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Colon-delivered short-chain fatty acids attenuate the cortisol
response to psychosocial stress in healthy men: a randomized,

placebo-controlled trial

Boushra Dalile®', Bram Vervliet?, Gabriela Bergonzelli®, Kristin Verbeke' and Lukas Van Oudenhove'

Short-chain fatty acids (SCFAs) are products of microbial fermentation of dietary fiber in the colon and may mediate microbiota-
gut-brain communication. However, their role in modulating psychobiological processes that underlie the development of stress-
and anxiety-related disorders is not mechanistically studied in humans. In this triple-blind, randomized, placebo-controlled
intervention trial, we examine in a parallel group design the effects of 1-week colonic SCFA-mixture delivery in doses equivalent to
fermentation of 10 g or 20 g of arabinoxylan oligosaccharides on responses to psychosocial stress and fear tasks in 66 healthy men.
We demonstrate that low and high doses of SCFAs significantly attenuate the cortisol response to psychosocial stress compared to
placebo. Both doses of SCFAs increase serum SCFA levels and this increase in circulating SCFAs co-varies significantly with the
attenuation of the cortisol response to psychosocial stress. Colonic SCFA delivery does not modulate fecal SCFA concentrations,
serum brain-derived neurotrophic factor, cortisol awakening response, fear learning and extinction, or subjective mood ratings.
These results demonstrate that colon-delivered SCFAs modulate hypothalamic-pituitary-adrenal axis reactivity to psychosocial

stress, thereby supporting their hypothesized role in microbiota-gut-brain communication.

Neuropsychopharmacology (2020) 45:2257-2266; https://doi.org/10.1038/s41386-020-0732-x

INTRODUCTION

The gut microbiota may play a critical role in the bidirectional
signaling between the gastrointestinal tract and the central
nervous system [1]. Microbiota-modifying interventions such as
prebiotics and probiotics have demonstrated effects on affective
processes, cognition, and behavior in animals, while findings in
humans are inconclusive [2-5]. The biological gut-brain signaling
mediators driving these effects remain largely unknown. Short-
chain fatty acids (SCFAs), microbial metabolites that constitute the
major products of bacterial fermentation of dietary fiber in the
colon, are considered key candidate mediators in the microbiota-
gut-brain communication [5]. The most abundant SCFAs are
acetate, propionate, and butyrate, which are present in the colon
in an approximate molar ratio of 60:20:20, respectively [6]. The
amount and relative proportion of individual SCFAs produced in
the colon is determined by the type and availability of substrate,
gut microbiota composition, and gut transit time [7]. SCFAs
function as primary energy sources for luminal colon cells. Beside
exerting local effects in the colon, including maintenance of gut
barrier integrity, anti-inflammatory and anticarcinogenic effects,
SCFAs can mediate microbial signaling to the brain via multiple
pathways. SCFAs affect gene expression by inhibiting histone
deacetylases (HDACs) [8] and act as endogenous ligands for
orphan G-protein coupled receptors [9-11]. SCFAs also affect
systemic inflammatory and (gastrointestinal) endocrine responses,

can cross the blood-brain barrier (BBB), and signal to the brain via
vagal afferents [12-16], thereby interacting with virtually all
systems mediating gut-brain communication [5]. Despite knowl-
edge of the multiple pathways that potentially mediate the
influence of SCFAs on psychobiological functioning, most research
exploring the relationship between SCFAs and brain and behavior
comes from rodent studies, is heterogeneous in terms of design
and study population, and yields conflicting results. The limited
amount of human research is overwhelmingly correlational and
heavily relies on quantification of fecal SCFAs [5]. Notwithstanding
the inconclusive findings, SCFAs have been implicated both
favorably and unfavorably in neuropsychiatric disorders such as
Parkinson’s disease [17, 18], Alzheimer's disease [19], autism
spectrum disorders [20, 21], depression [22, 23], bipolar disorder
[24], and addiction [25], as well as in psychobiological processes
including food reward and cognitive function [26] in animals and,
to a lesser extent, humans.

Here we adopt a transdiagnostic endophenotype approach by
studying the role of SCFAs in two psychobiological affective
processes, sensitivity to psychosocial stress and Pavlovian fear
conditioning, in healthy subjects rather than a case-control
approach comparing patients with healthy controls. These
processes reflect activation of the brain’s defensive motivational
system in response to acute (stress) or potential (anxiety) threat.
Stress is the body’s attempt to restore homeostasis following
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exposure to a threatening event, but an exaggerated or prolonged
stress response can have deleterious effects on mental health [27].
Similarly, learning to fear a threatening event is crucial to the
survival of the organism; however, persistent fear of a stimulus
that no longer predicts danger can be maladaptive, resulting in
pathological levels of anxiety [28, 29]. Both processes help
elucidate affective disorder pathophysiology and have been
identified as risk factors for the development of affective
symptoms and disorders, as well as predictors of treatment
response [30-34]. The strong interindividual variability in stress
and anxiety responses in healthy humans [35, 36] further points to
the need to investigate previously unstudied factors such as the
role of diet and the hosts’ gut microbial composition and function.

To this end, we administered SCFAs or placebo directly to the
colon for 1 week and evaluated the effects thereof on
psychobiological functioning. We hypothesized that SCFAs would
reduce the hypothalamic-pituitary-adrenal (HPA) axis and sub-
jective reactivity to acute psychosocial stress, compared to
placebo. We also hypothesized that the SCFA intervention would
attenuate fear responses on a computerized task examining
acquisition, extinction, and return of fear. We predicted that
circulating levels of SCFAs would increase following SCFA
intervention relative to placebo, but that no change in fecal SCFA
levels would be observed as we postulated quantitative absorp-
tion of the SCFAs from the capsules.

MATERIALS AND METHODS

Subjects

Sixty-seven Dutch-speaking healthy males with a mean age of
23.6 (SD = 2.4) and normal BMI (M = 22.5, SD = 1.9) participated in
the study (Table S1). Exclusion criteria is listed in Supplementary
Materials and Methods. All participants gave written consent to
participate and were compensated for their time. One participant
was excluded from data analysis for general noncompliance with
experimental procedures. This clinical trial was approved by the
Medical Ethics Committee of UZ Leuven/KU Leuven (S60501),
conducted in accordance with the Declaration of Helsinki, and
preregistered on ClinicalTrials.gov (Title: The Role of Short Chain
Fatty Acids in Microbiota-gut-brain Axis (SCFA-AP), Identifier:
NCT03688854). The data were collected in the StressLab, located
at the Psychiatry division of UZ Leuven, and took place between
January and September 2018.

Experimental protocol

A 1-week, randomized, triple-blind, placebo-controlled trial was
performed in a parallel group design, where one group received a
low SCFA dose equivalent to 10 grams of arabinoxylan
oligosaccharides (AXOS), another group received a high SCFA
dose equivalent to 20 grams of AXOS, and a third group received
microcrystalline cellulose as placebo [37]. The trial comprised two
study visits. Visit 1 was a baseline visit, prior to the commence-
ment of intervention (pre-intervention), and visit 2 was scheduled
1 week later, following the SCFA or placebo intervention (post-
intervention). In order to standardize fiber intake, all participants
adhered to a low-fiber diet starting three days prior to visit 1 up to
the end of the trial. Participants kept food diaries for the 3
consecutive days preceding each study visit via www.fatsecret.
com (Supplementary Materials and Methods, Table S3). During this
period, participants also collected one faecal sample and recorded
Bristol stool score prior to each study visit to quantify faecal SCFA
levels and stool consistency, respectively.

Each study visit commenced with the collection of saliva
samples upon waking for one hour to quantify cortisol awakening
response (CAR). This was followed by the consumption of a no-
fiber breakfast at home on study visit 1 and consuming the same
breakfast with the 32 capsules on the morning of study visit 2.
Participants arrived to the laboratory 3 h later and consumed a
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standardized no-fiber lunch ad libitum. One hour later, partici-
pants completed a battery of questionnaires. Participants then
underwent the stress induction procedure followed by a
computerized fear learning and extinction task (Fig. S1). Blood
samples were collected upon arrival to the lab (T 4 0h00) and in
between the psychological tasks (T + 1h45, T+ 3h30, and T+
4h45) for analysis of serum SCFAs and serum brain-derived
neurotrophic factor (BDNF).

Intervention products
SCFAs and placebo were delivered directly to the colon using pH-
dependent colon-delivery capsules (CDCs). Participants in the
high-dose SCFA group consumed capsules containing a SCFA
mixture (174.2 mmol acetate, 13.3 mmol propionate, and 52.4
mmol butyrate) daily. Participants in the low-dose SCFA group
consumed 16 capsules of SCFA mixture (87.1 mmol acetate, 6.6
mmol propionate, and 26.2 mmol butyrate) as well as 16
microcrystalline cellulose capsules. The placebo group consumed
32 microcrystalline cellulose capsules. The amount of SCFA
equivalent to 20 g of AXOS was calculated based on a previous
intervention with '>C-labelled AXOS [38]. All capsules were coated
with a mixture of the polymer Eudragit® FS 30 D (Evonik Industries
AG, Darmstadt, Germany) and the antitacking agent PlasACRYL™
T20 (Evonik Industries AG). In vitro dissolution tests according to
the USP XXV paddle method (150 rpm at 37 °C) were performed to
assess the performance of the capsules. In vivo performance was
evaluated using capsules containing *C-labelled SCFA combined
with a marker of orocecal transit time as described previously [39].
To promote compliance, participants were allowed to consume
the capsules throughout the day and were asked to bring back the
non-consumed capsules. All participants reported consumption of
all the provided capsules, except one participant who did not
consume 0.08% of the all capsules. No participants dropped out of
the study and the capsules were well tolerated.

Psychological readouts

Stress sensitivity. The Maastricht Acute Stress Test (MAST) [40]
consists of a 5-min instruction phase and a 10-min acute stress
phase. The acute stress phase comprises multiple trials in which
participants immerse their hand in cold (2 °C) water for a period
not exceeding 90s. In between the hand-immersion trials,
participants perform a mental arithmetic task, counting backwards
from 2043 in steps of 17 or 13 (counterbalanced across the groups
and study visits) as quickly and as accurately as possible for at
least 45s before the next hand-immersion trial starts. To induce
social stress, participants were monitored by an experimenter
dressed in a white lab-coat, were given negative feedback upon
making a mistake, and were ‘mock’ videotaped throughout the
task to later analyze their facial expressions. This task elicits a
robust subjective and physiological stress response [40] and does
not exhibit significant habituation or sensitization upon repeated
administration [41]. To measure cortisol, saliva samples were
obtained with synthetic Salivette (Sarstedt AG & Co., Nimbrecht,
Germany) 5 min before (i.e., tpre-stress (20 min)) @nd eight times after
stress induction (i.e., t oo, tyos ti1s ti2s tyss, tigs, tiss and t,gs
min). To measure subjective stress response, participants rated
how stressful, painful, and unpleasant the stress induction
procedure had been for them on visual analogue scales (VAS)
scales (anchors: 0 ="not at all”; 10 ="extremely”) in the middle,
and at the end of the MAST, compared to baseline values.

Fear learning and extinction task. A cue- and context-dependent
Pavlovian fear learning and extinction paradigm was employed to
investigate the effect of SCFAs on learning and memory processes
involved in the etiology of anxiety disorders [42]. In this paradigm,
a previously neutral conditioned stimulus (e.g., blue light, CS+)
predicted an electrical stimulation (unconditioned stimulus, US) in
a given context (in context A but not in context B) while another
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neutral conditioned stimulus (e.g., yellow light, CS-) never
predicted an electrical stimulation in either contexts. This was
used to induce fear in healthy participants and measure both
extinction and return of fear after a lapse of time (recall) or
contextual change (renewal) both at pre- and post-intervention.
Fear responses were assessed by analyzing skin conductance
responses (SCRs) and expectancy ratings of the US (Supplemen-
tary Materials and Methods).

Questionnaires. Participants completed a battery of question-
naires during each study visit (Supplementary Materials and
Methods). The Positive and Negative Affect Schedule (PANAS) [43]
assessed positive and negative emotional states. The Perceived
Stress Scale (PSS) [44] assessed the degree to which situations in
one’s life is appraised as stressful. The Depression, Anxiety, Stress
Scales (DASS-21) [45] assessed multiple dimensions of these mood
states, including but not limited to dysphoria, hopelessness,
situational anxiety, and levels of chronic nonspecific arousal
related to stress. Finally, participants also completed the Gastro-
intestinal Symptom Rating Scale (GSRS) [46], which assessed
gastrointestinal symptoms including reflux, abdominal pain,
indigestion, diarrhea, and constipation. Participants rated their
symptoms and emotional states with “over the past week” as a
reference.

Biological readouts
Analysis of serum SCFA, faecal SCFA, salivary cortisol, and BDNF
are described in Supplementary Materials and Methods.

Statistical analysis

Statistical analysis was conducted using SAS’ software version 9.4
(SAS Institute, Cary, NC, USA). Data derived from the stress
procedure (cortisol, VAS), fear learning and extinction procedure
(US expectancy ratings, SCRs, fear ratings), and biological samples
(CAR, serum and faecal SCFA, serum BDNF) were analyzed using
linear mixed models (after appropriate transformation of the
dependent variables in case of non-Gaussian distribution) with
“group” (placebo, low SCFA dose, and high SCFA dose) as between-
subject factor and “visit” (pre- and post-intervention) and, where
appropriate, “timepoint” (measurement point within each visit) as
within-subject factors, as done previously [47]. This procedure
prevented listwise deletion due to missing data. Furthermore, the
covariance between test visits is accounted for in our model by
choosing an unstructured covariance matrix for the visit variable to
allow it to differ between groups. The group-by-visit and the group-
by-visit-by-timepoint interaction effects constituted the principal
effects of interest. Follow-up planned contrasts were conducted
following significant interaction effects(p-value < 0.05), to test
differences of placebo vs. low-dose groups, placebo vs. high-dose
groups, and low- vs. high-dose groups. Stepdown Bonferroni
adjustment was used to correct for multiple testing comparisons.
To investigate whether the changes in circulating SCFA levels were
associated with the changes in the cortisol response to stress, we
pooled all stress responders (N=51) and entered the change in
SCFA levels (post-intervention — pre-intervention) into the linear
mixed model as a continuous covariate, including its interaction
with visit, while omitting the group variable. Questionnaire data
that did not follow Gaussian distribution and could not be
transformed were divided into tertiles or quartiles and analyzed
using generalized linear mixed models with a cumulative logit link
function for ordinal response variables.

Participants’ data were excluded from the cortisol analysis if
they failed to exhibit a 15.5% increase from baseline-to-peak in
cortisol level at pre-intervention visit [48]. Data were excluded
from skin conductance analysis if participants failed to demon-
strate successful fear acquisition as indicated by a larger than zero
SCRs (CS+ - CS—) during acquisition phase at pre-intervention
visit.
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RESULTS

Content of the colon-delivery capsules was released into the
systemic circulation in a dose-dependent manner

Consumption of placebo, low or high dose of SCFA had different
effects on serum SCFA concentrations as indicated by significant
group X visit interaction effects for total SCFA (F(2,61) = 37.36, p <
0.001, n,>=0366), acetate (F(2,61)=34.48, p<0.001, n,’=
0.350), propionate (F(2,61)=7.67, p=0.001, r]p2:0.107), and
butyrate (F(2,61) =30.07, p <0.001, np2:0.320). Planned con-
trasts revealed that the high-dose group had a greater increase in
total SCFA levels (t(61) = —8.51, p<0.001, d =2.596), acetate (t
(61) =—8.16, p < 0.001, d = 2.489), propionate (t(61) = —3.23, p =
0.004, d = 0.985), and butyrate (t(61) = —7.40, p < 0.001, d = 2.260)
relative to the placebo group. Relative to the low-dose group, the
high- dose group also had a greater increase in total SCFA levels (t
(61)=—-2.32, p=0.024, d=0.708), acetate (t(61)=—-2.22, p=
0.030, d=0.677), and butyrate (t(61)=—2.23, p=0.029, d=
0.680) but not propionate (t(61) = —0.30, p = 0.765). Furthermore,
the low-dose group had a greater increase in total SCFA levels
relative to the placebo group (t(61) =3.57, p =0.001, d = 1.076),
as was the case for acetate (t(61) =3.43, p=0.002, d =1.034),
propionate (t(61) = 3.56, p = 0.002, d = 1.073), and butyrate levels
(t(61) =5.32, p=0.001, d=1.604). These results demonstrate
increased systemic SCFA bioavailability following SCFA interven-
tion in a dose-dependent manner for acetate, butyrate, and total
SCFA, but not for propionate, for which no significant dose-
response relationship was found (Table 1).

Changes in faecal SCFAs were similar across the groups from
pre- to post-intervention (no group X visit interaction effects for
acetate (F(2,62) =0.14, p=0.87), propionate (F(2,62) =0.01, p=
0.99), butyrate (F(2,62) = 0.21, p = 0.81), nor total SCFAs (F(2,62) =
0.06, p = 0.94)). However, at post-intervention, all fecal SCFAs were
lower across all the groups in comparison to pre-intervention
(significant main effect of visit for acetate (F(1,62)=11.29, p=
0.001, n,”>=0.080), propionate (F(1,62)=6.70, p=0.012, n,> =
0.049), butyrate (F(1,62) =6.70, p=0.010, r]p2 =0.049), and total
SCFAs (F(1,62) =11.10, p = 0.002, r]p2 =0.079) (Table 1).

No effects of the intervention on serum BDNF levels were found
in the current study (group X visit interaction, F(2,62) =2.27, p =
0.11) (Table 1).

Colonic delivery of SCFAs attenuates the cortisol, but not
subjective, response to acute psychosocial stress
Only participants who responded to the MAST at pre-intervention
visit were included in the cortisol analysis [48], resulting in 17
participants in each treatment group. Consumption of placebo,
low or high dose of SCFA had different effects on cortisol response
to acute stress (significant group X visit interaction effect (F(2,48)
=476, p=0.013, np220.010, but no group X visit X sample-
timepoint interaction effect (F(16,279) = 0.74, p = 0.76)). Follow-up
planned contrasts revealed a greater decrease in cortisol levels
from pre- to post-intervention in the high dose in comparison with
the placebo group (t(48) = —2.63, p = 0.035, d = 0.902), as well as
in the low dose in comparison with the placebo group (t(48) =
—2.58, p=0.035, d=0.885) (Fig. 1). There was no dose-effect
relationship, as indicated by a lack of a significant difference
between the high and low-dose groups (t(48) = —0.36, p = 0.72).
Subjective VAS responses to acute stress revealed no differ-
ences between the groups in terms of change from pre- to post-
intervention on ratings of stress (group X visit interaction effect
F(2,63) =0.05, p=0.95), pain (F(2,63)=0.08, p=0.92), nor dis-
comfort (F(2,63)=1.02, p=0.37), neither at baseline, in the
middle, nor end of the task (as indicated lack of group X visit x
timepoint interaction effect for stress (F(4,125) =1.73, p=0.15),
pain (F(4,125) =0.75, p =0.56), and discomfort (F(4,125)=0.61,
p =0.66) (Fig. S2). An exploratory subgroup analysis was run on
the cortisol responders (N = 51) (i.e., the sample on which cortisol
was analyzed, due to a lack of established cutoff for subjective
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Table 1. Effects of colon-delivered SCFAs on serum SCFAs, faecal SCFAs, and serum BDNF.
Placebo Low dose High dose Pinteraction
Before After Before After Before After
Serum SCFAs (uM) N=22 N=22 N=21 N=22 N=21 N=21
Acetate 42.46 (37.72) 43.80 (60.02) 41.93 (24.94) 79.55 (53.48) 32.01 (14.74) 84.08 (39.52) <0.001
Propionate 1.99 (1.58) 1.91 (1.49) 2.09 (2.16) 2.52 (2.61) 1.54 (0.87) 2.04 (1.54) 0.001
Butyrate 0.56 (0.61) 0.50 (0.39) 0.46 (0.33) 0.94 (0.91) 0.48 (0.27) 1.40 (1.39) <0.001
Total SCFAs 45.02 (49.80) 46.22 (76.67) 42.45 (36.19) 81.25 (77.66) 34.04 (19.95) 87.53 (79.73) <0.001
Faecal SCFAs (mM) N=22 N=22 N=22 N=22 N=21 N=21
Acetate 68.21 (26.96) 53.96 (18.92) 65.84 (28.28) 55.17 (20.57) 72.25 (18.24) 61.98 (17.42) 0.87
Propionate 16.64 (8.78) 13.47 (8.97) 18.29 (10.33) 14.03 (6.33) 18.35 (8.80) 14.47 (4.98) 0.99
Butyrate 15.39 (7.43) 10.87 (3.75) 15.70 (11.90) 11.96 (4.99) 15.21 (7.22) 11.70 (6.17) 0.81
Total SCFAs 100.24 (39.78) 78.30 (28.83) 99.84 (47.88) 81.15 (28.28) 105.82 (31.51) 88.15 (25.08) 0.94
Serum BDNF (ug/mL) N=22 N=22 N=21 N=22 N=21 N=21
35.88 (11.62) 35.97 (13.32) 34.48 (17.25) 39.39 (16.68) 39.19 (10.73) 38.19 (12.13) 0.11
Values represent means and standard deviations. For serum SCFAs, the obtained concentrations were averaged across the four timepoints per participant, and
then averaged across participants.
SCFA short-chain fatty acids, BDNF brain-derived neurotrophic factor.
Placebo Low SCFA dose High SCFA dose presitervention
p<0.035 ——m- —post-intervention
| p <0.035 |
1.6 : 1.6 l 1.6
stress stress stress
1.4 1.4 1.4
1.2 1.2 1.2
£ 10 1.0 1.0
= 0.8 0.8 0.8
i 06 u—a .\. 06 .\'- g
5 e s o 3
o 0.4+ 0.4 4 0.4+
0.2 0.2 0.2
0.0 0.0 0.0+
20 -10 05 15 25 35 45 55 6! 2010 05 15 25 35 45 55 65 20 10 05 15 25 35 45 55 6!
Time (min) Time (min) Time (min)
Fig. 1 Effects of colon-delivered SCFAs on cortisol response to acute psychosocial stress. Responses to the Maastricht Acute Stress Test

(MAST) at pre- and post-intervention. Cortisol responses to acute psychosocial stress induction procedure. Saliva samples were collected from
20 min before the stress induction, up to 65 min after stress induction. Both the low and high SCFA dose groups exhibited significantly greater
decreases in cortisol response in comparison to the placebo group (p=0.035). Graphs show means of Box-Cox transformed cortisol
(transformed_cortisol = ((cortisol + 1)**—0.5 — 1)/—0.5) concentrations + SE.

(non)-response), and is reported in Supplementary Materials and
Methods.

Differences in circulating levels of SCFAs co-varied with changes in
cortisol levels

We further investigated whether the changes in circulating SCFA
levels (as a proxy for absorption of the capsule content) were
associated with the changes in the cortisol response to stress. We
found that the difference in serum SCFA levels co-varied
significantly with the change in cortisol response to acute stress
from pre- to post-intervention as indicated by a significant SCFA x
visit interaction effect [acetate (F(1,811) =11.72, p <0.001, npz =
0.012), propionate (F(1,811) =4.94, p =0.027, np2 =0.005), buty-
rate (F(1,811)=7.36, p=0.007, np2 =0.008), and total SCFA
(F(1,811) = 13.30, p < 0.001, n,>=0.014)]. This indicates that the
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greater the increase in serum SCFA levels, the greater the decrease
in cortisol response to acute stress (Fig. 2).

Cortisol awakening response was not altered by colonic SCFA
delivery

Cortisol levels rose upon waking (main effect of timepoint p <
0.001). However, the intervention did not affect CAR (group X visit
interaction effect (F(2,62) =0.49, p=0.62), group X visit X
timepoint interaction effect (F(8,245) = 1.54, p = 0.15)) (Fig. 3).

Colonic SCFA delivery neither affects psychophysiological nor
subjective responses to fear learning and extinction

Fear responses were assessed by analyzing SCRs (N =53, Fig. 4a)
and expectancy ratings of the US (N=66, Fig. 4b). SCFAs
affected neither subjective nor autonomic fear indices over the

Neuropsychopharmacology (2020) 45:2257 - 2266
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Fig. 2 Associations between changes in serum SCFAs and changes in cortisol response to acute psychosocial stress. Decreases in cortisol
levels are plotted in correspondence with mean differential serum SCFA level between —2 and +2 SD, representing least to most absorption,
respectively. Higher cortisol values represent greater changes in cortisol response to stress from pre- to post-intervention. For a acetate,
b propionate, ¢ butyrate, and d total SCFAs, differences in circulating levels of the examined SCFAs co-varied with changes in cortisol levels
such that the greater the increase in absorbed SCFAs, the greater the decrease in cortisol response to acute stress.

entire phase of fear acquisition (group X visit interaction effect SCRs:
(F(2,50) = 0.78, p = 0.46); US expectancy rating: (F(2,60) =1.08, p =
0.35)), nor changed the speed of fear acquisition (group X visit x trial
interaction effect (SCRs: (F(8,200) =1.01, p =0.43); US expectancy
rating (F(8,240) = 0.43, p = 1.00)). Similarly, all groups extinguished
the acquired fear to the same extent from pre- to post-intervention
(SCRs: (F(2,47) = 1.09, p = 0.35); US expectancy rating (F(2,60) = 0.42,
p =0.66)), and at a similar speed when comparing the beginning,
middle, and end of extinction phase with the end of acquisition
phase within each group (all p>0.2 for SCRs and US expectancy
rating). There was also no change in fear indices when testing for
the return of fear in the extinction context after lapse of time (recall
phase) relative to the end of extinction phase (group x visit X phase
interaction effect SCRs: (F(2,47) =0.16, p=0.86); US expectancy
rating: (F(2,60) = 1.45, p =0.24)). Finally, all groups showed similar

Neuropsychopharmacology (2020) 45:2257 - 2266

levels of fear renewal when presented with the non-reinforced CS+
in the acquisition context (renewal phase), relative to the level of
fear displayed during the acquisition phase (with reinforced CS+)
(group X visit X phase interaction effect SCRs: F(2,47) =067, p =
0.52); US expectancy rating: (F(2,60) = 1.46, p = 0.24)).

Colonic SCFA delivery did not alter subjective mood ratings

The intervention did not differentially affect subjective ratings on
the PANAS (negative affect (F(2,63)=0.63, p=0.54), positive
affect (F(2,63) =0.65, p =0.53)), PSS (F(2,63) =1.42, p=0.25), or
the DASS-21 (depression (F(2,62) =1.49, p=0.23), anxiety
(F(2,63) = 0.43), stress (F(2,62) =1.26, p=0.29)). However, the
intervention exhibited some effects on the GSRS and Bristol stool
chart scores (reported in Supplementary Materials and Methods),
but these effects remained within normal ranges.
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Fig. 3 Effects of colon-delivered SCFAs on cortisol awakening response. Cortisol awakening response (CAR) before and after colonic
delivery of placebo, low SCFA dose, and high SCFA dose. CAR was not modulated by colonic SCFA administration. T + 00 represents time upon
waking. Graphs show means of transformed cortisol (transformed_cortisol = ((cortisol 4+ 1)**—0.5 — 1)/—0.5) concentrations + SE.

DISCUSSION

This randomized, triple-blind, placebo-controlled trial in healthy
men evaluated for the first time the effect of delivering known
amounts of SCFAs into the colon for 1 week on psychobiological
outcomes. Colonic administration of physiological doses of SCFAs
successfully reached the systemic circulation and attenuated the
cortisol response to acute psychosocial stress. Furthermore, the
difference in circulating SCFA levels co-varied with changes in
cortisol levels, such that the greater the increase in serum SCFAs,
the greater the decrease in cortisol response to acute psychosocial
stress. SCFAs influenced neither the CAR, processes that underlie
the development of fear and anxiety disorders, namely, fear
acquisition, extinction, and return of fear, nor subjective mood
ratings.

To mechanistically investigate the influence of SCFAs on
psychobiological processes, we (a) opted for direct administration
of known amounts of SCFAs instead of administering a prebiotic
or a dietary fiber. This enables excluding the impact of any other
metabolite induced by prebiotic or dietary fiber ingestion; (b)
utilized capsules that were coated with a pH-dependent coating
to deliver SCFAs directly to the colon, thereby mirroring
physiological production and absorption of SCFAs after colonic
fermentation. Oral administration of SCFAs (without colon-delivery
coating), as is commonly done in animal studies, results in
absorption of SCFAs from the upper gastrointestinal tract and may
result in different physiological effects. Intravenous administration
is nonphysiological as it bypasses the process of absorption and
oxidation of SCFAs in the colonocytes. Rectal administration is not
suitable for chronic administration. Finally, in contrast to esterified
fiber, which additionally releases nonesterified SCFAs, CDCs allow
for administration of exact amounts of specific SCFAs; and (c)
chose physiological SCFA doses that correspond to those
produced after administration of a readily fermentable fiber as
determined in our earlier human study [38]. Prebiotic and dietary
fiber studies that have evaluated effects on brain function and
psychological readouts in humans administered 5-10g of
fermentable substances daily [49]. To increase the chance of
finding an effect while ensuring tolerability of the intervention, we
further administered a SCFA dose equivalent to 20g of
fermentable fiber (AXOS). Taken together, we believe that these
methodological aspects facilitated mechanistic investigation of
the role of SCFAs in psychological functioning in humans.

We measured serum SCFA concentrations to provide a
validation of the CDCs. Serum acetate, propionate, butyrate, and
total SCFAs, increased after capsule administration in the low- and
high-dose groups, but not in the placebo group. With the
exception of propionate, serum concentrations of all SCFAs
increased in a dose-dependent manner. The absence of a dose-
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dependent increase in propionate concentrations can be
explained by the low proportion found in the capsules (13.3
mmol/day). The performance of these capsules was previously
evaluated [39] (a) in vitro using a dissolution profile of the CDCs at
different pH (6.3, 6.8, 7.0, and 7.2), and (b) in vivo by simultaneous
occurrence of 3CO, (resulting from oxidation of the released '>C-
labelled SCFA) and "CO, (marker for orocecal transit time [50]). In
the same study, the bioavailability of acetate, propionate and
butyrate was determined and accounted for 36%, 9%, and 2% of
the administered dose, respectively. In agreement with the
proportions found in the capsules, increases in absolute SCFA
concentrations in the current study were in the order acetate
(37.62 uM; 52.07 uM) > butyrate (0.48 uM; 0.92 uM) > propionate
(0.43 uM; 0.5 uM) (low and high dose, respectively). However, the
relative increase of acetate was slightly lower (90% and 163%)
than that of butyrate (104% and 192%) due to considerable
endogenous production of acetate in the muscles and liver.
Together with our previous data, these results confirm that the
capsule content was released in the colon and reached the
circulation in the expected concentrations.

Colonic administration of SCFAs did not affect fecal SCFA
concentrations in our sample, further confirming that the capsules
did release SCFAs, which were then efficiently absorbed from the
colonic lumen, rather than excreted in feces. The small to medium
decrease in fecal SCFAs in all groups between pre- and post-
intervention visits may be explained by longer adherence to low-
fiber diet upon collection of the second fecal sample (at least
7 days) relative to that of the first fecal sample (0-3 days) (Fig. S1).
It is possible that due to adherence to low-fiber diet, the
availability of substrate to promote SCFA production decreased
over time across the groups, which led to lower fecal SCFAs at
post-intervention sample. However, it is important to note that
fiber intake remained stable from pre- to post-intervention visits
across all the groups, and that changes in fecal SCFAs cannot be
accounted for by changes in bowel habits (Supplementary
Materials and Methods). Previous studies relied on the quantifica-
tion of fecal SCFAs to perform correlations with neuropsychiatric
symptoms or psychological readouts [5]. By standardizing the
participants’ diets, we attempted to address a limitation in
previous gut-brain axis studies, which failed to control for dietary
intake in humans when administering probiotics or prebiotics or
when correlating fecal SCFAs with psychological functioning or
neuropsychiatric symptoms, thereby rendering such associations
difficult to interpret [5].

One of the limitations in the field pertains to administering
supraphysiological doses of SCFAs to evaluate their effect on brain
and behaviour. However, multiple studies suggest that physiolo-
gical doses of SCFAs can affect brain biology in animals [51-53]. In
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Fig. 4 Effects of colon-delivered SCFAs on fear acquisition, extinction, and return of fear. Psychophysiological and subjective responses to
acquisition, extinction (three sub-phases), recall, and renewal of fear at pre- and post-intervention. Neither a SCRs nor b expectancy ratings of
the unconditioned stimulus (electrical stimulation) were modulated by colonic SCFA administration. SCRs (uS) skin conductance responses in
microSiemens, Acq acquisition, Ext extinction, Rec recall, Ren renewal. Graphs show means + SE.

humans, Byrne et al. [26]. were able to increase SCFA production
indirectly by delivering inulin-propionate ester to the colon and
observed attenuated neural responses to high-energy food
pictures in brain regions involved in reward processing. Our study
is the first in humans to deliver exactly known physiological
amounts of SCFAs and examine their effects on psychological
functioning.

To assess HPA-axis reactivity to experimentally induced
psychosocial stress, we administered the MAST as it induces a
robust cortisol response and does not exhibit significant habitua-
tion or sensitization effects upon repeated testing [41]. Both low
and high doses of SCFAs resulted in greater decreases in cortisol
response to acute psychosocial stress compared to placebo.
Neuroendocrine stress reactivity in animals can be modulated by
prebiotic administration [54-56]. However, to date, only two
studies investigated the role of SCFAs in HPA-axis reactivity. One
study found that in rats, a dose of 1.2 g/kg of sodium butyrate
acted as a pharmacological stressor, increasing plasma levels of
the stress markers corticosterone and adrenocorticotropic hor-
mone (ACTH) [57], whereas a low dose (200 mg/kg) only slightly
increased ACTH. However, butyrate was injected in supraphysio-
logical doses that are typically used to modify histone acetylation,
and not in a physiologically-relevant mode of administration. A
recent study by Van de Wouw et al. [58]. found that oral
administration of SCFAs for 1 week in mice (67.5 mM acetate, 25
mM propionate, and 25 mM butyrate) ameliorated stress-induced
corticosterone potentiation after an acute stressor. Our results
now also indicate that colonic delivery of SCFAs in humans
presents one pathway through which changes in colonic microbial
activity can affect HPA-axis reactivity to stress. The mechanism
through which SCFAs affect HPA-axis reactivity to stress remains
to be investigated. Since SCFAs can cross the BBB [59], it is
possible to speculate that SCFAs modulate HPA-axis reactivity by
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penetrating through the BBB via circumventricular organs such as
the subfornical organ and the organum vasculosum of the lamina
terminalis, which are “leaky” regions of the BBB and are involved
in the HPA-axis integration via rich innervations in and projections
to the medial parvocellular paraventricular nucleus [60].

In contrast to the cortisol response, subjective ratings collected
immediately prior to, in the middle, and upon termination of the
acute stress procedure were not modulated by SCFAs. This was
contrary to expectations and highlights a mismatch between
physiological and subjective stress responses, as previously
reported [61, 62]. Stressors that elicit robust physiological
responses are not necessarily perceived to be subjectively
distressing [62], and significant associations between these two
modalities of the stress response were found in only eight out of
30 examined studies (27%) [61]. This discrepancy may partially be
explained by the relatively low levels of stress induced by
controlled laboratory procedures in comparison with real life
stressful situations [61]. Alternatively, it may be due to the
presence of a cognitive component inherent in laboratory stress
procedures [63], where, for example, participants may employ
external attributions of their psychophysiological reactions that
consequently dampens their subjective emotional experience. Of
relevance to the present study, higher correspondence between
self-reported anxiety and physiological arousal was previously
reported in women compared to men [64]. Men might
deliberately employ strategies to suppress their emotional
expressiveness to protect their self-image, which would subse-
quently further increase physiological reactivity associated with
emotional control [65, 66]. Similarly, colonic administration of
SCFAs did not affect subjective reports of mood and emotional
states. This may be explained by the characteristics of our sample,
who also exhibited low scores on negative mood at pre-
intervention. This may in turn partially explain why a stress
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challenge was needed to demonstrate the beneficial effect of
SCFAs even if the effect was not subjectively evident.

The increase in serum SCFA levels co-varied significantly with
the attenuation of the cortisol response to psychosocial stress.
This suggests that at least systemic SCFA concentrations may be
important to the observed effects, and that circulating acetate,
propionate, and butyrate act in the same direction, congruently
ameliorating cortisol stress response. Quantification of circulating
SCFAs represents an important step towards understanding links
between the production of SCFAs and their ultimate biological
systemic effects. Previous work in animals has shown that
administration of the prebiotics fructo-oligosaccharides (FOS)
and galacto-oligosaccharides (GOS) to male rodents increased
cecal acetate and propionate concentrations and attenuated
stress-induced corticosterone release, and that there was a
positive correlation between cecal SCFA levels and reductions in
depression- and anxiety-like behavior [54]. Furthermore, prebiotic
Bimuno galacto-oligosaccharides (BGOS) increased plasma acetate
levels [67, 68], cortical GIUN2B subunits (involved in glutamate
neurotransmission), and acetyl-CoA carboxylase mRNA, all of
which also increased following direct administration of acetate
[68], suggesting that acetate bioavailability may play a mechan-
istic role in the observed effects. In sum, these previous studies
together with our data indicate that uptake of SCFAs beyond
colonic absorption may be critical to their influence on the brain.

In humans, administration of 5g/day of BGOS for 3 weeks
significantly decreased CAR in healthy male participants [69]. We
hypothesized that if subsequent production of SCFAs mediated
the effects of prebiotics on CAR, then direct administration of
SCFA should elicit the same effect. However, in our study, 1-week
colonic administration of SCFAs at a dose equivalent to 10 and 20
g of AXOS failed to elicit changes in CAR. We chose a shorter
intervention period (1 week) in comparison with Schmidt et al.’s
study [69] as we administered the microbial metabolites directly
to the colon, thereby bypassing the need for changes in gut
microbiota composition or function, as we assume they are not
required to observe the hypothesized effects. The lack of effects
on CAR in the present study may alternatively suggest that the
effects of the prebiotics were not exclusively mediated by
fermentation into SCFAs and increase in their systemic levels.
Alternative mechanisms include stimulating the activity and
propagation of Bifidobacteria and Lactobacilli in the gut, or
catalyzing the release of gut hormones cholecystokinin (CCK),
peptide tyrosine tyrosine (PYY) and glucagon-like peptide- 1 (GLP-
1) [37], or stimulating immune cell activity through Toll-Like
Receptor (TLR) dependent signalling [70]. Quantifying additional
parameters in future research may better guide such speculations
on other microbiota-gut-brain mediators [5].

Responses to experimentally induced fear in humans were
examined by assessing fear acquisition, extinction, and return of
fear after a lapse of time (recall) or context change (renewal) at the
subjective and autonomic level. Fear conditioning is widely
regarded as a model to understand pathogenic mechanisms
underlying anxiety disorders [71] and is frequently employed in
human research. This model is also heavily employed in animal
microbiota-gut-brain studies using germ-free and antibiotic-
treated mice [72], as well as in studies using probiotic [73],
prebiotic [54], and butyrate administration in rodents [74], in
which freezing behavior is used as an index of anxiety. SCFAs,
particularly butyrate, can enhance histone acetylation and thereby
affect epigenetic modulation of memory processes underpinning
fear, leading to either enhanced initial memory consolidation or
facilitating persistent extinction [75]. Previous studies with
supraphysiological levels of butyrate or those targeting HDAC
inhibition using other pharmacological agents revealed that HDAC
inhibitors play an important role in fear learning and extinction
processes [74, 76]. For instance, systemic and intrahippocampal
injection of butyrate resulted in persistent fear extinction as
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indexed by reduced freezing and increased acetylation in the
infralimbic cortex [77, 78]. It is unknown whether physiological
doses of butyrate can affect learning and memory processes,
particularly in the context of fear extinction. However, a
physiological oral dose of butyrate modified brain metabolism
and hippocampal neurogenesis in pigs [53]. Furthermore, some
studies showed that diet modifies histone acetylation [79] and
that SCFAs are at least partially responsible for this modification
[80]. However, in the current study, colonic administration of
physiological doses of a specific SCFA mix did not affect
acquisition, extinction, recall, nor renewal of fear neither at the
psychophysiological level (SCRs) nor at the subjective level
(predictive ratings of aversive stimulus), similar to previous
preclinical work utilizing prebiotics [54].

As an HDAC inhibitor, butyrate increases acetylation around the
promoters of neurotrophic factors such as BDNF, thereby
increasing their transcription [81, 82]. Furthermore, central and
peripheral BDNF are highly correlated in rats [r=0.86] [83],
suggesting that peripheral BDNF can be used as an approximate
measure for central BDNF. In humans, whole grain rye bread
increased plasma SCFAs [84] and substantially increased (27%)
plasma BDNF concentrations 10.5h following ingestion of the
product [85]. To gain further understanding on the role of
circulating BDNF in the cascade of events mediating the impact of
SCFAs on psychobiological functioning, we explored whether
circulating BDNF levels were altered after SCFA administration.
However, no changes in BDNF concentrations were observed from
pre- to post-intervention. This may suggest that beneficial effects
on psychobiology are likely mediated by other mechanisms.
Alternatively, the amount of SCFAs administered might not have
been sufficiently high to modulate circulating BDNF levels.

This study is not without its limitations. First, 15 participants
(22.7%) had to be excluded from analysis of the cortisol response
to psychosocial stress due to a lack of stress response at pre-
intervention. However, a post-hoc power calculation revealed that
we still had 73% power with N =17 per group to detect a 10-20%
decrease in cortisol following administration of low- and high
SCFA doses, respectively. The exclusion of nonresponders also
resulted in a nonstatistically significant (p =0.09) numerical
imbalance in pre-intervention cortisol levels across the groups.
However, we maximally account for this in our statistical model by
controlling for pre-intervention differences and allowing the pre-
intervention-post-intervention covariance to vary between
groups. Second, blood samples for the quantification of SCFAs
were taken only at four timepoints during the test visits, with the
baseline sample taken after at least a 2h fast. Ideally, to
quantitatively detect absorption of SCFAs, a fasted blood sample
and frequent sampling is required. This was not possible in our
experimental setting due to the timing and duration of the
psychological tasks employed. Third, despite successful colonic
delivery of SCFAs, the CDCs utilized in this study deliver SCFAs
more as a bolus in contrast to gradual SCFA production during
colonic fermentation of dietary fiber. Finally, we opted for a
homogenous study sample comprising healthy male participants,
which particularly limits generalizability to the female population.

Taken together, this study showed that colon-delivered SCFAs
attenuate the cortisol response to acute psychosocial stress in
healthy male volunteers and may therefore play a mediating role
in the psychobiological effects of microbiota-modulating inter-
ventions with prebiotics and high-fiber diets. Future work should
aim to tease apart the separate effects of colon-delivered acetate,
propionate, and butyrate on stress reactivity in humans.
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