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A B S T R A C T

Prebiotic dietary fiber (PDF) may reduce feelings of stress or improve mood in healthy individuals. Yet gut 
intervention studies that focus on mood in daily life are lacking and few studies include extensive biological 
sample analyses to gain mechanistic insights. As part of a larger randomized placebo-controlled crossover study 
including healthy individuals, we explored the effects of 12 weeks of PDF (acacia gum and carrot powder) on 
everyday mood, as measured with ecological momentary assessment (EMA). Microbiome composition and levels 
of microbial metabolites, endocrine, and inflammatory markers were determined prior to and after both inter-
vention phases. Fifty-four participants completed the study. The intervention significantly increased daily pos-
itive affect (PA) and reduced daily negative affect (NA) in female but not male participants. The intervention- 
induced reduction in NA was associated with an increase in microbial diversity in female participants. The 
intervention did not significantly affect levels of fecal short chain fatty acids, cortisol, and inflammatory markers. 
This is one of the first studies to show that a dietary fiber intervention can positively alter mood as it is expe-
rienced in everyday life. Overall, our findings may stimulate more targeted gut-microbiome interventions and 
detection of its mental health effects in real life.

1. Introduction

The gut microbiome has an intricate relation with mental health and 
wellbeing (Desmedt et al., 2019; Liu et al., 2019; Berding and Cryan, 
2022). Interventions with pre- or probiotics that modify the gut micro-
biome have shown symptom improvement in people with psychiatric 
conditions, including depression and anxiety (Noonan et al., 2020) as 
well as reductions in feelings of stress or improved mood in healthy 
individuals (Desmedt et al., 2019; Zhang et al., 2020). In their endeavor 
to elucidate involvement of the gut microbiota in gut-brain communi-
cation, researchers have explored possible underlying mechanisms 
including microbial-derived metabolites, and hormonal, immune, 
metabolic, and neuronal pathways (Berding et al., 2021a,b; Osadchiy 

et al., 2019; Spichak et al., 2021). Yet, how dietary interventions that 
modulate the gut microbiome exactly contribute to aforementioned 
mental health benefits in humans remains largely unclear. Filling some 
of the knowledge gaps requires well controlled intervention studies with 
extensive biological sample analyses (Chakrabarti et al., 2022) and 
reliable and sensitive prospective outcome assessments. We aimed to fill 
the gap by studying the effect of a prebiotic intervention on mood in 
everyday life, as well as on microbiome composition, and relevant mi-
crobial metabolites, endocrine, and immune markers.

Prebiotics are indigestible food ingredients (such as dietary fibres) 
that are selectively utilized by host microorganisms and stimulate 
growth or functioning of beneficial bacterial species (Gibson et al., 
2017). Given the abundant and increasing levels of stress or mental 
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health problems among the general population (Twenge et al., 2019), it 
is relevant to highlight research on prebiotic interventions showing 
promising effects on mental health in healthy adults, including possible 
underlying mechanisms. A handful of studies show that prebiotics can 
have a positive impact on affect or other mental health parameters (Best 
et al., 2009; Talbott and Talbott, 2009; Lawton et al., 2013; Childs et al., 
2014; Schmidt et al., 2015; Berding et al., 2021a,b; Berding et al., 2022), 
but caution is advised as there is little consistency among interventions 
and affected parameters and several studies show no clear effects on 
affect, mood, and anxiety (Desmedt et al., 2019; Johnstone et al., 2021). 
Furthermore, only one intervention study that used prebiotics included 
extensive biological sample analyses (Berding et al., 2022) underscoring 
the need for more comprehensive and rigorously designed studies.

One common denominator of performed studies is the use of retro-
spective questionnaires for mental health, usually administered once or 
few times, often only before and after a gut microbiome intervention. 
While these are often validated questionnaires and provide valuable 
insights, the obtained data may suffer from several biases, such as recall 
bias and mood congruent memory bias (Moskowitz and Young, 2006; 
Trull and Ebner-Priemer, 2009). To avoid this and to study mental 
health as it is experienced in daily life and across days, diary approaches 
including ecological momentary assessment (EMA) can be used as an 
alternative (Mehl and Conner, 2012). Using a correlational design, 
previous EMA studies have reported positive associations between 
eating fiber rich foods such as fruit and vegetables with feelings of 
well-being, curiosity and creativity (Conner et al., 2015) as well as 
positive affect (White et al., 2013). Furthermore, a 14-day intervention 
that stimulated fruit and vegetable intake resulted in improvements in 
daily well-being with increases in vitality, flourishing, and motivation as 
compared to a diet-as-usual group (Conner et al., 2017). In another EMA 
study, tryptophan supplementation in healthy individuals improved 
daily positive affect and reduced daily negative affect (Hogenelst et al., 
2015). In addition, EMA may be used to capture momentary, yet rele-
vant affect changes around daily positive and negative events. This af-
fective reactivity is predictive of depressive symptoms in the general 
population (Booij et al., 2018). Given that attention to negative 
emotional information, which is often increased in people with 
depression (Beck, 2008), may be beneficially altered by prebiotics 
(Schmidt et al., 2015; Johnstone et al., 2021), prebiotics may also 
beneficially alter another depression feature, namely affective reactivity 
to daily life events.

The present study was part of a larger study primarily designed to 
investigate metabolic health outcomes of a dietary fibre mixture of 
acacia gum (AG) and carrot powder including pectin (KaroPRO) [ratio 
10 + 3]. Microbiome composition, immune markers and fecal SCFAs 
analyses were all part of the initial protocol (see Eveleens Maarse et al., 
2024). By adding mental health endpoints and saliva sampling we were 
able to exploratively assess the effects of the prebiotic mixture on mental 
health and potential underlying mechanisms. For the present study we 
explored the effects of prebiotic intake on daily mood (positive and 
negative affect) in healthy individuals. We hypothesized that prebiotic 
intake would increase positive affect and reduce negative affect. In 
addition, we explored microbial composition and function (SCFAs in 
faeces), endocrine (cortisol), and immune (e.g., cytokines) biomarkers 
to shed light on possible underlying gut-to-brain mechanisms. Lastly, we 
explored if intervention-induced daily affect responses could be linked 
to microbiome changes and what other factors characterize intervention 
response.

2. Methods

The data reported here are part of a larger study that is described in 
greater detail by Eveleens Maarse et al. (2024). Here, we describe only 
the measurements and procedures used in the current sub-study. The 
study was approved by a local medical ethics board (Toetsingonline 
Registry NL71723.056.19), registered in the clinicaltrials.gov register 

(NCT04829396), and was executed according to Good Clinical Practice 
(GCP). Prior to any study-related activity, all subjects signed an 
informed consent form according to Declaration of Helsinki recom-
mendations. The study was conducted at the Centre for Human Drug 
Research (CHDR) in Leiden, The Netherlands, between August 2020 and 
July 2021.

2.1. Study design and participants

This study was designed as a double-blind, randomized, placebo- 
controlled crossover study with two 12-week intervention periods 
separated by 8 weeks of wash-out. In each intervention period partici-
pants visited the study centre at baseline and again after 4, 8 and 12 
weeks. Men and women could participate if they met the following in-
clusion criteria: age 45–70 years, BMI 25–30 kg/m2, no current major 
medical illness. Exclusion criteria were: use of antibiotics, antacids, 
laxatives, anti-diarrheal, or immunomodulatory medication within 3 
months before the start of the study, and use of any concomitant 
medication, vitamins or dietary supplements within 7 days (or 5 half- 
lives) before start of the study or during the study, with exception of 
paracetamol and ibuprofen. A total of 65 participants were included in 
the study.

2.2. Intervention

The intervention consisted of a daily 13g fibre mixture or placebo 
powder, for 12 weeks each. Fibre and placebo intervention powders 
were dispensed in identical jars and were matching in appearance. The 
order was randomized across participants. The fibre mixture was pre-
pared in a ratio ensuring that participants took 10g Acacia gum powder 
(Type 4880, A. Seyal, Willy Benecke, Germany) and 3g milled carrot 
powder (KaroPRO 1–26 SG, Food Solutions Team B.V., The Netherlands) 
with every dosing. See Eveleens Maarse et al. (2024) for further details. 
Placebo powder consisted of brown (Glucidex® 19) and white (Gluci-
dex® 17) maltodextrin only (Roquette, France), to colour match the 
fibre powder.

2.3. Measurements

2.3.1. Questionnaires for general health, gastro-intestinal symptoms and 
stool form

Health-related quality of life was assessed with the short form-12v2 
(SF-12) questionnaire (Ware et al., 1996). The SF-12 uses 12 items 
tapping into eight health domains to assess physical and mental health. 
Scores range from 0 to 100. A higher score represents better health.

Gastro-intestinal symptoms were assessed with the gastro-intestinal 
symptoms rating scale (GSRS). The GSRS uses a 7-point Likert scale, 
based on the intensity and frequency of gastrointestinal symptoms 
experienced during the previous seven days (Svedlund et al., 1988). The 
15 items combine into five symptom clusters: Reflux, Abdominal pain, 
Indigestion, Diarrhea and Constipation. A higher score represents more 
symptoms.

Stool form was assessed with the Bristol Stool Form Scale (BSFS). The 
BSFS is a 7-point scale used extensively in clinical practice and research 
for stool form measurement, with established validity and reliability, 
including in healthy participants (Blake et al., 2016).

2.3.2. Ecological momentary assessment (EMA)
Participants used a smartphone-based EMA application (app) to re-

cord daily positive and negative affect, physical discomfort, and stool 
form. Because the EMA was an addition to a larger study and to avoid 
participant burden, we only measured for one period in each study 
phase. Starting in week 10 of each intervention phase and for a period of 
10 d, the app prompted participants six times a day to answer a fixed set 
of EMA questions (explained in detail below). Prompts were randomly 
delivered between 09:30 and 21:30 h, with a minimum interval of 90 
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min. Following each prompt, the questionnaire was available for 30 min. 
A reminder prompt was sent 15 min after the initial prompt in case of 
non-response.

Positive affect (PA), negative affect (NA), and other EMA items: 
Momentary affect items were derived from the circumplex model of 
affect (Feldman Barrett and Russell, 1998). Each item started with “At 
this moment I feel …”. PA items included relaxed, energetic, enthusi-
astic, content, calm, and cheerful. NA items included gloomy, anxious, 
nervous, irritable, dull, and tired. Each item was rated on a visual 
analogue scale (VAS) with 99 increments labeled from “Not at all” (0) to 
“Very much” (100). For each prompt, responses to PA and NA items 
were averaged into a PA and NA score (range 0–100), respectively. With 
each prompt, participants could also report if they experienced a 
pleasant and/or unpleasant event since the last prompt. If so, the event 
could be rated in terms of (un)pleasantness on a VAS labeled “not (un) 
pleasant” (0) to very (un)pleasant (100). To assess daily Physical 
discomfort (PD), a single item was used: “To what extent to you currently 
experience physical complaints or physical discomfort?” rated on a VAS 
labeled “No discomfort at all” (0) to “A lot of discomfort” (100). For the 
last prompt of each day, the fixed set of EMA questions was expanded 
with questions for stool frequency and form. The first question inquired 
if people had bowel movements that day. If the answer was “yes”, a next 
question inquired about frequency and for each bowel movement par-
ticipants could indicate the stool form using the seven BSS visual scales 
that were incorporated in the app.

Affective reactivity: To investigate the extent to which the interven-
tion also influenced affective responses to daily (un)pleasant events, 
prompt-to-prompt changes in PA and NA were computed. These changes 
were computed as PA(t0)-PA(t-1) for example. Ratings of (un)pleasant 
events of the first prompt of the day were excluded as the prompt prior to 
that was of the day before. This allowed us to determine PA increases to 
positive events, PA decreases to negative events, NA decreases to posi-
tive events, and NA increases to negative events.

2.3.3. Microbiome profiling
Profiling of the microbiome composition was performed on fecal 

samples that were collected at baseline and weeks 4, 8 and 12 in each 
intervention phase. Microbial DNA was extracted from fecal samples 
and 16S rRNA gene sequencing was performed as described previously 
(Gart et al., 2018; see also supplementary material). Microbial diversity 
was either determined by inverse Simpson index or Shannon index. We 
used inverse Simpson instead of just Simpson index because it provides a 
more intuitive measure of the effective number of species making. The 
inverse form offers a linear response to changes in dominance so that the 
interpretation becomes more intuitive versus the Simpson index.

2.3.4. SCFAs
Faecal SCFAs (iso-valeric acid, propionic acid, iso-butyric acid, 

butyric acid, valeric acid, acetic acid, 2-methylbutanoic acids) were 
measured by liquid chromatography-mass spectrometry (LC-MS) using a 
high-resolution mass spectrometer (Q-Exactive, Thermo, USA), as 
further described in the supplementary material (and by Eveleens 
Maarse et al. (2024).

2.3.5. Cortisol awakening response
Participants could wake up according to their own schedule. Morn-

ing saliva samples on study visit days were collected for assessment of 
the cortisol awakening response (CAR) using the Salivette system (Sar-
stedt, Germany). Three samples were collected, the first upon wakening, 
the second and third 30 and 45 min later. Participants were instructed to 
not brush their teeth until after all saliva samples were collected, to not 
eat or drink anything prior to the first sample, and to avoid eating and 
drinking 15 min prior to the remaining samples. Participants stored 
collected saliva in their fridge prior to the study visit that same morning. 
Upon study site arrival, samples were centrifuged within 2 h, for 10 min 
at 2000 G and 4 ◦C, aliquoted, and stored at − 80 ◦C for later analysis. 

Salivary cortisol was analyzed in duplicates using enzyme-linked 
immunosorbent assay (ELISA) kits (Cortisol parameter assay kit, R&D 
systems, Inc., Bio-Techne®, Abingdon, UK). The lower detection limit 
was 0.55 nmol/l. Inter- and intraassay variability coefficients were 
13.6% and 7.0%. For subsequent analyses, the area under the curve of 
the cortisol assessments was computed with respect to ground (AUCg) 
and increase (AUCi) (Pruesner et al., 2003).

2.3.6. Inflammatory parameters
With each site visit, blood was sampled by venipuncture. To explore 

the role of inflammatory marker in the present study, we included data 
of cytokines (interleukin [IL]-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, 
IL-13, interferon [IFN]-γ, tumor necrosis factor [TNF] and C-reactive 
protein (CRP). Details regarding quantification are provided in the 
supplementary material.

2.4. Study procedures

Participants were instructed to take in 13g of powder daily with their 
breakfast, stirred into 200–400 mL milk, yoghurt or smoothie. They 
received a measuring spoon for 13g and instructions to make sure intake 
was identical every day. On the first and last day of every intervention 
period of 12 weeks, participants visited the study site (4 times in total). 
During those visits the SF-12 and GSRS were completed and blood was 
sampled. Participants handed in fecal samples during the visits. With 
each fecal sample participants completed a BSFS rating. To determine 
intake compliance, participants were required to hand in the empty 
fibre/placebo jars at the end of each intervention period. By weighting 
these jars, total fibre or placebo intake could be calculated. Intake of 
minimal 80% of the total dosing was considered as compliant. In week 
10 of each intervention period, the EMA app procedure started as 
described previously.

2.5. Statistical analyses

Data analysis was carried out using R statistics v4.3.1 (R Core Team, 
2023). For the SF-12, the raw scores were submitted to the software 
program ‘ProCore’ (v1.5; ProCore, 2019) and the resulting mental and 
physical component scores were used. The GSRS gave five different 
outcomes (Diarrhea syndrome, indigestion syndrome, constipation 
syndrome, abdominal pain syndrome, reflux syndrome) after averaging 
the combined questions for each of these dimensions. Missing data was 
imputed as the average score per scale where it pertained 50% or less 
than the raw scores for that dimension. Where used, differences between 
post- and pre-intervention scores were calculated by subtracting the 
pre-intervention score from the post-intervention score. The BSS was 
calculated as the absolute deviation from the most optimal score of 4 for 
the first scored BSS per measurement day subtracted from 4. As such, a 
score of 6 would result in 2, but so would a score of 2, while a 4 would 
remain a 4. Analyses were done using a linear mixed effects model with 
the subject as random effect to account for individual difference that 
were persistent over the measurement period.

Outcome variables of EMA were PA, NA, and prompt-to-prompt 
affect changes and physical discomfort. For intervention effects on 
affect we considered the within-subjects factor intervention (prebiotic vs 
placebo), the between-subjects factor sex (male, female), and their 
interaction as possible predictors. For assessing affective reactivity, we 
considered event (pleasant, unpleasant, no event reported) as an addi-
tional within-subjects factor. To allow for unintended time effects, we 
checked the effect of treatment order (i.e., prebiotic first or placebo first) 
and the effect of time as overall variable. These effects were non- 
significant or negligible, and are as such not included in the final ana-
lyses (results available upon request). The effect of treatment and sex on 
PA, NA and discomfort were studied using linear mixed effect models 
with maximum likelihood estimation using the package LME4 (Bates 
et al., 2015). Subject was included as a random effect, to account for 
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individual differences in baseline assessment of PA, NA and discomfort. 
Sex and treatment were included as separated and as interaction effects 
for the combined model, the models stratified by sex only took inter-
vention as independent effect. Due to the relatively large number of tests 
for the multilevel modelling, the level of statistical significance was set 
at p = 0.01. Potential changes in affect (delta between fiber and placebo) 
were associated with changes in microbial diversity (delta between fiber 
and placebo) using spearman correlation. Analyses regarding the 
microbiota were not corrected for multiple comparisons testing.

Figure composition and statistical analysis of the microbiome was 
performed using R statistics (v4.1) and is reported in supplementary 
material as well as in the primary publication of the larger study (Maarse 
et al., 2024). All SCFA data were adjusted for the amount of bacterial 
16S rRNA gene per sample (see supplementary material).

3. Results

3.1. Baseline characteristics

In total, 65 individuals were included in the study and the 54 par-
ticipants that completed the study were included in the present analyses. 
Table 1 shows characteristics of the 54 participants and of the 33 par-
ticipants that were included in the EMA analyses (see below).

3.2. General health, gastro-intestinal symptoms and stool form

For both the physical and mental component of the SF-12 ques-
tionnaire, there were no significant effects of intervention, sex or 
intervention by sex interaction (p’s > 0.35). Similarly, for the five 
gastrointestinal symptom clusters as measured with the GSRS and stool 
form as measured with the BSFS there were no significant effects of 
intervention, sex or intervention by sex interaction (p’s > 0.1).

3.3. Daily PA, NA, and physical discomfort

Of the 54 participants, 33 completed at least 50% of the question-
naires (≥30 affect records in 10 days) in each intervention phase. A 
exploratory analyses did not find significant differences in the mean 
score per person for the EMA variables between the included and 
excluded group. The EMA results reported in this manuscript refer to 33 
included participants.

For PA, the effect of treatment was significant (2.36, 95% CI: 
1.41–3.32, p < 0.001) for the full model, taking into account the effect of 
sex (Male: 9.54, 95% CI: 0.57–18.52, p < 0.04) and their interaction 
effect (Male * Treatment: 3.49, 95% CI: 4.82 to − 2.15, p < 0.001). 
Separate analyses within sex groups showed that prebiotic treatment 
significantly improved PA in females (2.36, 95% CI: 1.39–3.34, p <
0.001, d = 0.12) but not in males (− 1.12, − 2.04 to − 0.2, p < 0.02) 
(Fig. 1). For NA, there was a mean effect of treatment (− 3.99, 95% CI: 
5.01 to − 2.97, p < 0.001), sex (− 13.93, 95% CI: 19.50 to − 8.36, p <
0.001) and their interaction effect (Male * Treatment: 4.63, 95% CI: 
3.20–6.07, p < 0.001). Stratification showed significantly lower NA 
levels in the prebiotic treatment condition compared to placebo for fe-
males (− 3.99, 95% CI: 5.11 to − 2.87, p < 0.001, d = 0.28), but not for 
males (0.64, 95% CI: 0.26 – 1.54, p > 0.15) (Fig. 1). For physical 
discomfort, there was a mean effect of treatment (− 5.01, 95% CI: 6.12 to 
− 3.89, p < 0.001) and for treatment with sex (Male * Treatment: 3.61, 
95% CI: 2.04–5.17, p < 0.001) but not for sex alone (Male: 5.87, 95% CI: 
13.21 – 1.47, p > 0.11). Stratification showed significantly lower 
discomfort levels in the prebiotic treatment condition compared to 
placebo for females (− 5.01, 95% CI: 6.29 to − 3.73, p < 0.001, d = 0.26) 
and for males (− 1.40, 95% CI: 2.32 to − 0.48, p = 0.003, d = 0.09).

3.4. Affective reactivity

Changes in PA and NA affect in response to pleasant or unpleasant 
events (compared to affect changes when no event was reported) were 
explored for a possible effect of prebiotic intervention. In response to 
pleasant events, the increase in PA did not reach significance (1.38, 95% 
CI: 0.16–2.59, p = 0.03), whereas for NA an interaction effect with sex 
was observed, such that NA decreased for females (− 2.76, 95% CI: 4.09 
to − 1.43, p < 0.001) but not for males (− 0.71, 95% CI: 2.03 to − 0.61, p 
> 0.25). In response to unpleasant events, PA decreased (− 9,44, 95% CI: 
11.25 to − 7.63, p < 0.001), and NA increased significantly (9.21, 95% 
CI: 7.31–11.11, p < 0.001). However, for both PA and NA there was no 
significant interaction with intervention for these analyses.

3.5. Changes in NA scores and microbial diversity

In female participants, the reduction in NA was negatively related to 
an increase in microbial diversity only at 12 weeks (Fig. 2), either 
determined by inverse Simpson index (r = − 0.60; p = 0.003) or Shannon 
index (r = − 0.51; p = 0.013). The association between the change in PA 
in women and change in microbial diversity was not significant, nor 
were the associations in men (data not shown).

3.6. SCFAs, cortisol, and inflammatory markers

The prebiotic intervention did not significantly affect levels of fecal 
SCFAs, CAR, and inflammatory markers (data not shown).

4. Discussion

This study explored effects of a prebiotic intervention on mood in 
everyday life in healthy individuals, on microbial composition, and on a 
range of biomarkers implicated in gut to brain signalling. Prebiotics 
improved PA and decreased NA in daily life, but only in female partic-
ipants. These changes could not be attributed to changes in general 
health, gastro-intestinal symptoms, or changes in stool form. 

Table 1 
Participant baseline characteristics.

Per protocol EMA analyses

All All Males Females

N 54; (46% 
female)

33 17 16

Age. years (mean ± SD) 57.8 ± 5.8 56.5 ±
6.0

58.6 ±
6.8

54.3 ± 4.0

BMI. kg/m2 (mean ±
SD)

27.3 ± 1.4 27.2 ±
1.4

26.9 ±
1.1

27.5 ± 1.6

Baseline daily fiber 
intake (g)

18.7 ± 5.9 18.9 ±
5.9

19.5 ±
5.9

18.2 ± 6.1

Physical health (SF-12) 38.67 ±
2.57

38.84 ±
1.2

38.57 ±
1.22

39.13 ±
1.15

Mental health (SF-12) 51.49 ±
4.23

51.35 ±
3.35

51.9 ±
3.06

50.77 ±
3.65

Diarrhea syndrome 
(GSRS)

1.21 ± 0.44 1.32 ±
0.57

1.37 ±
0.62

1.27 ±
0.53

Indigestion syndrome 
(GSRS)

1.53 ± 0.72 1.66 ±
0.59

1.68 ±
0.62

1.64 ±
0.57

Constipation syndrome 
(GSRS)

1.32 ± 0.68 1.27 ±
0.55

1.17 ±
0.29

1.38 ±
0.73

Abdominal pain 
syndrome (GSRS)

1.2 ± 0.4 1.16 ±
0.22

1.19 ±
0.24

1.14 ± 0.2

Reflux syndrome 
(GSRS)

1.15 ± 0.42 1.22 ±
0.33

1.26 ±
0.36

1.18 ± 0.3

Stool Form (BSFS) 3.17 ± 0.84 2.66 ±
0.53

2.61 ±
0.46

2.7 ± 0.61

Positive Affect (mean 
± SD)

71.80 ±
12.41

72.74 ±
13.48

76.51 ±
14.05

68.73 ±
12.0

Negative Affect (mean 
± SD)

17.56 ±
10.54

15.46 ±
9.89

9.84 ±
7.16

21.43 ±
8.96

Physical Discomfort 
(mean ± SD)

13.81 ±
13.60

10.56 ±
10.69

8.62 ±
8.58

12.61 ±
12.52

EMA: Ecological Momentary Assessment; N: sample size; SD: standard deviation; 
BMI: Body Mass Index; SF-12: Short Form Health Survey – 12 items; GSRS: 
Gastro-intestinal Symptoms Rating Scale; BSFS: Bristol Stool Form Scale.
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Furthermore, prebiotics reduced feelings of physical discomfort in both 
men and women. The decrease in NA was associated with an increase in 
microbial diversity. Improvement of daily mood occurred in the absence 
of significant main changes in SCFAs in faeces, CAR, and immune 
markers.

4.1. Discussion of the main findings

The changes in daily affect in women, albeit in a relatively small 
group, confirmed our hypothesis and are in line with previous research 
in which a prebiotic intervention improved aspects of mental health in 
healthy individuals (Schmidt et al., 2015; Berding et al., 2021a,b). 
Desmedt et al. (2019) reviewed prebiotic intervention studies that 
investigated affective variables (experienced emotions, mood, 
well-being, anxiety, and depression). Among the six studies with pre-
biotic interventions in healthy participants, four studies found a 

beneficial effect of prebiotics on affective variables (Best et al., 2009; 
Talbott et al., 2009; Lawton et al., 2013; Childs et al., 2014) with effect 
sizes (Cohen’s d) ranging from 0.11 to 0.5 (compared to respectively 
0.12 and 0.28 for the effect of treatment in women on increased PA and 
reduced NA in the present study). These previous four studies included 
interventions of four weeks of beta-glucan (Talbott et al., 2009), 12 
weeks of a combination of polysaccharides (Best et al., 2009), two weeks 
of breakfast high in wheat bran fiber (Lawton et al., 2013), and three 
weeks of xylooligosaccharides (XOS) (Childs et al., 2014). In the latter 
study, XOS intake significantly increased bifidobacteria and had 
immunostimulatory effects, but the functional consequences of this 
remained unclear. On the contrary, one study with three weeks of 
fructooligosaccharides (FOSs) or galactooligosaccharides (GOSs) as an 
intervention found no effects on self-rated mood, anxiety, and stress 
(Schmidt et al., 2015). In a computer task that assesses affective infor-
mation processing, participants in the GOS group showed a positive 

Fig. 1. Changes in positive and negative affect during placebo and during intervention, separated for female (n = 16) and male (n = 17) participants, analyzed using 
linear mixed effect models with maximum likelihood estimation; ***p < 0.001.

Fig. 2. Spearman correlations between the change in negative affect (delta fiber compared to placebo) versus the change in microbial diversity index (delta fiber 
compared to placebo) in females (n = 16), expressed by inverse Simpson (left) and Shannon index (right).
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attentional bias effect. This result must nonetheless be interpreted with 
caution, as the other objective measures of emotional processing were 
not affected by GOS, no correction for multiple testing was performed 
for the emotion processing outcomes and groups sample sizes were 
small. The authors also reported a decreased CAR, but this was not 
associated with task performance, suggesting that the hypothal-
amic–pituitary–adrenal (HPA) axis was not involved in the emotional 
processing effect seen (Schmidt et al., 2015). A recent intervention study 
with GOS (4 weeks) showed no significant effects on self-reported anx-
iety, mood, depression, emotion regulation or attention to emotional 
stimuli in young healthy females. Yet, in further post-hoc analyses, in 
females classified as high anxious there were trend effects of GOS for 
reduced anxiety, positive attentional bias, and microbial composition 
difference at follow-up (Johnstone et al., 2021). Also recently, Berding 
et al. (2021) reported on a four week dietary fibre (polydextrose) sup-
plementation in healthy females that did not affect levels of anxiety, 
depression, perceived stress, or psychopathological symptoms. Neither 
CAR nor stress responses were affected by polydextrose supplementa-
tion. In 2022, another study from this group was published that 
employed a psychobiotic diet (high in prebiotic and fermented foods) 
versus a control diet and included healthy adults, though with over-
weight (Berding et al., 2022). Perceived stress scores reduced in the 
psychobiotic diet group, though not between groups. Whereas the psy-
chobiotic diet dit not change anxiety scores, nor the CAR, immune 
markers or short chain fatty acids (SCFAs) in faeces, significant changes 
in 40 specific fecal lipids and urinary tryptophan metabolites were 
observed. Among participants in the psychobiotic diet group, those with 
less volatility (more stable microbiome) had greater decrease in 
perceived stress. Although the above mentioned mental health outcomes 
differ compared to the present study, experienced NA affect is strongly 
related to perceived stress (Montpetit et al., 2010). The finding that 
intervention effects were observed only in women is in line with prior 
research (Patterson et al., 2020). No clear sex differences were observed 
in age, or baseline BMI, fibre intake, general health, gastro-intestinal 
symptoms, stool form, fecal SCFAs, CAR, and inflammatory markers. 
However, among the male participants in the present study PA ratings 
were higher and NA ratings were lower compared to female participants. 
They had thus less room for improvement, which may have dampened 
potential intervention effects in males.

The decrease in NA was associated with an increase in microbial 
diversity at week 12. This is interesting as other scholars have suggested 
that a reduction in microbial diversity may affect gut-brain communi-
cation leading to psychological abnormalities that underlie mental 
illness (Foster and Neufeld, 2013; Wu et al., 2020). Furthermore, im-
provements in daily affect have been shown to be predictive in remission 
from depression (Geschwind et al., 2011). The association was only 
present for microbial diversity at week 12, not weeks 4 and 8 suggesting 
that a change in microbial diversity did not necessarily precede changes 
in affect. Nevertheless, the observed association raises the question 
whether prebiotics may increase microbial diversity and lower NA in 
everyday life in populations known to exhibit both gut dysbiosis and 
higher levels of NA, such as individuals with major depression (Dinan 
and Cryan, 2019), hence representing a promising research avenue in 
gut-brain research.

Though speculative, it is further worth noting that the magnitude 
and direction of affect changes in the present study are similar to pre-
vious research investigating the effect of tryptophan suppletion on daily 
PA and NA in individuals with a familial risk of depression (Hogenelst 
et al., 2015) as well as individuals with high trait irritability and hos-
tility (aan het Rot et al., 2006). Tryptophan metabolism has been sug-
gested to be one of the candidate mechanisms in gut to brain 
communication, with implications for mood regulation (Kennedy et al., 
2017; Berding et al., 2022) and may have played a role in the mood 
effects observed in the present study. Unfortunately, this candidate 
mechanism could not be tested as tryptophan metabolites were not 
analyzed in the present study. We did however analyse levels of fecal 

SCFAs, CAR, and a range of inflammatory markers to gain insight into 
possible gut to brain communication. Yet, none of the included analytes 
was significantly affected by the prebiotic intervention. The absence of 
an intervention effect on fecal SCFAs does not rule out a possible 
intervention effect on SCFA production by the microbiota, as other re-
searchers have estimated that due to absorption, use by other microor-
ganisms, and depending on transit time, fecal SCFAs represent only 
about 5% of SCFAs produced in the intestine (den Besten et al., 2013). 
Thus far, the limited amount of human research on SCFAs as a candidate 
mechanism in gut-brain research relies heavily on fecal SCFA analyses 
(e.g., Childs et al., 2014; Berding et al., 2021a,b). Currently, only rodent 
studies provide direct evidence that prebiotics can increase colonic 
SCFA production as well as plasma SCFA levels and affect behaviours 
thought to reflect aspects of human psychological functioning (Dalile 
et al., 2019; Desmedt et al., 2019). Two previous prebiotic or fibre 
intervention studies that reported mental health effects also included 
cortisol analyses, with one study reporting a GOS-intervention induced 
reduction in the CAR using five saliva samples and up to 1 h of awak-
ening (Schmidt et al., 2015) and the other study reporting no effect of a 
psychobiotic diet on saliva cortisol with four saliva samples and up to 45 
min after awakening (Berding et al., 2022). It is unclear if participants in 
these studies woke up at a specified time or not. But in the present study 
participants could wake up according to their own schedule. It is 
possible that with the three saliva samples and sampling up to 45 min 
after awakening, we were unable to detect a CAR in some instances. It is 
possible that the difference between studies can be at least partly 
attributed to intervention differences. Like the present study, the study 
by Berding et al. (2022) found no effects of increased fibre intake on the 
inflammatory markers CRP, IL-6, 8, 10, 12 p70, INF-a, and TNF-a. A 
reason might be that in a healthy population a gut intervention has little 
effects on inflammation. Perhaps individuals with a priori higher levels 
of inflammation may benefit more from higher fibre intake.

4.2. Strengths and weaknesses of the present study

The present cross-over study employed a strong design with well- 
controlled study conditions, high level of rigorous control and a long 
intervention of 12 weeks. A strength of the design is the within subject 
comparison of effects. Moreover, the study had a relatively long wash- 
out period of eight weeks to avoid any carry-over effects of prebiotics- 
induced microbial changes and function, including systemic effects. To 
our knowledge, the present gut microbiome intervention study is the 
first to include a measure of affect or mood in daily life with repeated 
and frequent assessments such as EMA. As affect was assessed as it oc-
curs in everyday life the study had high ecological validity. Further-
more, in contrast to using surveys that ask participants to rate their 
mood or stress ‘in general’ or over a specific retrospective period, which 
is prone to retrospective bias, with EMA the data were collected close in 
time to experience, limiting such bias. For example, the study by Berding 
et al., (2022) measured perceived stress only at the start and end of the 
intervention period. While they found a significant decrease of 
perceived stress within the dietary intervention group, there was no 
significant difference between the groups post-intervention. Using EMA, 
we were able to detect an effect both within and between groups of 
intervention on PA and NA. Few gut microbiome intervention studies 
that focus on mental health include a comprehensive set of biochemical 
assessments as the present study. Assessments of microbiome composi-
tion and function and biomarkers including plasma cytokines and saliva 
cortisol allowed us to investigate some of the proposed gut 
microbiome-to-brain mechanisms underlying the prebiotics-induced 
mood improvements (Dalile et al., 2019). We hope these insights will 
stimulate more targeted gut-microbiome interventions in the future.

At the same time, the study also has several limitations. Whereas we 
consider the use of EMA a strength, no traditional mood or well-being 
questionnaires were included in order to participant burden. It there-
fore remains unclear if intervention effects would have been identified 
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by questionnaires such as the positive and negative affect schedule 
(Watson et al., 1988) or the perceived stress scale (Cohen et al., 1994) 
that are frequently used in gut-brain interventions studies. Yet, we 
observed no changes in experienced (mental) health or (mental) health 
related quality of life, as measured with the SF-12. Furthermore, pre-
vious research in individuals without mental health complaints 
(Hogenelst et al., 2015) has shown everyday mood improvements 
following tryptophan supplementation in the absence of changes in 
depressive symptoms (QIDS -SR, Rush et al., 2003) or rumination 
(LEIDS-R, Van der Does, 2002). This suggests that significant changes in 
daily affect as measured with EMA, may occur in the absence of sig-
nificant changes in mental health questionnaire outcomes administered 
only prior and after the intervention. Moreover, in addition to self-report 
measures a more objective measure such as computer tasks measuring 
emotional information processing may be used (see for example Schmidt 
et al., 2015). A limitation that is inherent to naturalistic investigations 
such as EMA, is missing data. The daily affect analyses were restricted to 
participants with at least 50% of questionnaire completions (≥30 affect 
records in 10 days) in each intervention phase, resulting in a data sub-set 
with 33 participants. However, our compliance and retention rates are 
within common ranges for EMA studies (Vachon et al., 2019). Moreover, 
intervention effects regarding daily affect were comparable when a 
compliance threshold of 25% (lower compliance but higher participant 
retention) or 75% (higher compliance but lower participant retention) 
was used (data not shown). Further analyses showed no differences in 
baseline mood in EMA responders (included in our analyses) and EMA 
non-responders (not included in our analyses). It is therefore unlikely 
that our results are affected by poor compliance or retention. Never-
theless, it should be noted that the reported mood effect of prebiotics 
was observed in a sample of 16 female participants. This warrants 
replication with larger sample sizes. Another limitation is the assessment 
of fecal SCFAs. Due to differences in stool sample quantities and 
composition, the dilution across stool samples differed markedly and 
therefore the fecal SCFA concentrations. Although we tried to correct for 
this using the concentration of 16s rRNA in the samples, the results 
should be interpreted with caution. Together with the notion that faecal 
SCFA is an indirect measure of SCFAs produced in the intestine as pre-
viously mentioned, it is hard to determine differences in response to a 
prebiotic intervention. Alternatively, SCFAs may be analyzed in plasma. 
Despite known challenges of such quantitative analysis including low 
concentrations of circulating SCFAs and their volatile nature, changes in 
plasma SCFAs in response to high fiber rye have recently been reported 
(Iversen et al., 2022) and technological advances to aid plasma SCFA 
quantification continue to be made (e.g., Yao et al., 2022). Future 
gut-brain studies may therefore additionally analyse SCFAs in plasma.

4.3. Implications/future perspectives

Our results suggest that prebiotics (acacia gum and carrot powder) 
can improve mood in everyday life in overweight but otherwise healthy 
middle-aged to older women (45–70 years old). The prevalence of low 
mood is known to be higher among women than men in general, and in 
women the prevalence of low mood correlates with hormonal changes 
(Albert, 2015). Understanding why effects were only observed in women 
and understanding the mechanisms which led to mood improvements in 
women should be explored in future studies. As the present study was 
part of a larger study with a primary focus on metabolic health, the 
sample was not specifically selected to exhibit room for improvement 
with regard to mental health, which may have yielded even larger 
intervention effects. Future studies may therefore include individuals 
with pre-existing mental health complaints and/or higher inflammation 
levels and investigate the extent to which a gut intervention can improve 
mood and other mental health aspects in everyday life.

5. Conclusion

The present study is among the first to report an effect of a gut 
microbiome intervention on mental health outcomes in everyday life, be 
it in relatively small group of female participants. Negative affect 
changes were associated with an increased microbial beta-diversity, but 
the intervention did not affect faecal SCFAs, salivary cortisol, nor a 
range of inflammatory parameters. Future studies may include larger 
samples and further elucidate the gut intervention-induced changes in 
daily mood in women and/or focus on (sub) clinical population samples 
and diary methods should be used more often in gut-brain research.
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