group differences in serum concentrations of kynurenine 

metabolites in 49 of the currently depressed, 21 of the previously depressed, and 58 of the 

never depressed subjects [51], as well as associations between kynurenine metabolites and 

hippocampal and amygdalar volumes in 29 of the currently depressed and 20 of the never 

depressed subjects [52]. However, the previous analyses did not consider sleep disturbance; 

furthermore, the present study included more participants (32 more than the former and 111 

more than the latter).

2.2. Procedures

Sleep disturbance, the primary exposure variable, was assessed using the Pittsburgh Sleep 

Quality Index (PSQI), which interrogates subjects about sleep behaviors and sleep 

complaints during the last month. For biomarker assessment, the subjects fasted overnight 

and blood was sampled between 8 am and 11 am. Serum samples were collected with BD 

Vacutainer serum tubes, processed according to the standard BD Vacutainer protocol, and 

stored at −80 °C. Concentrations of TRP, KYN, KynA, 3HK, and QA were measured blind 

to diagnosis by Brains Online, LLC in 2 separate batches. The metabolite concentrations 

were determined by high performance liquid chromatography (HPLC) with tandem mass 

spectrometry (MS/MS) detection using their standard protocols. The intra-assay and inter-
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assay coefficients of variation have been previously reported [51]. KYN/TRP was used as a 

surrogate marker of IDO activity. KynA/QA and KynA/3HK were used as neuroprotective 
indices of kynurenine metabolites; these were considered the primary outcome variables 
because the main hypothesis was that sleep disturbance would be associated with reduced 

neuroprotective indices of circulating kynurenine metabolites. High sensitivity CRP was 

measured in a Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory 

with an immunoturbidimetric assay (the Kamiya Biomedical K-Assay, Abbott c8000 

System). The analytical measurement range for the assay is 0.2 mg/L to 480.0 mg/L.

2.3. Statistical Analysis

Deviations from normality were assessed using the Skewness and Kurtosis test, and non-

normally distributed variables were natural log transformed. Sample characteristics were 

compared across the diagnostic groups using X2-test or ANOVA. Associations between 

sleep disturbance (PSQI total score as a continuous variable) and the outcome variables (i.e., 

primary and secondary outcome variables) were examined using linear regression analysis, 

first in the entire sample and then in each diagnostic group separately. Given the differences 

in the group characteristics, in particular regarding the severity of sleep disturbance and 

depression, we focused on the findings in the individual diagnostic groups. Primary outcome 

variables were KynA/QA and KynA/3HK. Secondary outcome variables were hs-CRP, TRP, 

KYN, KYN/TRP, KynA, 3HK, and QA. Multivariable analyses were conducted for the 

primary outcome variables and hs-CRP. Covariates for multivariable linear regression 

included sex, age, analysis batch, body-mass index (BMI), diagnosis (currently, previously, 

or never depressed), and depressive symptoms. Because sleep disturbance was the primary 

exposure variable, MADRS score calculated without the single sleep item was used as a 

covariate for the purpose of statistical analysis, representing depressive symptoms. 

Additionally, the associations between sleep disturbance as a binary variable, defined using 

the PSQI cutoff (≤5 vs. >5), and the primary outcome variables were examined using linear 

regression. For the primary outcomes, a statistical threshold of p<0.05 was used for 

determining statistical significance, whereas for the secondary outcomes, a Bonferroni 

correction for multiple testing was used (p<0.008).

3. RESULTS

3.1. Sample Characteristics

Sample characteristics according to each diagnostic group are shown in Table 1. As 

expected, currently depressed subjects were more sleep-disturbed (df=2, F=127, p<0.0001) 

and more depressed (df=2, F=495, p<0.0001) compared to never depressed and previously 

depressed subjects. No other characteristic significantly differed across the diagnostic 

groups. The KynA/QA and KynA/3HK ratios were normally distributed. In contrast, hs-

CRP, KYN/TRP, and all the individual kynurenine metabolites were non-normally 

distributed and therefore natural log transformed.

3.2. Sleep Disturbance and Kynurenine Metabolism

3.2.1. Entire Sample—In the entire sample, sleep disturbance was significantly associated 

with reduced TRP (unadjusted beta −0.23, p=0.003) and reduced KynA levels (unadjusted 
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beta −0.22, p=0.005) (Table 2). There was a trend toward significance—given the adoption 

of a Bonferroni correction—in the association between sleep disturbance and increased 

KYN/TRP (unadjusted beta 0.16, p=0.04). Sleep disturbance was also significantly 

associated with reduced KynA/QA (unadjusted beta −0.22, p=0.005) and KynA/3HK 

(unadjusted beta −0.24, p=0.002), indicating a relative neurotoxic shift in the balance of 

kynurenine metabolites. In multivariable linear regression analyses that adjusted for sex, age, 

analysis batch, BMI, diagnosis, and depressive symptoms, the association remained 

significant for KynA/QA (adjusted beta −0.31, p=0.02) but not for KynA/3HK (adjusted 

beta −0.20, p=0.13).

When the analyses were repeated using sleep disturbance as a binary variable, the results 

were similar. For example, for the entire sample, both putative neuroprotective indices were 

significantly lower in sleep-disturbed subjects (unadjusted beta for KynA/QA −0.19, p=0.02; 

unadjusted beta for KynA/3HK −0.16, p=0.04). After adjusting for all the covariates, the 

association remained significant for KynA/QA (adjusted beta −0.23, p<0.05) but not for 

KynA/3HK (adjusted beta −0.06, p=0.60).

3.2.2. Each Diagnostic Group—As shown in Table 2 and Figure 2, when analyzed in 

each diagnostic group separately, the only variable significantly associated with sleep 

disturbance was KynA/QA in currently depressed subjects (unadjusted beta −0.43, p<0.001). 

Again only in the currently depressed group, there was a trend toward significance—given 

the adoption of a Bonferroni correction—in the associations between sleep disturbance and 

increased QA (unadjusted beta 0.16, p=0.04) and between sleep disturbance and reduced 

KynA/3HK (unadjusted beta −0.22, p=0.07). In multivariable linear regression analyses that 

adjusted for sex, age, analysis batch, BMI, and depressive symptoms, the association 

between sleep disturbance and KynA/QA was significant in currently depressed subjects 

(adjusted beta −0.30, p=0.02) but not in previously depressed (adjusted beta 0.07, p=0.70) or 

never depressed subjects (adjusted beta −0.09, p=0.50) The association between sleep 

disturbance and KynA/3HK was not significant in any of the currently-, previously-, and 

never-depressed groups (adjusted betas respectively −0.21, −0.04, −0.03, p’s≥0.10).

3.3. Sleep Disturbance and Systemic Inflammation

In the entire sample, sleep disturbance was not associated with hs-CRP either when 

unadjusted (unadjusted beta 0.11, p=0.21) or when adjusted for sex, age, analysis batch, 

BMI, diagnosis, and depressive symptoms (adjusted beta 0.24, p=0.10). However, as shown 

in Table 2 and Figure 3, when analyzed in each diagnostic group separately, sleep 

disturbance was significantly associated with increased hs-CRP among currently depressed 

subjects (unadjusted beta 0.38, p=0.007; adjusted beta 0.33, p=0.02). This association was 

not significant either in the previously depressed group (unadjusted beta 0.17, p=0.49; 

adjusted beta −0.23, p=0.23) or in the never depressed group (unadjusted beta 0.14, p=0.30; 

adjusted beta −0.01, p=0.95).

4. DISCUSSION

This study demonstrated a significant association between sleep disturbance and a reduction 

in the ratio of serum KynA to QA, a putatively neuroprotective index of kynurenine 
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metabolites, in currently depressed subjects. Importantly, this association remained 

significant after covarying for the effects of sex, age, analysis batch, BMI, and depressive 

symptoms. However, this association was not significant in either previously depressed or 

never depressed subjects. Likewise, the association between sleep disturbance and hs-CRP 

was significant in currently depressed subjects but not in previously depressed or never 

depressed subjects.

To our knowledge, this is the first study to demonstrate an association between sleep 

disturbance and kynurenine metabolism in depressed subjects. A recent study has shown 

statistically non-significant correlations between some kynurenine measures and 

polysomnography-measured sleep efficiency in healthy controls [53]. In general agreement 

with this previous study, here the associations between sleep disturbance and most 

kynurenine metabolites (including the primary outcome variables, KynA/3HK and 

KynA/QA) were not significant in never depressed subjects. Nonetheless, for the primary 

outcome variable KynA/QA, there was a significant relationship with sleep disturbance in 

the currently depressed subjects. The relationship between sleep disturbance and kynurenine 

metabolites may be enhanced in currently depressed subjects as they experience more severe 

sleep disturbance as observed in the present study. The relationship between sleep 

disturbance and CRP concentration was significant also only in currently depressed subjects. 

Furthermore, the associations between sleep disturbance and two outcomes, KynA/QA and 

hs-CRP, were stronger in the currently depressed group compared to the entire sample, 

which again may be because sleep disturbance is primarily present in the currently depressed 

group. This is notable when viewed in the context of a higher statistical power of the entire 

sample compared to each individual group, which expectedly produced significant 

associations between sleep disturbance and the other variables in the entire sample but not in 

any individual groups.

Previous studies have shown that associations between the imbalance of kynurenine 

metabolism and depression are driven either by an increase in neurotoxic QA [39, 54, 55] or 

by a reduction in neuroprotective KynA [42, 43, 45]. In the present study, the association 

between sleep disturbance and the individual metabolite QA appears to be driving the 

association between sleep disturbance and the reduction in KynA/QA observed in currently 

depressed subjects. However, as the latter association was twice as strong as the former 

association, both QA and KynA might have contributed to the association between sleep 

disturbance and KynA/QA in different degrees.

In our previous study [51], the neuroprotective index KynA/QA was reduced in both 

currently depressed and previously depressed subjects compared to never depressed subjects. 

However, the present study focused on the association between sleep disturbance and 

KynA/QA rather than KynA/QA itself, and found that the association between sleep 

disturbance and KynA/QA was significant only in the currently depressed group but not in 

the previously depressed group. The lack of a significant association in the previously 

depressed group may be due to the small magnitude and range of sleep disturbance scores in 

this group whereas the neuroprotective index KynA/QA remained reduced in this group as 

shown by our previous study [51]. Indeed, in the previously depressed group, there was a 

positive correlation between the number of months in remission and KynA/QA [51], 
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suggesting that kynurenine dysregulation might persist beyond the resolution of depressive 

symptoms including sleep disturbance and might normalize as the remission period extends. 

Hence, in the previously depressed group, it is likely that neurotoxic profile of kynurenine 

metabolism did not improve while sleep disturbance did, making their association non-

significant.

In this study, KYN/TRP, a measure of IDO activity, was not significantly different across the 

never depressed, previously depressed, and currently depressed groups. The absence of a 

significant difference across groups in KYN/TRP is consistent with the fact that there was 

no significant difference in hs-CRP concentrations across groups, since inflammatory 

mediators are known to activate IDO [41]. Furthermore, neither KynA/3HK nor KynA/QA 

levels were significantly different across groups. Although inflammation and kynurenine 

metabolism have been implicated in the pathophysiology of depression, there have been 

negative studies [47, 48, 55], and these biological processes are believed to contribute to 

depression in a subset rather than the entirety of patients [56]. Notwithstanding, sleep 

disturbance was significantly associated with hs-CRP and KynA/QA in this study, which 

suggests that kynurenine metabolism might be more robustly associated with a subtype of 

depression characterized by prominent sleep disturbances.

The following mechanisms can be proposed to explain the current findings. Depression is 

increasingly conceptualized as a neuropathological condition characterized by regional 

abnormalities such as hippocampal volume reduction and glial cell loss [56]. Dysregulation 

of the kynurenine pathway has been reported in neurodegenerative disorders such as 

Alzheimer’s disease, Huntington’s disease, and Parkinson’s disease [31]. Consistent with the 

possible neurotoxic effects of kynurenine metabolites in depression, our previous study 

found a positive correlation between KynA/QA and hippocampal volume in depressed 

patients [52]. Sleep disturbance is a well-known risk factor for depression [7, 13, 14], and 

emerging evidence indicates that sleep disturbance contributes to the development and 

progression of neurodegenerative diseases [57]. Based on these previous research findings 

and the results of the present study, it can be posited that sleep disturbance might contribute 

to the pathophysiology of depression through the potential neurotoxic effects of kynurenine 

metabolites. Alternatively, given the correlational nature of the present study, it is also 

possible that depression could increase systemic inflammation, which in turn could activate 

the kynurenine pathway and lead to sleep disturbance. Depression and inflammation have 

been shown to bidirectionally influence each other [58, 59]; and both depression and 

inflammation can homeostatically regulate sleep, suggesting that sleep disturbance might be 

a product of these countervailing homeostatic processes [60, 61].

The following limitations should be considered. First, the cross-sectional design of this study 

did not allow any inference on the directionality of the associations between sleep 

disturbance and kynurenine metabolism. Second, the assessment of sleep disturbance relied 

on a self-report questionnaire, whereas polysomnography is arguably the objective standard 

to assess insomnia. However, the PSQI shows a high sensitivity (98.7%) and specificity 

(84.4%) in identifying insomnia in addition to significant correlations with other sleep 

measures including sleep diaries and polysomnography [62]. Additionally, assessment of 

sleep problems in clinical practice primarily relies on patients’ subjective evaluation. Third, 

Cho et al. Page 8

J Psychosom Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



kynurenine metabolites were assessed in peripheral blood rather than cerebrospinal fluid 

(CSF). However, the existing evidence shows high correlations between peripheral and 

central kynurenine metabolites [39]. Fourth, there was no comparison group with sleep 

disturbance but without depression, which could be included in future studies to provide 

information on the specific role of sleep disturbance in kynurenine metabolism. Fifth, it is 

not currently known whether kynurenine metabolites show diurnal variation. To mitigate the 

potential confounds of diurnal variation, all blood samples were obtained in the morning 

(8am–11am). Nevertheless, it is theoretically possible that sleep disturbance could affect 

waking time, such that differences in kynurenine metabolite concentrations could reflect 

blood sampling at a different point in the circadian cycle among those with sleep 

disturbance.

In conclusion, the present study demonstrated a cross-sectional association between sleep 

disturbance and a neurotoxic profile of kynurenine metabolism in currently depressed 

subjects. Our results raise the possibility that alterations of kynurenine metabolism may be 

one mechanism through which sleep disturbance predisposes to both the development and 

the recurrence of depression. Alternatively, given the existing evidence on the reciprocal 

influences between depression, inflammation, and sleep disturbance, it is also possible that 

depression could contribute to kynurenine dysregulation and sleep disturbance. Further 

investigation into this relationship using prospective and experimental approaches may 

elucidate the biological mechanisms underlying the link between sleep and depression, 

which may ultimately translate to novel therapeutic and preventive interventions for 

depression.
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HIGHLIGHTS

• Sleep disturbance is associated with a relative neurotoxic shift in the balance 

of kynurenine metabolites in depressed subjects.

• Sleep disturbance is associated with increased systemic inflammation in 

depressed subjects.

• Altered kynurenine metabolism may molecularly link sleep disturbance and 

depression.
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Figure 1. Main branches of the kynurenine pathway
Each box represents a metabolite resulting from the oxidation of tryptophan. Putative 

neurotoxic metabolites are colored red whereas KynA, which is putatively neuroprotective, 

is colored green. The black italicized text shows the enzymes that catalyze each step in the 

metabolic pathway.
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Figure 2. Associations between sleep disturbance and neuroprotective index (KynA/QA) in never 
depressed, previously depressed, and currently depressed subjects
Scatter plots and linear prediction lines are shown here according to diagnostic groups. 

Abbreviations: PSQI = Pittsburgh Sleep Quality Index; KynA = kynurenic acid; QA = 

quinolinic acid
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Figure 3. Associations between sleep disturbance and systemic inflammation (hsCRP) in never 
depressed, previously depressed, and currently depressed subjects
Scatter plots and linear prediction lines are shown here according to diagnostic groups. 

Abbreviations: PSQI = Pittsburgh Sleep Quality Index; hsCRP = high sensitivity C-reactive 

protein
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Table 1

Demographic, clinical and biomarker data according to diagnostic groups (N=160)

Variable Never Depressed Previously Depressed Currently Depressed p

N 66 26 68 NA

Sex (% female) 64% 65% 81% 0.07

Age (mean ± SD) 32.3 ± 10.2 33.3 ± 11.1 36.2 ± 9.9 0.08

BMI (mean ± SD) 27.2 ± 5.7 26.5 ± 5.2 28.5 ± 6.8 0.26

Sleep disturbance (PSQI; mean ± SD) 2.9 ± 1.9 5.4 ± 3.3 11.0 ± 3.7 <0.0001

Depressive symptoms (MADRS; mean ± SD) 1.0 ± 1.8 4.4 ± 4.5 27.4 ± 7.0 <0.0001

hs-CRP (pg/mL; median [IQR]) 1.95 (0.65–4.65) 1.25 (0.60–3.20) 1.80 (0.40–4.30) 0.79

TRP (uM; median [IQR]) 61.0 (53.3–68.3) 58.7 (47.5–66.2) 56.0 (49.1–61.2) 0.09

KYN (nM; median [IQR]) 1.89 (1.60–2.30) 1.82 (1.36–2.20) 1.94 (1.61–2.22) 0.82

KYN/TRP (median [IQR]) 0.032 (0.026–0.037) 0.033 (0.027–0.037) 0.034 (0.027–0.040) 0.21

KynA (nM; median [IQR]) 39.0 (29.3–49.8) 36.1 (23.7–46.1) 36.3 (28.6–43.5) 0.28

3HK (nM; median [IQR]) 29.7 (24.0–38.0) 29.3 (23.7–37.3) 31.8 (26.6–41.3) 0.62

QA (nM; median [IQR]) 356 (281–422) 365 (283–460) 344 (262–401) 0.55

KynA/3HK (mean ± SD) 1.33 ± 0.45 1.24 ± 0.48 1.14 ± 0.44 0.07

KynA/QA (mean ± SD) 0.12 ± 0.04 0.10 ± 0.04 0.11 ± 0.05 0.37

Note:

There were missing values for MADRS and CRP, which were available for 156 and 123 subjects respectively. Non-normally distributed variables 

were described using median and IQR. The variables were compared across the diagnostic groups using X2-test or ANOVA. The data from an 
overlapping sample with the current one have been previously published [51].

Abbreviations: BMI = body mass index; PSQI = Pittsburgh Sleep Quality Index; MADRS = Montgomery Asberg Depression Rating Scale; hs-CRP 
= high sensitivity C-reactive protein; IQR = interquartile range; TRP = tryptophan; KYN = Kynurenine; 3HK = 3-hydroxykynurenine; KynA = 
kynurenic acid; QA = quinolinic acid
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