

[image: image1]
Kynurenic acid as a biochemical factor underlying the association between Western-style diet and depression: A cross-sectional study













	 
	

	TYPE Original Research
PUBLISHED 10 October 2022
DOI 10.3389/fnut.2022.945538





Kynurenic acid as a biochemical factor underlying the association between Western-style diet and depression: A cross-sectional study

Heather M. Francis1,2*, Richard J. Stevenson1, Lorraine S. Y. Tan1, Lauren Ehrenfeld1, Sooin Byeon3, Tuki Attuquayefio1, Dolly Gupta1 and Chai K. Lim3*

1Department of Psychology, Faculty of Medicine, Health and Human Sciences, Macquarie University, North Ryde, NSW, Australia

2Department of Neurology, Royal North Shore Hospital, Sydney, NSW, Australia

3Macquarie Medical School, Faculty of Medicine, Health and Human Sciences, Macquarie University, North Ryde, NSW, Australia

[image: image]

OPEN ACCESS

EDITED BY
Aye-Mu Myint, Maastricht University, Netherlands

REVIEWED BY
Shin Hamada, Tohoku University, Japan
Danyue Daisy Zhao, Hong Kong Polytechnic University, Hong Kong SAR, China

*CORRESPONDENCE
Heather M. Francis, heather.francis@mq.edu.au
 Chai K. Lim, edwin.lim@mq.edu.au

SPECIALTY SECTION
This article was submitted to Nutrition, Psychology and Brain Health, a section of the journal Frontiers in Nutrition

RECEIVED 16 May 2022
ACCEPTED 27 September 2022
PUBLISHED 10 October 2022

CITATION
Francis HM, Stevenson RJ, Tan LSY, Ehrenfeld L, Byeon S, Attuquayefio T, Gupta D and Lim CK (2022) Kynurenic acid as a biochemical factor underlying the association between Western-style diet and depression: A cross-sectional study.
Front. Nutr. 9:945538.
doi: 10.3389/fnut.2022.945538

COPYRIGHT
© 2022 Francis, Stevenson, Tan, Ehrenfeld, Byeon, Attuquayefio, Gupta and Lim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Consumption of a Western-style diet (WS-diet), high in saturated fat and added sugar, is associated with increased depression risk. However, the physiological mechanisms underlying the relationship requires elucidation. Diet can alter tryptophan metabolism along the kynurenine pathway (KP), potentially linking inflammation and depression. This study aimed to examine whether urinary inflammatory markers and KP metabolites differed according to WS-diet consumption and depression severity. Depression symptoms and habitual WS-diet consumption were assessed in 169 healthy adults aged 17–35 recruited from two experimental studies. Targeted metabolomics profiling of seven KP metabolites, ELISA-based assays of interleukin-6 (IL-6) and C-reactive protein (CRP) were performed using urine samples collected from the participants. Parametric tests were performed for group comparison and associations analysis. Multilevel mixed-effect modelling was applied to control for biases. Higher intake of WS-diet was associated with lower levels of neuroprotective kynurenic acid (KA; R = −0.17, p = 0.0236). There were no differences in IL-6 or CRP across diet groups (p > 0.05). Physical activity had negative associations with most KP metabolites. Mixed-effects regression analysis showed the glutamatergic inhibitor, KA, was the only biomarker to have a significant association with depression symptoms in a model adjusted for demographic and lifestyle variables: a unit increase in KA was associated with 0.21 unit decrease in Depression Anxiety and Stress Scale-21 depression score (p = 0.009). These findings suggest that urinary KA is associated with both habitual WS-diet intake, and levels of depression symptoms, independent of inflammation. Findings support the role of neuroprotection and glutamatergic modulation in depression. We propose that KA may act as endogenous glutamatergic inhibition in regulating depression severity in the absence of inflammation. Further comparison with blood-based markers will assist in validating the utility of non-invasive urine samples for measuring KP metabolites.
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Introduction

Depression, a common mental disorder, is a leading cause of disability and major contributor to overall burden of disease globally (1). Its onset is typically around mid- to late- adolescence and it is a major risk factor for suicide, which is the second leading cause of death in young adults. Depression is commonly managed with psychological interventions, which can be costly, and although various medications are available, many individuals experience unpleasant side effects or are treatment-resistant (2). There is a need for low-cost, low-risk interventions that can target lifelong modifiable risk factors for depression (3).

Diet is a modifiable risk factor for depression, offering a promising target for treatment and prevention. Consumption of Western-style diet (WS-diet), high in processed foods, saturated fat, and added sugars, is associated with increased risk of depression, whereas conversely, a healthy diet pattern is associated with reduced risk of depression (4). Randomised controlled trials have demonstrated that improvement in diet reduces clinical depression (5) and depression risk (6). In young adults, we showed that a brief dietary intervention for 3 weeks, which involved increasing intake of fruit, vegetables, and complex carbohydrates, while reducing the consumption of processed foods, improved depression symptoms in young adults (7).

Although this accumulating evidence suggests dietary intervention may be an effective adjunct treatment for depression, there remains a need to understand the mechanisms underlying the relationship. There are several putative biochemical mechanisms that link diet quality and depression. A compelling theory is that WS-diet can alter the gut microbiota, influencing neurotransmitter metabolism, which can impact on brain function (8). This places tryptophan metabolism as an attractive target because of its multi-factorial role in diet, gut, and brain function. Tryptophan is an essential amino acid that is solely acquired through diet in vertebrates. The metabolism of tryptophan has been known for its important role in the regulation of many physiological functions, including immune activity, neurotransmission, mood, and behaviour (9). Catabolic routes of tryptophan via the serotonin-melatonin pathway and the kynurenine pathway (KP) produce neuroactive metabolites such as serotonin, kynurenic acid (KA), and quinolinic acid (QA) that alter serotonergic and glutamatergic neurotransmission, both of which are implicated in depression (Figure 1). Recent evidence suggests a strong interplay between tryptophan metabolism and the intestinal microbiota and host (10), and this relationship has been identified in people with depression and anxiety (11).
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FIGURE 1
Overview of the kynurenine pathway (KP) of the tryptophan metabolism. The black arrow shows the natural route of the KP metabolism. Greyed metabolites indicate not measured in this study. The purple lines indicate the role of neuroactive KP metabolites on the glutamatergic NMDA activity where (T) indicates antagonistic and arrow indicate agonistic effect. The dotted blue arrow depicts the pathological interaction of interest with its effectors to be examined in this study. The ratio of the metabolites was used as proxies for their corresponding KP enzyme activities. CRP, C-Reactive protein; IL-6, interleukin-6; TRP, tryptophan; KYN, kynurenine; AA, anthranilic acid; KA, kynurenic acid; 3HK, 3-Hydroxykynurenine; 3HAA, 3-Hydroxyanthranilic acid; PA, Picolinic acid; QA, Quinolinic acid.


Another established theory, known as cytokine-induced sickness behaviour [see review (12)], involves inflammatory processes which can lead to increased production of pro-inflammatory mediators such as C-reactive protein (CRP) and interleukin (IL)−6. Again, the kynurenine-tryptophan pathway may be involved, as these pro-inflammatory mediators are strong inducers of the first enzyme in the KP, indoleamine 2,3 dioxygenase (IDO-1), which in turn activates the KP and alters tryptophan metabolism. Increased activation of IDO-1 can lead to decreased serotonin, thereby depleting the mood modulatory neurotransmitter [see serotonin hypothesis in review (13)], while increasing the N-methyl-D-aspartate (NMDA) agonist, QA, to exert an imbalance in (hypo)serotonergic and (hyper)glutamatergic neurotransmissions in depression. Moreover, WS-diet can increase pro-inflammatory cytokines, to drive this phenomenon (14). Taken together, it is possible that WS-diet can induce inflammatory processes that alter the host KP metabolism leading to the dysregulation of glutamatergic neurotransmission and depressive symptoms.

The above findings show it is important to gain greater understanding of the role of altered tryptophan metabolism down the KP in altering mood via dietary interventions (15, 16). Diet manipulations targeted at depression, including ketogenic and fasting diets, have been shown to modulate tryptophan-KP metabolism (17, 18). Further, individual diet components such as curcumin, resveratrol, black and green tea are associated with reduced depression symptoms and are also implicated in KP metabolism (19–22). High fat diets are associated with imbalanced intestinal flora, thereby affecting tryptophan metabolism (23), and supplementation with probiotics can modulate the KP activity (24, 25). Hence, tryptophan metabolism is a potential underlying physiological mechanism by which dietary intervention has the potential to improve mood.

We have previously conducted two randomised controlled trials that examined the relationship between diet quality and severity of depression in young adults, where baseline measures included fat and sugar intake, depression symptoms and a urine sample (amongst other measures). This offered the opportunity to measure KP metabolites, and immune markers in the urinary samples collected at baseline. We hypothesised that WS-diet intake is associated with proinflammatory mediators, CRP and IL-6, which in turn is associated with aberrant KP metabolism. Specifically, with regard to altered KP metabolism, we predicted decreased levels of tryptophan and/or increased kynurenine with a downstream consequence of enhanced glutamatergic activity defined by increased NMDA agonist, QA, and/or decreased NMDA antagonist, KA. We further hypothesised that these changes in the biochemical measures would be associated with the severity of depression symptoms. Using statistical modelling, we were able to examine the relationship between WS-diet intake and individual differences in inflammation and KP metabolism relating to the severity of depression in our sample of healthy young adults.



Materials and methods


Participants and study design

Participant data were utilised from the baseline testing session of two separate studies where we obtained diet quality information using the Dietary Fat and Sugar Screener (DFS) and level of depression symptoms using the Depression, Anxiety and Stress Scale-21 (DASS-21). There were differences in the selection criteria for each study (outlined below), which reflected the overall aims. Study 1 (n = 100) aimed to recruit individuals who habitually consume a WS-diet and with elevated depression symptoms (7), whereas Study 2 (n = 73) aimed to recruit individuals with healthy diet and non-elevated levels of depression symptoms (26). By combining the baseline testing data from the two studies, we were able to produce an overall sample with variation in dietary fat and sugar intake and DASS-21-depression (DASS-21-D) symptoms. Participants from both studies were either recruited from an undergraduate psychology course, and participated for course credit, or via advertisement on campus and surrounds and participated for cash reimbursement.


Selection criteria

Study 1 inclusion criteria: aged 17–35 years, score of ≥ 7 on the DASS-21-D, which corresponds with moderate or higher depression symptoms (27), and a score of > 57 on the Dietary Fat and Sugar Screener (DFS), with scores > 57 representing higher intake of WS-diet that does not comply with the Australian Guide to Healthy Eating (28). If receiving antidepressant medication or psychological therapy, participants were required to be on the same treatment for at least 2 weeks before study participation. Study 2 inclusion criteria: aged 17–35 years, body mass index (BMI) between 17 and 26, DFS score < 57, and an overall depression score below 25 (27).

Exclusion criteria for both studies were similar but with slight differences. Study 1 exclusion criteria: pregnancy, currently dieting, history of eating disorders or metabolic disease(s), history of psychological illness other than depression or anxiety, medical condition that could be adversely affected by diet change, poor proficiency in English, recent illicit drug use, or sickness in the past week. Study 2 exclusion criteria: pregnancy, current/past metabolic, neurological or psychiatric illnesses, food allergies, vegan/vegetarian, non-pork eater, currently dieting, recent significant diet change, prescription medication use (other than the contraceptive pill and asthma medication), poor proficiency in English, illicit drug use, and current ill-health.



Ethics approval

Both studies were conducted according to the guidelines laid down by the Declaration of Helsinki, with written informed consent obtained for each participant. The studies protocols were approved by the Macquarie University Human Research Ethics Committee (5201822302603 and 5201600641).




Baseline measurement

Biographical and health data were collected during the baseline sessions of each study. Body measurements (height and weight) were taken to calculate BMI and a urine sample was provided. Current levels of physical activity were calculated using the International Physical Activity Questionnaire (29) and sleep quality using two items from the Pittsburgh Insomnia Rating Scale (30). Intake of saturated fats and added sugar was measured using the Dietary Fat and Sugar Screener (DFS) (28). In the DFS, participants were asked to rate how often they had consumed 26 food and drink items over the past year on a five-point category scale ranging from 1 = “Less than one time a month” to 5 = “Five or more times a week.” Depression symptoms were assessed using the DASS-21-D, a self-report measure rated on a 4-point Likert scale regarding mood over the past week (27).



Biochemical measurement


Reagents

Analytical grade reagents and standards were purchased from Sigma-Aldrich (St Louis, MO, USA), unless otherwise stated. Deuterated internal standards were purchased from Medical Isotopes, Inc (Pelham, NH, USA).



Creatinine measurement

Mid-stream urine samples were collected for the determination of urinary creatinine concentrations using a Creatinine (urinary) Colorimetric Assay kit (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer’s instructions. The creatinine concentration was used as an index of normalisation to control for between-participant variability in excretion rate.



Immune marker profiling

Blinded urine samples were subjected to immunoassays to quantify for Interleukin-6 (IL-6) and C-reactive protein (CRP) using the Human IL-6 (ab178013, Abcam, Boston, MA, USA) and CRP (ab260058, Abcam, Boston, MA, USA) ELISA kits following the manufacturer’s instructions.



Kynurenine pathway metabolites profiling

Before analysis, blinded urine samples were deproteinized with respective mobile phase of the KP assays at a dilution factor of 1:10. Samples were incubated for 5 min, vortexed and then centrifuged (4°C) for 10 min at 12,000 rpm. Supernatant was then extracted and filtered with syringe filters (0.22 μm) ready for injection into analysers.

Concurrent quantification of TRP, KYN, 3-HK, and 3HAA using an Agilent 1290 ultra-high performance liquid chromatography system while PA and QA were analysed using an Agilent 7890 gas chromatograph (GC) coupled with an Agilent 5975 mass spectrometer according to the method described in Lim et al. (31). KA quantification was conducted using an Agilent 1260 system as previously described in Jacobs et al. (32). Mixed standards of all metabolites were used for a six-point calibration curve to interpolate the quantity of the sample readout. The inter- and intra-assay coefficient of variation was within the acceptable range of 3–7% for the LC system and 5–10% for the GC system. Participant’s urinary KP metabolites measurements were normalised with their corresponding creatinine levels. Five ratios were calculated based on the metabolite levels, namely, the kynurenine/tryptophan ratio, which depicts combined IDO and tryptophan dioxygenase activity, kynurenic acid/kynurenine ratio depicts kynurenine aminotransferase activity, 3-hydroxykynurenine/kynurenine ratio depicts kynurenine monooxygenase activity, 3-hydroxyanthranilic acid/3-hydroxykynurenine ratio depicts kynureninase activity, and kynurenic acid/quinolinic acid depicts KP-induced glutamatergic activity.




Statistical analysis

Prior to statistical analysis, all continuous variables were checked for normality. Data were log-transformed and scaled, where appropriate, to achieve a normal distribution for parametric analysis. The nature of the missing values was confirmed and treated as missing completely at random. The outliers were examined based on DFBETA using bubble plots to look for overly influential observations.

Univariate analysis (unadjusted for covariates) was used for the descriptive statistics. For group comparisons between the three DFS groups, one-way ANOVA with Sidak multiple-comparisons post-hoc tests was used. Data are expressed as mean ± SD unless otherwise specified and p < 0.05 (two tailed) was considered statistically significant. Biochemical measures that showed differential expression were considered for further analysis. Apart from exploring associations among biochemical measures, potential confounders were identified using pairwise Pearson’s correlations between biochemical measures and demographic factors. Any significant correlations were subsequently adjusted in the multiple regression models described below.

The univariate regression model was applied to tease out the association between each selected biochemical measure with the depression scores as outcomes, followed by a covariate regression analysis adjusting for potential confounding effects from the demographic factors. Models were checked for multicollinearity and variance inflation factors were < 3.

Two main models were created to examine the impact of both lifestyle factors and biochemical markers on the severity of depressive symptoms using multiple linear regression. The difference in the two models was the presence and absence of immune marker(s). The models comprised the DASS-21 depression score as dependent variable and three groups of predictors: (1) demographic factors, (2) lifestyle factors, and (3) urinary biochemical measures, as defined below:

Model 1 (only KP markers):
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Model 2 (KP and immune markers):
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The beta coefficients infer the unit change in (DASS-21) depression scores after adjusting for all other covariates in the model. The R2 value depicts the goodness-of-fit of the regression model together with corresponding p values. Biochemical measures with p < 0.05 were considered important predictors of the outcome. To further control for the random effect from the two separate studies, we further modelled the outcome and selected predictors in Model 2 using mixed-effects multilevel linear regression. The intraclass correlation of the model was used to check for (in)dependency between the two RCTs.

All statistical analyses were performed in StataIC 16 (StataCorp LLC, CA, USA) and graphical illustrations were prepared with GraphPad Prism 9.0 (GraphPad Software, Inc, La Jolla, CA, USA).




Results


Group characteristics

Of the 173 participants recruited, four participants were removed due to lack of or inadeqaute sample volume for analysis and were treated as missing completely at random. A flow diagram outlining other missing values was presented in Supplementary Figure 1. Hence, a total of 169 samples were analysed that were classified into low (DFS score < 54), mid (DFS score >54 and < 66), and high (DFS score >66) DFS groups as outlined in Table 1. Comparison of demographic characteristics between the three DFS groups showed no differences in age or the frequencies of female-to-male ratio (χ2 = 2.70, p = 0.758) although there was a slight tendency for a higher proportion (52–67%) of female participants across the groups (Table 1). Other lifestyle-associated factors such as BMI and physical activity level were well-matched between the three DFS groups, showing no differences (p > 0.05) except for DFS itself [F(2, 166) = 310.11, p < 0.0001]. There was no difference in the urinary creatinine level, suggesting that the diet did not affect the urinary excretion rate. The DASS-21-D score was significantly different between the DFS groups [F(2, 166) = 11.99, p < 0.0001], with highest level of depression being observed in the high DFS group (Table 1).


TABLE 1    Demographic characteristics of cohort participants based on DFS score.
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Potential confounding effects between demographic factors and urinary biomarkers

We examined the immune markers and KP metabolites for any potential confounding effects with the cohort’s demographic factors. Summarised in Table 2, we found that increased age was associated with an elevation in several KP metabolites and enzyme activities including KA, 3HAA, PA, KAT, KMO, KYNU, and KA/QA ratio. Our cohort showed a moderately strong effect size of sex differences in urinary QA level (Cohen’s D = 0.51, p = 0.0013) and KMO activity (D = 0.49, p = 0.0019), being higher in males, while KA/QA ratio (D = −0.36, p = 0.0235) was higher in females.


TABLE 2    Univariate analysis of associations between demographic, lifestyle risk factors, and urinary biomarkers.
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For lifestyle factors, there was no association between BMI and any biochemical measure. The correlational analysis indicated that physical activity level was negatively correlated with all of the KP metabolites, except PA (Table 2). Among the KP metabolites, DFS scores were negatively associated with KA (R = −0.17, p = 0.0236) and positively associated with 3HAA (R = 0.16, p = 0.0386). Higher KMO activity (R = 0.19, p = 0.016), but lower KA/QA ratio (R = −0.22, p = 0.0037) were correlated with increasing DFS score. Taken together, our univariate correlational analysis indicated that subsequent regression modelling using the urinary KP biomarkers should be adjusted for confounding effects with age, sex, physical activities, and DFS score.



Correlation analyses of immune and kynurenine pathway markers

We found that urinary CRP was correlated with IL-6 (R = 0.20, p = 0.008), although the effect size was small (Table 3). This is not surprising considering the relatively healthy population of our cohort with the expectation of more regulated inflammatory responses. The only KP metabolites that correlated positively with CRP levels were 3HK (R = 0.20, p = 0.011) and 3HAA (R = 0.28, p = 0.0002), showing a small effect size with statistical significance. We found that IL-6 correlated positively with the key KP metabolite involved in depression, KA, although the effect size was small (R = 0.20, p = 0.0079). Neither TRP nor KYN correlated with IL-6 despite the presence of depressive symptomology (>7 DASS-21-D scores) in ∼60% of participants.


TABLE 3    (Inter-)Relationship between immune markers and KP metabolites.

[image: Table 3]

As there is limited knowledge about KP homeostasis in adolescent/young adult cohorts, we used correlational analyses to study baseline KP metabolism in this age group. Our analysis indicated that in general, TRP positively correlates with its downstream KP metabolites suggesting a normal metabolic flux of more substrates, leading to more catabolites. We saw that the key branching metabolite of the KP, KYN, was highly associated (R = 0.70, p < 0.0001) with catabolites of the 3HK branch towards QA and not KA production. Other KP intermediates such as 3HK and PA, also showed moderate effects with QA. There was a moderate correlation between QA and KA, suggesting that increments in either one are likely to result in increases in its NMDA counterpart. Additionally, higher 3HAA, a precursor to PA and QA, was more likely to be associated with PA, rather than QA production.



Differential group expression of urinary kynurenine pathway metabolites

There were group differences [F(2, 166) = 3.86, p = 0.023] in urinary KA levels, which were the highest in the Low DFS group compared to other groups, with significant differences in the High DFS group, as shown in Figure 2A. Next, we examined the overall kynurenine aminotransferase (KAT) activity defined by the ratio of KA to kynurenine. As expected, there were group differences [F(2, 166) = 4.10, p = 0.018] in KAT activity as well. The high DFS group had the lowest KAT activity, and was significantly lower than the Mid DFS group and the Low DFS group, although the latter did not reach statistical significance (Figure 2B).
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FIGURE 2
Boxplots showing the difference in (A) Kynurenic acid (KA), (B) Kynurenine aminotransferase (KAT) activity, and (C) KA/QA ratio across the low, mid, and high DFS groups. The low DFS participants are represented by green box-and-whisker and circle symbols, the mid DFS participants are represented by yellow box-and-whisker and square symbols, and the high DFS participants are represented by red box-and-whisker and triangle symbols. The symbols indicated participants that had > 2 standard deviations within the group. The median and interquartile range are displayed for each group.


As QA and KA are the two key metabolites of the KP known to be associated with depression, with depressed individuals showing higher neurotoxic QA levels and lower neuroprotective KA levels. Considering this relationship with depression, we were interested in whether this ratio would differ across DFS group, representing a potential mechanism underlying the relationship between WS-diet intake and depression. We found significant differences in KA/QA ratio between the DFS groups [F(2, 166) = 5.70, p = 0.004]. Although there was no difference between Low DFS and Mid DFS groups, the High DFS group had a significantly lower KA/QA ratio compared to the Low DFS group and Mid DFS group (Figure 2C). None of the urinary immune markers or other KP markers showed any group differences, as outlined in Supplementary Table 1.



Assessing depression with urinary biomarkers and demographic factors

Our results indicate that IL-6, but not CRP, was associated with the severity of depressive symptoms. A unit increase in urinary IL-6 was associated with a decrease of 0.041 units of depression score (p = 0.013), after adjusting for demographic factors (Table 4).


TABLE 4    Associations between depression and biomarkers measures by univariate and covariate analyses.
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Among all KP markers, KA, KAT activity and KA/QA ratio had significant negative correlations with the severity of depression (Supplementary Table 2). However, only KA and KA/QA ratio remained to be significant biomarkers of depression after adjusting for demographic factors: one unit increase in KA levels and KA/QA ratio were associated with a decrease of 0.269 units (p = 0.001) and 0.220 units (p = 0.005) in depression score, as outlined in Table 4. Conversely, KMO activity showed a positive correlation with the severity of depression, but did not reach statistical significance when adjusted for confounding effects.



Relationship between depressive symptoms with diet, exercise, and kynurenic acid

We were interested to know whether lifestyle (i.e., diet and exercise) and intrinsic (i.e., host’s biochemical measures) factors were related to severity of depressive symptoms defined by DASS-21-D scores. After a thorough interrogation of the dataset, we selected the important predictors in building our model using multivariate regression analysis. Two models were established, where in Model 1, only the KP metabolites but not immune mediator were used as the intrinsic biomarker and in Model 2, both immune and KP biomarkers were included. As the data were taken from the baseline session of two separate RCTs, there may be random effects (i.e., study factors) that were not taken into account in Models 1 and 2. Hence, a multilevel mixed-effect regression model was applied to adjust for random effects. Our analysis showed that there was no significant differences between the β-coefficients of the predictors when comparing Model 2 and 3 (Supplementary Table 3).

After adjusting for demographic factors (i.e., age, sex, and BMI) and random effects from the two separate RCTs, our final model (i.e., Model 3) showed that increasing physical activity was associated with reduced severity of depressive symptoms (Table 5). Every additional hour of physical activity is associated with a lower depressive symptom score of 5.4 units. Not surprisingly, both Mid and High DFS groups were associated with higher depression scores compared to the low DFS group, as shown in Table 1. In addition, every 1 unit increase in DFS score was associated with 0.69 units increase in depression score.


TABLE 5    Depression severity correlates with diet, physical activity, and the KP.
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When accounting for the covariates, the immune marker IL-6 no longer became an important predictor of the model (p > 0.05). More importantly, only one biomarker, KA, showed a significant association with the severity of depressive symptoms, regardless of the presence or absence of IL-6. Our model indicates that with every decrease in 1 μM of the NMDA antagonist, KA level in urine, depression scores increased by 0.21. Our model could explain approximately 22% of the variance in relation to how diet, physical activity, and the KP impact on depression severity in an otherwise healthy young adult cohort.




Discussion

Depression is a common mental health disorder, with approximately 1 in 5 people experiencing at least one episode in their lifetime. An association between diet and depression has been demonstrated across numerous studies, and several RCTs have implied that eating a more healthful diet is a useful adjunct treatment for depression. However, the physiological mechanisms by which diet can impact on depression symptoms have yet to be established. This was the first study to examine and provide evidence to support the biochemical relationship between the urinary KP metabolites with WS-diet and depressive symptoms in otherwise healthy young adults. Overall, we showed that (a) WS-diet was associated with alterations to the KP profile, (b) the KP profile was associated with severity of depression symptoms, and (c) after adjusting for confounding effects, including diet, KA and KA/QA ratio remained strong predictors of level of depression symptoms. These findings are discussed in more depth below.

We found that higher saturated fat and sugar intake was associated with lower levels of neuroprotective KA. To understand the metabolic homeostasis associated with differing levels of saturated fat and sugar intake, we further examined the conversion of KYN to KA, operationalised as KAT activity, across the DFS groups. We found higher KAT activity in those who have healthier diet reflected by lower DFS score, whereas KYN levels remained consistent across groups (Figure 2B). This suggests that reduced consumption of WS-diet is linked to increased KAT activity, which may confer neuroprotection against depression. As hypothesised, higher WS-diet intake was also associated with a lower KA/QA ratio. Interrogating this relationship, we found that although levels of KA were correlated with that of QA, DFS score was only associated with KA (negatively) but not QA production, implying that WS-diet selectively alters the inhibitory glutamatergic activity by limiting the NMDA antagonist, KA. Hence, our study showed that, in otherwise healthy young adults, WS-diet was associated with lower levels of KA, KAT activity, and KA/QA ratio.

The glutamatergic modulators (i.e., KA and KA/QA), which were negatively correlated with WS-diet intake, were also negatively correlated with depressive symptoms. The role of QA and KA in depression, in the context of glutamatergic modulation, is well-known, though it is debatable whether QA or KA plays a more important role. A recent meta-analysis showed that reduced KA, but no change in QA was associated with MDD, which is consistent with our findings (33). It is possible that the diet plays a direct role in regulating KA levels, while QA levels are linked to inflammation in the pathology of depression; explaining why we did not observe a significant increase in QA levels. It is also possible that intestinal microbes can directly affect KA levels in the gut and influence the host’s peripheral KA levels since microbes have aspartate aminotransferase, in addition to KAT (limited to vertebrates), which is an alternative to KA production via the transamination reaction. Hence, the diversity and capability of the host’s gut microbiota to produce KA can contribute to differences in hosts’ KA levels. However, our understanding of the crosstalk between luminal and peripheral KA levels is limited and warrants further investigation. Hence, our findings were consistent with the current literature supporting the dysregulation of the glutamatergic system and challenges the long-held belief that serotonin as the key neurotransmission system involved in depression.

Though the mechanisms of action underlying relationship between diet and depression have yet to be fully understood, tryptophan metabolism down the KP pathway has been of increasing interest. Tryptophan depletion by oral intervention in healthy male participants was shown to lead to depression (23). This was attributed to attenuation of the mood regulating neurotransmitter, serotonin and interpreted as support for the ongoing theory of tryptophan-serotonin depletion in depression (13). However, further studies showed the involvement of the glutamatergic-acting KP metabolites (as opposed to the other arm; the serotonin pathway) in people with severe depression (34). Our findings contribute to an emerging literature demonstrating that the pathophysiology of depression extends beyond serotonergic modulation. Our study further suggests that in otherwise healthy young adults, KA may be an endogenous source of glutamatergic inhibition, acting to reduce depression. This notion is supported by recent studies showing glutamatergic inhibition by ketamine is an effective antidepressant (35–37).

One of the putative mechanisms for how diet can impact depression, which has garnered a lot of interest, is alterations to the gut-brain axis. The involvement of tryptophan-KP is congruent with this theory. WS-diet can directly alter the host’s tryptophan (and therefore KP) metabolism through the interaction between diet composition and gut microbiota. Short-chain fatty acids (SCFAs), especially butyrate, are functional by-products from bacterial carbohydrate metabolism in the gut known to modulate the KP. Specifically, butyrate can inhibit IDO-1 activity in the gut environment to increase the bioavailability of luminal tryptophan in the host (38). This is consistent with a study by Gao et al. (39) which demonstrated increased luminal availability of carbohydrates by cecal starch infusion leads to suppression of tryptophan catabolism in the microbial environment, thereby resulting in greater bioavailability of tryptophan in the large intestine and subsequently higher level in hosts’ serum (39). Similarly, another preclinical study showed that high-fat diet can attenuate microbial tryptophan degradation in the cecum of mice (40). This is in agreement with our results showing that participants with the highest levels of fat and sugar intake had the highest level of urinary tryptophan compared to Low and Mid DFS groups, although the group comparison was not statistically significant.

Given that WS-diets are known to induce systemic low-grade inflammation, we explored pro-inflammatory mediators (IL-6 and CRP) that are known to activate the KP via IDO-1 to establish the correlations between diet, inflammation and KP changes. There were no group differences in these pro-inflammatory cytokines across diet groups (Supplementary Table 1) and demographic factors did not correlate significantly with these proinflammatory cytokines in our cohort. As expected, IL-6 was a predictor of depression symptoms in our univariate regression model, although, to our surprise, urinary IL-6 had an inverse correlation with level of depression symptoms. This is inconsistent with the widely accepted role of IL-6 and inflammation in the pathogenesis of MDD [see review (41)]. However, this research is based on serum levels of IL-6, whereas in the current study we only examined urine levels. While we expected that peripheral markers would correlate positively with urine markers, most of the studies showing a positive correlation between serum and urine IL-6 levels have been conducted in patients with renal dysfunction. It may be the case that the relationship is different in otherwise healthy young adults. A possible explanation is that the immune markers in urine represent what is excreted from the host, as opposed to the blood-based profile, which directly reflects the host’s systemic condition. Hence, the concentration of urinary markers would be inversely proportional to periphery markers. Our recent study comparing serum and matching urine immune markers between healthy controls and people with multiple sclerosis (MS) showed higher levels of immune markers (IP-10, IL-1ra, TNF-alpha, and RANTES) in the serum of people with MS compared to healthy controls, whereas, in urine, the result was the opposite to the matching serum (42). In our study, it is possible that healthy individuals who are less susceptible to depression may have greater efficiency in excreting immune metabolites. The lack of serum blood samples is thus a limitation of the current study, and future studies collecting both serum and urine samples may shed further light on this proposition. Furthermore, we are aware of only a few studies analysing urinary KP metabolites as a diagnostic biomarker in conditions such as attention-deficit hyperactivity disorder (43), cardiovascular events (44), heart failure (45), and breast cancer (46). That we could observe significant differences in KP metabolites according to both depression and WS-diet reveals further promise for urine based biomarkers as a less invasive and more affordable method of examining physiological mechanisms. For example, as a prognostic marker in predicting risk of a major depressive episode or suicidal ideation in younger people with depressive symptoms. However, this too requires replication in another cohort as well as validation against blood samples.

Though both inflammation and KP metabolism are implicated in the pathophysiology of depression, it is rather controversial as to whether inflammation is needed to drive the dysregulation of the KP activity (via IDO-1). For example, Öztürk et al. (47) showed that the KYN/TRP ratio and QA were significantly higher in MDD, but did not find any group differences in IL-6 and CRP levels compared to healthy controls (47). Contrary to this, Erhardt et al. (48) found higher IL-6 and QA in CSF of people with MDD compared to healthy controls (48). As such, KP related changes in depression may be independent of inflammation, and our findings support this notion based on the observations of: (a) an inverse relationship between IL-6 and depressive symptoms, (b) no inverse correlation between tryptophan and its downstream metabolites or differential in KYN/TRP ratio, an indicator of host IDO/TDO activity, (c) limited associations between the pro-inflammatory and KP markers, and (d) KA was the only biomarker to remain a significant predictor of depression severity in a model accounting for covariates including IL-6. Although the lack of proinflammatory status may imply that competition for tryptophan as substrate between the kynurenine and serotonin pathway may not be affected, however, future study should consider exploring serotonin and downstream metabolites such as 5HIAA in urine to delineate the metabolic flux of tryptophan metabolism in dietary intervention in the context of depression.

A number of expected findings emerged, which make us more confident in our data. Age was associated with an increase in several KP metabolites, which is in keeping with previous findings (49, 50). Age may be a confounder in prevalence and pathogenesis of depression, thereby limiting our findings to the young adult population. We also found some sex differences, such that QA levels and KMO activity were higher in males, whereas KA/QA ratio was higher in females. Similarly, higher urinary levels of KYN, 3-HAA, and TRP in males compared to females, in young adults aged 20–24 (51). Our results additionally demonstrated that increased physical activity was associated with decreased severity of depressive symptoms, as well as decreased levels of KP metabolites. Consistent with this, a recent study showed reduced urinary KP metabolites in those who exercise compared to those who do not exercise (46). Future clinical studies that examine KP metabolism should consider physical activity as a potential confounder.

In conclusion, this is the first study to examine the role of KP metabolism in the relationship between WS-diet and depression symptoms in an otherwise healthy young adult cohort. Our findings showed that higher WS-diet intake was related to reduced production of the neuroprotective KP metabolite, KA, as well as a reduced KA/QA ratio. These glutamatergic modulators, were also shown to be reduced in those with higher levels of depression symptoms, with further analysis showing KA was the only biomarker to have a significant association with depression symptoms in a model controlling for demographic and lifestyle variables. These findings appeared to be independent of inflammation, however, further comparisons between urine and blood based immune biomarkers are required. Animal studies may be helpful to investigate direction of causality in the relationship between depression symptoms and KP metabolism.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Macquarie University Human Research Ethics Committee (Ethics #5201822302603 and 5201600641). The patients/participants provided their written informed consent to participate in this study.



Author contributions

HF, RS, and CL contributed to the conception, design, supervision, and funding acquisition of the study. LE, TA, and DG were involved in the investigation and collection of the clinical data. LT and SB were involved in performing and collecting the biochemical data. CL and SB performed the statistical analysis. CL and HF wrote the first draft of the manuscript. LT, LE, and RS wrote sections of the manuscript. All authors contributed to manuscript revision, proofreading, and approved the submitted version.



Funding

HF and CL were each recipient of the Early Career Fellowship Award funded by the Society for Mental Health Research (SMHR), Australia. This work was funded by grants from the Australian Research Council, DP150100105 (RS) and SMHR and Macquarie University (HF and CL). The Ramaciotti Establishment grant ES2012/0120 (CL) and Macquarie University Infrastructure grant (CL) funded the acquisition of UHPLC and GCMS used in this study.



Acknowledgments

We thank Andrea Zuniga, Lina Teichmann, Zoe Taylor, Selene Petit, and Kate Hardwick for assistance with the experiment and Mike Jones for statistical advice.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.945538/full#supplementary-material



References

1. Friedrich MJ. Depression is the leading cause of disability around the world. JAMA. (2017) 317:1517. doi: 10.1001/jama.2017.3826

2. Jorm AF, Patten SB, Brugha TS, Mojtabai R. Has increased provision of treatment reduced the prevalence of common mental disorders? review of the evidence from four countries. World Psychiatry. (2017) 16:90–9. doi: 10.1002/wps.20388

3. McGorry P, Bates T, Birchwood M. Designing youth mental health services for the 21st century: examples from Australia, Ireland and the UK. Br J Psychiatry Suppl. (2013) 54:s30–5. doi: 10.1192/bjp.bp.112.119214

4. Lai JS, Hiles S, Bisquera A, Hure AJ, McEvoy M, Attia J. A systematic review and meta-analysis of dietary patterns and depression in community-dwelling adults. Am J Clin Nutr. (2014) 99:181–97. doi: 10.3945/ajcn.113.069880

5. Jacka FN, O’Neil A, Opie R, Itsiopoulos C, Cotton S, Mohebbi M, et al. A randomised controlled trial of dietary improvement for adults with major depression (the ‘SMILES’ trial). BMC Med. (2017) 15:23. doi: 10.1186/s12916-017-0791-y

6. Sánchez-Villegas A, Martínez-González MA, Estruch R, Salas-Salvadó J, Corella D, Covas MI, et al. Mediterranean dietary pattern and depression: the PREDIMED randomized trial. BMC Med. (2013) 11:208. doi: 10.1186/1741-7015-11-208

7. Francis HM, Stevenson RJ, Chambers JR, Gupta D, Newey B, Lim CK. A brief diet intervention can reduce symptoms of depression in young adults – A randomised controlled trial. PLoS One. (2019) 14:e0222768. doi: 10.1371/journal.pone.0222768

8. Guo Y, Zhu X, Zeng M, Qi L, Tang X, Wang D, et al. A diet high in sugar and fat influences neurotransmitter metabolism and then affects brain function by altering the gut microbiota. Transl Psychiatry. (2021) 11:328. doi: 10.1038/s41398-021-01443-2

9. Comai S, Bertazzo A, Brughera M, Crotti S. Chapter Five - Tryptophan in health and disease. In: GS Makowski editor. Advances in Clinical Chemistry. Amsterdam: Elsevier (2020). p. 165–218.

10. Alvarado DM, Chen B, Iticovici M, Thaker AI, Dai N, VanDussen KL, et al. Epithelial indoleamine 2,3-dioxygenase 1 modulates aryl hydrocarbon receptor and notch signaling to increase differentiation of secretory cells and alter mucus-associated microbiota. Gastroenterology. (2019) 157:1093–108.e11. doi: 10.1053/j.gastro.2019.07.013

11. Brydges CR, Fiehn O, Mayberg HS, Schreiber H, Dehkordi SM, Bhattacharyya S, et al. Indoxyl sulfate, a gut microbiome-derived uremic toxin, is associated with psychic anxiety and its functional magnetic resonance imaging-based neurologic signature. Sci Rep. (2021) 11:21011. doi: 10.1038/s41598-021-99845-1

12. Dantzer R, Kelley KW. Twenty years of research on cytokine-induced sickness behavior. Brain Behav Immun. (2007) 21:153–60. doi: 10.1016/j.bbi.2006.09.006

13. Cowen PJ, Browning M. What has serotonin to do with depression? World Psychiatry. (2015) 14:158–60. doi: 10.1002/wps.20229

14. Giugliano D, Ceriello A, Esposito K. The effects of diet on inflammation: emphasis on the metabolic syndrome. J Am Coll Cardiol. (2006) 48:677–85. doi: 10.1016/j.jacc.2006.03.052

15. Sherwin E, Dinan TG, Cryan JF. Recent developments in understanding the role of the gut microbiota in brain health and disease. Ann N Y Acad Sci. (2018) 1420:5–25. doi: 10.1111/nyas.13416

16. Lukić I, Getselter D, Koren O, Elliott E. Role of tryptophan in microbiota-induced depressive-like behavior: evidence from tryptophan depletion study. Front Behav Neurosci. (2019) 13:123. doi: 10.3389/fnbeh.2019.00123

17. Heischmann S, Gano LB, Quinn K, Liang LP, Klepacki J, Christians U, et al. Regulation of kynurenine metabolism by a ketogenic diet. J Lipid Res. (2018) 59:958–66. doi: 10.1194/jlr.M079251

18. Strasser B, Berger K, Fuchs D. Effects of a caloric restriction weight loss diet on tryptophan metabolism and inflammatory biomarkers in overweight adults. Eur J Nutr. (2015) 54:101–7. doi: 10.1007/s00394-014-0690-3

19. Gostner JM, Becker K, Croft KD, Woodman RJ, Puddey IB, Fuchs D, et al. Regular consumption of black tea increases circulating kynurenine concentrations: a randomized controlled trial. BBA Clin. (2015) 3:31–5. doi: 10.1016/j.bbacli.2014.11.007

20. Gualdoni GA, Fuchs D, Zlabinger GJ, Gostner JM. Resveratrol intake enhances indoleamine-2,3-dioxygenase activity in humans. Pharmacol Rep. (2016) 68:1065–8. doi: 10.1016/j.pharep.2016.06.008

21. Jeong YI, Kim SW, Jung ID, Lee JS, Chang JH, Lee CM, et al. Curcumin suppresses the induction of indoleamine 2,3-dioxygenase by blocking the Janus-activated kinase-protein kinase Cdelta-STAT1 signaling pathway in interferon-gamma-stimulated murine dendritic cells. J Biol Chem. (2009) 284:3700–8. doi: 10.1074/jbc.M807328200

22. Min SY, Yan M, Kim SB, Ravikumar S, Kwon SR, Vanarsa K, et al. Green tea epigallocatechin-3-gallate suppresses autoimmune arthritis through indoleamine-2,3-dioxygenase expressing dendritic cells and the nuclear factor, erythroid 2-like 2 antioxidant pathway. J Inflamm. (2015) 12:53. doi: 10.1186/s12950-015-0097-9

23. Wan Y, Wang F, Yuan J, Li J, Jiang D, Zhang J, et al. Effects of dietary fat on gut microbiota and faecal metabolites, and their relationship with cardiometabolic risk factors: a 6-month randomised controlled-feeding trial. Gut. (2019) 68:1417. doi: 10.1136/gutjnl-2018-317609

24. Purton T, Staskova L, Lane MM, Dawson SL, West M, Firth J, et al. Prebiotic and probiotic supplementation and the tryptophan-kynurenine pathway: a systematic review and meta analysis. Neurosci Biobehav Rev. (2021) 123:1–13. doi: 10.1016/j.neubiorev.2020.12.026

25. Rudzki L, Ostrowska L, Pawlak D, Małus A, Pawlak K, Waszkiewicz N, et al. Probiotic Lactobacillus Plantarum 299v decreases kynurenine concentration and improves cognitive functions in patients with major depression: a double-blind, randomized, placebo controlled study. Psychoneuroendocrinology. (2019) 100:213–22. doi: 10.1016/j.psyneuen.2018.10.010

26. Stevenson RJ, Francis HM, Attuquayefio T, Gupta D, Yeomans MR, Oaten MJ, et al. Hippocampal-dependent appetitive control is impaired by experimental exposure to a Western-style diet. R Soc Open Sci. (2020) 7:191338. doi: 10.1098/rsos.191338

27. Lovibond SH, Lovibond PF. Manual For The Depression Anxiety Stress Scales. Sydney, NSW: Psychology Foundation of Australia (1995).

28. Francis H, Stevenson R. Validity and test–retest reliability of a short dietary questionnaire to assess intake of saturated fat and free sugars: a preliminary study. J Hum Nutr Diet. (2013) 26:234–42. doi: 10.1111/jhn.12008

29. Craig CL, Marshall AL, Sjöström M, Bauman AE, Booth ML, Ainsworth BE, et al. International physical activity questionnaire: 12-country reliability and validity. Med Sci Sports Exerc. (2003) 35:1381–95. doi: 10.1249/01.mss.0000078924.61453.fb

30. Moul DE, Germain A, Buysse DJ. Investigating the insomnia severity spectrum using the pittsburgh insomnia rating scale (PIRS). Sleep Epidemiol. (2021) 1:100003. doi: 10.1016/j.sleepe.2021.100003

31. Lim CK, Bilgin A, Lovejoy DB, Tan V, Bustamante S, Taylor BV, et al. Kynurenine pathway metabolomics predicts and provides mechanistic insight into multiple sclerosis progression. Sci Rep. (2017) 7:41473. doi: 10.1038/srep41473

32. Jacobs KR, Lim CK, Blennow K, Zetterberg H, Chatterjee P, Martins RN, et al. Correlation between plasma and CSF concentrations of kynurenine pathway metabolites in Alzheimer’s disease and relationship to amyloid-beta and tau. Neurobiol Aging. (2019) 80:11–20. doi: 10.1016/j.neurobiolaging.2019.03.015

33. Marx W, McGuinness AJ, Rocks T, Ruusunen A, Cleminson J, Walker AJ, et al. The kynurenine pathway in major depressive disorder, bipolar disorder, and schizophrenia: a meta-analysis of 101 studies. Mol Psychiatry. (2021) 26:4158–78. doi: 10.1038/s41380-020-00951-9

34. Steiner J, Walter M, Gos T, Guillemin GJ, Bernstein HG, Sarnyai Z, et al. Severe depression is associated with increased microglial quinolinic acid in subregions of the anterior cingulate gyrus: evidence for an immune-modulated glutamatergic neurotransmission? J Neuroinflammation. (2011) 8:94. doi: 10.1186/1742-2094-8-94

35. Murrough JW, Iosifescu DV, Chang LC, Al Jurdi RK, Green CE, Perez AM, et al. Antidepressant efficacy of ketamine in treatment-resistant major depression: a two-site randomized controlled trial. Am J Psychiatry. (2013) 170:1134–42. doi: 10.1176/appi.ajp.2013.13030392

36. Lai R, Katalinic N, Glue P, Somogyi AA, Mitchell PB, Leyden J, et al. Pilot dose–response trial of i.v. ketamine in treatment-resistant depression. World J Biol Psychiatry. (2014) 15:579–84. doi: 10.3109/15622975.2014.922697

37. Phillips JL, Norris S, Talbot J, Birmingham M, Hatchard T, Ortiz A, et al. Single, repeated, and maintenance ketamine infusions for treatment-resistant depression: a randomized controlled trial. Am J Psychiatry. (2019) 176:401–9. doi: 10.1176/appi.ajp.2018.18070834

38. Martin-Gallausiaux C, Larraufie P, Jarry A, Béguet-Crespel F, Marinelli L, Ledue F, et al. Butyrate produced by commensal bacteria down-regulates indolamine 2,3-dioxygenase 1 (IDO-1) expression via a dual mechanism in human intestinal epithelial cells. Front Immunol. (2018) 9:2838. doi: 10.3389/fimmu.2018.02838

39. Gao K, Pi Y, Mu CL, Farzi A, Liu Z, Zhu WY. Increasing carbohydrate availability in the hindgut promotes hypothalamic neurotransmitter synthesis: aromatic amino acids linking the microbiota-brain axis. J Neurochem. (2019) 149:641–59. doi: 10.1111/jnc.14709

40. Krishnan S, Ding Y, Saedi N, Choi M, Sridharan GV, Sherr DH, et al. Gut microbiota-derived tryptophan metabolites modulate inflammatory response in hepatocytes and macrophages. Cell Rep. (2018) 23:1099–111. doi: 10.1016/j.celrep.2018.03.109

41. Ting EY-C, Yang AC, Tsai S-J. Role of interleukin-6 in depressive disorder. Int J Mol Sci. (2020) 21:2194. doi: 10.3390/ijms21062194

42. Turner JA, Padgett C, McDonald S, Ahuja KDK, Francis HM, Lim CK, et al. Innate immunity impacts social-cognitive functioning in people with multiple sclerosis and healthy individuals: implications for IL-1ra and urinary immune markers. Brain Behavior Immun Health. (2021) 14:100254. doi: 10.1016/j.bbih.2021.100254

43. Dolina S, Margalit D, Malitsky S, Rabinkov A. Attention-deficit hyperactivity disorder (ADHD) as a pyridoxine-dependent condition: urinary diagnostic biomarkers. Med Hypotheses. (2014) 82:111–6. doi: 10.1016/j.mehy.2013.11.018

44. Pedersen ER, Svingen GF, Schartum-Hansen H, Ueland PM, Ebbing M, Nordrehaug JE, et al. Urinary excretion of kynurenine and tryptophan, cardiovascular events, and mortality after elective coronary angiography. Eur Heart J. (2013) 34:2689–96. doi: 10.1093/eurheartj/eht264

45. Sousa A, Ribeiro C, Gonçalves VMF, Barbosa J, Peixoto B, Andrade A, et al. Development and validation of a liquid chromatography method using UV/fluorescence detection for the quantitative determination of metabolites of the kynurenine pathway in human urine: application to patients with heart failure. J Pharm Biomed Anal. (2021) 198:113997. doi: 10.1016/j.jpba.2021.113997

46. Zimmer P, Schmidt ME, Prentzell MT, Berdel B, Wiskemann J, Kellner KH, et al. Resistance exercise reduces kynurenine pathway metabolites in breast cancer patients undergoing radiotherapy. Front Oncol. (2019) 9:962. doi: 10.3389/fonc.2019.00962

47. Öztürk M, Yalın Sapmaz Ş, Kandemir H, Taneli F, Aydemir Ö. The role of the kynurenine pathway and quinolinic acid in adolescent major depressive disorder. Int J Clin Pract. (2021) 75:e13739. doi: 10.1111/ijcp.13739

48. Erhardt S, Lim CK, Linderholm KR, Janelidze S, Lindqvist D, Samuelsson M, et al. Connecting inflammation with glutamate agonism in suicidality. Neuropsychopharmacology. (2013) 38:743–52. doi: 10.1038/npp.2012.248

49. Kepplinger B, Baran H, Kainz A, Ferraz-Leite H, Newcombe J, Kalina P. Age-related increase of kynurenic acid in human cerebrospinal fluid - IgG and beta2-microglobulin changes. Neurosignals. (2005) 14:126–35. doi: 10.1159/000086295

50. de Bie J, Guest J, Guillemin GJ, Grant R. Central kynurenine pathway shift with age in women. J Neurochem. (2016) 136:995–1003. doi: 10.1111/jnc.13496

51. Lu H, Yu J, Wang J, Wu L, Xiao H, Gao R. Simultaneous quantification of neuroactive dopamine serotonin and kynurenine pathway metabolites in gender-specific youth urine by ultra performance liquid chromatography tandem high resolution mass spectrometry. J Pharm Biomed Anal. (2016) 122:42–51. doi: 10.1016/j.jpba.2016.01.031



OPS/images/fnut-09-945538-g002.jpg
Log KA Conc.
(nmol/L per mmol/L creatinine)

B 10- C s- Low

p=0.023 p=0.018 . DFS
Mid
p=0.005 LN\ P
p=0.019 8- High
6+ ® A BN
]
& 5
< <
- Q 4-

g <

4

g % g

o -
@ & 2 u
t A
Al . (Y
F A 2
ry A
T T T 9 T T | 3 I ‘l 'l
Low Mid High Low Mid High Low Mid High

DFS DFS DFS DFS DFS DES DFS  DFS  DFS





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Kynurenic acid as a biochemical factor underlying the association between Western-style diet and depression: A cross-sectional study



		Introduction



		Materials and methods



		Participants and study design



		Selection criteria



		Ethics approval







		Baseline measurement



		Biochemical measurement



		Reagents



		Creatinine measurement



		Immune marker profiling



		Kynurenine pathway metabolites profiling







		Statistical analysis







		Results



		Group characteristics



		Potential confounding effects between demographic factors and urinary biomarkers



		Correlation analyses of immune and kynurenine pathway markers



		Differential group expression of urinary kynurenine pathway metabolites



		Assessing depression with urinary biomarkers and demographic factors



		Relationship between depressive symptoms with diet, exercise, and kynurenic acid







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fnut-09-945538-e001.jpg
Depression score = Demographic factors + Lifestyle factors

“+Immune markers + KP markers





OPS/images/fnut-09-945538-g001.jpg
T . | A Western-style
diet
Tryptophan (TRP)

Proxy: : :???
. kyn/Tre| IDO-12 & .
: DO-2 ,
ratio : +
Anthranilic = KYNU 2 KATs  Kynurenic
Acid (AA) Kynurenine (KYN) =550 Acid (KA)
Proxy: — KA/KYN !
3-HKt/.KYN ratio : Proxy:
ratio : KA/QA
3-hydroxy-KYN (3-HK) 77|  — s
Proxy: :
3-HAA/3HK | KYNU !
ratio i
3-hydroxy-AA (3-HAA) :
HAAO :
- ¥
St ACMSD 2-amino-3- Non- TR
:::(:g"(rl‘::z‘) + carboxymuconate 6- —> 2;:?0&2; Depressive
semialdehyde (ACMS) €nzymatic ( symptoms





OPS/images/fnut-09-945538-e000.jpg
Depression score =

Demographic factors + Lifestyle factors + KP markers





OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Kynurenic acid as a biochemical
factor underlying the association
between Western-style diet
and depression:

A cross-sectional study












OPS/images/logo.jpg
P frontiers | Frontiers in Nutrition







OPS/images/fnut-09-945538-t005.jpg
Demographic factors

Age (Years)

Sex

BMI

Lifestyle factors

Physical activity

DEFS (as score)

Low Group® (score < 54)
Mid Group# (score 54-65)
High Group# (score > 66)
Immune marker

IL-6, fg/mL per mmol/L Cr
KP marker

KA, nmol/L per mmol/L Cr

Regression model
B coefficient (95% CI)
n =166

—0.25 (—0.80 to 0.30)
0.01 (—0.25 t0 0.27)
—0.02 (—0.07 to 0.02)

—0.09 (—0.16 to —0.01)
0.69 (0.32 to 1.05)
Reference
0.51 (0.22-0.80)
0.56 (0.26-0.87)

—0.03 (—0.06 to 0.00)

—0.21 (—0.37 to—0.05)

P-value

0.377
0.929
0.341

0.030
<0.001

0.001
<0.001

0.077

0.009

The selected model was analysed using Mixed-effect multilevel regression to control for
random effects from different studies. BMI, Body Mass Index; DFS, dietary fat and free

sugar screener score; IL-6, interleukin-6; KA, kynurenic acid; Cr, creatinine. All variables

except BMI were log,-transformed prior to analysis. & denotes variable was chosen to

be analysed primarily as a categorical variable rather than continuous variable. Only

variables with p-values < 0.05 were considered important in predicting the severity of

the depressive symptoms. Significant p-value (< 0.05) are denoted in bold.





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fnut-09-945538-t004.jpg
Univariate analysis

Covariate analysis*

B (95% CI)

Immune marker
1L-6 —0.04 (—0.07 to —0.01)

KP markers

KA ~0.30 (—0.46 to —0.14)
KAT activity —0.16 (—0.28 to —0.03)
KMO activity 0.18 (0.004-0.36)

KA/QA ratio —0.29 (—0.44 to —0.14)

R2

0.04

0.08
0.04
0.02
0.08

P-value

0.013

<0.001
0.014
0.045

<0.001

Adjusted B (95% CI) Adjusted R?
~0.04 (—0.07 to —0.01) 0.15
—0.27 (—0.43 to —0.10) 0.17

2010 (—0.23 t0 0.03) 0.13
0.14 (=0.04 to 0.33) 0.13
20.22 (—0.37 to —0.06) 0.16

P-value

0.013

0.002
0.123
0.121
0.006

IL-6, Interleukin-6 (fg/mL per mmol/L creatinine); KA, Kynurenic acid (nmol/L per mmol/L creatinine); KAT, Kynurenine aminotransferase; KMO, Kynurenine 3-monooxygenase;
KA/QA, Kynurenic acid/Quinolinic acid ratio; KAT activity is defined by KA/KYN ratio; KMO activity is defined by 3HK/KYN; *Multiple linear regression modelling was performed to
adjust for demographic factors including age, sex, DFS, and physical activity. All variables were log,-transformed prior to regression analysis. The B denotes the beta coefficient of the

regression model and R refers to the coefficient of determinant indicating the goodness-of-fit of the regression analysis. Significant p-value ( < 0.05) are denoted in bold. Only biomarkers

that showed a significant relationship with depression score were presented in this table. For full analysis of the other biomarkers, refer to Supplementary Table 2.





OPS/images/fnut-09-945538-t003.jpg
CRP
IL-6
TRP

3HK
3HAA
PA
QA

IL-6

0.20%

0.07
0.01
0.20%
—0.03
0.04
0.03
0.09

TRP

0.08

0.45%

—0.02

0.49%
0.08
0.14
0.13

0.06

0.14
0.70°
0.30°
0.18*
0.25"

—0.03

0.09
0.21*
0.24%
0.29°

3HK

0.20*

0.40%
0.15
0.31%

3HAA

0.28"

0.37%
0.20*

PA

0.07

0.29"

QA

0.10

Significant correlations are denoted in bold. *p < 0.05, #p < 0.01, "p < 0.001, $p < 0.0001. CRP, C-Reactive protein; IL-6, interleukin-6; TRP, tryptophan; KYN, kynurenine; KA, kynurenic

acid; 3HK, 3-Hydroxykynurenine; 3HAA, 3-Hydroxyanthranilic acid; PA, Picolinic acid; QA, Quinolinic acid.





OPS/images/fnut-09-945538-t002.jpg
Age Sex® BMI Physical DFS

activity
Immune markers
C-Reactive Protein (CRP) —0.02 0.23 0.03 0.15* 0.07
Interleukin (IL)-6 0.03 0.29* —0.01 0.08 0.00
KP metabolites
Tryptophan (TRP) —0.05 0.00 0.08 —0.17* 0.08
Kynurenine (KYN) —0.12 —0.16 —0.05 —0.16* —0.01
Kynurenic acid (KA) 0.27" 0.01 0.08 —0.15* —0.17*
3-Hydroxykynurenine (3HK) 0.02 0.22 0.06 —0.15* 0.13
3-Hydroxyanthranilic acid (3HAA) 0.23% 0.09 —0.01 —0.16* 0.16*
Picolinic acid (PA) 0.24% —0.22 0.06 —0.10 0.11
Quinolinic acid (QA) —0.01 0.51* —0.02 —0.24° 0.08
KP activity/ratio
IDO/TDO activity —0.06 —0.15 —0.12 0.02 0.08
KAT activity 0.29% 0.13 0.10 0.01 —0.13
KMO activity 0.16* 0.49* 0.13 —0.03 0.19*
KYNU activity 0.19* —0.11 —0.07 —0.01 0.03
KA/QA ratio 0.25" —0.36* 0.09 0.03 —0.22%

IDO, Indoleamine 2,3-dioxygenase; TDO, Tryptophan dioxygenase; KYAT, Kynurenine aminotransferase; KMO, Kynurenine 3-monooxygenase; KYNU, Kynureninase; IDO/TDO activity
is defined by KYN/TRP ratio; KAT activity is defined by KA/KYN ratio; KMO activity is defined by 3HK/KYN; KYNU activity is defined by 3HAA/3HK ratio. All reported values were
derived from Pearson’s correlation coefficient unless otherwise specified.  Denotes Cohen’s D effect size (female to male). Significant correlations/effect sizes are denoted in bold *p < 0.05,
#p < 0.01, "p < 0.001, $p < 0.0001. *(unbold) indicate p-value close to 0.05.
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Low DFS
(n=68)

Age (years, mean = SD) 2097 £3.11
Sex (F/M, % of F to total) 38/30 (55.88)
BMI (mean =+ SD) 22.14 £2.63
Physical activity (mean % SD)¥ 12.09 +£1.92
DFS (mean =+ SD) 4544 £5.20
Creatinine, mmol/L (mean + SD) 15.25 +10.08
DASS-21-D (mean + SD) 2.87 £3.50

Mid DFS
(n=55)

22.05 + 4.48
37/18 (67.27)
21.78 £ 2.82
12.04 & 1.65
59.85 + 3.22%
13.14 4 7.08
529 +4.71"

High DFS
(n=46)

20.80 % 3.79
24/22 (52.17)
22.19 4+ 2.89
11.84 +1.12
76.28 + 11.58%
10.89 + 6.42
6.91 4 5.65%

F-statistic or
%2 value

1.714
2.6958
0.36%
0.324
310.114
1.914
11.994

P-value

0.185
0.260
0.701
0.725
<0.0001
0.151
<0.0001

DFS, dietary fat and free sugar screener score; DASS-21-D, Depression Anxiety Stress Scales 21 Depression score; BMI, Body Mass Index; F, Female; M, Male. ADenotes One-way ANOVA
and Bdenotes Chi-square analysis. Significant p-value (< 0.05) are denoted in bold. * Denotes p = 0.001 and *denotes p < 0.0001 using Sidak post-hoc analysis in comparison to low DES
group. ¥ Denotes the mean of variable presented in logs-scale. All post-hoc between groups comparisons have p < 0.0001 in 1-way ANOVA for DES.





