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Abstract 

This study aimed to investigate whether psychological distress, whole grain consumption, 

and tryptophan metabolism are associated in participants undergoing weight management 

intervention. Seventy-nine women and men (mean age 49.7 ± 9.0 years; BMI 34.2 ± 2.5 

kg/m
2
) participated in a 7-week weight-loss period (WL), and in a 24-week weight 

maintenance intervention period (WM). Whole grain consumption was measured using 4-day 

food diaries. Psychological distress was assessed with the General Health Questionnaire-12 

(GHQ), and participants were divided into three GHQ groups based on the GHQ scores 

before WL. Tryptophan metabolites were determined from the participants' fasting plasma 

using liquid chromatography-mass spectrometry. GHQ scores were not associated with the 

whole grain consumption. A positive association was observed between the whole grain 

consumption and indole propionic acid (IPA) during the WM (p = 0.033). Serotonin levels 

were higher after the WL in the lowest GHQ tertile (p = 0.033), while the level at the end of 

the WM was higher compared to other timepoints in the highest GHQ tertile (p = 0.015 and p 

= 0.001). This difference between groups was not statistically significant. Furthermore, levels 

of several tryptophan metabolites changed within the groups during the study. Tryptophan 

metabolism changed during the study in the whole study group, independently from the level 

of psychological distress. The association between whole grain consumption and IPA is 

possibly explained by the effects of dietary fibre on gut microbiota. This broadens the 

understanding of the pathways behind the health benefits associated with the intake of whole 

grains. 

 

Keywords: whole grains, tryptophan metabolism, psychological distress, weight 

management 
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indolelactic acid; IPA, indole propionic acid; IS, indoxyl sulphate; KYNA, kynurenic acid; 

LSF, lower-satiety food group; VLCD, very-low-energy-diet; WL, weight-loss period; WM, 

weight maintenance period. 
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1. Introduction 

Diet has an impact on health, and its importance in psychological well-being has been 

recently studied 
(1)

. Psychological distress refers to versatile symptoms of stress, anxiety, and 

depression 
(2)

. In addition, higher levels of psychological distress are related to mental 

disorders, such as anxiety and depressive disorders 
(3)

. A healthy diet including nutrient-dense 

and fibre-rich foods is associated with a reduced risk of depressive symptoms 
(1,4)

. Nutrient-

dense and fibre-rich foods include whole grain products, whose health-promoting effects are 

possibly mediated by antioxidants, folate, and fibre 
(5)

. However, the causality between whole 

grain-rich diet and mental health, and the mechanisms underlying their associations are still 

unclear. On the other hand, psychological distress can affect food choices and thus the 

consumption of whole grains, indicating a reverse causation 
(6,7)

. By understanding this 

association and acknowledging how these alterations in food choices may subsequently affect 

nutrient intake, it emphasizes the significance of evaluating the association between 

psychological distress and food choices.  

 

One of the potential mechanisms mediating the relationship between whole grain 

consumption and mental health might be via tryptophan metabolism. Tryptophan is an 

essential amino acid that the human body cannot synthesize 
(8)

. Therefore, the daily need 

must be covered by diet. It is present in whole grains in small concentrations and tryptophan 

content varies from 125–169 mg/100 g, depending on the type of grain 
(8,9)

. Moreover, the 

regulation of tryptophan metabolism is influenced by the gut microbiota and its metabolic 

processes 
(10)

. The fibre present in whole grains can affect the composition and metabolic 

pathways of the intestinal microbiota and thus the tryptophan metabolism. In fact, we have 

previously shown that consuming cereal fibre led to changes in serum levels of gut-derived 

tryptophan metabolites, including serotonin 
(11)

 and indole propionic acid (IPA) 
(12)

. In 

addition to whole grain and overall diet, weight is suggested be related to tryptophan 

metabolism 
(13,14)

. When attempting to lose weight, there may be changes in the levels of 

tryptophan and its metabolites 
(15–17)

. Therefore, managing weight through dietary 

intervention, such as incorporating whole grains, could potentially play a role in regulating 

tryptophan metabolism and its associated health effects.  

 

Tryptophan is a precursor for many neuroendocrine neurotransmitters affecting psychological 

well-being, such as serotonin 
(18–20)

. Tryptophan can also be oxidized via the kynurenine and 
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indole pathways, and metabolites from these pathways can cross the blood-brain barrier 

(8,19,21,22)
. These tryptophan metabolites take part in regulation of emotions, cognition, and 

other brain functions within the brain 
(19,21)

. Nevertheless, the precise relationship between 

tryptophan metabolism and psychological distress is yet to be defined.    

 

While a healthy diet rich in whole grains may alleviate symptoms associated with 

psychological distress, potentially through the mediation of tryptophan metabolism, and it is 

acknowledged that psychological distress can influence whole grain consumption, there is 

still limited evidence regarding the associations between whole grain consumption, 

tryptophan metabolism, and psychological distress. Despite a bidirectional relationship may 

exist between psychological distress and whole grain consumption, this study focuses on 

assessing if the psychological distress is associated in whole grain intake in this population. 

This study aimed to investigate (1) whether whole grain consumption is related to plasma 

tryptophan metabolite levels, (2) whether tryptophan metabolite levels differ according to 

different levels of psychological distress, and (3) whether psychological distress is associated 

with whole grain consumption. We conducted a secondary analysis of our previous dietary 

weight management study, and investigated the associations between whole grain intake, 

psychological distress, and tryptophan metabolism during the whole study and the weight 

maintenance period after the weight loss (23). We hypothesized that (1) the use of whole 

grains is associated with beneficial pathways of tryptophan metabolism, (2) tryptophan 

metabolite levels differ according to psychological distress level, and (3) higher 

psychological distress is related to lower whole grain consumption. 

 

2. Materials and methods 

2.1 Participants 

A total of 99 participants with obesity started the intervention study. The intervention study 

was conducted according to the guidelines laid down in the Declaration of Helsinki and all 

procedures involving human subjects were approved by the Ethics Committee of the District 

Hospital Region of Northern Savo (ethics no. 46/2008). The study was registered in isrctn.org 

with the identifier 67529475. Written informed consent was obtained from all subjects. 

Recruitment was made through advertisements in a local newspaper and among eligible 

individuals who had previously participated in the studies at the Institute of Public Health and 

Clinical Nutrition in the University of Eastern Finland. Inclusion criteria were body mass 
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index (BMI) of 30–40 kg/m
2
 and age of 30–65 years. Exclusion criteria were BMI out of the 

inclusion range, type 1 or 2 diabetes, pregnancy, kidney or thyroid dysfunction, heart or liver 

disease, polycystic ovary syndrome, diagnosed eating disorder, alcohol consumption > 16 

(women) or >24 (men) portions/week (1 portion equals 12 g of pure alcohol), neuroleptic or 

oral cortisone medication or any other diseases or medications that could potentially affect 

the measurements or completion of the study 
(23)

.  

 

2.2 Study design  

This study is a secondary analysis of our previous randomised controlled trial 
(23)

. 

Intervention protocol, selection of foods for intervention, and randomisation protocol have 

been described in detail before 
(23,24)

. In short, the participants took part in a 7-week weight-

loss period (WL) using very-low-energy-diet (VLCD) products (Nutrifast, Leiras Finland 

Ltd) providing 600 kcal/d. Low-energy vegetables and energy free beverages were allowed to 

be consumed ad libitum. The WL was followed by a 2-week transition phase, after which the 

participants were stratified by age and sex and randomised into two diet groups for a 24-week 

weight maintenance period (WM). During the WM, one group consumed diet containing 

higher-satiety intervention foods (HSF) and the other isoenergetic lower-satiety intervention 

foods (LSF). This meant that the HSF group consumed more fibre-rich breads and protein-

rich foods than the LSF group. The satiety values of the intervention foods were assessed 

beforehand in a separate test in controlled laboratory settings 
(23)

. The intervention food 

products and nutrition values of intervention foods have been described in detail previously 

(23,24)
. For each participant, the intervention foods covered about 30 % of the individual 

energy requirement calculated for the WM. Participants got written instructions indicating the 

daily portions of each test foods to be consumed. Otherwise, participants were allowed to eat 

freely selected foods ad libitum. In the WM, participants were advised to maintain the weight 

loss achieved during the WL without actively reducing weight. 

 

2.3 Dietary intake 

Whole grain products were defined as cereal products containing ≥6 g/100 g of dietary fibre. 

Participants completed 4-day food diaries before WL (i.e., baseline) and at weeks 6, 12, 18, 

and 24 during the WM. The intake of cereal products containing ≥6 g/100 g of dietary fibre 

(g/d) was calculated using Micro Nutrica® dietary analysis software version 2.5 (the Social 

Insurance Institution of Finland). Whole grain consumption was calculated as the mean 
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intake from food diaries collected during the WM, allowing for the consideration of normal 

variations in consumption between days. 

 

Participants’ protein intake ranged from 49 to 143 g/d and fibre intake from 13 to 55 g/d 

during the WM, as assessed from the food diaries. 

 

2.4 Psychological distress 

Psychological distress of the participants was assessed with the 12-item General Health 

Questionnaire (GHQ) 
(25)

 before WL and at the and at weeks 0, 12 and 24 during the WM. 

The shorter version used in this study has the advantage of brevity, and its validity is 

comparable to the longer, 28-item questionnaire 
(26)

. GHQ-12 is designed to measure 

temporal psychological well-being by assessing symptoms of anxiety and depression, social 

dysfunction, and loss of confidence 
(27)

. Responses are given in a 4-point Likert scale with 

higher scores indicating greater psychological distress. 

 

To investigate the association between psychological distress and whole grain consumption, 

the values obtained at week 24 of the WM were included in the analysis. The GHQ 

questionnaire evaluates symptoms over the past few weeks. Therefore, GHQ scores measured 

at the end of the WM reflect psychological distress during that period. To investigate the 

hypothesis regarding variations in tryptophan metabolites among participants with distinct 

levels of psychological distress, the participants were divided into three groups by manually 

splitting study group into tertiles based on the GHQ scores measured before the WL. The 

HSF and LSF intervention groups did not differ in the GHQ scores, as reported previously 

(23)
, and thus our analysis was focused on GHQ scores rather than intervention groups. 

Additionally, the intervention groups were not differently distributed into the three GHQ 

tertile groups (see Table 4).  

 

2.5 Anthropometric measurements 

Weight was measured in the morning after a 12-hour fast before WL and at weeks 0, 12 and 

24 of the WM 
(23)

.  

 

2.6 Blood sampling and metabolomics analysis 
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Blood samples were collected during the study clinic visits before the WL and at weeks 0 and 

24 of the WM. The samples were collected in the morning after a 12-h fast. Tryptophan 

metabolites were determined from fasting plasma samples using non-targeted liquid 

chromatography and mass spectrometry-based (LC-MS) metabolomics approach 
(28)

. The 

metabolites were identified based on metabolite-specific fragmentations patterns in tandem-

MS (MS/MS) (Supplemental Table 1). LC was conducted with 1290 Infinity Binary UPLC 

system (Agilent Technologies, Santa Clara, CA, USA). Tryptophan, 5-hydroxyindoleacetic 

acid (5-HIAA), indoleacetic acid (IAA), indolelactic acid (ILA), IPA, indoxyl sulphate (IS), 

and kynurenic acid (KYNA) were detected with reverse phase (RP, Zorbax Eclipse XDB-

C18, particle size 1.8 µm, dimensions of 2.1 × 100 mm, Agilent Technologies, USA; 

injection volume of 1 μL) column, combined with orbitrap MS (Q Exactive Focus, Thermo 

Scientific, Bremen, Germany). Serotonin and kynurenine were detected with hydrophilic 

interaction chromatography (HILIC, Acquity UPLC BEH Amide 1.7 µm, 2.1 × 100 mm, 

Waters, Ireland; injection volume of 3 μL) column, combined with quadrupole time-of flight 

(Q-TOF) MS (6540 UHD Accurate-Mass Q-TOF MS, Agilent Technologies, Santa Clara, 

CA, USA). After both RP and HILIC chromatographic runs, both positive and negative jet 

stream electrospray ionization (ESI) modes were applied. Tryptophan and IS were detected in 

negative ionization mode, others were detected in positive ionization mode.   

 

2.7 Statistical analyses 

Statistical justification and calculation of sample size have been described earlier 
(23,24)

. 

Statistical analyses were performed using IBM SPSS Statistics software (IBM Statistics for 

Windows, version 27.0, USA). The normality of distribution of variables and residuals was 

assessed by Kolmogorov-Smirnov Test. Spearman’s correlation was used to assess the 

association between metabolite abundances and GHQ scores, and metabolite abundances and 

the mean whole grain intake during the WM.  

 

In the whole study group, the association between GHQ scores (independent variable) and the 

mean whole grain consumption (dependent variable) was assessed using linear regression 

analysis (unadjusted model/model 1). Similarly, the association between the mean whole 

grain consumption (independent variable) and metabolite abundances (dependent variables) 

was assessed using linear regression analysis (unadjusted model/model 1). As for the GHQ 

scores and metabolites, the values obtained from the measurements conducted at the end of 
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the WM were included in the analysis. Logarithmic (natural) transformation was made for 

measurements of the non-normally distributed metabolites in order to meet the assumptions 

of the regression analyses. The model with GHQ scores and the mean whole grain 

consumption was further adjusted for confounding by including age, sex, body weight change 

during the WL, and the mean energy intake during the WM as covariates (adjusted 

model/model 2). Analysis was not controlled with the intervention groups (HSF/LSF) as the 

intervention diets affected whole grain intake. This could have provided an unnecessary 

adjustment and thus eliminated the effects of the whole grain consumption. The models with 

the mean whole grain consumption and tryptophan metabolites were further adjusted for 

confounding by including in the models age, sex, mean energy intake during the WM, 

metabolite abundance before the WM, and either weight change during the WL (model 2) or 

metabolite abundance before the WL (model 3). Furthermore, a sensitivity analysis was 

conducted by adjusting for age, sex, metabolite abundance before the WM, metabolite 

abundance before the WL, and the mean protein intake during the WM.   

 

Lastly, to follow potential nonlinearity of the association, participants were divided into three 

GHQ groups by manually splitting the study population into tertiles based on the GHQ scores 

before the WL (the score ranges for the lowest, middle, and highest tertiles are 3–8, 9–11, and 

12–25, respectively). The cut off points of the scores were set so that the group sizes were as 

even as possible in terms of the number of participants. Differences in tryptophan metabolite 

abundances between the GHQ groups were assessed with linear mixed model analysis with 

group, time, group x time interaction, sex and age as fixed effects and participant as a random 

effect. If the effect of group x time interaction was not statistically significant, it was 

removed from the models to investigate the effect of time on metabolite abundances. In case 

of a significant effect of group x time or time, post hoc pairwise comparisons of study weeks 

were calculated to assess between-group or within-group differences in metabolites at 

different timepoints. Logarithmic (natural) transformation was made for measurements of 

tryptophan metabolites to meet the model assumptions.  

 

3. Results 

3.1 Participants 

Eventually 82 subjects completed the whole weight management intervention study. Three 

participants were excluded from the current study due to the lack of metabolomics analyses. 
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Therefore, 79 participants were included in the regression analyses. Characteristics of the 79 

participants are shown in Table 1. In addition, one participant was excluded from the GHQ 

groups due to missing GHQ score from baseline before the WL. Therefore, 78 participants 

were included in the linear mixed model analysis. 

 

3.2 Association between GHQ scores at the end of the WM and the mean whole grain 

consumption during the WM 

First, the whole study group was examined using linear regression models. Due to the 

absence of a food diaries for some participants at week 24 of the WM, the mean whole grain 

consumption during the entire WM was determined using the available food diaries. In this 

way, it was possible to retain the maximum number of participants in the sample. No 

significant association was found between the mean whole grain consumption and GHQ 

scores (Table 2). Despite not reaching statistical significance, there was a potential 

association indicated by the 95% confidence interval when considering the impact of age, 

gender, and energy intake. 

 

3.3 Association between the mean whole grain consumption during the WM and tryptophan 

metabolites at the end of the WM 

Second, we assessed the association between the mean whole grain consumption during the 

WM and tryptophan metabolites at week 24 of the WM. In the model 3, there was a positive 

association between the mean whole grain consumption and IPA abundance at the end of the 

WM (Fig. 1, Table 3). No significant associations were identified between the mean whole 

grain consumption and any other metabolites. Furthermore, there were no significant 

associations between the mean whole grain consumption and any metabolites in the model 2 

(Supplemental Table 2). 

 

The overall protein intake was considered to potentially affect the tryptophan metabolism 

over the intervention. Thus, the sensitivity analysis using adjustment with mean protein 

intake during the WM was conducted. Interestingly, the negative association was observed 

between the mean whole grain consumption and KYNA abundance at week 24 of the WM, 

differing from the energy adjusted analysis. Simultaneously, the association between whole 

grain consumption and IPA lost its statistical significance (Supplemental Table 3).  

 

https://doi.org/10.1017/S0007114524001077  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524001077


Accepted manuscript 
 

3.4 Tryptophan metabolism in GHQ groups 

Finally, we examined the differences in metabolite abundances between participants divided 

into tertiles of GHQ. Descriptive information of the participants in the GHQ groups is 

represented in Table 4. 

 

For serotonin, there was a significant overall time x group interaction (Table 5). However, no 

significant differences were observed in serotonin levels among the GHQ tertiles at any 

timepoints according to post hoc analysis. In the lowest GHQ tertile, serotonin abundance at 

week 0 was significantly higher than the abundance before the WL (p 0.034) (Fig. 2). In the 

highest GHQ tertile, serotonin abundance at week 24 of the WM was significantly higher 

than the abundance before the WL (p 0.015) and week 0 (p 0.001). No significant effect of 

group x time interaction was found for the other metabolites. 

 

When the group x time interaction was removed from the model, the effect of time was 

significant on every metabolite but IAA and serotonin. The metabolite levels at the week 0 of 

the WM were significantly higher than the levels before WL and week 24 of the WM for IPA 

and 5-HIAA (p <0.001). Meanwhile, the metabolite levels at the week 0 of the WM were 

significantly lower than the levels before the WL and week 24 for IS, tryptophan, and ILA (p 

<0.001). For KYNA and kynurenine, the levels before the WL were significantly higher than 

the levels of week 24 (p 0.017 and <0.001, respectively), and the levels at week 0 were 

significantly lower than the levels before WL (p <0.001) and week 24 (p 0.016 and <0.001, 

respectively) in the groups.  

 

4. Discussion 

In this study, we evaluated associations between whole grain consumption, tryptophan 

metabolism, and psychological distress in participants who took part in a weight management 

intervention study. To our best knowledge, this is the first study investigating these 

associations collectively. Specifically, there is still limited evidence on alterations in 

tryptophan metabolism among groups with varying levels of psychological distress. The 

mean whole grain consumption during the WM was positively associated with the plasma 

levels of tryptophan metabolite IPA at the end of the WM. In addition, serotonin levels 

changed differently in the GHQ tertile groups. Serotonin levels were higher after the WL in 

the lowest GHQ tertile, while the level at the end of the WM was higher compared to other 
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timepoints in the highest GHQ tertile. Levels of other metabolites changed similarly in the 

whole study group during the study. On the other hand, psychological distress was not 

associated with the mean whole grain consumption during the WM.  

 

IPA is an indole derivative produced by the gut microbiota. It has shown neuroprotective 

properties in mice by suppressing immune responses and central nervous system (CNS) 

inflammation 
(29)

. In addition, higher levels of IPA have been associated with decreased risk 

of type 2 diabetes 
(30)

, whereas lower levels were associated with cardiovascular events 
(31)

 

and liver fibrosis 
(32)

. Our finding of a positive association between IPA and whole grain 

consumption is consistent with previous studies, as IPA has been related to whole grain 

consumption in a cohort study 
(33)

, in a subgroup of participants of a randomised controlled 

study 
(12)

 and a subgroup of men of a prospective cohort study 
(34)

. This association may be 

explained by the effects of whole grains on gut microbiota. Whole grains are rich in dietary 

fibre, which influences the composition and metabolism of gut microbiota 
(10)

. In fact, dietary 

fibre intake has been related to IPA-associated bacterial genera in human faeces 
(33)

 and 

interaction between IPA-producing species and dietary tryptophan intake on plasma IPA 

concentrations was apparent among men with higher dietary fibre intake 
(34)

. Therefore, our 

results provide further insight into the link between whole grain intake and IPA production in 

the gut. Moreover, the results prompt the inquiry of whether the indole pathway could serve 

as one of connections between the consumption of whole grains and their potential health 

benefits.  

 

The further sensitivity analysis was done to apply adjustment with mean protein intake. This 

analysis revealed the negative association between KYNA and whole grain intake. Similarly, 

a negative association between the whole grain consumption and KYNA levels was observed 

in a previous study
(33)

. Increasing protein intake also increases overall amino acid intake, 

potentially leading to competition in epithelial transport, as is known to happen between other 

neutral amino acids and tryptophan
(35)

. This could result in alterations in tryptophan 

metabolism, as more tryptophan reaches the colon, where gut microbiota may utilize it in 

tryptophan metabolism, potentially contributing to the indole pathways. Nevertheless, in the 

sensitivity analysis, the association between IPA and whole grain intake was no longer 

significant. Thus, taking into account the variation in the food consumption in the study 
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population targeted to fibre and protein intake, we cannot rule out the potential effects of 

overall protein intake on the findings in tryptophan metabolism. 

 

Contrary to our findings, results of other studies have indicated that whole grain consumption 

is related to also tryptophan and other metabolites than IPA or KYNA. After a 4-week 

intervention period including whole grains, plasma tryptophan levels were lower compared to 

a period of refined grain consumption in healthy adults 
(36)

. However, the same was not 

observed in another study comparing 8-week rye bread and white wheat bread interventions 

in menopausal women 
(37)

. For serotonin, higher whole grain intake has been associated with 

either lower 
(11)

 or higher plasma levels 
(33)

. Other indole derivatives than IPA have been 

associated with the consumption of whole grain products in a cohort study 
(33)

 and after a rye 

bread intervention 
(37)

. In addition, an inverse association between whole grain consumption 

and kynurenine and its derivatives has been found 
(33)

. However, it is important to 

acknowledge that the diversity of the participants in the previous studies and the present 

study makes it challenging to establish a comprehensive perspective on the relationships. 

Unlike previous studies, our study included participants who had obesity and underwent 

weight loss intervention. Weight change and its effects on tryptophan metabolism may have 

affected the assessment of association between whole grain consumption and tryptophan 

metabolism 
(15–17)

. Adults with overweight or obesity have an altered tryptophan metabolism 

compared to people with normal body weight, with plasma kynurenine levels being elevated 

and tryptophan and indole derivate levels being decreased 
(13,14)

. This has not, however, been 

observed in all studies 
(38)

. Furthermore, in adults with overweight, weight loss with low-

calorie diets resulted in decreased serum levels of indole 
(15)

, tryptophan and kynurenine 

(16,17)
. The extensive weight loss achieved during the current study may have influenced 

tryptophan metabolism even during the WM, potentially confounding the detection of 

associations between whole grain consumption and metabolites. To address this prolonged 

effect of weight loss, the statistical models were adjusted for the weight loss outcomes during 

the WL. 

 

The lack of observed associations between whole grain consumption and metabolites in the 

present study may be due to small sample size and great variations in metabolite abundances 

between the participants as well. Furthermore, despite the intervention, the average 

consumption of whole grains was not necessarily significant enough to induce notable 
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changes in metabolite levels. Therefore, further research is needed to clarify the mechanisms 

underlying the association between whole grain intake and tryptophan metabolism, and to 

determine the level of whole grain consumption that benefits tryptophan metabolism. 

 

One factor that influences the availability of tryptophan and, consequently, its metabolism, is 

the dietary intake of tryptophan. As tryptophan is an amino acid, the intake of protein 

inherently affects the intake of tryptophan. Among whole grains, tryptophan is present in 

protein-rich foods, including milk, poultry meat, cheese, and nuts
(8)

. Increased dietary protein 

intake can result in elevated levels of free tryptophan in the plasma
(39)

, and a higher intake of 

dietary protein has been shown to impact both endogenous and colonic microbial tryptophan 

metabolism in humans
(40–43)

. In our study, participants initially underwent the WL with 

modified dietary protein intake, after which the protein sources were reintroduced into their 

diet. Additionally, intervention groups consumed products with different amounts of protein 

during the WM. This probably resulted in alterations to the intake of dietary tryptophan as 

well. Indeed, within the sensitivity analysis adjusted for the mean protein intake, a positive 

association between the mean whole grain consumption and KYNA at the end of the WM 

was revealed. However, adjusting with mean energy intake was considered to account for 

variations in overall food consumption, caloric and nutrient intake, including whole grains 

and both protein- and tryptophan-rich foods. Additionally, diverse energy requirements 

among individuals may lead to distinct dietary patterns, influencing tryptophan metabolism 

and subsequent production of tryptophan metabolites. Hence, incorporating mean energy 

intake may improve result precision, and considering both energy and protein intake in the 

analysis would pose concerns related to multicollinearity.  

 

We also found that serotonin levels increased during the WL in the group with the lowest pre-

WL GHQ scores and during the WM in the group with the highest pre-WL GHQ scores. 

Previously, plasma serotonin levels have correlated negatively with depression and anxiety in 

patients with chronic kidney disease 
(44)

 and type 2 diabetes 
(45)

. In our study, GHQ scores 

declined during the WL and then slowly returned towards the baseline level in the whole 

study group 
(23)

. Therefore, our findings are consistent with previous research on the 

association between psychological well-being and plasma serotonin levels in the group with 

the lowest GHQ scores. However, this association was not observed in the highest GHQ 

tertile group. It is noteworthy that in prior studies 
(44,45)

, the participants had major metabolic 
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disorders that may have influenced the results. Consequently, caution must be exercised when 

comparing these findings with those of healthy or obese individuals like ones in our study.  

 

In the brain, serotonin participates in the regulation of emotions, cognition, and food intake, 

although the exact mechanisms behind these processes are not yet fully understood 
(18–20)

. 

Nonetheless, serotonin levels in our study reflect most probably changes in dietary intake 

during the study, since plasma serotonin levels are thought to reflect gut-originated serotonin 

(46)
. Peripheral serotonin cannot cross the blood-brain barrier and thus it has separate 

biological functions from the serotonin produced in the brain 
(47–49)

. However, gut-originated 

serotonin can affect the CNS via the gut-brain axis, namely via vagal signalling from the gut 

to the brain 
(50,51)

. Stimulation of the vagus nerve by peripheral serotonin has been observed 

to enhance the activity of serotonergic neurons, consequently influencing serotonin 

concentrations in the brains of rats 
(50)

. In addition, after surgically blocking vagal gut-brain 

communication, selective serotonin reuptake inhibitors lose their antidepressive effects in 

mice 
(51)

. These findings suggest a potential link between the gut, serotonin, and 

psychological well-being, and highlight the importance of further investigation of the role of 

the gut-brain axis in the regulation of mood and behaviour.  

 

Given the association between whole grain consumption and serotonin metabolism in prior 

studies [11], [33], [44], it is reasonable to investigate this perspective here. Whole grain 

consumption changed significantly during the study; during the WL, whole grains were 

completely excluded from the participants' diets, while the consumption during the WM was 

partially determined according to the study design. Nonetheless, there was no difference in 

whole grain consumption between GHQ tertile groups during the WM, indicating that it is 

not the reason for the varied responses observed between the lowest and highest GHQ 

tertiles. It is possible that there are differences in unmeasured factors that may influence 

serotonin levels in the peripheral circulation between the tertiles. For example, the intake of 

nutritional factors that affect the release of serotonin in the gut, such as glucose 
(52)

, may have 

differed quantitatively among the tertiles. Thus, the factors underlying the different serotonin 

responses remain unclear. 

 

In addition to serotonin, other metabolites have previously been associated with 

psychological well-being 
(44,53,54)

. Plasma IAA correlated with anxiety and depression in 
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patients with chronic kidney disease 
(44)

, while higher kynurenine levels were related to a 

lower severity of depressive symptoms in adults with depression 
(53)

. Furthermore, compared 

to adults or elderly populations without depressive symptoms, plasma tryptophan was lower 

and kynurenine, KYNA, and quinolinic acid were higher in elderly individuals with mild or 

moderate depressive symptoms 
(54)

. However, we found no differences in tryptophan 

metabolites between the GHQ groups, but only changes in their levels within the groups 

during the study. As discussed earlier, alterations in body weight and dietary intake during 

the study might have affected tryptophan metabolism. Participants underwent weight loss 

period with VLCD, after which they followed one of the intervention diets through the WM. 

Consequently, the diets differed significantly between the two periods. Levels of several 

metabolites altered during the WL, only IAA being an exception. Kynurenine and tryptophan 

levels decreased during the WL, confirming previous findings 
(17)

. In addition, there were 

great variations in metabolite abundances which may partly explain our results. The variance 

in the study designs between our research and previous studies might account for the 

differing results as well.  

 

Lastly, we did not find association between whole grain consumption and psychological 

distress. Similarly, in a previous study, there were no differences in whole grain intake 

between depressed and non-depressed participants 
(55)

. However, in our earlier study the 

consumption of whole grain products was lower in the most stressed individuals compared to 

the least stressed 
(6)

. Additionally, López-Ceperon et al. 
(7)

 reported that psychological 

distress was connected to a lower intake of fibre-rich foods, including whole grains. It is 

essential to note that the effect size of our analysis on whole grain consumption and GHQ 

scores was small, which may partly explain the lack of significance in our sampling. In other 

words, had the outcome been statistically significant, it would have been challenging to assert 

that individuals with higher psychological distress significantly consumed fewer whole grain 

products compared to those with lower stress levels. It is also possible that the sample size in 

this study was insufficient for the effect size to attain statistical significance. 

 

This study has certain strengths. The chosen methods enabled the inclusion of nearly all 

participants from the original study in the present analysis, maximizing the sample size. The 

study design incorporates the variability in whole grain consumption within the study 

population. Taking multiple measurements during the study helps to even out day-to-day 
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variation, providing a more accurate representation of participants’ whole grain consumption. 

In addition, viewing consumption as mean consumption during the WM ensured sufficient 

size of the study sample in analyses. Nonetheless, there were limitations as well. The basis 

for defining whole grains in this study relied on the fibre content rather than the proportion of 

whole grains in cereal foods. The database that was used in the current study enabled the 

categorisation of the products on the market at the time of the study based on their fibre 

content. In addition, the assessment of whole grain consumption was based on self-reported 

food diaries, which may involve misreporting. In addition, the intervention foods covered 30 

% of daily energy intake during the WM 
(23)

. Thus, the participants could not eat entirely ad 

libitum as they were instructed to consume the recommended number of either whole grain 

bread or bread with less fibre. This may have interfered the analysis of the relationship 

between psychological distress and whole grain consumption. Nonetheless, as stated earlier, 

an overadjustment may have occurred if we had controlled the analysis with the intervention 

groups, and thus the intervention groups were left out from the analyses. Secondly, the food 

diaries, GHQ and the metabolites were not collected at the same timepoints during the WM. 

Hence, we couldn’t take longitudinal perspective to our analysis, and more longitudinal 

studies are needed to clarify the causality between whole grain consumption, tryptophan 

metabolism, and psychological distress. It is evident that there might be several other factors 

that may contribute the associations shown in the present study, especially due to the 

multidimensional phenomena, such as psychological wellbeing, tryptophan metabolism and 

food consumption, studied in the present study. Thus, we need to be careful when making 

interpretations based on the present findings. 

 

In conclusion, higher whole grain consumption was associated with higher levels of IPA, 

which is possibly explained by the effects of dietary fibre on the gut microbiota. Tryptophan 

metabolism changed during the study in the whole study group, independently from the level 

of psychological distress. However, we cannot rule out the possibility that the overall protein 

intake may have an impact on tryptophan metabolism during the study. In addition, whole 

grain intake and psychological distress were not associated with each other in this study 

population. Therefore, this study suggests the potential favourable effect of whole grain 

consumption on the indole pathway, particularly through the production of IPA.  
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Fig. 1 Association between whole grain consumption during the WM and IPA abundance at 

week 24 of the WM.  
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Fig. 2 Changes in serotonin abundances in the GHQ tertile groups during the study obtained 

from a linear mixed model. In the box plots, the boundary of the box closest to zero indicates 

the 25th percentile, and the boundary of the box farthest from zero indicates the 75th 

percentile. Whiskers above and below the box indicate the minimum and maximum values. 

WL, weight-loss period; WM, weight maintenance period; GHQ, General Health 

Questionnaire. *Significantly different from before the WL value (p < 0.05). 
#
Significantly 

different from the value of week 0 of the WM (p <0.001) 

 

  

https://doi.org/10.1017/S0007114524001077  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524001077


Accepted manuscript 
 

References  

1.  Firth J, Solmi M, Wootton RE, et al. (2020) A meta-review of “lifestyle psychiatry”: the 

role of exercise, smoking, diet and sleep in the prevention and treatment of mental 

disorders. World Psychiatry 19, 360–380. 

2.  Drapeau A, Marchand A, Beaulieu-Prévost D, et al. (2012) Epidemiology of 

Psychological Distress. Ment. Illnesses - Underst. Predict. Control. IntechOpen. 

3.  Andrews G & Slade T (2001) Interpreting scores on the Kessler Psychological Distress 

Scale (K10). Aust. N. Z. J. Public Health 25, 494–497. 

4.  Lai JS, Hiles S, Bisquera A, et al. (2014) A systematic review and meta-analysis of 

dietary patterns and depression in community-dwelling adults1,2,3. Am. J. Clin. Nutr. 

99, 181–197. 

5.  Opie RS, Itsiopoulos C, Parletta N, et al. (2017) Dietary recommendations for the 

prevention of depression. Nutr. Neurosci. 20, 161–171. Taylor & Francis. 

6.  Järvelä-Reijonen E, Karhunen L, Sairanen E, et al. (2016) High perceived stress is 

associated with unfavorable eating behavior in overweight and obese Finns of working 

age. Appetite 103, 249–258. 

7.  López-Cepero A, O’Neill J, Tamez M, et al. (2021) Associations Between Perceived 

Stress and Dietary Intake in Adults in Puerto Rico. J. Acad. Nutr. Diet. 121, 762–769. 

Elsevier. 

8.  Richard DM, Dawes MA, Mathias CW, et al. (2009) L-Tryptophan: Basic Metabolic 

Functions, Behavioral Research and Therapeutic Indications. Int. J. Tryptophan Res. 2, 

IJTR.S2129. SAGE Publications Ltd STM. 

9.  Çevikkalp SA, Löker GB, Yaman M, et al. (2016) A simplified HPLC method for 

determination of tryptophan in some cereals and legumes. Food Chem. 193, 26–29. 

10.  Peredo-Lovillo A, Romero-Luna HE & Jiménez-Fernández M (2020) Health promoting 

microbial metabolites produced by gut microbiota after prebiotics metabolism. Food 

Res. Int. 136, 109473. 

11.  Keski-Rahkonen P, Kolehmainen M, Lappi J, et al. (2019) Decreased plasma serotonin 

and other metabolite changes in healthy adults after consumption of wholegrain rye: an 

untargeted metabolomics study. Am. J. Clin. Nutr. 109, 1630–1639. 

12.  de Mello VD, Paananen J, Lindström J, et al. (2017) Indolepropionic acid and novel 

lipid metabolites are associated with a lower risk of type 2 diabetes in the Finnish 

Diabetes Prevention Study. Sci. Rep. 7, 46337. Nature Publishing Group. 

https://doi.org/10.1017/S0007114524001077  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524001077


Accepted manuscript 
 

13.  Mangge H, Summers KL, Meinitzer A, et al. (2014) Obesity-related dysregulation of the 

Tryptophan–Kynurenine metabolism: Role of age and parameters of the metabolic 

syndrome. Obesity 22, 195–201. 

14.  Cussotto S, Delgado I, Anesi A, et al. (2020) Tryptophan Metabolic Pathways Are 

Altered in Obesity and Are Associated With Systemic Inflammation. Front. Immunol. 

11. 

15.  Geidenstam N, Al-Majdoub M, Ekman M, et al. (2017) Metabolite profiling of obese 

individuals before and after a one year weight loss program. Int. J. Obes. 41, 1369–

1378. Nature Publishing Group. 

16.  Alemán JO, Iyengar NM, Walker JM, et al. (2017) Effects of Rapid Weight Loss on 

Systemic and Adipose Tissue Inflammation and Metabolism in Obese Postmenopausal 

Women. J. Endocr. Soc. 1, 625–637. 

17.  Strasser B, Berger K & Fuchs D (2015) Effects of a caloric restriction weight loss diet 

on tryptophan metabolism and inflammatory biomarkers in overweight adults. Eur. J. 

Nutr. 54, 101–107. 

18.  Carhart-Harris R & Nutt D (2017) Serotonin and brain function: a tale of two receptors. 

J. Psychopharmacol. (Oxf.) 31, 1091–1120. SAGE Publications Ltd STM. 

19.  Gao K, Mu C, Farzi A, et al. (2020) Tryptophan Metabolism: A Link Between the Gut 

Microbiota and Brain. Adv. Nutr. 11, 709–723. 

20.  Roth W, Zadeh K, Vekariya R, et al. (2021) Tryptophan Metabolism and Gut-Brain 

Homeostasis. Int. J. Mol. Sci. 22, 2973. Multidisciplinary Digital Publishing Institute. 

21.  Schwarcz R, Bruno JP, Muchowski PJ, et al. (2012) Kynurenines in the mammalian 

brain: when physiology meets pathology. Nat. Rev. Neurosci. 13, 465–477. Nature 

Publishing Group. 

22.  Gheorghe CE, Martin JA, Manriquez FV, et al. (2019) Focus on the essentials: 

tryptophan metabolism and the microbiome-gut-brain axis. Curr. Opin. Pharmacol. 48, 

137–145. 

23.  Karhunen L, Lyly M, Lapveteläinen A, et al. (2012) Psychobehavioural Factors Are 

More Strongly Associated with Successful Weight Management Than Predetermined 

Satiety Effect or Other Characteristics of Diet. J. Obes. 2012, e274068. Hindawi. 

24.  Näätänen M, Kolehmainen M, Laaksonen DE, et al. (2021) Post-weight loss changes in 

fasting appetite- and energy balance-related hormone concentrations and the effect of 

the macronutrient content of a weight maintenance diet: a randomised controlled trial. 

Eur. J. Nutr. 60, 2603–2616. 

https://doi.org/10.1017/S0007114524001077  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524001077


Accepted manuscript 
 

25.  Goldberg DP & Williams P (1988) A user’s guide to the General Health Questionnaire. 

NFER-NELSON. 

26.  Goldberg DP, Gater R, Sartorius N, et al. (1997) The validity of two versions of the 

GHQ in the WHO study of mental illness in general health care. Psychol. Med. 27, 191–

197. Cambridge University Press. 

27.  Mäkikangas A, Feldt T, Kinnunen U, et al. (2006) The factor structure and factorial 

invariance of the 12-item General Health Questionnaire (GHQ-12) across time: 

Evidence from two community-based samples. Psychol. Assess. 18, 444–451. US: 

American Psychological Association. 

28.  Klåvus A, Kokla M, Noerman S, et al. (2020) “Notame”: Workflow for Non-Targeted 

LC–MS Metabolic Profiling. Metabolites 10, 135. Multidisciplinary Digital Publishing 

Institute. 

29.  Rothhammer V, Mascanfroni ID, Bunse L, et al. (2016) Type I interferons and 

microbial metabolites of tryptophan modulate astrocyte activity and central nervous 

system inflammation via the aryl hydrocarbon receptor. Nat. Med. 22, 586–597. Nature 

Publishing Group. 

30.  Tuomainen M, Lindström J, Lehtonen M, et al. (2018) Associations of serum 

indolepropionic acid, a gut microbiota metabolite, with type 2 diabetes and low-grade 

inflammation in high-risk individuals. Nutr. Diabetes 8, 35. 

31.  Xue H, Chen X, Yu C, et al. (2022) Gut Microbially Produced Indole-3-Propionic Acid 

Inhibits Atherosclerosis by Promoting Reverse Cholesterol Transport and Its Deficiency 

Is Causally Related to Atherosclerotic Cardiovascular Disease. Circ. Res. 131, 404–420. 

American Heart Association. 

32.  Sehgal R, de Mello VD, Männistö V, et al. (2022) Indolepropionic Acid, a Gut Bacteria-

Produced Tryptophan Metabolite and the Risk of Type 2 Diabetes and Non-Alcoholic 

Fatty Liver Disease. Nutrients 14, 4695. Multidisciplinary Digital Publishing Institute. 

33.  Qi Q, Li J, Yu B, et al. (2022) Host and gut microbial tryptophan metabolism and type 2 

diabetes: an integrative analysis of host genetics, diet, gut microbiome and circulating 

metabolites in cohort studies. Gut 71, 1095–1105. BMJ Publishing Group. 

34.  Hu Y, Li J, Wang B, et al. (2023) Interplay between diet, circulating indolepropionate 

concentrations and cardiometabolic health in US populations. Gut 72, 2260–2271. BMJ 

Publishing Group. 

35.  Keszthelyi D, Troost FJ & Masclee A a. M (2009) Understanding the role of tryptophan 

and serotonin metabolism in gastrointestinal function. Neurogastroenterol. Motil. 21, 

1239–1249. 

https://doi.org/10.1017/S0007114524001077  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524001077


Accepted manuscript 
 

36.  Navarro SL, Tarkhan A, Shojaie A, et al. (2019) Plasma metabolomics profiles suggest 

beneficial effects of a low–glycemic load dietary pattern on inflammation and energy 

metabolism. Am. J. Clin. Nutr. 110, 984–992. 

37.  Lankinen M, Schwab U, Seppänen-Laakso T, et al. (2011) Metabolomic Analysis of 

Plasma Metabolites That May Mediate Effects of Rye Bread on Satiety and Weight 

Maintenance in Postmenopausal Women1,2. J. Nutr. 141, 31–36. 

38.  Raheja UK, Fuchs D, Giegling I, et al. (2015) In psychiatrically healthy individuals, 

overweight women but not men have lower tryptophan levels. Pteridines 26, 79–84. De 

Gruyter. 

39.  Badawy AA-B (2017) Tryptophan availability for kynurenine pathway metabolism 

across the life span: Control mechanisms and focus on aging, exercise, diet and 

nutritional supplements. Neuropharmacology 112, 248–263. 

40.  Poesen R, Mutsaers HAM, Windey K, et al. (2015) The Influence of Dietary Protein 

Intake on Mammalian Tryptophan and Phenolic Metabolites. PLOS ONE 10, e0140820. 

Public Library of Science. 

41.  Beaumont M & Blachier F (2020) Amino Acids in Intestinal Physiology and Health. 

Adv. Exp. Med. Biol. 1265, 1–20. 

42.  Fernstrom JD, Langham KA, Marcelino LM, et al. (2013) The ingestion of different 

dietary proteins by humans induces large changes in the plasma tryptophan ratio, a 

predictor of brain tryptophan uptake and serotonin synthesis. Clin. Nutr. Edinb. Scotl. 

32, 1073–1076. 

43.  Fernstrom J, Wurtman R, Hammarstrom-Wiklund B, et al. (1979) Diurnal variations in 

plasma concentrations of tryptophan, tyrosine, and other neutral amino acids: effect of 

dietary protein intake12. Am. J. Clin. Nutr. 32, 1912–1922. 

44.  Karu N, McKercher C, Nichols DS, et al. (2016) Tryptophan metabolism, its relation to 

inflammation and stress markers and association with psychological and cognitive 

functioning: Tasmanian Chronic Kidney Disease pilot study. BMC Nephrol. 17, 171. 

45.  Moroianu L-A, Cecilia C, Ardeleanu V, et al. (2022) Clinical Study of Serum Serotonin 

as a Screening Marker for Anxiety and Depression in Patients with Type 2 Diabetes. 

Medicina (Mex.) 58, 652. Multidisciplinary Digital Publishing Institute. 

46.  Sarrias MJ, Martinez E, Celada P, et al. (1991) Plasma Free 5HT and Platelet 5HT in 

Depression: Case-Control Studies and the Effect of Antidepressant Therapy. In 

Kynurenine Serotonin Pathw. Prog. Tryptophan Res., pp. 653–658 [Schwarcz R, Young 

SN, Brown RR, editors]. Boston, MA: Springer New York. 

https://doi.org/10.1017/S0007114524001077  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524001077


Accepted manuscript 
 

47.  Papadimas GK, Tzirogiannis KN, Mykoniatis MG, et al. (2012) The emerging role of 

serotonin in liver regeneration. Swiss Med. Wkly. 142, w13548–w13548. 

48.  Berger M, Gray JA & Roth BL (2009) The expanded biology of serotonin. Annu. Rev. 

Med. 60, 355–366. 

49.  Yabut JM, Crane JD, Green AE, et al. (2019) Emerging Roles for Serotonin in 

Regulating Metabolism: New Implications for an Ancient Molecule. Endocr. Rev. 40, 

1092–1107. 

50.  Breit S, Kupferberg A, Rogler G, et al. (2018) Vagus Nerve as Modulator of the Brain–

Gut Axis in Psychiatric and Inflammatory Disorders. Front. Psychiatry 9. 

51.  McVey Neufeld K-A, Bienenstock J, Bharwani A, et al. (2019) Oral selective serotonin 

reuptake inhibitors activate vagus nerve dependent gut-brain signalling. Sci. Rep. 9, 

14290. Nature Publishing Group. 

52.  Linan-Rico A, Ochoa-Cortes F, Beyder A, et al. (2016) Mechanosensory Signaling in 

Enterochromaffin Cells and 5-HT Release: Potential Implications for Gut Inflammation. 

Front. Neurosci. 10, 564. 

53.  Liu D, Ray B, Neavin DR, et al. (2018) Beta-defensin 1, aryl hydrocarbon receptor and 

plasma kynurenine in major depressive disorder: metabolomics-informed genomics. 

Transl. Psychiatry 8, 1–13. Nature Publishing Group. 

54.  Chojnacki C, Popławski T, Chojnacki J, et al. (2020) Tryptophan Intake and 

Metabolism in Older Adults with Mood Disorders. Nutrients 12, 3183. Multidisciplinary 

Digital Publishing Institute. 

55.  Grases G, Colom MA, Sanchis P, et al. (2019) Possible relation between consumption 

of different food groups and depression. BMC Psychol. 7, 14. 

  

https://doi.org/10.1017/S0007114524001077  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524001077


Accepted manuscript 
 

Table 1. Characteristics of the participants included to the current study. 

 Mean  SD 

n (females/males) 79 

(58/21) 

 

Age (years) 49.7  9.0 

Body weight before the WL (kg) 95.4   12.0 

Body mass index before the WL (kg/m
2
) 34.2   2.5 

Weight change during the WL (kg) -12.1  3.5 

GHQ scores before the WL 10.9   4.6 

Whole grain consumption during the WM 

(g/day) 
115.1  

45.2 

GHQ, General Health Questionnaire; WL, weight-loss period; 

WM, weight maintenance period. 
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Table 2. Association between GHQ scores at week 24 of the weight maintenance period and 

mean whole grain consumption during the weight maintenance period in the whole study 

sample. 

 
Mean whole grain consumption during the 

WM 

 

 R
2
 B 95 % CI p  

GHQ scores at week 24 of the 

WM 
        

 

 
Unadjusted 

0.006 -0.9 -3.3, 1.6 0.48

7 

 

 
Adjusted 

0.236 -2.0 -4.3, 0.3 0.08

4 

 

GHQ, General Health Questionnaire; WM, weight maintenance period. 

The adjusted model of linear regression analysis was adjusted for age, sex, 

mean energy intake during the WM, and weight change during the WL. 
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Table 3. Association between the mean whole grain consumption during the weight 

maintenance period and tryptophan and its metabolites at week 24 of the weight maintenance 

period in the whole study sample. 

  R
2
 B 95 % CI p 

IPA         

 Whole grain 

consumption 

0.855 59529.5 5008.5, 114050.5 0.033 

IAA     

 Whole grain 

consumption 

0.481 4662.6 -51435.5, 60760.8 0.869 

IS     

 Whole grain 

consumption 

0.393 126.3 -32871.4, 33124.1 0.994 

5-HIAA
#
     

 Whole grain 

consumption 

0.635 2.7×10⁻⁵ -0.0, 0.0 0.991 

Tryptophan     

 Whole grain 

consumption 

0.423 -1912.4 -12502.9, 8678.2 0.720 

ILA     

 Whole grain 

consumption 

0.548 1511.2 -8053.6, 11076.0 0.754 

KYNA     

 Whole grain 

consumption 

0.526 -616.3 -1413.8, 181.3  0.128 

Serotonin     

 Whole grain 

consumption 

0.463 -1.742 -606.5, 603.0  0.995 

Kynurenine
#
     

 Whole grain 

consumption 

0.365 0.00 -0.0, 0.0 0.750 

IPA, indole propionic acid; IAA, indole-3-acetic acid; IS, indoxyl sulphate; 5-HIAA, 5-

hydroxyindoleacetic acid; ILA, indolelactic acid; KYNA, kynurenic acid. 
#
 Log(natural) transformed values were used in the analysis. 

Linear regression analysis was adjusted for age, sex, changes in metabolites during 

weight loss, mean energy intake and metabolite abundance before the weight-loss 

period. 
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Table 4.   Characteristics of the participants in the GHQ tertile groups.  

GHQ group  Lowest tertile  Middle tertile Highest tertile  

 Mean SD Mean SD Mean SD  p 

GHQ scores before the 

WL
†
  

6.4  1.3 9.9   0.9 16   3.7 < 

0.001 

n (females/males)
a 
 24 

(18/6)  

 27 

(19/8)  

 27 (20/7)   0.923 

Age (years)
†
  50.7  10.2 49.3  9.1 49.6  8.0 0.760 

Body weight before 

the WL (kg)
# 

 

95.1  10.8 96.6  11.8 94.7  13.6 0.836 

Body mass index 

before the WL 

(kg/m
2
)
#
  

34.2   2.5 34.7  2.5 33.6  2.6 0.252 

Weight change during 

the WL (kg)
#
  

-11.9   3.2 -13.1  3.2 -11.4  3.2 0.180 

HSF/LSF
a
  11/13   13/14   16/11   0.583 

Whole grain 

consumption during 

the WM (g/d)
 #

 

117.8   46.2 119.9  51.3 109.9  51.3 0.681 

Fibre intake during the 

WM (g/d) # 

27.8 8.4 28.3 7.9 27.8 10.9 0.962 

Energy intake during 

the WM (kcal/d) # 

1647 361 1798 396 1713 397 0.381 

Protein intake during 

the WM (g/d) # 

89.8 22.0 95.3 23.3 92.4 23.8 0.693 

 

GHQ, General Health Questionnaire; WL, weight-loss period; HSF, higher-satiety food 

group; LSF, lower-satiety food group; WM, weight maintenance period. 
† 

Groups are compared with the Kruskal-Wallis H test. 
a
Groups are compared with the chi-square test. 

# 
Groups are compared with the one-way ANOVA. 

The score ranges for the lowest, middle, and highest tertiles are 3–8, 9–11, and 12–25, 

respectively. 
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Table 5. Differences in tryptophan metabolites in GHQ tertile groups at baseline, week 0, 

and week 24. 

 

 

 

 

 

 

 

 

 Group x time  Group  Time 

 F(df) p  F(df) p  F(df) p 

IPA
#
 

1.013  

(4, 150.0) 

0.403  1.919 

(2, 73.0) 

0.154  18.324 

(2, 154.0) 

<0.001 

IAA
#
 1.256 

(4, 150.0) 

0.290  0.689 

(2, 73.0) 

0.505  0.239 

(2, 154.0) 

0.788 

IS
#
 1.246 

(4, 150.0) 

0.294  1.195 

(2, 73.0) 

0.309  22.470 

(2, 154.0) 

<0.001 

5-HIAA
#
 1.167 

(4, 150.0) 

0.328  0.882 

(2, 73.0) 

0.418  19.424 

(2, 154.0) 

<0.001 

Tryptophan
#
 1.082 

(4, 150.0) 

0.368  0.030 

(2, 73.0) 

0.971  49.926 

(2, 154.0) 

<0.001 

ILA
#
 1.057 

(4, 150.0) 

0.380  0.727 

(2, 73.0) 

0.487  30.906 

(2, 154.0) 

<0.001 

KYNA
#
 1.314 

(4, 150.0) 

0.267  0.704 

(2, 73.0) 

0.498  11.749 

(2, 154.0) 

<0.001 

Serotonin
#
 4.235 

(4, 150.0) 

0.003  0.194 

(2, 73.0) 

0.824  0.813 

(2, 154.0) 

0.445 

Kynurenine
#
 0.979 

(4, 150.0) 

0.421  0.942 

(2, 73.0) 

0.394  41.411 

(2, 154.0) 

<0.001 

IPA, indole propionic acid; IAA, indole-3-acetic acid; IS, indoxyl sulphate; 5-HIAA, 

5-hydroxyindoleacetic acid; ILA, indolelactic acid; KYNA, kynurenic acid. 

#
 Log(natural) transformed values were used in the analysis. 
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