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       Chapter 1
General introduction and thesis overview

Parts of the general introduction are based on:

Relationship between diet, the gut microbiota, and brain function. Tengeler A.C., Kozicz T., and 
Kiliaan A.J. (2018). Nutrition Reviews 76(8): 603–617
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Chapter 1

General introduction

Since 2004, when the characterization of the human gut microbiota was started, 
the function of the gut microbiota has become a focal point across many research 
domains. The human gastrointestinal tract contains a dense microbial community 
that plays critical roles in the development and function of several physiological 
processes.1, 2 Disruption of the gut microbial composition is associated with 
metabolic disorders and cardiovascular disease, but also with several mental 
disorders. An increasing body of research reveals an important role of the gut 
microbiota in brain function and structure.3-13 Germ-free mice, which grow up 
devoid of micro-organisms in a sterile environment, show altered behavior and 
cognition, as well as increased hippocampal neurogenesis, altered myelination, and 
impaired blood-brain barrier function.5, 14-16 This suggests an important role of the 
gut microbiota also in neurodevelopment.
A massive bacterial colonization of the intestines occurs at birth, and many factors, 
including mode of delivery (vaginal versus cesarean), type of feeding (breast versus 
formula) and treatments, for example with antibiotics, influence the development 
of the early-life microbiota.17-20 After initial colonization, the microbiota diversifies 
and matures until it becomes a relatively stable community by the end of the first 
3 to 5 years of life.21, 22 The developmental stages of the gut microbiota coincide 
with key developmental stages of the brain, like neuronal migration, neurogenesis 
and synaptogenesis (reviewed in detail by Borre et al.23). With aging, the diversity 
and stability of the microbiota declines, and inter-individual variation increases.24 
However, some studies report similar microbial compositions and diversity between 
young and aged mice, and between young adults and elderly individuals.25-27 Other 
studies show that age-related alterations in the microbiota, especially the reduced 
microbial diversity reported in elderly individuals, are associated with unhealthy 
aging and frailty.28-30 Maintaining a healthy gut microbiota may support healthy 
aging.31 

Impact of the gut microbiota on behavior and the brain 
Numerous studies that investigated the contribution of gut microbiota to 
neurological disorders have been performed using microbiota-devoid animals, 
such as germ-free or gut-microbiota depleted mice.34-36 These animals allow 
comprehensive evaluation of the impact of microbiota alterations on host health and 
disease. Germ-free mice display altered behavioral features such as reduced anxiety, 
increased exploratory behavior, and increased risk-taking behavior compared to 
specific-pathogen-free mice with normal microbiota.5, 7, 35 When germ-free mice 
are colonized with normal gut microbiota during early life phases, they display 
behavioral and cognitive features similar to those of mice that were normally 



11

General introduction and thesis overview 

1

colonized since birth. However, exposure of adult germ-free mice to normal gut 
microbiota fails to normalize these behavioral traits.5 Furthermore, adult germ-free 
mice exhibit an exaggerated hypothalamic–pituitary–adrenal (HPA) stress 
response that can be ameliorated by early-life administration of Bifidobacterium 
infantis.4, 37 Early-life reconstitution of germ-free mice with specific-pathogen-free 
microbiota partly restores the enhanced HPA response. The HPA stress response 
cannot be corrected when microbiota is introduced at a later developmental stage.4 
The inability of the microbiota to reverse these altered behavioral traits in adult 
mice suggests that there is a critical window after which these affected phenotypes 
can no longer be normalized.38

The altered behavior in germ-free mice is probably induced by changes in 
brain function and structure. A significantly lowered expression of synaptic 
plasticity-related genes, including brain-derived neurotrophic factor (BDNF) and 
nerve growth factor–inducible clone A, has been found in germ-free mice.3-5 These 
genes are, amongst others, involved in synaptic plasticity affecting learning and 
memory, and also anxiety-like behaviors.5, 39, 40 Indeed, knockdown of BDNF in 
the ventral subiculum, a subregion of the hippocampus, induces depressive-like 
behaviors.41 In addition, hippocampal neurogenesis is sensitive to an array 
of environmental stimuli including changes in gut microbial composition.42, 

43 Germ-free and antibiotic-treated specific-pathogen-free mice show altered 
hippocampal neurogenesis,42, 43 which may lead to impaired spatial and 
hippocampus-dependent object recognition.44 These mice also display increased 
expression of the synapse-related proteins synaptophysin and postsynaptic 
density protein  95 in the striatum, possibly resulting in long-term alteration of 
synaptic transmission and affecting motor control and anxiety-like behavior.5, 

42, 45 In addition to the synapse-related genes, the microbiota is also involved in 
the regulation of myelin-related genes. In the absence of microbiota, mice show 
up-regulation of several myelin-associated genes resulting in hypermyelinated 
axons in the prefrontal cortex.46 

Factors that impact the gut microbiota, behavior and the brain
The adult human gut microbiota is dominated by the bacterial phylotypes Firmicutes 
and Bacteroidetes, and is stable and resilient against short-term interventions, like 
a short-term dietary change.47, 48 These short-term interventions mostly trigger 
rapid short-term changes in the gut microbiota, which reverts to its original state 
after the intervention is ended. The infant gut microbiota, on the other hand, is 
more variable, becoming stabilized when the infant shifts to solid foods.21, 49-51 
Once established, the gut microbiota can be altered by factors such as antibiotic 
treatment, long-term dietary change, and bacterial infections.52, 53 These factors 
make the gut microbiota vulnerable, but may also offer a potential therapeutic 
strategy for ameliorating symptoms of mental and psychiatric disorders.



12

Chapter 1

Antibiotics
One of the major factors that influence the gut microbiota is treatment with 
antimicrobials. For example, treatment with oxalidinones induces a reduction in 
intestinal Enterococci, Staphylococci and Streptococci in humans.54 Similarly, the 
diversity of the human intestinal microbiota can be reduced by 25% after treatment 
with fluoroquinolones and beta-lactam antibiotics.55-57 Treatment of young BALB/c 
SPF mice with a mixture of neomycin, bacitracin and natamycin in drinking 
water resulted in increased exploratory behavior and decreased anxiety. When the 
antibiotic-treatment was discontinued, the behavior of the mice normalized again.3 
Interestingly, in some cases, treatment with vancomycin has led to improvements 
in behavior and communication in children with autism spectrum disorder 
(ASD).58-60 However, these beneficial effects largely diminished upon termination 
of the treatment, and deterioration of the behavioral improvements was reported 
in most of the children.58-60

Several types of antibiotics, like fluoroquinolones and aminoglycosides, are also 
known to affect mitochondria. Mitochondria are recognized to originate from an 
ancient endosymbiotic event during which ancestors of modern bacteria, most 
likely α-proteobacteria, were incorporated into a host cell resulting in a symbiotic 
relationship. Therefore, mitochondria and bacteria share similar molecular and 
structural characteristics.61-64 Because of these similarities, many antibiotics that 
target bacterial translation may also affect mitochondrial translation, possibly 
resulting in mitochondrial dysfunction.61-64 Dysfunctional mitochondria are 
reported to be involved in psychiatric disorders such as schizophrenia, bipolar 
disorder, and depression.65-68

Diet
Food intake is one of the main factors that determine the composition of the gut 
microbiota.69-71 Long-term dietary changes and malnutrition have a significant 
and reproducible impact on intestinal microbial communities.72, 73 Certain diets 
or dietary supplements are able to alter the gut microbial composition, thereby 
favoring the growth of certain bacteria, and having a profound impact on cognition 
and behavior.74-77 A high-fat diet induces substantial changes in the murine gut 
microbial composition that can be partially attenuated by discontinuance of this 
diet.78-80 Furthermore, the microbial composition in obese persons is distinct from 
that in lean individuals.81  More specifically, the proportion of bacteria belonging 
to the phylum Bacteroidetes is lower in obese individuals than in lean individuals. 
This disproportion could be restored by weight loss via a low-calorie diet.48 Diets 
high in plant proteins are known to increase the abundance of Bifidobacterium 
and Lactobacillus while decreasing the Bacteroides and Clostridium perfringens.82 
Some dietary components are used directly by the microbiota and are converted 
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into metabolites that interact with the host physiology. For example, dietary 
indigestible fibers are fermented by the intestinal microbiota into short-chain fatty 
acids (SCFAs). High-fiber diets are correlated with higher amounts of fecal SCFAs 
compared with low-fiber diets.77, 83 However, higher SCFA levels are also reported 
in obese and overweight humans.84-87

The Western diet, which is high in saturated fatty acids, sugar and protein, is 
associated with an increased risk to develop obesity, type 2 diabetes and dementia.88 
Furthermore, short-term, post-weaning exposure to a high-fat diet induces both 
cognitive impairment and transient anxiety-like behavior in young mice.89 A 
diet high in saturated fat is also suggested to contribute to the development of 
depression-like behavior in mice.90 Also in humans, a Western diet was found 
associated with increased depressive symptoms over time in a cross-sectional 
study.91 Furthermore, a diet high in sugar promotes obesity and impairs object 
recognition learning in rats.92 It has been proposed that these memory deficits 
are caused by increased inflammatory and decreased neuroplasticity markers.93, 94 
The hippocampus is particularly susceptible to the effects of this diet, as memory 
deficits are already evident after one week of dietary treatment.94, 95 

Pathways from the gut to the brain
Several neuronal, immunological, and endocrine pathways between the gut and 
the brain have been described.20, 32, 33  The bidirectional communication axis, 
termed the microbiota–gut–brain axis, includes the central nervous system, the 
autonomic nervous system, the immune system, enteroendocrine cells, and the 
intestinal microbiota and its microbial metabolites.20, 32, 33 In this thesis, we will 
discuss two communication routes via which the gut microbiota may impact the 
brain. Both microbiota-produced metabolites and mitochondria are involved in 
these abovementioned pathways.

Microbiota-produced metabolites; Short-chain fatty acids
Changes in the microbiota, for instance through diet or antibiotics, can affect 
the production of microbial metabolites.96, 97 Microbial metabolites, like SCFAs, 
are generated by the gut microbiota during fermentation of the for the human 
indigestible fibers. Butyric acid, acetic acid and propionic acid, which are the three 
main microbial SCFAs, are important metabolites which may directly interfere 
with physiological processes of the host.98 Acetic acid is produced by a wide range 
of bacterial groups, whereas the production of butyric acid and propionic acid 
is highly conserved and substrate-specific. The bulk of butyric acid is produced 
by a surprisingly small number of bacterial species all belonging to the phylum 
of Firmicutes, including Ruminococcus bromii, Faecalibacterium prausnitzii, 
Eubacterium rectale, Eubacterium hallii and Anaerostipes species.99-101 Propionic 
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acid can be produced by the human microbiota via three different biochemical 
pathways: the succinate pathway, acrylate pathway and the propanediol pathway.102 
The succinate pathway is used by members of the Bacteroidetes phylum and by 
several bacteria belonging to the Firmicutes phylum. The acrylate pathway is 
utilized by only a few bacterial species within the family Lachnospiraceae and the 
class Negativicutes. The propanediol pathway is present in some relatively abundant 
bacteria such as Ruminococcus species and Roseburia species.102 
After production by the human microbiota, SCFAs, with butyric acid in particular, 
are locally used by colonocytes as energy source.103 The majority of propionic acid 
is metabolized by hepatocytes, resulting in low propionic acid concentrations in 
the circulation.104 These low concentrations however, can impact the blood-brain 
barrier (BBB), suggesting that even physiological concentrations of propionic acid 
can directly affect the brain.105 SCFAs can also be transported across the blood-brain 
barrier (BBB) via the monocarboxylate transporter.106, 107 Whereas physiological 
propionic acid levels are reported to reduce food intake in humans,108 elevated 
levels of propionic acid are associated with neuropsychiatric disorders like ASD.109, 

110 High concentrations of propionic acid administration in rats are associated with 
reduced locomotor activity and affected social behaviors, and increased anxiety-like 
behavior.109-112 

Mitochondria
A growing body of literature recognizes the bidirectional communication between 
the microbiota and mitochondria.113, 114 The gut microbiota and SCFAs can affect 
mitochondrial functions, including mitochondrial biogenesis and redox balance.113 
An in vitro study showed that physiological concentrations of propionic acid can 
increase mitochondrial function.115 However, high propionic acid levels inhibit 
several essential enzymes in cellular metabolism, thereby inducing oxidative stress 
and mitochondrial dysfunction.116, 117 
Mitochondria regulate essential cellular functions including energy generation, 
induction of autophagy and apoptosis, production of reactive oxygen species 
(ROS) and buffering of cytosolic calcium.118 The brain, an organ with high energy 
demands, is one of the organs most affected by impaired mitochondrial function. 
The essential role of normal mitochondrial function in healthy neurodevelopment 
has been known for many years.119, 120 Furthermore, mitochondrial dysfunction is 
associated with several neurodevelopmental disorders and psychiatric diseases, 
including ADHD, ASD, depression, anxiety, and bipolar disorder.121-128 
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Thesis overview

In this thesis, we therefore aim to study the impact of the gut microbiota on brain 
function and structure, and whether SCFAs, which are microbiota-produced 
metabolites, play a role therein. Furthermore, we aim to investigate if mitochondria 
are involved in the communication between the gut and the brain by using 
antibiotics that are known to affect mitochondrial function and the gut microbiota. 
In chapter 1, we provide the background information for this thesis research, 
including the known influence of the gut microbiota and the bacterial metabolites 
on the brain. Moreover, we discuss factors, like diet and antibiotics, that can impact 
the gut microbiota, mitochondria and the brain. 
In chapter 2, we investigated the effects of microbiota from individuals with and 
without ADHD on behavior, cognition, brain function and brain structure in mice. 
We analyzed microbiota data, studied mouse behavior and cognition in a battery 
of behavioral tests, and used neuroimaging to study brain structure and function.
The aim of the study in chapter 3 was to assess the impact of microbiota metabolites 
on behavior, cognition, brain function and structure, and enzymatic mitochondrial 
activity in obese Ldlr-/-.Leiden mice. We studied the effects of propionic acid and 
caproic acid on metabolic factors using blood plasma analyses, systolic blood 
pressure measurements, and biochemical and immunohistochemical analyses on 
liver and adipose tissue. We investigated behavior, cognition, brain mitochondrial 
function, and brain structure and function using behavioral tests, enzymatic 
activity analysis, neuroimaging and immunohistochemical stainings. 
In chapter 4 we studied the effects of antibiotics on behavior, cognition, and brain 
mitochondrial function. We hypothesized that exposure to antibiotics in early-life 
would directly affect brain mitochondrial function, and result in altered behavior 
and cognition. We administered amoxicillin, chloramphenicol or gentamicin in the 
drinking water to young male C57BL/6J mice. Behavior and cognition were assessed 
using behavioral and cognitive tests. Mitochondrial oxidative phosphorylation 
complex activities and targeted mass spectrometry-based acylcarnitine profiling 
were assayed in the cerebral cortex.
All study findings are discussed and summarized in chapter 5 and 6, in which we 
also give suggestions for future studies to gain knowledge on the impact of the 
gut microbiota on brain function and structure for the development of potentially 
novel treatment strategies for human psychiatric disorders. 





       Chapter 2
Gut microbiota from persons with attention-deficit/hyperactivity 

disorder affects the brain in mice

Tengeler A.C.
Dam S.A.

Wiesmann M.
Naaijen J.

van Bodegom M.
Belzer C.

Dederen P.J.
Verweij V.
Franke B.
Kozicz T.

Arias Vasquez A.
Kiliaan A.J.

(2020) Microbiome 8, 44
https://doi.org/10.1186/s40168-020-00816-x



18

Chapter 2

Abstract

The impact of the gut microbiota on host physiology and behavior has been 
relatively well established. Whether changes in microbial composition affect brain 
structure and function is largely elusive, however. This is important as altered 
brain structure and function have been implicated in various neurodevelopmental 
disorders, like attention-deficit/hyperactivity disorder (ADHD). We hypothesized 
that gut microbiota of persons with and without ADHD, when transplanted into 
mice, would differentially modify brain function and/or structure. We investigated 
this by colonizing young, male, germ-free C57BL/6JOlaHsd mice with microbiota 
from individuals with and without ADHD. We generated and analyzed microbiome 
data, assessed brain structure and function by magnetic resonance imaging (MRI), 
and studied mouse behavior in a behavioral test battery.
Principal coordinate analysis showed a clear separation of fecal microbiota of mice 
colonized with ADHD and control microbiota. With diffusion tensor imaging, 
we observed a decreased structural integrity of both white and gray matter 
regions (i.e., internal capsule, hippocampus) in mice that were colonized with 
ADHD microbiota. We also found significant correlations between white matter 
integrity and the differentially expressed microbiota. Mice colonized with ADHD 
microbiota additionally showed decreased resting-state functional MRI-based 
connectivity between right motor and right visual cortices. These regions, as well as 
the hippocampus and internal capsule, have previously been reported to be altered 
in several neurodevelopmental disorders. Furthermore, we also show that mice 
colonized with ADHD microbiota were more anxious in the open field test. 
Taken together, we demonstrate that altered microbial composition could be 
a driver of altered brain structure and function and concomitant changes in the 
animals’ behavior. These findings may help to understand the mechanisms through 
which the gut microbiota contributes to the pathobiology of neurodevelopmental 
disorders.
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Introduction

The gut-brain axis (GBA) is a well-recognized bidirectional communication route 
between gut and brain.124 One of the key modifiers of the GBA are the intestinal 
commensal bacteria in the gut, also known as the microbiota. The intestinal 
microbiota is a complex ecosystem that comprises more than 1,000 different 
species,125 which can be influenced by numerous factors, including diet, antibiotic 
usage, lifestyle, and host genetics.126, 127

The role of gut microbiota in host physiology and health has been well 
established.128 An increasing body of literature recognizes the influence of the 
microbiota on neurodevelopment and brain function as well.33, 129 Studies in 
animal models have reported an essential role for the microbiota in fundamental 
neural processes such as neurogenesis, myelination, and microglia activation.130 
In germ-free (GF) animals, affected hippocampal volume and neurogenesis are 
observed, in addition to hypermyelination of axons in the prefrontal cortex.5-7, 16, 

131-135 Moreover, modulation of the gut microbiota via diet induces diet-dependent 
global changes in white matter structural integrity in rat models.136 Perturbations in 
microbial composition have also been associated with differences in behavior and 
cognition.137 Particularly, early life disturbances of the microbiota can influence 
neurodevelopment, possibly resulting in psychiatric disorders later in life.138

An increasing number of studies report possible roles for the microbiota in anxiety 
and social behavior,7, 139-142 which have been confirmed by a limited number of 
human studies.143-146 These observations suggest that the microbiota may play 
a key role in the development or manifestation of many psychiatric disorders.147 
Several psychiatric disorders, including autism spectrum disorder (ASD), major 
depressive disorder (MDD), and attention-deficit/hyperactivity disorder (ADHD) 
are associated with differences in the gut microbiota.148-150 Previous research has 
demonstrated changes in the gut microbiota of children with ASD compared to 
healthy controls, including a higher Firmicutes/Bacteroidetes ratio and a higher 
relative abundance of Clostridia species,149, 151 whereas MDD has been associated 
with an increased microbiota alpha diversity.152 For ADHD, several studies, by 
us and others, have identified differences in microbiota composition between 
individuals with ADHD and healthy controls.153, 154 An increase in the genus 
Bifidobacterium was observed in individuals with ADHD, associated with a 
significantly enhanced predicted biosynthesis potential of the dopamine precursor 
phenylalanine.153 Additionally, dietary interventions in ADHD can be beneficial 
in subgroups of children with ADHD.155-158 Similarly, for ASD, an improvement 
in symptoms has been observed after intervention. Here, antibiotic treatment 
alleviated anxiety in children with ASD,159 and treatment with vancomycin, an 



20

Chapter 2

antibiotic used to treat infections with Clostridia, resulted in significant short-term 
improvement in neurobehavioral symptoms in children with autism.160 Following 
the discontinuation of vancomycin, the behavioral improvements largely waned. 
In the current study, we aimed to investigate the impact of human microbiota 
from individuals with ADHD on brain function and/or structure and behavior in 
mice. We hypothesized that the gut microbiota of individuals with ADHD, when 
transplanted to mice, would modify brain structure and/or function as well as 
influence behavior, biological domains that are also impaired to various degrees 
in neurodevelopmental disorders in humans. To test this hypothesis, we colonized 
young, germ-free mice with microbiota collected from male individuals with 
ADHD (from now on called “miceADHD”) or microbiota from age-matched healthy 
controls (“micecontrol”). We subsequently performed structural and resting-state 
functional magnetic resonance imaging (fMRI) and analyzed different aspects 
of behavior in the microbiota-colonized mice. Extending insights on the impact 
of ADHD microbiota on brain phenotypes and behavior might increase our 
understanding of disorder etiology and ultimately open a window of opportunity 
for the development of novel treatment approaches for ADHD by targeting the 
microbiota. 

Materials and Methods

Human Participants
Fecal samples were collected from male participants with ADHD (n=3) and 
age-matched healthy male participants (n=3), with an average age of 22.7 ± 1.1 
years. The samples were pooled to prevent transplanting individual microbial 
compositions152 and prepared as described (see Additional file 2). The participants 
were drawn from the follow-up of the NeuroIMAGE study (NeuroIMAGE 
II),161 in which participants with ADHD had been diagnosed based on DSM-IV 
criteria using the Kiddie Schedule for Affective Disorders and Schizophrenia for 
School-Age Children (K-SADS).162 The age of the participants at the time of the 
K-SADS and feces donation is described in Table 1. Institutional Review Board 
approval (registration number 2012/542; NL nr.: 41950.091.12) was obtained for 
the study, and all participants provided written informed consent. 
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Table 1. Characteristics of participants

Experimental design
All animal experiments were carried out in accordance with international European 
ethical standards (European Directive 2010/63/EU) and were approved by the 
Veterinary Authority of the Radboud university medical center (Radboudumc; 
Permit number: RU-DEC 2015-0077) containing a statistical power analysis to 
minimize group sizes. All applicable (inter)national, and institutional guidelines 
for the care and use of animals were followed and reported in accordance with the 
ARRIVE guidelines.163 
In total, 28 male, germ-free C57BL/6JOlaHsd mice with an average age of 38 ± 0.5 
days were used for this randomized and blinded controlled study. The timeline 
of the study is illustrated in Figure 1. Mice were colonized with microbiota from 
participants with ADHD (“miceADHD”) or healthy participants (“micecontrol”) via 
oral gavage. Animals were assigned to one of the two BioFlex™ B30 Flexible Film 
Isolators (Bell Isolation Systems, Livingston, UK), in which the animals were 
group-housed in standard cages with three or four animals per cage (see Additional 
file 1: Figure S4). On 27 days post colonization (dpc) , mice were transported to 
the Preclinical Imaging Centre (PRIME) in the central animal facility (CDL) of the 
Radboud University where the animals were group-housed and scanned with MRI 
in a random order over the following two days. Before the scanning, the mice were 
housed in Digital Ventilated Cages (DVC, Tecniplast S.P.A., Buguggiate (VA) Italy) 
to study 24/7 activity using a capacitive-based sensor placed non-intrusively under 
the home cage on the cage rack.164 To ensure that the gut microbial composition 
of the mice remained stable throughout the experiment, mice were given booster 
oral inoculations at 14 and 22 dpc with the same prepared microbiota samples 
stored at -80ᵒC. Fecal pellets were collected weekly between 9 a.m. and 9:30 
a.m., snap-frozen, and stored at -80°C. One mouseADHD and one mousecontrol were 
euthanized due to complications occurring after the oral gavage on dpc 15 and 
22, respectively. All remaining mice underwent MR imaging and were sacrificed 
directly afterwards using transcardial perfusion fixation. Brains were then collected 
and immunohistochemistry performed on brain sections (see Additional File 2). 
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Figure 1. Study design. Germ-free mice were colonized with human ADHD or human control 
microbiota on day 1 of the experiment. Booster inoculations to recolonize the mice were given 
on day 14 and 22. Fecal pellets were collected on day 5, 14 (before recolonization), 19 and 26. 
The Open Field test (OFT) was performed on day 12, the marble burying test (MBT) on day 
13, and the Novel object recognition test (NOR) on day 20 (0.5 hour interval) and day 21 (1 
hour interval). The mice underwent MRI on day 28 or 29, after which all brains were processed 
for immunohistochemical staining.

Microbiota methods & measures
Bacterial DNA was extracted using a repeated bead beating protocol and 
purified using a customized Maxwell 16 Tissue LEV Total RNA Purification Kit 
(AS1220;Promega Corporation, Madison, Wisconsin, USA). This kit was adapted 
by the company in order to use it for bacterial DNA extraction (XAS 1220 kit). 
Amplification of the specific V1-2 region of the 16S rRNA gene was performed. The 
PCR product was purified using the HighPrep™ PCR kit (MagBio Genomics Inc., 
Gaithersburg, Maryland, USA), and libraries with final loading concentrations 
of 200 ng/µl were prepared for Illumia HiSeqTM sequencing (ATC Biotech AG, 
Konstanz, Germany), consisting of 46 randomly mixed samples and 2 positive 
controls (mock communities). The sequenced data was run through the NG-Tax 
16S rRNA pipeline.165 Then as a first control the composition of the human and 
mouse samples was compared and plotted in a PCoA figure (see Additional file 1: 
figure S5 and Additional file 2). After this, the human samples were removed from 
further analysis to be able to define the specific changes between the miceADHD and 
micecontrol. Additionally, due to the microbiome changes after each (re-)colonization, 
a weighted average was calculated for each animals microbial composition and 
quality control was performed in several steps (see Additional file 2). The cleaned 
data were used to measure within- and between-sample bacterial community 
diversity. For the within-sample comparison, alpha-diversity metrics were used: 
(1) the number of species present, measured using the observed species richness 
estimator (R), (2) number of species present and the equitability of each species 
present as measured by the richness and evenness estimators Shannon-Wiener 
diversity Index (H’; sensitive to the addition of rare species) and Inverse Simpson 
diversity index (D2 ; insensitive to the addition of rare species),166 and (3) 
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phylogenetic diversity (PD), which takes evolutionary distance of the present 
bacterial species into account.
Between-sample diversity was measured via the phylogenetic-based assessment 
of difference in overall bacterial community composition (weighted UniFrac). 
Linear discriminant analysis effect size (LEfSe) was used to evaluate differences in 
taxa between the two experimental groups. Genera that differed significantly were 
selected for correlation analysis to link bacterial changes with behavior and brain 
parameters.

Magnetic Resonance Imaging (MRI) 
All MRI measurements were performed using an 11.7-T BioSpec Avance III small 
animal MR system (Bruker BioSpin, Ettlingen, Germany). Isoflurane (Abbott 
Animal Health, Abbott Park, IL, USA) was used for anesthesia (induction with 
3.5% and maintenance with ~1.7% isoflurane in a 1:2 oxygen-air mixture). Imaging 
parameters can be found in table S1 (Additional file 3: Table S1). 
To investigate brain diffusivity, DTI was used as an imaging biomarker for white 
and gray matter integrity. Fractional anisotropy (FA) is a marker of the degree of 
myelination and fiber density of white matter (WM), while mean diffusivity (MD) 
characterizes an inverse measure of the membrane density. Axial diffusivity (AD) 
and radial diffusivity (RD) describe the parallel and perpendicular directions of 
diffusivity, respectively.167 These scalars were derived from the tensor estimation as 
described (see Additional file 2).168

To assess cerebral blood flow (CBF), we acquired MR perfusion data under resting 
conditions using standardized protocols as described (see Additional file 2).169 We 
evaluated FC patterns using rs-fMRI as described (see Additional file 2).169

Hippocampus volumes were calculated from the anatomical T2*weighted images 
of the MRI scans (see Additional file 3: Table S1 for imaging parameters) using 
ImageJ (National Institute of Health, Bethesda, Maryland, USA) (see Additional 
file 2).

Behavioral tests
Open Field Test (OFT): Mice were allowed to freely explore the square open field 
(40 x 40 x 25 cm) with white Plexiglas walls for 15 minutes. We followed a protocol 
that has been previously described.170

Marble Burying Test (MBT): The MBT was conducted in a standard-sized cage 
(37 x 19 x 13 cm) preloaded with 3 cm unused sterile bedding and 15 evenly 
spaced sterilized black glass marbles with a 14 mm diameter. A protocol previously 
described was used.171

Novel Object Recognition (NOR): This test was performed on dpc 20 (first 
acquisition day; 30 min delay) and dpc 21 (second acquisition day; 60 min delay) 
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as previously described.169 Preference for the novel object was expressed as a 
discrimination index, which is defined as the exploration time for the novel object 
minus that for the familiar object divided by the total amount of exploration of 
both objects. 

Statistical analyses
Data were analyzed using IBM SPSS for Windows 22.0 software (SPSS Inc., Chicago, 
IL, USA) or R (version 3.2.4). Datasets were analyzed using one-way univariate 
analysis of variance (normally distributed) or Kruskal-Wallis test (not normally 
distributed) with Bonferroni post hoc tests, where applicable. Beta-diversity was 
analyzed using Permanova-S with 10,000 permutations.172 LEfSe was calculated 
using the Galaxy Module online (https://huttenhower.sph.harvard.edu/galaxy). 
The alpha value for the factorial Kruskal-Wallis test among the colonization groups 
was set to 0.05, and the threshold logarithmic linear discriminant analysis (LDA) 
score for discriminant features was 2.0. Pearson’s Correlation coefficients between 
microbial composition and key neurobiological findings were calculated (p<.01) 
and plotted using the corrplot package in R. Statistical outliers were removed from 
the dataset. The number of mice that was considered an outlier per test is described 
(see Additional file 3: Table S2).

Results 

Differences in microbiota composition between miceADHD and micecontrol

First, we assessed the microbiota composition of feces from miceADHD and micecontrol. 
The within-sample diversity (α-diversity) showed no significant differences 
between the miceADHD and micecontrol (Observed: t17.2=1.181, p=.254; Shannon: 
t19.4=-1.731, p=.099; InvSimpson: t25=-1.781, p=.087; PD: t15.9=0.421, p=.680; Figure 
2A). Comparison of groups in terms of β-diversity showed a significant difference 
between miceADHD and micecontrol (PERMANOVA p=.01). MiceADHD clustered 
separately from micecontrol in the PCoA plot, as illustrated in Figure 2B. 
Linear discriminant analysis effect size (LEfSe) analysis showed that 31 genera 
differed in relative abundance between the two experimental groups (miceADHD 

vs. micecontrol 
; LDA score >2.0, Punadjusted<.05; Table 2 and Figure 2C legend). 

These genera were part of the phyla Firmicutes (24/31), Bacteroidetes (4/31), 
Proteobacteria (2/31), and Cyanobacteria (1/31) (Figure 2C, inner circle labels). 
In total, 14 genera were enriched in miceADHD, while 17 other genera were more 
abundant in micecontrol. From the genera enriched in miceADHD, 10 belonged to 
the family of Lachnospiraceae within the phylum Firmicutes. The overall phyla 
of Proteobacteria and Cyanobacteria were decreased in relative abundance in 
miceADHD, and also the family of Porphyromonadaceae was present in lower relative 
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abundance. Additionally, from the phylum of Firmicutes, the Eubacteriaceae, 
Christensenellaceae, and Ruminococcaceae families were less abundant in miceADHD 
(Figure 2C, outer circle labels). The only family that was present in higher 
relative abundance in the miceADHD, compared to the micecontrol

, was an unknown 
Clostridiales. 

Decreased structural integrity of both white and gray matter and reduced functional 
connectivity in miceADHD

Diffusion tensor imaging (DTI) was used to assess gray and white matter integrity 
in several brain regions. Fractional anisotropy (FA) is a summary measure of 
microstructural integrity, and a higher FA might reflect increased white matter 
integrity. Mean diffusivity (MD) is an inverse measure of membrane density, and a 
higher MD might indicate decreased gray matter integrity.167 The MRI data showed 
that miceADHD had a decreased FA in left and right hippocampus (left: F(1,20)=6.4, 
p=.020; right: F(1,20)=4.5, p=.047). Lowered FA in miceADHD was also observed in 
the right internal capsule (F(1,20)=9.2, p=.007) and right optic tract (F(1,20)=4.5, 
p=.047) (Figure 3A). Increased MD was detected in the right hippocampus 
(F(1,20)=13.1, p=.002) of miceADHD. An increased MD was also observed in the 
fornix of miceADHD (F(1,20)=4.6, p=.044) (Figure 3B). MiceADHD showed heightened 
radial diffusivity (RD) in the corpus callosum (F(1,20)=4.8, p=.041), left and right 
hippocampus (left: F(1,20)=5.3, p=.032; right: F(1,20)=17.0, p=.001), and right 
internal capsule (F(1,20)=7.3, p=.014). Finally, we observed an increased axial 
diffusivity (AD) in the right auditory cortex (F(1,20)=4.6, p=.044) in miceADHD 
compared to micecontrol.
Because of the observed differences in FA and MD in the hippocampus, we 
also assessed hippocampal volumes. However, we did not find differences in 
hippocampal volumes between miceADHD and micecontrol (F(1,23)=0.07; p= .798). 
Functional connectivity (FC) patterns, derived from resting-state fMRI (rs-fMRI) 
data, showed miceADHD to have a decreased FC in the partial correlation analysis 
between the right motor cortex and right visual cortex (F(1,14)=5.9, p=.030; Figure 
3C and 3D). We found no effects in the total correlations (Figure 3E and 3F).
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Figure 2. Microbial analyses. (A) Comparison of diversity between microbiota samples from 
miceADHD and micecontrol using alpha diversity measures Observed OTUs (richness), Shannon 
Index, InvSimpson Index and Phylogenetic Diversity. (B) Principal coordinate analysis (PCoA) 
plot of weighted UniFrac distances showing a clear separation in microbial composition 
between miceADHD and micecontrol. (C) Circular representation of the different bacterial genera 
between miceADHD and micecontrol using LEfSe analysis (LDA score >2.0, p<.05 unadjusted). 
Labels in inner circle represents phyla and on the outer circle are the labels of the families.
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Figure 3. Effects of ADHD microbiota on brain structure and function. (A) Differences in 
fractional anisotropy between miceADHD and micecontrol in the right internal capsule (p=0.0007), 
right optic tract (p=0.047), left hippocampus (p=0.02), and right hippocampus (p=0.047) were 
found. (B) Differences in mean diffusivity in the fornix (p=0.044) and right hippocampus 
(p=0.002) were found. Resting-state functional connectivity (FC) based on total (C-D) and 
partial (E-F) correlation analyses of 12 regions of interest (ROIs) in the mouse brain. Total (C) 
and partial (E) correlation matrices of control (left) and ADHD (right) mice. (F) A decreased 
al correlation analysis between the right motor cortex and right visual cortex (p=0.03) was 
found in miceADHD.
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Higher anxiety in mice colonized with ADHD microbiota, but no memory deficits or 
impulsive behavior in mice
To explore behavioral effects of the human ADHD microbiota in mice, several 
behavioral tests were performed. We assessed general locomotor activity and novel 
environment exploration with the open field test (OFT). MiceADHD spent more time in 
the corners (F(1,24)=6.6, p=.017) and less time in the center (F(1,24)=10.4, p=.004) 
of the open field arena compared to micecontrol (Figure 4A). Groups did not differ in 
the frequency of entering the corners (F(1,24)=1.8, p=.190) or center (F(1,24)=1.7, 
p=.211). This suggests that the altered exploratory behavior in miceADHD reflects 
increased anxiety. Analysis of locomotion activity did not reveal any differences 
in velocity (F(1,24)=0.4, p=.527), total distance traveled (F(1,24)=0.2, p=.687), 
or any of the manually scored behaviors, like jumping, wall leaning, rearing, and 
grooming. Additionally, no differences in home cage activity during day or night 
were observed between the two experimental groups (Additional file 1: Figure S1).
During the familiarization phase of the novel object recognition (NOR) test, used 
to assess memory, all mice explored both identical objects equally (F(1,25)=.956, 
p=.338; Figure 4B). MiceADHD demonstrated a trend towards a lower discrimination 
index compared to micecontrol during the test phase of the NOR with a half hour 
interval between familiarization and test phase (F(1,25)=3.8, p=.063; Figure 4C), 
but not when an hour interval between the familiarization and test phase was used 
(F(1,25)=1.98, p=.171; Additional file 1: Figure S2).
It has been proposed that burying of harmless objects, like glass marbles, reflects a 
form of compulsive or impulsive behavior.173 Performing the marble burying test 
(MBT), we found no differences between the number of marbles buried by miceADHD 
(mean =1.89; SEM =.91) and by micecontrol (mean =1.75; SEM =.61, H(1)=0.56, 
p=.453; Additional file 1: Figure S3). 

Changes in microbiota are associated with anxiety and DTI measures in the 
hippocampus
We investigated whether the genera that differed in relative abundance, described 
above and depicted in Figure 2C, could be correlated to key neurobiological features 
(i.e., anxiety and DTI measures in the hippocampus and internal capsule). Figure 5 
provides an overview of all observed correlations (P<.01). 
The relative abundance of Eubacterium showed a positive correlation with the FA 
of the right and left hippocampus (FA; Right: R=.564; p=.006. Left: R=.586; p=.004) 
and a negative correlation with the MD in the right hippocampus (MD; R=-.559; 
p=.007). Gastranaerophilales unknown showed a positive correlation with the FA 
in the right and left internal capsule (Right: R=.721; p<.001. Left: R=.666; p=.001). 
Finally, we observed a positive correlation between Holdemania and the FA in the 
left hippocampus (R=.563; p=.006). 
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Figure 4. Effect of ADHD microbiota on behavior. (A) Time spent in the center (left), corners 
(middle) and periphery (right) of the open field. MiceADHD spent less time in the center (p<0.004) 
and more time in the corners (p<.017) of the open field. (B) During the familiarization phase 
of the NOR test micecontrol (green bars) and miceADHD (red bars) explored both identical objects 
equally. (C) MiceADHD showed a trend toward a lower novel object discrimination index 
(p=0.063) during the test phase of the NOR.

The relative abundance of Anaerostipes showed a positive correlation with anxiety 
(time spent in corners) in the OFT (R=.546; p=.005) and a negative correlation 
with the time spent in the center of the open field (R=-.512; p=.009). Additionally, 
the relative abundance of the uncultured Porphyromonadaceae (R=.555; p=.004), 
Roseburia (R=.541; p=.005), and Ruminococcaceae UCG 004 (R=.515; p=.008) 
showed a positive correlation with anxiety (time spent in corners) in the OFT. 
The relative abundance of Eisenbergiella (R=.543; p=.005), Eubacterium rectale 
group (R=.626; p=.001), and Ruminococcus 1 (R=.562; p=.003) showed a positive 
correlation with time spent in the center in the OFT. 

A summary of significant results is given in Table 2.
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Figure 5. Correlations between bacterial genera and key neurobiological findings. 
Pearson correlations between relative taxa abundance and anxiety (center duration and 
corner duration in the open field) or DTI measures FA and MD in the hippocampus and 
internal capsule. All correlations presented were statistically significant (p< 0.01) with strong 
correlations indicated by large circles and weaker correlations by small circles. The colors 
denote whether the correlation is negative (red) or positive (blue). 
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Table 2. Overview of significant results. ↑=significant increase; ↓=significant decrease 
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Discussion

Given the current knowledge on the association between the gut microbiota and 
neurodevelopmental disorders via the gut-brain axis,148-150 we hypothesized that the 
microbiota of individuals with ADHD, when transplanted into young GF mice, 
would affect brain structure and/or function as well as behavior. We show that 
miceADHD had an impaired structural integrity of both white and gray matter, and 
showed decreased functional connectivity between the right visual cortex and right 
motor cortex. 
In the current study, we investigated if there were any structural brain differences 
in miceADHD compared to micecontrol using diffusion tensor imaging (DTI). One 
of the brain regions selected was the hippocampus. The hippocampus is highly 
sensitive to aging, life experiences such as stress, and environmental factors like 
malnutrition and altered microbial composition.14, 174, 175 The hippocampus is 
important for learning and memory, mood regulation, and neural plasticity.174 It is 
therefore not surprising that impaired hippocampal function has been implicated 
in many neurodevelopmental and psychiatric disorders, including ASD, ADHD, 
and MDD.134, 176-179 The DTI data revealed a decreased FA and increased MD in 
the right hippocampus, accompanied by increased RD and unchanged AD in 
miceADHD. This is indicative of decreased myelination rather than axonal damage or 
degeneration.167 A decreased FA and increased MD have been reported in children 
and adults with ADHD in several brain regions, including the internal capsule, but 
not in the hippocampus.180, 181 However, a smaller hippocampal volume has been 
reported in ADHD.133-135

We also observed white matter alterations in the right internal capsule. The internal 
capsule is composed of afferent and efferent myelinated fibers of the cerebral 
cortex.182 Abnormalities in the structure of the internal capsule have been implicated 
in neurodevelopmental and psychiatric disorders like schizophrenia, ADHD, and 
bipolar disorder.181, 183, 184 We report decreased FA and increased RD in miceADHD in 
the internal capsule, indicative of decreased myelination in this region. This finding 
may be related to the observed decreased functional connectivity between the right 
primary motor cortex (M1) and the right primary visual cortex (V1) of miceADHD, 
because the fibers of these regions course through the internal capsule.185 Both 
the primary motor cortex and visual cortex are part of the visuomotor network.186 
Reduced visuomotor adaptation has also been reported in schizophrenia and in 
individuals with ADHD.187, 188 
We used various behavioral tests to investigate diverse aspects of mouse behavior 
that might be influenced by microbiota from individuals with ADHD. One of the 
tests that the mice performed was the OFT. In this test, we observed that miceADHD 
showed more anxiety than micecontrol, which was measured as time spent in the 
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corners of the open field. Although this behavior is not specific to ADHD, many 
psychiatric disorders, including ADHD, MDD, and ASD, are highly comorbid 
with anxiety.189-191 Altered anxiety-related behavior is often found after microbiota 
manipulations, and this behavior can also be caused by fecal transplantation.137 
This suggests that components of the gut microbiota are able to regulate anxiety. 
We found no differences in motor activity between groups in either the OFT or in 
home cage activity during active and inactive phase of the mice. Additionally, no 
apparent effects were seen in the MBT assessing compulsivity/impulsivity nor in 
the memory assessing NOR task. 
Previous studies have examined and discovered some differences in the microbiota 
composition between individuals with ADHD and controls,153, 154 although 
transplantation of the microbiota of individuals with ADHD into mice is novel. 
Therefore we investigated the microbial composition within and between samples 
and on different levels in the current study. The overall microbial composition, 
after transplantation, revealed a clear separation (beta-diversity) between 
microbiota from micecontrol and miceADHD (figure 2B). We did not observe, however, 
any significant differences in the alpha-diversity indices. Furthermore, in the 
global microbial composition, we found a difference in microbial community 
composition, with 31 genera showing different relative abundance between the 
animal groups. Most of these genera (23 of the 31) are also present in our human 
donors (ADHD and/or control), though we cannot be sure about the uncultured or 
unknown genera (6 out of 31). This means that our study has a translational value, 
especially as the microbial composition of both the original human samples and 
the mouse samples cluster per experimental group (ADHD and control). 
One of the genera we found to differ between our groups was Lachnoclostridium. 
It appeared to be decreased in relative abundance in miceADHD. The relative 
abundance of Lachnoclostridium was also found decreased in children with ASD192 
and in ADHD patients compared to controls.153, 154 Going up to the phylum level, 
the differentially abundant genera in our study belonged predominantly (24 out of 
31) to the phylum Firmicutes, and families Lachnospiraceae and Ruminococcaceae, 
which have been associated with stress and social avoidance behavior.193, 194 Ten 
genera of the Lachnospiraceae family were more abundant in miceADHD compared 
to micecontrol; in the latter group, three other Lachnospiraceae genera were enriched. 
Genera of the Lachnospiraceae family have been associated with immune responses 
and are able to control regulatory T-cells.195 
Our correlation analysis showed that there was a positive correlation between 
white matter integrity and the relative abundance of Holdemania and Eubacterium. 
These bacteria are both known to be changed in abundances in other disorders: 
Holdemania is increased in individuals with MDD196-198 and Eubacterium is 
decreased in children with ASD.199 However, to our knowledge, this is the first study 



34

Chapter 2

that found significant correlations between these bacteria and brain structural 
and functional changes. Based on our finding, it would therefore be of interest to 
investigate this further in the clinical populations of the mentioned disorders.
Changes in the relative abundance of the family Ruminococcaceae have been 
observed in multiple psychiatric and neurodevelopmental diseases including 
ADHD, ASD and MDD.200, 201 Our results show that three genera, Anaerostipes, 
Roseburia (both from the Lachnospiraceae family), and Ruminococcaceae UGC-004 
(Family Ruminococcaceae), positively correlated with anxiety levels, while 
Eubacterium appeared to be negatively correlated to the severity of anxiety and 
positively with anxiety reduction. Importantly, these genera were also found to 
be more abundant in persons with ADHD, compared to controls, as part of our 
ongoing study of ADHD patients from the NeuroIMAGE study161 (n=56) and 
healthy participants (n=49; manuscript under review).
This work should be considered in the light of its strengths and limitations. First, we 
only used six donor samples (three of individuals with ADHD and three of controls) 
in our study. While this low number of samples may possibly reduce the general 
distribution of taxonomic groups observable in adult individuals with ADHD, 
the samples used were carefully selected based only on the disease status (not on 
behavioral or MRI-based variables in these individuals). To reduce individual 
differences, samples were pooled before colonization (ADHD patients or controls). 
Additionally, the choice of collecting the fecal samples from adult male donors was 
based on the fact that the adult form of ADHD is thought to be the most severe 
outcome of this disorder,202 and to avoid sex effects and non-controlled hormonal 
effects, like the use of contraceptives and the menstrual cycle. These hormonal 
effects are likely to play a role in the shaping of the gut microbial composition, both 
in humans and mice,203-206 and therefore only male mice were colonized. Besides 
the hormonal effects, it is possible that unmeasured factors of our donors, e.g., 
body mass index, also influenced the microbial composition. Though, based on the 
inclusion criteria of the subjects in the NeuroImage cohort,161 we are confident that 
the subjects in this study were physically healthy. 
Second, we used germ-free mice, housed in isolators, as opposed to antibiotics-treated 
mice. While this approach limited our behavioral testing options (in terms of 
equipment), the sterile isolators used in this study provided a contamination-free 
environment at the time of behavioral testing. Additionally, this allowed us to 
make sure that the animals were only exposed to the microorganisms from the 
donor samples and competition between the native and newly transplanted 
micro-organisms in germ-free animals was absent, which allows for the study 
of a defined microbial composition.207 However, germ-free mice show various 
developmental and physiological differences when compared to conventionally 
raised animals. For example, germ-free mice show decreased anxiety and decreased 
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expression of genes that are connected to synaptogenesis.140, 208 Nevertheless, 
germ-free mice, housed in isolators, still seem to be the best controlled animal 
model to study the impact of microbial transplantation.207 Moreover, by including 
a group of germ-free mice that received the transplantation from humans without 
ADHD, a positive control was present. However, it might be interesting to add a 
third group of germ-free mice that is not colonized (negative control or mock) in 
future studies, to be able to investigate baseline behavioral (i.e., anxiety) and brain 
structural and functional indices. 
Third, we analyzed the relative microbial composition using 16S rRNA 
sequencing data. This approach is preferred for comparison across different 
samples (i.e., different strains of mice), treatments, or timepoints. Additionally, 
16S rRNA sequencing techniques are more cost-efficient than metagenomics 
sequencing, it shows lower signal distortion due to host contamination,209 and 
has many well-developed analytical tools available.210 Moreover, we (i) used 
mock communities in the sequencing experiment in order to check for the “true” 
bacterial distribution (which validated our taxonomic distribution), (ii) focused on 
common taxa, and (iii) applied a stringent QC for the statistical analysis to reduce 
the chance of false positives. However, the choice of sequencing primers (V1-V2 
variable region) includes a bias in the sensitivity to identify specific bacterial taxa. 
For example, the Bifidobacteria and Faecalibacterium, that were observed to differ 
between ADHD patients and controls,153, 154 could not be measured properly in our 
samples. Therefore, sequencing the same region of the 16S rRNA gene and the use 
of similar analysis pipelines is needed  in order to properly compare studies in the 
best possible way.

Conclusions

In conclusion, bacterial components of the gut microbiota of individuals with 
ADHD are associated with changes in brain structure and function, as well as 
behavior in mice. Although we do not suggest that ADHD is caused by changes in 
microbial composition, the observed changes at the brain level, albeit not specific 
to ADHD, highlight the relevance of the gut microbiota, potentially through 
decreased myelination. While further research is needed, our findings might 
increase our understanding of the etiology of psychiatric disorders and ultimately 
may open a window of opportunity for the development of potentially novel 
treatment strategies targeting the microbiota in neurodevelopmental diseases.

Supplementary material

Supplementary material can be found here:  
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00816-x
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Abstract

The obesity epidemic increases interest to elucidate impact of short-chain fatty 
acids on metabolism, obesity, and the brain. We investigated effects of propionic 
acid (PA) and caproic acid (CA) on metabolic risk factors, liver and adipose tissue 
pathology, brain function, structure (by MRI), and gene expression, during obesity 
development in Ldlr-/-.Leiden mice. 
Ldlr-/-.Leiden mice received 16-weeks either a high-fat diet (HFD) to induce obesity, 
or chow as reference group. Next, obese HFD-fed mice were treated 12 weeks with 
1) HFD+CA (CA), 2) HFD+PA (PA) or 3) an HFD-control group. 
PA reduced body weight and systolic blood pressure, lowered fasting insulin 
levels, and reduced HFD-induced liver macrovesicular steatosis, hypertrophy, 
inflammation, and collagen content. PA increased the amount of glucose 
transporter type 1-positive cerebral blood vessels, reverted cerebral vasoreactivity 
and HFD-induced effects in microstructural gray and white matter integrity 
of optic tract, and somatosensory and visual cortex. PA and CA also reverted 
HFD-induced effects in functional connectivity between visual and auditory 
cortex. However, PA mice were more anxious in open field, and showed reduced 
activity of synaptogenesis and glutamate regulators in hippocampus. Therefore, PA 
treatment should be used with caution even though positive metabolic, (cerebro)
vascular, and brain structural and functional effects were observed.
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Introduction

The prevalence of obesity has increased considerately worldwide over the past 
decades.211 Obesity is associated with ectopic fat accumulation, dyslipidemia, 
hyperinsulinemia and it promotes the development of non-alcoholic fatty liver 
disease (NAFLD).212 NAFLD encompasses a spectrum of liver disease, ranging from 
simple steatosis to the more severe stage of non-alcoholic steatohepatitis (NASH). 
NASH is characterized by steatosis and lobular inflammation,213, 214 and can progress 
to liver fibrosis.215 Other than modifying lifestyle factors, for instance weight loss 
through dietary advice and physical activity, no approved pharmacological therapy 
is yet available for NASH. In addition to the dysfunction of peripheral metabolic 
organs, obesity is also associated with mitochondrial dysfunction and alterations 
in brain structure and cognitive dysfunction.216, 217 Obesity-associated changes 
in white matter have been reported in numerous studies,218-220 and effects on the 
cerebrovasculature, i.e., decreased cerebral vasoreactivity and glucose transporter 1 
(GLUT-1) expression, a marker for vascular endothelium cells and vascular health 
are described.221, 222 
Short-chain fatty acids (SCFAs) have already shown some beneficial effects 
on obesity development. For example, CA has been reported to have possible 
antilipogenic effects.223-226 Moreover, a small-scale clinical study showed that 
an elevation of colonic PA levels was associated with reduced weight gain and 
reductions in liver lipids.227 In rodent studies, PA has been shown to protect 
against-diet induced obesity.228-231 Furthermore, elevated PA levels were associated 
with reduced visceral adiposity and steatohepatitis in obese mice that were treated 
with fructo-oligosaccharides.232

Herein, we investigated whether CA and PA can attenuate the development of 
HFD-induced obesity and associated NASH, liver fibrosis and associated brain 
dysfunction on functional and structural level. To do so, we used the low-density 
lipoprotein receptor knockout (Ldlr-/-).Leiden mice which develop dyslipidemia, 
hyperinsulinemia, obesity, NASH, liver fibrosis and hypertension in conjunction 
with brain dysfunction in a period of about 30 weeks on HFD.216, 233 PA and CA were 
administered as dietary supplement in a therapeutic setting, i.e., after a 16-weeks 
run-in to establish obesity. 
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Materials and Methods

Mice, diets and study design
This was a randomized and blinded (blinded for investigators and outcome 
assessors) controlled study. Male Ldlr-/-.Leiden mice were obtained from a specific 
pathogen-free breeding stock at TNO Metabolic Health Research (Leiden, the 
Netherlands) and were housed in the Preclinical Imaging Center (PRIME) at the 
Animal Research Facility, Radboudumc Nijmegen, the Netherlands. Mice were 
group-housed in digital ventilated cages (DVC; Tecniplast S.P.A., Buguggiate (VA) 
Italy) in which locomotor activity of the mice can be tracked 24 hrs/day. Mice were 
housed in conventional animal rooms (relative humidity 50–60%, temperature 
21°C, light cycle 7 a.m. – 7 p.m.), 2-3 mice per cage with ad libitum access to food 
and water. All animal experiments were carried out in accordance with international 
European ethical standards (European Directive 2010/63/EU) and were approved 
by the TNO Animal Welfare Body (Permit number: TNO-345) and the Veterinary 
Authority of the Radboud university medical center (Radboudumc; Permit 
number: RU-DEC 2017-0063-002). All applicable (inter)national, and institutional 
guidelines for the care and use of animals were followed and are reported herein in 
accordance with the ARRIVE guidelines.234 
The study design of this experiment is shown in Figure 1A. From weaning at 3 
weeks of age onwards, all groups received a standard chow diet (9.0% kcal fat, 58.0% 
carbohydrates and 33.0% kcal protein Sniff R/M-H diet V1530, Sniff Spezialdiäten 
GmbH, Soest, Germany). At 15 weeks of age, mice were divided into 4 experimental 
groups (N=15 per group) that were matched for body weight prior to treatment. 
Mice in group 1 were kept on the chow diet, and mice in group 2-4 were switched 
to an HFD (45.0% kcal fat, 35.0% carbohydrates and 20.0% kcal protein, D12451, 
Research Diets Inc, New Brunswick, USA) with anise. From 31 weeks of age until 
the end of the study (for a total of 12 weeks), group 3 HFD was supplemented with 
2.5% w/w CA (CA mice), and group 4 with 2.5% w/w PA (PA mice). 

Food intake at cage level and individual body weight were monitored weekly. Blood 
samples were collected before and after 8 weeks of treatment. Systolic blood pressure, 
cognition with the Morris water maze test (MWM), behavior in an Open Field 
Test and motor skills with the Rotarod experiment were assessed before treatment 
and after 9-10 weeks of treatment. Brain function and structure were measured 
using magnetic resonance imaging (MRI) after 11 weeks of treatment. After 12 
weeks, mice were sacrificed via cervical dislocation followed by decapitation. One 
HFD-mouse was sacrificed early in the study due to health concerns resulting from 
fighting, and was therefore excluded from all analyses. 
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Figure 1. Study design and body weight. (A) Study design. From 15 to 30 weeks of age, Ldlr-/- 
mice received either a chow diet or an HFD diet. At 31 weeks of age CA and PA treatment 
started. Systolic blood pressure was measured, and plasma samples were collected (see droplet). 
Behavior and cognition were assessed, and MRI-experiments were performed. In week 43, all 
mice were sacrificed via cervical dislocation followed by decapitation. (B) Body weight. An 
HFD supplemented with CA or PA started at 31 weeks of age. Reference mice were kept on 
chow. HFD: high-fat diet; PA: propionic acid; CA: caproic acid; OFT: Open Field test; MWM: 
Morris water maze. Data are presented as mean ± SEM. *p<0.05; ***p<0.001. N=14 (HFD) 
or N=15 (chow, CA, PA) mice per group.

Plasma measurements 
Blood samples were collected after 5h fast via tail vein bleeding to determine 
whole blood glucose, and for isolation of EDTA plasma in which total cholesterol, 
triglycerides, serum amyloid A (SAA) and insulin were determined as described 
previously.233 

Systolic blood pressure
SBP was measured using a computerized and warmed tail-cuff plethysmography 
device (IITC Life Scientific Instruments, Woodland Hill, CA, USA). One trial, 
consisting of ten measurements, was used to habituate the mice to the restrainer 
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and acclimatize the animals to the complete procedure. SBP was then measured for 
a total of 20 measurements, in two trials on two consecutive days and expressed as 
mean SBP in millimeter of mercury (mmHg).

Liver histological and biochemical analyses
The liver was isolated and weighed. Development of NAFLD was analyzed in 
the medial liver lobe in 3 μm liver hematoxylin-eosin (HE) stained sections by a 
board-certified pathologist using a well-established rodent NASH scoring method 
adapted from the human NAFLD activity score (NAS).233, 235. Briefly, the level of 
total steatosis or hypertrophy (abnormally enlarged hepatocytes) per mouse was 
expressed as a percentage of the total liver section affected. Hepatic inflammation 
was quantified by counting the number of inflammatory aggregates in 5 fields per 
mouse at 100x magnification (field of view 4.15 mm2) and expressed as the number 
of foci per mm2. 
The sinister lobe was snap-frozen in liquid nitrogen and stored at -80 °C for 
biochemical analyses. Hepatic total collagen content was determined with a 
hydroxyproline assay (Quickzyme, Leiden, the Netherlands) and protein with 
a total protein assay (Quickzyme) according to manufacturer’s instructions. The 
hepatic ketone body β-hydroxybutyrate was measured with a colorimetric assay 
kit (Cayman chemical, Michigan, USA) and protein content was assayed (Pierce 
BCA protein assay kit, Thermo Fisher Scientific, Waltham, USA) in an assay buffer 
containing protease inhibitors (100 mg/ml) following the manufacturer’s protocol. 
Liver lipids were determined in a 100 mg/ml phosphate-buffered saline homogenate 
following the Bligh and Dyer method 236, then separated by high-performance 
thin-layer chromatography on silica gel plates. Subsequently, the lipids were stained 
as described previously,233 and analyzed with ChemiDoc Touch Imaging System 
(Bio-Rad, Hercules, USA). Liver triglyceride (TG), cholesterol ester (CE) and free 
cholesterol (FC) content was quantified using Image-lab version 5.2.1 software 
(Bio-Rad, Hercules, USA) and expressed per mg liver protein. In the same liver 
homogenates, the glycogen content was determined according to manufacturer’s 
protocol (MAK016 Glycogen assay kit, Sigma-Aldrich, Steinheim, Germany). 

White adipose tissue (WAT) analyses
Gonadal (gWAT), mesenteric (mWAT) and subcutaneous (sWAT) WAT depots 
were isolated, weighed, and 5 μm paraffin embedded sections were stained with 
hematoxylin-phloxine-saffron and scanned for digital analysis (Aperio AT2, Leica 
Biosystems, Amsterdam, the Netherlands). Size of adipose cells were analyzed 
using Adiposoft 237 an open‐source automated plug-in for the image processing 
package Fiji 238 for ImageJ 239. Inflammation was quantified by counting the 
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number of crown-like structures (CLS), the histological hallmark of adipose tissue 
inflammation240 in the same fields used for adipocyte size analysis and expressed as 
number of CLS per 1000 adipocytes.

Digital Ventilated Cages (DVC)
Mice were housed in DVC cages (2-3 mice per cage) during the experiment to study 
locomotor activity 24hrs/day. Activity was monitored via 12 electrodes underneath 
the home-cage, as described previously.241, 242 For analysis of the processed results, 
we used activity data of two days and two nights before the start of the interventions, 
and two days and two nights at the end of the experiment. Activity measures were 
corrected for the number of mice per cage.

Rotarod
To study sensory-motor integration mice were placed on a rotating rod (3.18 cm in 
diameter; IITC Inc., Woodland Hills, CA, USA) and their ability to remain on the 
device was recorded as latency to fall. First, mice were accustomed to the task by 
placing them on a stationary rod for one minute followed by a test trial at 10 rpm. 
Next, four accelerating trials with intervals of 30 min were performed (4 to 40 rpm) 
with a maximum duration of 300 seconds.

Open field 
Explorative behavior and locomotion were assessed in the open field test. Mice were 
placed individually in a square open field (45 cm x 45 cm x 30 cm) with transparent 
Plexiglas walls, and recorded for 10 min. Locomotion and explorative behavior 
were automatically calculated with EthoVision XT10.1 (Noldus, Wageningen, The 
Netherlands). 

Morris water maze 
The Morris water maze (MWM) was used to examine long-term memory and 
spatial learning abilities. During the acquisition phase, the mice were trained to 
find the platform in a circular pool (diameter 108 cm) that was filled with water 
(21-22°C), made opaque by adding milk powder. The platform (diameter 8 cm) was 
submerged 1 cm below the water surface and located in the North-East quadrant 
of the pool. Mice performed 4 acquisition trials per day starting from four different 
positions (South, North, East, West; maximal swimming time 120 s; 30 s on the 
platform; inter-trial interval 60 min) during 4 consecutive days. Visual cues were 
present on the four walls surrounding the pool at a distance of 0.5 m. All trials 
were recorded and latency to find the platform (s) was used as a measure for spatial 
learning. Mice performed a single probe trial at the end of day 4 of acquisition, 
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in which the platform was removed from the pool. During this probe trial, the 
mice were allowed to swim freely for 120 s. Trials were recorded and analyzed with 
EthoVision XT 10.1.

Functional and structural brain experiments using Magnetic Resonance Imaging 
(MRI) 
All MRI measurements were performed using an 11.7-T BioSpec Avance III small 
animal MR system (Bruker BioSpin, Ettlingen, Germany). Isoflurane (Abbott 
Animal Health, Abbott Park, IL, USA) was used for anesthesia (3.5% for induction 
and ~1.7% for maintenance) in a 1:2 oxygen and air mixture). Imaging parameters 
can be found in Table S1. 
Arterial spin labeling (ASL) was assessed to indicate cerebral blood flow (CBF) 
levels using an established ASL method with flow-sensitive alternating inversion 
recovery (FAIR) technique.169 To induce vasoconstriction, the normal 1:2 
oxygen-air mixture was changed to a 3:0 oxygen and air mixture. CBF values from 
both conditions were used to evaluate the ability of the cerebrovasculature to adapt 
from a normal condition to a vasoconstrictive condition, which is referred to as 
cerebral vasoreactivity.243 Cerebral vasoreactivity was calculated by subtraction of 
the vasoconstriction CBF from the normal CBF values, and this was then divided 
by the sum of the normal and vasoconstrictive CBF values. To calculate regional 
CBF we used the same protocol as described previously.244 CBF was measured in 
the total brain, cortex, thalamus (an important brain structure for relaying motor 
signals to the cortex) and the hippocampus (an important brain structure for 
memory consolidation). 
To investigate white and gray matter integrity in the brain, diffusion tensor imaging 
(DTI) was employed as described.245, 246 Fractional anisotropy is a marker of the 
degree of myelination and fiber density of white matter, while mean diffusivity 
characterizes an inverse measure of the membrane density.247 These scalars were 
measured in several manually selected white matter and gray matter areas: fornix 
and corpus callosum, and regions in the left and right hemisphere: auditory cortex, 
hippocampus, motor cortex, optic tract, somatosensory cortex, visual cortex, 
caudate putamen, anterior commissure, amygdala, external capsule, fimbria, 
forceps minor, and internal capsule.248 
Resting-state functional MRI (rs-fMRI) acquisition was performed to assess 
functional connectivity between specific regions of interest (ROI) that support 
multiple cognitive and motor processes: dorsal hippocampus, ventral hippocampus, 
auditory cortex, motor cortex, somatosensory cortex and visual cortex. Functional 
connectivity between ROIs was calculated from the blood oxygen level-dependent 
(BOLD) time series using total and partial correlation analyses as previously 
described.249 Partial correlations accentuates the direct connectivity between two 
ROI while it regresses the temporal BOLD signal from all other ROIs.245, 250
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Enzymatic mitochondrial activity analysis in brain tissue 
A homogenate of snap-frozen cerebellum (N=8 randomly selected animals per 
treatment group) was made with a glass-glass potter tube in SEF buffer (0.25 M 
sucrose, 2 mM K-EDTA, 10 mM phosphate buffer, pH 7.4) to obtain a 5% w/v 
homogenate. The homogenized samples were centrifuged at 600g for 10 minutes 
at 2 °C and the supernatant underwent three freeze-thaw cycles to adequately 
permeabilize the mitochondria. Enzyme activities of the individual complexes of 
the respiratory chain (complex I, II, III and IV), citrate synthase (CS) and Succinate 
cytochrome C oxidoreductase (SCC) were measured spectrophotometrically on 
a KoneLab 20XT analyzer (Thermo Scientific, Waltham, MA, USA), following 
previously described methods.251, 252 Enzyme activities were normalized to CS 
activity (a marker for the number of mitochondria)253. 

Quantitative real-time polymerase chain reaction
Snap-frozen hippocampi were used for mRNA level analysis using quantitative 
real-time polymerase chain reaction (qRT-PCR) of post-synaptic density-95 
(PSD-95) and synaptophysin (SYP-1), as previously described.254 Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) and β2-microglobulin (B2M) were used 
as reference genes. To determine the threshold cycle (CT) values, the StepOne 
Software version 2.2.2 was used. CT values were normalized against the average of 
the two reference genes and transformed to the comparative CT values using the 
Pfaffl method.255

Gene expression analysis using the NanoString Neuroinflammation panel
The isolated hippocampal RNA, as used previously for qRT-PCR, concentration 
was measured spectrophotometrically using a NanoDrop 1000 (Isogen Life Science, 
De Meern, Netherlands). To assess the quality of the isolated RNA, the 2100 
Bioanalyzer (Agilent Technologies, Amstelveen, Netherlands) was used. Molecular 
barcodes from the nCounter Neuroinflammation panel (XT-CSO-MNROI1-12) 
code set, included 770 genes and 13 internal reference genes for normalization. 
The isolated RNA (25ng/ul sample) was used to make a reporter code set master 
mix and samples from chow, HFD and PA were incubated for 24h at 65°C for 
hybridization following the manufacturers protocol. Hybridized samples were 
then loaded on to an nCounter cartridge and run on the nCounter SPRINT 
(NanoString Technologies, Seattle, WA, USA) to measure barcode signals. nSolver 
4.0 (NanoString Technologies, USA) was used to analyze the geometric mean of 
internal reference genes was used to compute the reference normalization factor. 
Internal references with a count below background levels or outside the 0.10–10.0 
range normalization factor were excluded. Herein internal reference Asb10 average 
count fell below background levels and Xpnpep1 was affected by our treatment, and 
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both had to be excluded from the analyses. Normalized gene expression data were 
used for gene enrichment analysis across pathways and biological processes with 
the Ingenuity Pathway Analysis suite (IPA; www.ingenuity.com). The upstream 
regulator analysis tool of IPA was used to assess the activity of upstream regulators 
as reported.256 Briefly, the gene expression levels of all known target genes of an 
upstream regulator of interest were analyzed together. A Z-score less than -2 
indicates a significantly reduced transcriptional activity, while a Z-score greater 
than 2 indicates significant activation based on the direction of gene expression 
changes of target genes as reported in translational studies.233

Immunohistochemistry on brain tissue
The left brain hemisphere was immersion-fixated overnight at 4°C in 4% 
paraformaldehyde in 0.1 M PBS, and subsequently stored at 4°C in 0.1 M PBS with 
0.01% sodium azide. Coronal frozen brain sections (−60°C) were cut in 8 series 
of 30‐μm-thick sections that were used for diaminobenzidine-nickel (DAB-Ni) 
immunohistochemical (IHC) staining purposes. IHC was performed using 
standard free-floating labeling procedures, using the protocol described in other 
studies.243, 254, 257

Brain sections were stained for doublecortin (DCX) as marker for immature neurons 
(neurogenesis) using polyclonal goat anti-doublecortin (1:8000; sc-8066 Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA). Glucose transporter 1 (GLUT-1) 
stainings were used to quantify the amount of glucose transporters on brain 
blood vessels (indication for blood vessel wall integrity) with GLUT-1 polyclonal 
rabbit anti-GLUT1 (1:80,000; Chemicon International Inc., Temecula, CA, United 
States). To asses activated microglia (measure for neuroinflammation) ionized 
calcium-binding adapter molecule 1 (IBA-1) was stained with polyclonal goat 
anti-IBA1 (1:8000, Abcam, Cambridge, United Kingdom). Secondary antibodies 
donkey anti-goat biotin (1:1500; Jackson ImmunoResearch, West Grove, PA, USA) 
and donkey anti-rabbit biotin (1:1500; Jackson ImmunoResearch) were used. 
DCX-positive cells were quantified in the hippocampus (-1.97 mm posterior 
to bregma) in three successive sections per mouse. Stained brain regions were 
counted at 40x magnification by 2 independent observers using a Zeiss Axioscop 
microscope equipped with hardware and software of MBF Bioscience (Williston, 
VT, USA). GLUT-1 and IBA-1 positive (+) DAB-Ni immunohistochemistry was 
scored using ImageJ, in sections photographed with an Axio Imager A2 (Zeiss 
Germany). Measurements of IBA-1 and GLUT-1 density were defined as the area 
covered with either 1) relative IBA-1+ or GLUT-1+ staining, or 2) IBA-1+ or 
GLUT-1+ staining per mm2, all in the cortex, thalamus and hippocampus (bregma 
-1.97 mm). In addition, the intensity of the GLUT-1 staining was calculated by 
subtracting the mean particle intensity from 255.258 Intensity was quantified using 
ImageJ, in the same regions mentioned above.
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Statistics
The upstream regulators were analyzed using the upstream regulator analysis tool 
of IPA. All other data were analyzed using IBM SPSS for Windows 25.0 software 
(SPSS Inc., Chicago, IL, USA), and are expressed as mean ± SEM. 
Parameters that were measured at multiple separate time points (i.e., body weight, 
caloric intake, and the acquisition of the MWM) were analyzed using repeated 
measures ANOVA with Bonferroni correction for multiple comparisons. The 
post hoc Dunnett’s multiple comparison two-sided t-test was used to compare 
treatment groups to the HFD control group. In addition, significant effects were 
also compared to the chow group using the same Dunnett’s post hoc test. These 
results are described in Table S2. To compare treatment groups to the HFD control 
group and the chow control group, the post hoc Dunnett’s multiple comparison 
two-sided t-test was used. When a significant interaction between diet and time 
was present, the data were split for the concerning factor and analyzed again with 
repeated measures ANOVA. All other data (behavioral tests, imaging, biochemistry) 
were analyzed using multivariate ANOVA with Bonferroni correction for multiple 
comparisons (normally distributed) followed by Dunnett’s multiple comparison 
two-sided t-test, or Kruskal–Wallis test (not normally distributed data) followed by 
a post hoc Mann–Whitney U test to compare groups to the HFD and chow group. 
Statistical outliers were removed from the dataset. The number of mice that was 
considered an outlier per test is described in Table S3.

Results

PA attenuates HFD-induced obesity independent of food intake
During the 16-week run-in period, HFD-treated mice gained significantly more 
weight than the reference mice on chow (p<0.001; see Figure 1B). After 12 weeks 
of treatment these weight gain differences persisted with HFD-fed mice being 
significantly heavier than chow-fed mice (p<0.001). Body weight attenuating 
effects were not observed for CA, whereas PA markedly attenuated HFD-induced 
body weight gain (p<0.05 vs HFD). Average caloric intake was slightly lower in 
HFD compared to chow (p<0.05, Table 1). Caloric intake between HFD, CA and 
PA did not differ.

PA attenuated metabolic risk factors and systolic blood pressure
We next examined the effects of the treatments on metabolic risk factors (Table 
1). Plasma cholesterol and triglyceride concentrations were increased by HFD 
(p<0.01), and this was not affected by CA or PA. Glucose levels were comparable 
in all groups (Table 1). Insulin levels were significantly increased by HFD (p<0.01). 
CA did not affect plasma insulin, while PA reduced the HFD-induced increase in 
plasma insulin levels (p<0.05). 
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Obesity-associated hypertension was assessed by measuring SBP before and after 
treatment. HFD-fed mice had a significantly higher SBP than chow-fed mice before 
the start of CA and PA treatment (p<0.001) and this difference persisted until the 
end of the experiment (p<0.001). CA had no significant effect on SBP, whereas PA 
lowered the HFD-induced increase in SBP (p<0.01; Table 1). 
Plasma concentrations of SAA, an inflammatory marker produced by inflamed 
adipose tissue and liver,259 were low on chow, and significantly increased by HFD 
(p<0.001). SAA was unchanged by CA treatment, and PA treatment tended to 
reduce the HFD-induced increase in SAA levels (p=0.056).

PA treatment reduces HFD-induced liver steatosis, inflammation and collagen content
We next studied the liver, which is the first organ SCFAs pass after absorption 
from the intestine. Liver weight increased on HFD (p<0.001, Figure 2A) and 
was not affected by CA or PA. HE-stained liver cross-sections were analyzed 
for histopathological features of NAFLD (Figure 2B). Macrovesicular steatosis 
(Figure 2C) was hardly present in the chow group, whereas the HFD-fed mice 
developed pronounced macrovesicular steatosis (p<0.001). CA treatment did not 
affect macrovesicular steatosis. In contrast, PA treatment significantly reduced 
HFD-induced macrovesicular steatosis (p<0.05). Microvesicular steatosis was 
also increased in HFD-fed animals (Figure 2D) (p<0.001), with no effect of CA 
and a trend reduction by PA (p=0.08). The cross-sectional area that was covered 
with abnormally enlarged hepatocytes (hepatocellular hypertrophy; Figure 
2E) was strongly increased by HFD (p<0.05) and this HFD-induced increase 
was significantly reduced by PA only (p<0.05). Inflammatory aggregates were 
practically absent on chow (Figure 2F), whereas HFD livers showed a high number 
of inflammatory aggregates (p<0.001). CA did not significantly affect the number 
of inflammatory aggregates. However, PA reduced the HFD-induced number of 
inflammatory aggregates (p<0.01). 
Hepatic collagen content was determined as a measure of fibrosis (Figure 2G). The 
hepatic collagen content was markedly increased by HFD (p<0.01). Liver fibrosis 
was not affected by CA, while PA decreased hepatic collagen content (p<0.01).

Histopathological analyses were supplemented by measurement of liver lipids, 
β-hydroxybutyrate and glycogen in liver homogenates. Liver lipid analysis of 
cholesteryl esters (CE), triglycerides (TG) and free cholesterol (FC), showed that 
CE and TG increased pronouncedly on HFD (CE and TG: p<0.001; Figure 2H). 
CA did not alter any of the liver lipids, whereas PA lowered the HFD-induced CE 
levels (p<0.05). The concentrations of β-hydroxybutyrate, a ketone body that is 
formed during beta-oxidation of lipids, were not affected by CA and PA (Figure 
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2I). Since hepatic steatosis and insulin resistance are associated with impairment 
of glycogen synthesis 260, we quantified hepatic glycogen levels (Figure 2J). HFD 
reduced glycogen levels relative to chow (p<0.001). The HFD-induced reduction 
in glycogen levels was partly prevented by CA (p<0.01) and PA treatment (p<0.05).
Collectively, these data show that CA had no effect on liver pathology whereas the 
attenuating effects of PA on obesity and metabolic risk factors were paralleled by 
pronounced reductions in NASH and fibrosis.

Table 1. Metabolic parameters at the end of the experiment

PA reduced subcutaneous fat mass and increased the frequency of small adipocytes 
Next, we determined whether the observed reduction in body weight with PA was 
accompanied by an effect on adiposity, adipocyte morphology and inflammation 
in different fat depots (Figure 3). sWAT, gWAT and mWAT weight were increased 
by HFD treatment (all p<0.001 vs chow, Figure 3A-3C). CA did not affect the mass 
of these depots, while PA significantly reduced WAT mass relative to HFD (p<0.05) 
and non-significantly lowered mWAT mass relative to HFD (p=0.08). 
Relative to chow, HFD feeding resulted in a shift towards an increased frequency of 
hypertrophic adipocytes in all three depots (% of adipocytes > 8000 µm2: p<0.001 in 
sWAT; p<0.01 in gWAT and p<0.001 in mWAT; Figure 3D-3F) with a concomitant 
reduction in small adipocytes (% of adipocytes < 2000 µm2: p<0.001 in sWAT; 
p<0.05 in mWAT and p<0.01 in eWAT; Figure 3D-3F). Only PA was able to affect 
these HFD-induced changes, with an increased frequency of small adipocytes in 
sWAT (2000-4000 µm2, p<0.05) and reduced frequency of hypertrophic adipocytes 
in mWAT (>8000 µm2; p<0.05). WAT inflammation, as quantified by the number 
of crown-like structures (CLS) was practically absent on chow (Figure 3G-3I). 
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HFD-feeding increased the number of CLS relative to chow in gWAT (p<0.001) 
and mWAT (p<0.05). CA and PA treatment did not affect CLS counts in these 
depots relative to HFD.
Taken together, PA had a modest effect on adiposity in sWAT but did not reduce 
WAT inflammation in sWAT, gWAT or mWAT. 

CA and PA do not affect behavior or spatial memory
Motor coordination was studied with the Rotarod. HFD-fed mice had a lower 
latency to fall compared to the chow-fed mice before the start of the interventions 
(p<0.001; Figure S1A). At the end of the experiment, HFD still had a lower latency 
to fall off the rod compared to chow mice (p<0.001) and this was not affected by 
CA or PA (Figure 4A). 
We did not find differences in exploration or locomotion activity in the open 
field test before the start of the interventions (Figure S1B) and at the end of the 
experiment (Figure 4B). However, PA mice spent less time in the periphery and 
more time in the corners of the open field than chow mice (p<0.05; figure 4B) 
whereas frequency of entering the corners did not differ between groups. This 
suggests increased anxiety in PA mice. In addition, PA mice showed lower walking 
velocity and reduced total distance moved than chow mice (Figure S1C-S1D; 
Table S2), although no differences between groups were observed in home cage 
activity during the day or night as monitored in the DVC before the start of the 
interventions and at the end of the experiment (Figure S2A-S2B).
Spatial learning and memory of the mice were tested with the MWM test. All mice 
learned to find the hidden platform and showed a significant learning effect between 
day 1-2, day 1-3, and day 1-4 (p<0.001) during the acquisition phase before the 
start of the treatments (Figure 4C). When the MWM was repeated after 10 weeks of 
treatment, we similarly found that mice were still able to find the hidden platform 
after 25-54 sec with no differences between the treatment groups. Next, a probe test 
was performed in which the platform of the MWM was removed. No significant 
effects between treatment groups were observed at the start of the intervention 
(Figure S1E-S1G) and at the end of the experiment in mean swimming velocity, 
the frequency to visit the former platform location, or time spent in the former 
platform location (Figure 4D-F).
Collectively, these behavioral experiments show that CA and PA were not able 
to reverse the HFD-induced reduced motor coordination in the rotarod test. 
Exploration activity and spatial learning and memory were not affected by 
HFD-feeding and were not affected by CA and PA treatment.
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Figure 2. Effect of 12-week treatment with CA and PA on the liver. (A) Liver weight, (B) 
representative images of hematoxylin-eosin stained liver sections, (C) macrovesicular steatosis, 
(D) microvesicular steatosis, (E) hepatocellular hypertrophy and (F) hepatic inflammation. 
Liver homogenates were analyzed for (G) collagen content, (H) cholesteryl esters (CE), 
triglycerides (TG) and free cholesterol (FC), (I) ketone body β-hydroxybutyrate as marker for 
the rate of β-oxidation and (J) glycogen. HFD: high-fat diet; PA: propionic acid; CA: caproic 
acid. Data are presented as mean ± SEM, * p<0.05 or ** p<0.01 or *** p<0.001 compared to 
HFD.
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Figure 3. Adipose tissue analysis of subcutaneous (sWAT), gonadal (gWAT) and mesenteric 
(mWAT) depots after 12 weeks of CA and PA treatment: (A) sWAT (B) gWAT and (C) mWAT 
weight. Distribution of adipocyte sizes in (D) sWAT, (E) gWAT and (F) mWAT. Number of 
crown-like structures (CLS) per 1000 adipocytes in (G) sWAT, (H) gWAT and (I) mWAT. 
HFD: high-fat diet; PA: propionic acid; CA: caproic acid. Data are presented as mean ± SEM, 
* p<0.05 or ** p<0.01 or *** p<0.001 compared to HFD control.
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Figure 4. Behavioral and cognitive tests. (A) Latency to fall from the rotating rod. (B) 
Cumulative duration (s) spent in corners, periphery and center in the open field test. (C) 
Acquisition test of the Morris water maze (MWM) before and after treatment. The latency to 
find the platform was measured on 4 consecutive days. (D) Mean swim velocity, (E) frequency 
of crossing the former platform location, and (F) total time spent at the former platform 
location during the probe test of the MWM. HFD: high-fat diet; PA: propionic acid; CA: 
caproic acid. Data are presented as mean ± SEM, * p<0.0. Open field test: N=14 (chow and 
HFD) or N=15 (CA and PA) per group. MWM and Rotarod: N=14 (HFD) or N=15 (chow, 
CA, PA) mice per group. 
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PA treatment reverts HFD-induced changes in cerebral vasoreactivity
Effects on cerebrovasculature were assessed by measurement of CBF in the cortex, 
thalamus and hippocampus under normal and vasoconstrictive conditions. These 
two parameters were then used to calculate cerebral vasoreactivity a measure 
of the ability to respond to vasoconstrictive stimuli. CBF under normal and 
vasoconstrictive conditions did not differ between groups in any of the regions 
assessed (Figure 5A and 5B). While HFD (relative to chow) and CA (relative to 
HFD) had no effect on cerebral vasoreactivity, PA significantly improved cerebral 
vasoreactivity in the cortex and hippocampus (p<0.05 compared to HFD; Figure 
5C) and reverted cerebral vasoreactivity to chow levels (p>0.05 compared to chow).
Immunohistochemical stainings were performed to assess neurogenesis (DCX), 
neuroinflammation (IBA-1), and cerebrovascular integrity (GLUT-1). No 
differences between groups were observed in the number of DCX+ cells in the 
hippocampus (Figure S3A). Furthermore, no differences between groups were 
observed in the amount of IBA-1+ staining or relative IBA-1+ positive area in the 
cortex, hippocampus or thalamus (Figure S3B-S3C). HFD-fed mice had a smaller 
relative GLUT-1+ area in the thalamus than chow-fed mice (p<0.05; Figure 5D). CA 
had no effect, whereas PA increased the GLUT-1+ area (p<0.05) and the number of 
GLUT-1+ particles per mm2 measures for blood vessel density, in the hippocampus 
(p<0.05; Figure 5D and 5E). The number of GLUT-1+ particles per mm2 was 
even higher than in chow mice (p<0.05). GLUT-1 intensity, reflecting the amount 
of GLUT-1 transporters, was not affected by HFD (compared to chow) or CA 
(compared to HFD). However, we observed a trend toward an increased GLUT-1 
intensity in PA mice compared to HFD in the cortex (p=.056) and hippocampus 
(p=.079). GLUT-1 intensity in PA mice was even higher than in chow mice in the 
hippocampus (p<0.05; Figure S3D). 
In summary, PA reduces cerebrovascular activity in the hippocampus and cortex 
to chow levels and increases the number of GLUT-1+ particles per mm2, reflecting 
vascular density, and GLUT-1 intensity, a marker for the amount of GLUT-1 
transporters, in the hippocampus 261. 

PA reverts HFD-induced effects in functional connectivity and microstructural gray 
and white matter integrity
To gain insight into functional and microstructural brain changes in HFD-induced 
obesity and the effects of CA and PA thereupon, mitochondrial enzyme activity 
analysis, rs-fMRI and DTI were performed. 
Cerebellar mitochondrial CS enzyme activity was comparable in all groups and the 
activity of complexes (I – IV) were unaffected by the treatments (Figure S4). 
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Functional connectivity was assessed by rs-fMRI using total and partial correlation 
analyses. Here, we observed no differences in functional connectivity, as analyzed 
with total correlations (Figure S5). Partial correlation highlights the direct 
connectivity between two regions. A reduction in partial functional connectivity 
was observed between the visual and auditory cortex in HFD mice compared to 
chow mice (p<0.001; Figure 6A and 6B). CA and PA had no effect on functional 
connectivity compared to HFD. However, the functional connectivity of CA and 
PA mice was comparable to chow mice (p>0.05), suggesting that CA and PA were 
able to revert the HFD-induced effects in functional connectivity. 
Next, DTI was used to assess gray and white matter integrity in several brain regions. 
The FA was higher in HFD mice than in chow-fed mice in the somatosensory cortex 
(p<0.05) and visual cortex (p<0.05). No effects of CA or PA on the HFD-induced 
increase in FA levels in these brain regions were observed. However, FA levels 
of PA mice were comparable to chow (p>0.05), indicating that PA reverted the 
HFD-induced effects in the somatosensory cortex and visual cortex. Furthermore, 
HFD and CA had no effects on the FA in the hippocampus and motor cortex, but 
PA-treated mice had a significantly lower FA in the hippocampus (p<0.01) and 
motor cortex (p<0.05; Figure 6C) than HFD mice. The FA in these regions in PA 
mice was comparable to chow (both regions p>0.05).
The mean diffusivity (MD) in the hippocampus, motor cortex, somatosensory 
cortex and visual cortex were not affected by HFD (relative to chow), CA and PA 
(relative to HFD) (Figure 6D). MD in the optic tract was significantly lower in 
HFD-fed animals than in chow-fed animals (p<0.001, Figure 6D). CA and PA did 
not affect MD relative to HFD in any of the regions assessed. However, MD did not 
differ between PA-fed mice and chow mice in the optic tract (p>0.05), suggesting 
that PA reverted the HFD-induced effects on the MD in this region.
Taken together, CA and PA were able to revert the HFD-induced effects in functional 
connectivity between the visual and auditory cortex. PA altered microstructural 
gray matter integrity in the hippocampus and motor cortex, but this was not 
significant when compared to chow. In addition, PA reverted the HFD-induced 
effects in the somatosensory cortex, visual cortex and optic tract. 
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Figure 5. Cerebrovascular parameters. (A) Cerebral blood flow (CBF) levels were assessed 
under normal conditions; and (B) under vasoconstrictive conditions in the cortex, hippocampus 
and thalamus. (C) Cerebral vasoreactivity was measured using normal and vasoconstrictive 
CBF, as a measure of ability to respond to vasoconstrictive stimuli (D) Representative images 
of GLUT-1 staining in Chow, HFD, CA and PA mice (5× objective, scale bar represents 500 
µm). (E) Quantification of the relative GLUT-1+ area, and (F) amount of GLUT-1+ particles 
per mm2 in the cortex, hippocampus and thalamus. HFD: high-fat diet; PA: propionic acid; 
CA: caproic acid; CBF: cerebral blood flow; GLUT-1: glucose transporter type 1. Data are 
presented as mean ± SEM, * p<0.05 or ** p<0.01 or # p<0.08. CBF: N=14 (chow and CA), 
N=13 (HFD) and N=15 (PA). GLUT-1: N=14 (HFD), N=14 (chow, CA) or N=15 (PA) mice 
per group.
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Figure 6. Connectivity between brain regions and white matter integrity. (A) Partial 
correlation matrixes of the Chow, HFD, CA, and PA experimental groups. The selected brain 
regions (dorsal hippocampus (DH), ventral hippocampus (VH), auditory cortex (AC), motor 
cortex (MC), somatosensory cortex (SSC) and visual cortex (VC) are subdivided in left 
hemisphere (first row) and right hemisphere (second row). A higher Z-score (red) indicates 
a stronger functional connectivity. (B) Statistical analysis of functional connectivity between 
HFD and chow, CA and HFD, and PA and HFD. Minus (-) symbols in the matrix indicate 
whether the connectivity was decreased. Orange: p<0.05). (C) Differences in fractional 
anisotropy, and (D) mean diffusivity between the experimental groups in the hippocampus, 
motor cortex, somatosensory cortex and visual cortex. Data are presented as mean ± SEM, * 
p<0.05, ** p<0.01. N=14 (HFD) or N=15 (chow, CA, PA) mice per group.
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PA affects genes and upstream regulators involved in synaptogenesis and inflammation 
Hippocampal gene expression was studied using qRT-PCR and a multiplex 
neuroinflammation panel. Post synaptic density marker Psd95 mRNA levels did 
not differ between the experimental groups (Figure 7A). Also, no differences 
between chow, HFD and CA mice were observed in synaptophysin (Syp1) mRNA 
levels. A trend toward reduced expression of synaptophysin in the hippocampus 
was observed in mice that received PA (p=0.055 vs HFD; Figure 7B), however, this 
was not significant when compared to chow. 
A more extensive gene profiling analysis using a neuroinflammation panel followed 
by an upstream regulator analysis and an enrichment analysis across biological 
pathways confirmed this effect. There were no significant changes in predicted 
activation state of upstream regulators between chow and HFD (Figure 7C; signaling 
downstream of IFNG and STAT1 was significantly enriched in HFD but did not 
reach the cut-off value for relevant inhibition or activation). PA inhibited specific 
upstream regulators important in synaptogenesis relative to HFD (e.g., GH1, 
WNT3A, VEGFA, BDNF, EGF, JUN; see Figure 7C). PA also attenuated signaling 
of the N-methyl-D-aspartate (NMDA) receptor a post-synaptic glutamate receptor 
involved in excitatory neurotransmission, important for synaptic plasticity and 
memory function.
In addition, PA inhibited inflammatory pathways downstream of e.g., IL-1, 
IL-1B, IL17A, Il-33, CXCL12. The above findings are supported by canonical 
pathway analysis showing significant inhibition of synaptogenesis and glutamate 
receptor signaling, neuroinflammation and lipopolysaccharide (LPS)-stimulated 
mitogen-activated kinase (MAPK) signaling pathways by PA (all p<0.05). 
Altogether, we found that PA treatment showed anti-inflammatory effects and 
reduced synaptogenesis and synaptic plasticity signaling.
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Figure 7. Hippocampal synaptophysin, post-synaptic density and upstream regulators. (A) 
Post-synaptic density-95 and (B) Synaptophysin mRNA expression levels in the hippocampus. 
N=14 (HFD) or N=15 (chow, CA, PA) mice per group. (C) Changes in upstream regulators 
are predicted from changes in transcription factors or key regulators with a Z-score. Z < -2 
indicates a relevant inhibition (shown in green) and Z > 2 indicates a relevant activation. 
Significant changes with Z < -1.96 are shown in light green. N/A indicates an insufficient 
number of differentially expressed genes to link gene effects to an upstream regulator. The 
p-value indicates significant enrichment of the genes downstream of a regulator. N=8 per 
group. Data are presented as mean ± SEM
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Discussion

The present study examined potential health effects of PA and CA treatment on 
obesity-induced liver fibrosis as well as brain function and structure. Such effects 
have, to our knowledge, not been investigated so far and, and in case of CA, there 
are no published studies in rodent models of diet-induced obesity, dysmetabolism 
and inflammation.
In the present study, CA treatment showed no significant effects on body weight, 
plasma lipids and metabolic risk factors as well as on liver steatosis. Interestingly, 
HFD treatment strongly lowered hepatic glycogen content, and both CA and PA 
significantly prevented this reduction indicating an effect of both CA and PA on liver 
metabolism. A reduction in hepatic glycogen content appears to be indicative of a 
defect in liver metabolism, impaired liver function, and hepatic insulin resistance 
as reported by others,262, 263 an effect that has not been reported earlier in the 
HFD-fed Ldlr-/-.Leiden model of NASH. The hepatic glycogen augmenting effect of 
CA was paralleled by an insignificant reduction of lobular inflammation (by about 
50%), whereas similar increases of hepatic glycogen with PA were associated with 
a reduction in liver inflammation. Because hepatic glycogen content is usually not 
determined in rodent studies of NAFLD/NASH, it is unclear whether the two effects 
are related to each other. It is well established that chronic tissue inflammation can 
impair insulin signaling thereby contributing to hepatic insulin resistance. It is thus 
possible that the observed increase in hepatic glycogen, the formation of which 
requires insulin signaling, is secondary to a possible inflammation-quenching 
effect of CA. 
In contrast to CA, PA treatment prevented further HFD-induced weight gain 
independent of food intake. The attenuating effect on body weight as well as the 
reduction in plasma insulin levels observed here, are in line with the study of 
Lin et al. in which a similar dose of 2.2% w/w PA was used.231 In addition, we 
observed that HFD increases SBP, a finding that is consistent with earlier studies.216, 

264 PA-treatment was able to reduce the HFD-induced increased SBP, which is in 
line with observations in two other mouse models,265 and may be attributable to 
PA-induced endothelium-dependent vasodilation, as has been previously reported 
in tail arteries.266 Since high SBP is associated with high body weight;267 and 
cognitive decline in humans,268 the observed effects of PA on SBP and body weight 
may reduce the risk for cognitive decline. 
The attenuating effects of PA treatment on obesity and metabolic risk factors are 
associated with a reduction in hepatic steatosis, accompanied by a reduction in 
hepatic cholesterol ester content. These findings are in line with a previous study 
which showed reduced intrahepatic lipid accumulation in NAFLD patients 
(assessed by magnetic resonance imaging) upon increased colonic PA levels,227 and 
with in vitro,269, 270 and in vivo228 studies which show inhibition of lipid synthesis by 
PA. An alternative explanation for the observed antisteatotic effects of PA could 
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be a stimulation of β-oxidation by PA, as has been previously reported in a short 
term mouse study.228 However we did not observe any effect of PA on hepatic 
β-hydroxybutyrate, a marker for β-oxidation, indicating that this pathway is not 
of major importance in the current study. Discrepancies between our findings and 
those of den Besten et al. could be due to differences in mouse strain and diet, lower 
dosage of PA used in our study (2.5% w/w), the therapeutic setting used here or the 
difference in methods used to measure β-oxidation. 
PA also showed pronounced effects on hepatic inflammatory aggregates and 
collagen content, showing that PA can reduce development of NASH and liver 
fibrosis. To the best of our knowledge we are the first to comprehensively study 
the effects of PA on liver steatosis, inflammation and fibrosis. Anti-inflammatory 
effects of PA have been reported previously for other organs and pathologies, 
such as acute leukemia,271 cardiovascular disease,265, 272 and inflammatory 
bowel disease273 although the underlying mechanisms remain unclear.  
To assess effects of PA and CA on behavior and cognition, we performed behavioral 
and cognitive tests. We found that HFD-fed mice had reduced motor coordination 
in the rotarod test. CA and PA could not reverse this effect. PA mice spent more 
time in the corners of the open field test than chow mice, suggesting that PA mice 
were more anxious than chow-fed mice. Increased anxiety-like behavior after PA 
administration has been reported in other studies as well.274-276 Exploration activity 
and spatial learning and memory were not affected by HFD, CA or PA. Other 
studies found cognitive deficits, increased motor activity, and impaired spatial 
memory in rats that were given PA.116, 277, 278 However, these rats were given PA via 
intracerebroventricular injections with a relatively high dosage (4 μl of 0.26 M) of 
PA.
We measured cerebral vasoreactivity, a measure of ability to respond to 
vasoconstrictive stimuli, to study the effects of PA and CA on cerebrovascular 
health. Overall, the cerebral vasoreactivity levels that we detected, are similar to 
those found in another study.243 
The cerebral vasoreactivity levels in the cortex and hippocampus were very low 
in HFD compared to chow, albeit not significant (cortex: p=0.089; hippocampus: 
p=0.100). HFD-induced obesity is associated with cerebrovascular remodeling,279, 

280 an active process of structural changes of the vessel wall.281 These structural 
changes to the vasculature can result in a decreased diameter of the blood vessels, 
and can lead to an exaggerated response to vasoconstrictive stimuli.282 Hypertension 
can induce hyperperfusion of (brain) tissue, which is then followed by remodeling 
of the vasculature.282 Moreover, hypertension and obesity are associated with 
rarefaction (a loss of capillaries and arterioles), which further contributes to vascular 
remodeling.282, 283 In line with this, the relative GLUT-1+ area in the thalamus was 
decreased in HFD mice compared to chow. GLUT-1 is selectively expressed in 
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the cerebral capillary endothelium, and is used as a marker for cerebrovascular 
integrity.243 This indicates that HFD is able to affect cerebrovascular integrity. 
PA reverted HFD-induced effects on cerebrovascular activity in the hippocampus 
and cortex to chow levels. This adapted cerebral vasoreactivity is in line with the 
increased hippocampal GLUT-1, and may explain the effects of PA on cerebral 
hemodynamics. Together, this suggests that PA is able to revert HFD-induced 
vascular remodeling. 
We revealed that PA reversed the HFD-induced effect mainly in different 
components of the visual system, i.e., the visual cortex and the optic tract. HFD 
decreased functional connectivity between the visual cortex and the auditory 
cortex, an effect that was reversed by CA and PA. On the other hand, HFD mice 
had a higher FA in cortical regions, i.e., the visual and somatosensory cortex, and 
a lower MD in the optic tract compared to chow mice. PA treatment reduced 
FA in the visual and somatosensory cortex, and increased MD in the optic tract, 
which could suggest that PA reversed the HFD-induced effects back to chow or 
prevented further changes upon start of PA treatment. Recent studies by Medic et 
al. and Ou et al., described positive associations between white matter integrity and 
increased adiposity.284, 285 In addition, we revealed possible negative effects of PA on 
synaptogenesis in the hippocampus. Gene expression analysis in the hippocampus 
showed that synaptic signaling was reduced and associated with a reduction 
of glutamate signaling and upstream regulator NMDA in PA mice. Neuronal 
glutamate signaling is vital for the encoding of information, the formation and 
retrieval of memories, spatial recognition and the maintenance of consciousness.286 
NMDA receptors are involved in myelinating processes, and consistent herewith, 
NMDA receptor antagonists, like memantine and MK801, have shown a decrease 
in FA in the hippocampus of rats.287, 288 
In conclusion, we found that PA exerted pronounced positive effects on metabolic 
risk factors and attenuated the development of HFD-induced NASH and liver 
fibrosis. PA also decreased the systolic blood pressure and reverted cerebral 
vasoreactivity. PA reverted HFD-induced effects in functional connectivity and 
microstructural gray and white matter integrity to chow levels, however PA also 
increased anxiety-like behavior and reduced regulation of synaptogenesis in 
the hippocampus. Therefore, caution should be used when considering PA as 
treatment, even though positive effects on metabolism, (cerebro)vasculature, and 
on both brain structure and function were observed. 
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Supplementary material

Supplementary material can be found here:
https://faseb.onlinelibrary.wiley.com/doi/full/10.1096/fj.202000455R 
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Abstract

Exposure to antibiotic treatment has been associated with increased vulnerability 
to various psychiatric disorders. However, a research gap exists in understanding 
how adolescent antibiotic therapy affects behavior and cognition. Many antibiotics 
that target bacterial translation may also affect mitochondrial translation resulting 
in impaired mitochondrial function. The brain is one of the most metabolically 
active organs, and hence is the most vulnerable to impaired mitochondrial 
function. We hypothesized that exposure to antibiotics during early adolescence 
would directly affect brain mitochondrial function, and result in altered behavior 
and cognition. 
We administered amoxicillin, chloramphenicol, or gentamicin in the drinking 
water to young adolescent male wild-type mice. Next, we assayed mitochondrial 
oxidative phosphorylation complex activities in the cerebral cortex, performed 
behavioral screening and targeted mass spectrometry-based acylcarnitine profiling 
in the cerebral cortex. We found that mice exposed to chloramphenicol showed 
increased repetitive and compulsive-like behavior in the marble burying test, an 
accurate and sensitive assay of anxiety, concomitant with decreased mitochondrial 
complex IV activity.
Our results suggest that only adolescent chloramphenicol exposure leads to 
impaired brain mitochondrial complex IV function, and could therefore be a 
candidate driver event for increased anxiety-like and repetitive, compulsive-like 
behaviors.
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Introduction

The brain is one of the organs that is most affected by impaired mitochondrial 
function, because it is one of the most metabolically active organs in the body. The 
brain consumes about 20% of the body’s total available energy while representing 
only 2% of the total body weight.289-291 The brain is, therefore, highly sensitive to 
impaired energy production292. The majority of energy used by the brain is generated 
by mitochondria in the form of Adenosine triphosphate (ATP). Mitochondria 
are also involved in brain function through the induction of apoptosis and the 
production of reactive oxygen species (ROS).292 Impaired mitochondrial function 
can, therefore, affect neurodevelopment and brain function due to the central roles 
of mitochondria in neurogenesis, synaptic plasticity, and neuronal activity.289, 293-296 
Mitochondria share many molecular and cellular characteristics with prokaryotes 
as a result of their common ancestry. Consequently, many antibiotics that target 
bacterial translation may also affect mitochondrial translation.61-64 Even at 
recommended treatment doses and durations, some antibiotics can damage the 
mitochondrial DNA, impair quality control, and disrupt energy production.61, 297 
For example, chloramphenicol and aminoglycosides like gentamicin, bind to the 
prokaryotic ribosomal subunits, inhibiting protein synthesis.298, 299 Gentamicin 
binds to the small 30S prokaryotic ribosomal subunit, while chloramphenicol 
selectively binds to the large 50S ribosomal subunit.298, 299 
Due to the close ribosomal similarities between prokaryotes and mitochondria, 
mitochondrial ribosome activity might also be affected by these antibiotics, 
possibly leading to inhibition of mitochondrial biogenesis.61, 300-302 Dysfunctional 
mitochondria are reported to be involved in psychiatric disorders and symptoms 
such as anxiety and depression.292, 303-305 In addition, patients with mitochondrial 
DNA mutations or mitochondrial diseases often show symptoms of mood 
disorders.305 Several classes of antibiotics that affect mitochondrial function, 
including aminoglycosides and fluoroquinolones, can cause neuropsychiatric 
adverse effects, such as mania, acute anxiety and hallucinations, in humans.306-308 A 
nation-wide population-based Danish study by Köhler-Forsberg et al., has reported 
increased risks for a wide range of mental disorders, including developmental, 
behavior and anxiety disorders, after infections and subsequent antibiotic exposure 
in childhood and adolescence.309 Many of the individuals in the cohort of the study 
by Köhler-Forsberg et al., had severe infections, including, central nervous system 
(CNS) infections, urological infections, or sepsis.309 These infections often require 
long-term treatment with antibiotics.310, 311

Given the high occurrence of long-term antibiotic exposure, for example in the 
treatment of meningitis, osteomyelitis, and chronic urinary infections,311-313 
knowledge on the brain pathology following antibiotic drug exposure is of great 
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public health relevance, however, whether such associations reflect effects of the 
antibiotic drug exposure remains elusive. Therefore, in this study we aimed to 
investigate the impact of adolescent exposure to antibiotics on cerebral mitochondria 
and behavior. We hypothesized that certain antibiotics, like aminoglycosides and 
chloramphenicol, could affect brain mitochondrial function possibly resulting in 
altered behavior and cognition. To test this hypothesis, we treated young adolescent 
male wild-type mice with clinically relevant doses of chloramphenicol or gentamicin 
in their drinking water. Because the effects could also represent general effects 
of the antibiotic exposure, we also treated one group of mice with amoxicillin.314 
Amoxicillin is part of the beta-lactam family of antibiotics and targets the bacterial 
cell wall synthesis.315 Because mitochondria do not possess a cell wall, amoxicillin 
would not interfere with mitochondrial translation. Next, we assayed mitochondrial 
oxidative phosphorylation complex activities in the cerebral cortex, performed 
behavioral screening and targeted mass spectrometry-based acylcarnitine profiling 
in the brain cortex. We found that adolescent chloramphenicol, but not gentamicin 
or amoxicillin exposure, without concomitant infection(s), led to impaired brain 
mitochondrial complex IV function, signs of slower fatty acid metabolism, 
accompanied by increased anxiety-like and repetitive, compulsive-like behaviors.

Materials and methods

Mice
All animal experiments were carried out in accordance to international European 
ethical standards (European Directive 2010/63/EU) and they were approved by 
the Veterinary Authority of the Radboud university medical center (Radboudumc; 
Permit number: RU-DEC 2015-0077) containing a statistical power analysis to 
minimize group sizes. All applicable (inter)national and institutional guidelines for 
the care and use of animals were followed and reported in accordance with the 
ARRIVE guidelines.163

In total, 40 male, 28 days old C57BL/6J mice were used for this randomized and 
blind controlled study. The timeline of the study is illustrated in Figure 1. Mice 
were group-housed with two mice in digital ventilated cages (DVC; Tecniplast 
S.P.A., Buguggiate (VA), Italy) and housed under standard laboratory conditions. 
Animals were randomly assigned to one of the four experimental groups (Control, 
Amoxicillin, Chloramphenicol, and Gentamicin; N=10 per group). Body weight of 
all mice was measured weekly. 
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Figure 1. Timeline. Body weight and water consumption were monitored regularly, starting 
from postnatal day (PND) 26. From PND 28, mice received either amoxicillin, chloramphenicol, 
gentamicin, or no antibiotics (control group) in drinking water (start ABX). The open field test 
(OFT) and marble burying test (MBT) were performed on PND 43 and 44, respectively. The 
Morris water maze (MWM) consisted of 4 days and was assessed on PND 47-50. Mice were 
sacrificed via cervical dislocation on PND 56. 

Antibiotic exposure
Mice were administered the following antibiotics dissolved in their drinking water 
as indicated: amoxicillin (0.5 g/l; A8523), chloramphenicol (0.5 g/l; C0378), or 
gentamicin (0.035 g/l; G1914) for 4 weeks. All antibiotics were purchased from 
Sigma–Aldrich, St. Louis, MO. The doses in the drinking water correspond to the 
approximately daily doses given to children normalized based on body weight 
(20-25 g) and expected water consumption (5 ml per day).316 One group of mice 
did not receive antibiotics and served as control group. Drinking water was not 
sweetened to mask the taste of the antibiotics because sugar also affects body weight, 
behavior, and cognition. Instead, water consumption was monitored for each pair 
of mice by measuring water volume three times per week to prevent dehydration, 
and to ensure that all animals drank equal amounts of water. Drinking water of all 
experimental groups was refreshed three times per week.

Behavioral tests
Open Field Test (OFT) was used to evaluate locomotion and explorative behavior. 
Mice were placed in the center of the square open field (45 x 45 x 25 cm) with 
transparent Plexiglas walls, and allowed to freely explore the area for 10 minutes. 
The trials were videotaped using a camera that was positioned above the open 
field area. Exploration activity in the center (20 x 20 cm) and corners (10 x10 
cm) was automatically scored and quantified using Ethovision XT10.1 (Noldus, 
Wageningen, The Netherlands).
We used the marble burying test (MBT) as an accurate and sensitive assay of 
anxiety-like, repetitive and compulsive-like behaviors in rodents.317 Mice were 
placed in a clean conventional-sized cage preloaded with 3 cm clean bedding and 
15 evenly spaced black glass marbles with a 14 mm diameter. Mice were allowed to 
explore the cage for 30 minutes, and thereafter the cage was photographed. Three 
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evaluators counted the number of marbles that were covered by bedding at least 
two-thirds of their size between trials, marbles and cages were cleaned with 70% 
Ethanol. 
The Morris water maze (MWM) was used to assess spatial learning and memory. 
During the acquisition phase, the mice were trained to find the platform in a 
circular pool (diameter 108 cm) that was filled with water (21–22°C), made 
opaque by adding milk powder. The platform (diameter 8 cm) was submerged 1 
cm below the water surface and located in the north-east quadrant of the pool. 
Mice performed 4 acquisition trials per day starting from four different cardinal 
points (South, North, East, West; maximal swimming time 120 s; 30 s on platform; 
inter-trial interval 60 min) during 4 consecutive days. Visual cues were present on 
the four walls surrounding the pool at a distance of 0.5 m. All trials were recorded 
and latency to find the platform (s) was used as a measure for spatial learning. 
Mice performed a single probe trial at the end of day 4 of acquisition, in which 
the platform was removed from the pool. During this probe trial, the mice were 
allowed to swim freely for 120 s. Trials were recorded and analyzed with EthoVision 
XT 10.1 (Noldus, Wageningen, the Netherlands). 

Mitochondrial analysis
Mice were sacrificed via cervical dislocation without anesthesia after which the 
brains were rapidly removed and dissected. The whole brain cortex was snap frozen 
in liquid nitrogen. A crude homogenate of the cortex was made with a glass-glass 
potter tube in SEF buffer (0.25 M sucrose, 2 mM K-EDTA, 10 mM phosphate 
buffer, pH 7.4) to obtain a 5% w/v homogenate. The homogenized samples were 
centrifuged at 600g for 10 minutes at 2 °C. The supernatant was aliquoted, snap 
frozen in liquid nitrogen, and stored at -80 °C for mitochondrial complex activity 
measurements. 
Enzyme activities of the individual complexes of the respiratory chain (complex 
I to IV), succinate: Cytochrome C oxidoreductase (SCC), and citrate synthase 
(CS) in the 600g supernatant were measured spectrophotometrically, after three 
freeze-thaw cycles, on a KoneLab 20XT analyzer (Thermo Scientific) following 
standard procedures.318 These enzyme assays are based on previously described 
methods319-323. CS activity is a marker for the number of mitochondria, therefore all 
measurements were normalized to CS activity.322

Brain-targeted metabolomics
The whole brain cortex was also used to measure several different nitine metabolites 
using an UPLC-MS method as previously described324. In short, 5 mg of pulverized 
tissue was homogenized in 50 µl of PBS before 25 µl of deuterated labeled internal 
standards was added. Proteins were removed by adding a solution of methanol/
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dichloromethane (v/v, 600 µl) to the sample mixture. The sample was centrifuged 
at 18,000g for 15 mins at 4 °C, and then the supernatant was transferred to a 1 
dram vial, and dried under N2 stream. Samples were reconstituted and analyzed 
on a Waters Acquity UPLC system (Milford, MA) coupled with a Thermo 
Quantiva tandem mass spectrometer (West Palm Beach, FL) in positive (H)ESI 
mode. Concentrations of carnitine (162.1>85.0 m/z), acetylcarnitine (204.1>85.0 
m/z), propionylcarnitine (218.1>85.0 m/z), butyrylcarnitine (232.1>85.0 
m/z), isovalerylcarnitine (246.1>85.0 m/z), octanoylcarnitine (288.2>85.0 
m/z), lauroylcarnitine (344.3>85.0m/z), myristoylcarnitine 372.3> 85.0 m/z), 
palmitoylcarnitine (400.4>85.0 m/z), oleoylcarnitine (426.4>85.0m/z), and 
stearoylcarnitine (438.4>85.0m/z) were measured against a 11-point calibration 
curve that underwent the same preparation.

Statistical analysis
Data were analyzed using IBM SPSS for Windows 25.0 software (SPSS Inc., 
Chicago, IL, USA). The latency to find the platform during the acquisition phase 
of the MWM, body weight, and water consumption were analyzed using repeated 
measures ANOVA. A MANOVA was performed for the parameters of the open 
field test, probe phase of the MWM, acylcarnitine, and mitochondrial complex 
activity measurements as dependent variables. ANOVA’s were followed by Dunnett’s 
multiple comparison test to compare the control group (mice that received water) 
with the treatment groups. A Kruskall-Wallis with Dunn’s pairwise tests, and 
Bonferroni post hoc correction was used to analyze the marbles buried in the 
marble burying test. Statistical outliers were removed from the dataset. Significant 
MANOVAs and the acylcarnitine results were followed up by a discriminant 
function analysis (DFA). This DFA was performed with a stepwise approach and 
Mahalanobis distance as method.
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Results

Administration of antibiotics in drinking water had no effects on water consumption 
or body weight
Body weight and water consumption were measured to evaluate the effects of 
antibiotics on these parameters. Initial body weight did not differ between the 
experimental groups, and all mice gained body weight over the next 4 weeks 
(F(4,144)=431.65, p<.001; Figure 2a). No differences in body weight gain between 
the experimental groups were detected. 
The pairs of mice consumed 13.8 ± 0.3 mL water daily before start of the antibiotics 
administration. No differences in water consumption from week 0 to week 4 were 
observed. Water consumption was comparable between the experimental groups 
(Figure 2b). 

Figure 2. Body weight and water consumption. The body weight of all mice was measured 
weekly before start of antibiotics administration (week 0) and after (week 1-4). Mice gained 
weight over the weeks (p<.001). No differences between the experimental groups were observed 
(A). Daily water consumption per two mice before treatment with antibiotics (week 0) and 
after (week 1-4). No differences between the groups were detected (B). CAP, chloramphenicol. 
N=10 per group. Data are presented as mean ± SEM.

Chloramphenicol treatment affects repetitive and anxiety-related behavior in mice
We examined locomotion, explorative behavior, spatial memory and spatial learning 
in the OFT and MWM. We found no differences in locomotion and explorative 
behavior in the OFT (Figure 3a and 3b). Spatial learning and memory of the mice 
were tested with the MWM test. All mice learned to find the hidden platform 
during the acquisition phase, and this was not affected by any of the treatments 
(Figure 3c). During the probe phase of the MWM, the platform was removed.
No differences between the groups were observed in the latency to go to the former 
platform location (figure 3d), or in mean swimming velocity (figure 3e) and the 
total swimming distance (figure 3f). These data suggest that treating rodents with 
either amoxicillin, chloramphenicol or gentamicin does not influence overall 
activity, exploration and spatial learning and memory.
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Figure 3. Behavior and cognition assessed with the OFT, MWM and MBT. Mean 
walking velocity (A) and total distance walked (B) during the OFT. No differences between 
the experimental groups were detected. Spatial learning assessed with the MWM in a 4-day 
acquisition phase. All groups showed a learning curve, but no differences between the groups 
were observed (C). The latency to go to the former platform location in the probe phase of 
the MWM (D), and the mean swimming velocity (E) and total swimming distance (F) were 
not affected by the antibiotics assessed. Buried marbles (i.e., more than two-thirds of its 
surface area) were scored by 3 task scorers (G). The scores for each mouse were averaged for 
all scorers. Mice that were administered chloramphenicol buried more marbles than control 
mice (p=0.019). CAP, chloramphenicol. N=10 per group. Data are presented as mean ± SEM.
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An accurate and sensitive assay of anxiety-like, repetitive and compulsive-like 
behaviors in mice was performed by using the marble burying test.317 Marble 
burying behavior was significantly affected by antibiotic administration (H(3) = 
9.76, p<0.05; figure 3g). Dunn’s pairwise tests revealed a significant increase in 
marbles buried by mice treated with chloramphenicol compared to the control 
group (p=0.019). Gentamicin and amoxicillin did not affect marble burying 
behavior. 

Chloramphenicol treatment results in decreased activity of the respiratory chain 
complex IV
Mitochondrial complex activity was measured in the cortex of all mice. One 
control mouse was considered a statistical outlier and was removed from further 
analyses. All measurements were normalized against CS activity which did not 
differ between the experimental groups (Figure 4a). The activity of respiratory 
chain complexes I, II, and III, and SCC activity were not affected by the studied 
antibiotics (Figure 4b-4e). However, cytochrome C oxidase (COX), which was used 
to measure complex IV activity, showed a reduced activity in mice treated with 
chloramphenicol compared to vehicle treated mice (p=0.035; Figure 4f). These 
results reveal that chloramphenicol, besides its effect on behavior, reduces brain 
mitochondrial complex IV function.
The MANOVA was followed up with a discriminant function analysis (DFA) to 
assess whether groups differ along a linear combination of outcome variables. 
Predictors were activity of mitochondrial complex IV, and number of marbles 
buried in the MBT. The DFA revealed that activity of mitochondrial complex IV 
was the main predictor that explained 100% of variance, canonical R2 = 0.457. This 
discriminant function significantly differentiated the antibiotics groups, Λ = 0.791, 
χ2(3) = 8.323, p=0.04. 
The classification results showed that 25.6% of all cases were correctly classified; 
40% of mice treated with chloramphenicol were classified correctly, whereas 
11.1% of control mice were correctly predicted. Of amoxicillin-treated and 
gentamicin-treated mice, 0% and 20% were correctly classified, respectively.
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Figure 4. Activity of mitochondrial complexes. CS activity was used to normalize all 
measurements. CS activity did not differ between the groups (A). SCC activity (B), Complex 
I activity (C), complex II activity (D), complex III activity (E), and COX activity (F) were 
measured in all mice. COX activity, used to measure complex IV activity, was decreased in 
mice that were administered chloramphenicol (p=0.035). CAP, chloramphenicol; CS, citrate 
synthase; COX, cytochrome c oxidase. N=9 (control) and N=10 (all other groups). Data are 
presented as mean ± SEM.
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Figure 5. Acylcarnitine metabolite profile. Total carnitine concentration (A) was used 
to normalize all individual acylcarnitine measurements. Ratio of free carnitine (B), 
Acetylcarnitine (C), and isobutyrylcarnitine (D). CAP, chloramphenicol. N=10 mice per 
group. Data are presented as mean ± SEM.

Antibiotic treatment alters carnitine metabolism 
Acylcarnitine metabolism is a classical marker of mitochondrial dysfunction. 
Therefore, next we explored whether acylcarnitine metabolism is altered in 
chloramphenicol exposed mice with decreased COX function. We performed 
multi-platform targeted metabolomics of several acylcarnitines in the cortex. 
We assessed free carnitine (C0) and 11 acylcarnitine species in control, 
chloramphenicol, and gentamicin treated mice. All results were corrected to 
total carnitine concentrations to normalize the data (Figure 5a). We found 
significant differences between treatment groups in free carnitine (C0; p=0.033), 
acetylcarnitine (C2; p=0.031), and isobutyrylcarnitine (Iso-C4; p=0.042). Post hoc 
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multiple comparisons revealed that gentamicin treatment increased C0 (p=0.032; 
Figure 5b) concentrations, while chloramphenicol treatment only tended to 
increase C0 abundances (p=0.059). Conversely, post hoc comparisons revealed that 
gentamicin treatment negatively affected C2 concentrations (p=0.030; Figure 5c), 
while chloramphenicol only tended to decrease C2 abundance (p=0.056). Although 
Iso-C4 concentrations varied significantly between the different treatments, this 
was not influenced by antibiotic treatment compared to the control group (Figure 
5d). These results identify brain acylcarnitine metabolism derangements in mice 
treated with gentamicin.
These results were followed up by a stepwise DFA that showed that both Iso-C4 
and C0 were the main predictors for differentiation between the groups. The 
two discriminant functions explained 53.7% (canonical R2 = 0.474) and 46.3% 
(canonical R2 = 0.447) of the variance, respectively. Combining these discriminant 
functions show that they significantly differentiate the groups, Λ = 0.621, χ2(4) = 
12.625, p=0.013 (Figure 6).

Figure 6. Discriminant function analysis. Canonical variables plot of the discriminant 
function analysis that classifies control (blue circles), chloramphenicol (green circles) and 
gentamicin (yellow circles) samples based on the acylcarnitine profile. N=10 per group
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Discussion

Despite the high occurrence of exposure to antibiotics during adolescence and 
its association with increased risk for developing psychopathology,309, 325, 326 an 
important research gap exists in understanding how antibiotic therapy during 
adolescence could lead to increased vulnerability to developing psychopathology. 
Finding potential driver events explaining this association remains of public health 
relevance. 
Here we show that adolescent exposure to chloramphenicol but not to amoxicillin 
or gentamicin is associated with decreased mitochondrial complex IV activity in 
the brain, and with increased anxiety-like, repetitive and compulsive-like behaviors 
in male mice. Stepwise DFA confirmed that mice exposed to chloramphenicol 
could clearly be discriminated from the other experimental groups using one 
predictor: activity of mitochondrial complex IV. Of mice that were treated with 
chloramphenicol, 70% could be classified correctly. 
Complex IV is a highly regulated enzyme that is involved in the reduction of O2 to 
H2O.327 As the final electron carrier in the electron transport chain, complex IV acts 
as the rate-limiting step for electron transfer. Complex IV activity is therefore an 
indication of the oxidative capacity of the cells.328 Mitochondrial complex I, II and 
III were not affected in this study. This has also been reported in a study in which 
the effects of chloramphenicol on bovine aortic endothelial cells were explored. 
In that study, chloramphenicol also inhibited mitochondrial protein synthesis 
resulting in a decrease of complex IV activity.329 Besides that, they also found no 
effects of chloramphenicol on complex II or complex III. Another in vitro study 
showed that chloramphenicol lowered the expression of the mitochondrial DNA 
(mtDNA)-encoded COX 1 subunit of complex IV, resulting in a reduction of COX1 
protein levels.330 Chloramphenicol, and other antibiotics that target ribosome 
function, inhibits translation of protein encoded by the mitochondrial, but not the 
nuclear, genome.314 A relative imbalance between the expression of nuclear and 
mitochondrially encoded proteins of the subunits of the mitochondrial complexes, 
termed mitonuclear protein imbalance, could drive mitochondrial complex 
instability,331, 332 possible resulting in decreased complex IV activity. However, the 
exact mechanisms through which chloramphenicol impacts complex IV activity in 
vivo remains to be explored in future studies. 
We did not detect an effect of gentamicin on mitochondrial function. In this study, 
we evaluated mitochondrial function in the brain cortex of the mice. Whereas 
chloramphenicol readily crosses the blood-brain barrier, the permeability of this 
barrier to gentamicin and other aminoglycosides is shown to be poor.333 Finally, 
administration of amoxicillin did not affect brain mitochondrial functions either. 
This is consistent with its mode of action in bacteria since it disrupts the bacterial 
cell wall and therefore would not affect mitochondrial function. 
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The brain has the highest mitochondrial energy demand of any organ. Multiple 
pieces of preclinical and clinical evidence suggest that brain mitochondrial function 
is impaired in the pathobiology of neuropsychiatric presentations.289, 334-337 Our 
results therefore suggest that adolescent chloramphenicol exposure alone, without 
infection(s) leads to impaired brain mitochondrial complex IV function that could 
be a candidate driver event for increased anxiety, repetitive and compulsive-like 
behaviors, although the causality of this relationship should be investigated in 
future studies. 
Carnitine, that conjugates with acyl-coenzyme A (acyl-CoA) to form acylcarnitine, 
is vital for transport of fatty acids into mitochondria for subsequent β-oxidation 
resulting in acetyl-CoA and electron carriers that deliver electrons to the electron 
transport chain.338, 339 Altered plasma concentrations of acylcarnitines are suggested 
markers of impaired metabolism, although acylcarnitine profiles are usually 
nonspecific.340 Acetyl-CoA can be converted to acetylcarnitine, which is the shortest 
acylcarnitine. Acetylcarnitine can cross the mitochondrial membrane and enables 
mitochondrial efflux of excess acyl groups. We found that acetylcamitine (C2) was 
decreased during gentamicin treatment. This was accompanied by an increase in 
free-carnitine levels as a possible consequence of decrease in acyl group transfer 
and metabolism. 
Chloramphenicol, an antibiotic which is able to cross the blood-brain barrier, 
affected mitochondrial complex IV activity, whereas gentamicin, which 
cannot easily pass the blood-brain barrier, only impacted the acylcarnitine 
metabolites profile, but not complex IV activity in the brain. This could suggest 
that chloramphenicol directly affects cerebral mitochondria, while the effects of 
gentamicin are indirect, for example via the gut microbiota. It has been extensively 
discussed in the literature that the use of both single and multiple antibiotic 
regimens change the gut  microbiota and affects the brain-gut axis.341 Therefore, 
whether antibiotic exposure directly alters mitochondrial function and the animal’s 
behavior or indirectly via altering the gut microbiome, remains to be explored in 
future studies. 
When interpreting our results, one should also consider that chloramphenicol is 
capable of inducing oxidative stress. Although not measured in this study, high 
levels of reactive oxygen species (ROS) and nitric oxide (NO), for instance in case 
of mitochondrial complex IV dysfunction, are also associated with high anxiety 
and compulsive behavior in mice.342, 343 
This study is not without technical considerations. Serial oral gavage is the most 
often used method to administer precise doses of antibiotics to mice. This route 
of administration is also associated with adverse effects like stress297 that could be 
a potential confound in the outcome of behavioral tests. We chose to administer 
antibiotics via unsweetened drinking water to mice. Although this could be seen 
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as a potential limitation (animals consume less water), our results show that 
administration of antibiotics via unsweetened drinking water did not alter water 
consumption. This study only used male mice. Several psychopathologies have been 
associated with early antibiotics treatment, such as attention-deficit/hyperactivity 
disorder (ADHD) and autism spectrum disorder (ASD). These disorders are more 
prevalent in males than females, although this may be a consequence of diagnostic 
bias, due to differences in symptom presentation.344, 345 It is, however, of utmost 
importance to include female mice in future studies to delineate the impact of 
antibiotic treatment on brain pathology. As dysfunctional mitochondria are reported 
to be involved in psychiatric disorders like anxiety disorders and depression,292, 

303-305 it would be worthwhile to include behavioral tests to explore depression-like 
behavior as well in further studies. Future studies should also evaluate effects of the 
antibiotics at a later time point, to differentiate between immediate and long-lasting 
effects of the antibiotics exposure. Also, in this study we investigated mitochondrial 
function in the cerebral cortex of the mice. Future research may consider to explore 
mitochondrial function in other brain regions as well.
Exposure to infections and concomitant antibiotic treatment are associated with 
increased vulnerability to develop various complex neuropsychiatric disorders. 
However, whether such increased risk for developing neuropsychopathology 
reflects effects of the antibiotic drug exposure, that of the infections or both, 
remains incompletely defined. In this study, we focused on the effects of antibiotic 
treatment in the absence of infections. The link between infections and complex 
neuropsychiatric disorders, and the potential modulating role of antibiotics, 
remains to be studied in future research. 
In conclusion, we present evidence that adolescent exposure to chloramphenicol 
leads to bioenergetic scars that may be implicated in the risk for developing 
psychopathology. The collateral damage of adolescent antibiotic exposure could 
be long lasting. More knowledge on the impact of antibiotics exposure on 
mitochondrial function could help us develop strategies to reduce the impact of 
adolescent antibiotics exposure on the brain.



81

Early-adolescent antibiotic exposure results in mitochondrial and behavioral deficits in adult mice

4





       Chapter 5
General Discussion and concluding remarks



84

Chapter 5

General discussion

The gut-brain axis, the bidirectional communication pathway between gut and 
brain, is required for maintaining homeostasis. Alterations of the gut-brain axis 
are associated with manifestations such as metabolic syndrome and autoimmune 
disorders, as well as neuropsychiatric disorders.20, 346-349 The gut microbiota, the 
trillions of microorganisms within the intestine, are one of the key modifiers of 
the gut-brain axis. The intestinal microbiota is a complex ecosystem that can be 
influenced by numerous factors, including antibiotic usage, lifestyle, host genetics, 
and diet.125-127 Clinical strategies targeting the microbiota in order to treat several 
metabolic and gastrointestinal disorders, such as Clostridium difficile infection and 
obesity, have shown encouraging results.350 A growing body of research indicates that 
the microbiota can affect behavior, and are linked to various neurodevelopmental 
and psychiatric disorders.351, 352 In this thesis, we aimed to study the impact of the 
microbiota on behavior and brain structure and function, and to elucidate potential 
mechanisms through which the microbiota can affect the brain.
Various neurodevelopmental disorders, including attention-deficit/hyperactivity 
disorder (ADHD), are associated with changes in the gut microbiota.353, 354 However, 
whether these changes in the gut microbiota can impact brain structure and function 
is poorly understood. Chapter 2 describes the impact of gut microbiota from 
persons with ADHD, on brain function and structure in mice. We found that mice 
that received microbiota from persons with ADHD were more anxious than mice 
that received microbiota from persons without ADHD. With neuroimaging, we 
observed that mice that were colonized with microbiota from persons with ADHD 
had a reduced right motor-visual functional connectivity, and reduced structural 
integrity of both gray and white matter in the hippocampus and internal capsule 
than mice that were colonized with microbiota from persons without ADHD. 
To explore how the gut microbiota might affect the brain, we investigated the 
impact of short-chain fatty acids (SCFA), which are metabolites produced by 
the microbiota, on brain function and structure during obesity development in 
Ldlr-/-.Leiden mice (chapter 3). The Ldlr-/-.Leiden mouse model develops high-fat 
diet-induced obesity with an accumulation of white adipose tissue and development 
of cardiovascular disorders such as hypertension and atherosclerosis.86, 355, 356 
Obesity, which is characterized by an accumulation of white adipose tissue, is 
associated with cognitive deficits and alterations in the gut microbial composition.48, 

85-87, 216, 217, 357 Changes in the composition of the microbiota are known to impact 
the production of SCFAs, including propionic acid.91-94 Propionic acid reduces 
food intake in humans,115 and is proposed to have anti-inflammatory properties.358 
However, excessive levels of propionic acid are associated with adverse effects, 
including reduced locomotor activity, and increased anxiety-like behavior.116-119 
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Given that alterations in the gut microbial composition may elevate propionic 
acid levels,103, 104 we explored the effects of propionic acid on metabolism, behavior, 
and brain function and structure. In our study, we found that propionic acid had 
beneficial effects on metabolism, including prevention of high-fat diet-induced 
body weight, and attenuation of the development of non-alcoholic steatohepatitis. 
Mice that received propionic acid were more anxious than mice that were fed a 
healthy chow diet. Using neuroimaging, we found that propionic acid reverted 
the high-fat diet-induced reduction in functional connectivity, and the high-fat 
diet-induced increase in microstructural gray and white matter integrity to healthy 
control levels. 
The gut microbiota and its metabolites, including SCFAs, are known to affect 
mitochondrial function.120, 359-361 Also, a growing body of literature recognizes the 
bidirectional communication between the microbiota and mitochondria.120, 360 We 
therefore speculated that the microbiota may impact the brain via mitochondria. 
The specific aim of chapter 4  was to study whether mitochondria may impact 
the brain. Hence, we aimed to target the mitochondria with antibiotics that are 
known to impact mitochondrial function, and studied the  impact on cognition 
and cerebral mitochondrial complex activity in mice. We found that mice exposed 
to chloramphenicol showed increased repetitive and compulsive-like behavior in 
the marble burying test, and the mice treated with chloramphenicol had decreased 
mitochondrial complex IV activity in the cerebral cortex compared with control 
mice, that were not given antibiotics. 
To summarize our findings, gut microbiota from individuals with ADHD affects 
brain function and structure in mice, and propionic acid and mitochondria are 
potential mediators in the gut-brain communication. Certain aspects that are 
studied across multiple chapters will be discussed in further detail below. These are 
the effects of the microbiota, propionic acid, and chloramphenicol on behavior and 
on brain function and structure.

Behavior
The gut microbiota is associated with several psychiatric disorders, such as 
ADHD and anxiety disorders.362, 363 A hallmark of neuropsychiatric disorders are 
alterations in behavior, and cognitive deficits are also common;364  we therefore 
explored the effects of the gut microbiota, in the context of ADHD, on behavior. 
In chapter 2, we observed increased anxiety-like behavior in the open field test in 
mice that were colonized with microbiota from individuals with ADHD compared 
with mice that received microbiota from healthy donors without ADHD. In 
chapter 3, we found that propionic acid increased the anxiety-like behavior and 
reduced locomotor activity, i.e., reduced distance traveled and walking velocity, 
in the open field test. The increased anxiety-like behavior could be distorted by 
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the reduced locomotion activity, or vice versa.365 In the Morris water maze and 
the rotarod test, no effects on locomotor activity of propionic acid were found. 
This suggests that propionic acid impacts anxiety-related behavior rather than 
locomotor activity. It may therefore be one of the mediators of the effect on anxiety 
seen in chapter 2. The observation of increased anxiety through propionic acid 
supports the finding in another study, which reported increased anxiety in the 
open field test after propionic acid administration via subcutaneous injections in 
rats.117 Also, prenatally administered propionic acid, subcutaneously injected in 
pregnant rats, induced anxiety-like behavior in the open field test and elevated 
plus maze.274 Our study shows that even a relatively low dose of propionic acid 
could increase anxiety-like behavior, but whether this contributes to the effect seen 
after transfer of microbiota from individuals with ADHD requires further study. 
While the antibiotics used in chapter 4 did not affect anxiety-like behavior in the 
open field, we found increased compulsive-like behavior in the marble burying 
test, which has been utilized to assess anxiety-like behavior as well.366-368  Although 
no studies that report that chloramphenicol was able to impact compulsive-like or 
anxiety-like behavior were found, chloramphenicol is known to reduce avoidance 
learning.369-371 Chloramphenicol can cross the blood-brain barrier,372 and may 
therefore directly affect behavior. However, chloramphenicol is also known to target 
bacteria that are commonly found in the gut microbiota, including Bacteroides 
species and Enterobacterioaceae,373, 374 suggesting that chloramphenicol might also 
impact behavior through the microbiota. Together, our findings indicate that the 
microbiota of persons with ADHD, propionic acid, and chloramphenicol treatment 
could impact anxiety-like behavior. Altered anxiety-related behavior is regularly 
observed after microbiota manipulations, for example through microbiota transfer 
and exposure to antibiotics,137 which suggests that components of the gut microbiota 
are able to regulate anxiety, for instance via the hypothalamic–pituitary–adrenal 
(HPA) axis.137, 352, 375

Brain function and structure
Neuropsychiatric disorders are often associated with altered regional brain 
structure and/or function.376 For this reason, we assessed the effects of the ADHD 
microbiota on brain structure and function. We found decreased myelination in 
the hippocampus of mice that were colonized with microbiota from persons with 
ADHD compared with control mice (chapter 2). These mice also showed reduced 
microstructural white matter integrity of the internal capsule, which possibly 
resulted in the decreased functional connectivity between the primary motor 
cortex and primary visual cortex. 
In chapter 3, we found that high-fat diet impacted brain structure and function 
in several brain regions, including the optic tract, somatosensory cortex, and the 
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visual cortex. Propionic acid was able to reverse these effects to healthy control 
levels.  Propionic acid also prevented high-fat diet-induced body weight gain, and 
reduced systolic blood pressure and subcutaneous white adipose tissue mass. As 
hypertension and increased adiposity are known to impact brain structure and 
function,282, 284, 285, 377 it is possible that the effects of propionic acid on the brain 
are indirect, for example via reduced adiposity.  A recent study by Lobzhanidze et 
al. reports a decreased number of synaptic vesicles, and ultrastructural changes in 
synapses in the CA1 area of the hippocampus following a single intraperitoneal 
injection with propionic acid in rats.118 In our study however, we found an 
improving effect of propionic acid on the structural integrity of brain regions like 
the hippocampus. This discrepancy could be attributed to the differences in animal 
species (rats versus mice), and the dose, duration and administration route of 
propionic acid. Nevertheless, these findings indicate that propionic acid is able to 
influence brain structure and function.
The findings in chapter 2 and 3 support the suggestion that the hippocampus in 
particular is sensitive to changes in microbial composition.112 The hippocampus 
is important for learning and memory, mood regulation, and neural plasticity.174 
Different regions of the hippocampus have different functions, with the ventral 
hippocampus associated with emotionality and anxiety-like behavior, and the 
dorsal hippocampus important for learning and memory.378-380 We did not evaluate 
microstructural integrity in specific hippocampal regions, i.e., ventral or dorsal 
regions, therefore we cannot conclude with certainty which hippocampal region 
was affected by microbiota transfer and propionic acid. Nonetheless, our findings 
in the behavioral tests, i.e., affected anxiety-like behavior but not altered learning 
and memory, suggests that mainly the ventral hippocampus may be affected by 
microbiota alterations related to ADHD (chapter 2).
In chapter 4, we found that chloramphenicol reduced cerebral mitochondrial 
complex IV activity. In line with our findings, an in vitro study of Santo-Domingo 
et al. demonstrated that chloramphenicol reduced the expression of the 
mitochondrial DNA-encoded COX1 subunit.330 Chloramphenicol, and several 
other antibiotics which target the ribosome, inhibits translation of proteins encoded 
by the mitochondrial DNA, but does not affect the translation of proteins encoded 
by the nuclear DNA.314 This results in an imbalance between the subunits of the 
respiratory chain complexes that are encoded by the nuclear and mitochondrial 
genomes. This mitonuclear protein imbalance could drive mitochondrial complex 
instability and decrease respiration.331 Chloramphenicol, which readily crosses the 
blood-brain barrier,372 may therefore induce a mitonuclear protein imbalance in 
the brain, resulting in reduced mitochondrial complex IV activity.
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Limitations and directions for future research
Several limitations of the studies reported in this thesis give rise to questions that 
need to be addressed in future studies.
Mouse models are commonly used to study the functional and mechanistic 
effects of the gut microbiota on host-microbe interactions. Murine models allow 
interventions that cannot be performed in humans. For instance, the murine genetic 
background can be modified. Also, the gut microbiota can be altered, for instance 
by microbiota transfer, treatment with antibiotics, and dietary interventions.381, 382 
Some of these interventions are also investigated in clinical studies and provide 
invaluable information. However, the findings in humans are often complicated 
by the impact of confounding factors that can affect the microbiota, such as diet,78 
alcohol and tobacco consumption,383, 384 as well as the genetic background.385, 

386 Animal models, like germ-free and genetically modified mice, are therefore 
indispensable for research progress. 
In chapter 3, we investigated the effects of propionic acid on the brain. Low levels 
of propionic acid are present in the circulation because the majority of propionic 
acid is metabolized by hepatocytes.111 However, changes in the gut microbial 
composition may elevate circulating propionic acid levels,103, 104 which consequently 
may impact the brain as even low concentrations of propionic acid can affect the 
blood-brain barrier.112 Propionic acid increased anxiety-like behavior, whereas 
propionic acid had positive effects on brain structure and function.  In other 
studies detrimental effects on the brain were reported.116-119 The mice in our study 
were given a relatively low concentration of propionic acid, supplemented to 
the high-fat diet, while other studies used high doses which were administered 
via intraventricular and intraperitoneal injections. As we did not analyze the 
concentration of propionic acid in the brain and circulation, it is possible that the 
mice in our study had low propionic acid levels in the brain or circulation. Also, it 
is possible that the positive effects of propionic acid on the brain were indirect, for 
example via reduced adiposity and decreased systolic blood pressure. This remains 
to be explored in future studies.
In chapter 4, we found that chloramphenicol impacts the cerebral mitochondria, 
possibly resulting in altered behavior. In vitro studies have shown that 
chloramphenicol, which is able to pass the blood-brain barrier, could directly 
influence mitochondrial function.387 Gentamicin, which cannot cross the 
blood-brain barrier, did not affect the cerebral mitochondria. This suggests that 
chloramphenicol could directly impact brain mitochondria and influence the 
concomitant behavioral phenotype. However, antibiotics also impact the gut 
microbiota, possibly resulting in affected brain function. We did not analyze 
the microbial composition in the mice that were treated with chloramphenicol. 
Therefore, secondary mechanisms through which chloramphenicol may affect the 
brain mitochondria, for instance the microbiota, remain unclear and should be 
studied in future studies.
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Concluding remarks of this thesis research

The main aims of this thesis were to explore the impact of the microbiota on 
behavior and brain structure and function, and to elucidate potential mechanisms 
through which the microbiota can affect the brain. We demonstrated that the 
gut microbiota of people with ADHD could affect behavior, brain structure, 
and brain function of mice. We do not suggest that changes in microbiota cause 
ADHD; however, these findings highlight the relevance of the gut microbiota in 
neuropsychiatric disorders, like ADHD. 
We aimed to explore two communication pathways through which the microbiota 
could impact the brain. These hypothesized pathways were via mitochondria or 
via bacterial metabolites. The bacterial metabolite propionic acid also influenced 
behavior and brain function and structure, and is thus likely to be a mediator in the 
communication between the gut and the brain. When we targeted the mitochondria 
with antibiotics, we found changed behavior and altered cerebral mitochondrial 
function. However, the role of the mitochondria in the gut-brain axis needs to be 
explored further in future studies.
Although more preclinical and clinical studies, that also include females, are 
required to study the effects of the gut microbiota on behavior and the brain, the 
findings presented in this thesis may contribute to a better understanding of the role 
of the gut microbiota and its products in behavior; in the long-term, this increased 
insight might help in the development of novel treatment strategies targeting the 
microbiota in neuropsychiatric disorders.
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Summary

The gastrointestinal tract harbors a complex population of microorganisms, 
termed the gut microbiota. The gut microbiota is important for gut health, and 
plays an important role in nutrient digestion and in the maturation of the immune 
system.1, 2 The gut microbiota is also involved in the gut-brain axis, the bidirectional 
communication pathway between the gut and the brain.3-13 Disturbances in the gut 
microbial composition are associated with intestinal disorders such as irritable 
bowel syndrome (IBS), but also with myriad neuropsychiatric disorders, like 
attention-deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD) 
and schizophrenia.20, 352 The composition of the intestinal microbiota can be altered 
by several factors, including antibiotic treatment and diet,126, 127 as discussed in 
chapter 1. This indicates that the gut microbiota is a sensitive ecosystem, but also 
one with great therapeutic potential. 
The gastrointestinal tract and the brain can communicate via several pathways, 
including via microbiota-associated metabolites and mitochondria.33, 360 Changes 
in the composition of the microbiota are known to affect the production of 
microbiota-associated metabolites like short-chain fatty acids.91-94 Short-chain fatty 
acids, like propionic acid, are important bacterial metabolites which may interfere 
with physiological processes of the host, and herewith behavior and cognition.116-119 
Another possible route of communication between the gut and the brain is through 
the mitochondria, the ‘powerhouses’ of the cell. The gut microbiota and the 
short-chain fatty acids can impact the function of mitochondria.120, 359, 360 The brain, 
which is an organ with high energy demands, is one of the organs that is most 
affected by reduced mitochondrial function.289 Impaired mitochondrial function 
can therefore lead to behavioral changes and memory deficits.66, 67 Reduced 
mitochondrial function is also associated with neuropsychiatric conditions and 
symptoms such as anxiety disorders, ADHD and ASD.68-75 
A growing body of research suggests that the intestinal microbiota can impact 
behavior and cognition.5, 112, 129 However, how changes in the intestinal microbiota 
impact brain structure and function is poorly understood. The main aim of this 
thesis was to study the impact of the gut microbiota on brain function and structure, 
and to elucidate potential mechanisms through which the microbiota may affect 
the brain.
In chapter 2, we investigated the impact of gut microbiota from individuals 
with ADHD on behavior, and brain structure and function in young germ-free 
C57BL/6JOlaHsd mice. We colonized these mice, which were housed in 
gnotobiotic isolators, with human microbiota obtained from individuals with 
or without ADHD. We analyzed microbiota data, studied mouse behavior in a 
battery of behavioral tests, and assessed brain structure and function using MRI 
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techniques. We found a clear segregation in the overall microbial composition 
between mice that received microbiota from individuals with ADHD and mice 
that were colonized with microbiota from healthy individuals without ADHD. 
Mice that received microbiota from individuals with ADHD showed reduced 
gray and white matter structural integrity in several brain regions, including the 
internal capsule and the hippocampus. These mice were also more anxious, and 
showed reduced functional connectivity between the right primary motor cortex 
and the right primary visual cortex. Furthermore, we found significant correlations 
between bacterial components of the gut microbiota from individuals with ADHD 
and changes in brain structure and function, as well as behavior. Even though the 
observed changes at brain level are not specific to ADHD, it does highlight the 
relevance of the gut microbiota to brain structure and function. 
In chapter 3, we explored the impact of propionic acid, which is a short-chain fatty 
acid produced by the microbiota, on metabolism, behavior, and brain structure and 
function during obesity development in Ldlr-/-.Leiden mice. These mice develop 
high-fat diet-induced obesity with an accumulation of white adipose tissue, liver 
fibrosis and hypertension.216, 233 A high-fat diet has a profound impact on the 
microbiota, and on the production of short-chain fatty acids like propionic acid.91-94 
We found that propionic acid attenuated high-fat diet-induced body weight gain, 
independent of food intake, and prevented the development of non-alcoholic 
steatohepatitis. Mice that received propionic acid were more anxious than 
healthy control mice. Using neuroimaging, we found that propionic acid reverted 
HFD-induced effects in functional connectivity and microstructural gray and 
white matter integrity to healthy control levels. Despite the mainly positive effects 
of supplemented propionic acid on brain structure and function, propionic acid as 
treatment should be used with caution because of the possible anxiogenic effects. 
A bidirectional communication between the microbiota and mitochondria is 
increasingly recognized,120, 360 and dysfunctional mitochondria are associated with 
several neurodevelopmental disorders and psychiatric diseases, including ADHD, 
ASD, depression, and anxiety.68-75 In chapter 4, we targeted the mitochondria with 
the antibiotic chloramphenicol  that is known to affect mitochondrial function, and 
studied the impact of the dysfunctional mitochondria on behavior and cognition. 
Mice that were given chloramphenicol showed reduced cerebral mitochondrial 
complex IV activity compared with control mice without antibiotics. Mice that were 
exposed to chloramphenicol also showed increased repetitive and compulsive-like 
behavior in the marble burying test. Our findings suggest that adolescent exposure 
to chloramphenicol results in reduced mitochondrial activity in the brain, which 
may be implicated in the risk for the development of psychopathology.
We provide an extensive discussion of the research findings summarized above in 
chapter 5, in which we also propose follow-up studies that are needed to address 
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the questions that have arisen from our work. The most important conclusions 
of this thesis are: 1) The gut microbiota from individuals with ADHD affects 
brain function and structure in mice. 2) Propionic acid, a microbiota-produced 
short-chain fatty acid, is able to affect brain structure and function, and is therefore 
a likely mediator in the gut-brain axis. 3) Reduced cerebral mitochondrial complex 
IV activity, induced by chloramphenicol, could be a candidate driver event for 
increased repetitive and compulsive-like behaviors. 
Taken together, we believe that the findings described in this thesis may contribute 
to a better understanding of the impact of the gut microbiota on the brain. In 
the long term, this increased understanding may aid in the development of new 
treatment strategies for neuropsychiatric disorders targeting the gut microbiota.
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In de dikke darm bevinden zich de meeste micro-organismen, en de populatie van 
deze microben wordt de darmmicrobiota genoemd. De darmmicrobiota is belangrijk 
voor de gezondheid van de darmen, en speelt onder andere een belangrijke rol in 
de spijsvertering en in de rijping van het immuunsysteem.1, 2 De darmmicrobiota 
is ook betrokken in de darm-hersenas, het bi-directionele communicatiesysteem 
tussen de darmen en het brein.3-13 Verstoringen in de darmmicrobiota houden 
verband met darmklachten zoals het prikkelbare darmsyndroom (PDS), maar 
ook met neuropsychiatrische aandoeningen zoals aandachtstekort-hyperactivi-
teitstoornis (ADHD), autismespectrumstoornis (ASS) en schizofrenie.20, 352 Zoals 
bediscussieerd in  hoofdstuk 1 kunnen verstoringen in de darmmicrobiota, 
bijvoorbeeld door dieet of antibiotica, de hersenen  beïnvloeden.5, 7 Dit duidt aan dat 
de darmmicrobiota een gevoelig ecosysteem is, maar ook dat de darmmicrobiota 
groot therapeutisch potentieel kan hebben.
Verschillende communicatieroutes tussen de darmen en de hersenen zijn bekend, 
onder andere via mitochondriën en korteketenvetzuren die geproduceerd 
worden door de darmmicrobiota.33, 360 Veranderingen in de samenstelling 
van de darmmicrobiota kunnen invloed hebben op de productie van 
korteketenvetzuren.91-94 Deze korteketenvetzuren, zoals propionzuur, kunnen 
fysiologische processen van de gastheer beïnvloeden, en hebben ook invloed op 
het gedrag en cognitie.116-119 Een andere mogelijke communicatieroute tussen de 
darmen en het brein is via de mitochondriën, de ‘energiecentrales’ van de cel. De 
darmmicrobiota, en de door darmmicrobiota geproduceerde korteketenvetzuren, 
kunnen de functie van mitochondriën beïnvloeden. Doordat de hersenen een 
orgaan zijn met een hoge energiebehoefte, kan een verminderde mitochondriële 
functie leiden tot veranderingen in gedrag en concentratieproblemen.66, 67 Een 
verminderde mitochondriële functie houdt tevens verband met neuropsychiatrische 
aandoeningen en symptomen zoals angststoornissen, ADHD en ASS.68-75

Verscheidene studies hebben aangetoond dat de darmmicrobiota het gedrag en 
cognitie kunnen beïnvloeden,5, 7, 35 maar hoe veranderingen in de darmmicrobiota 
invloed kunnen hebben op de hersenstructuur en -functie is nog grotendeels 
onbekend. In het onderzoek beschreven in dit proefschrift hebben we de gevolgen 
van de darmmicrobiota op gedrag, en hersenstructuur- en functie in muizen 
bestudeerd. Een ander doel van dit proefschrift was om te onderzoeken of 
mitochondriën en korteketenvetzuren daarbij een rol spelen in de darm-hersenas. 
In hoofdstuk 2 hebben we onderzoek gedaan naar de gevolgen van de 
darmmicrobiota van personen met ADHD op gedrag, en op hersenstructuur en 
-functie in jonge, mannelijke, kiemvrije C57BL/6JOlaHsd muizen. Wij hebben deze 
muis gekoloniseerd met de darmmicrobiota van mensen met of zonder ADHD. 
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Wij hebben de microbiële samenstelling van de darmmicrobiota onderzocht, en 
het effect ervan op het gedrag van de muizen, en op de hersenstructuur en -functie 
met MRI-technieken. Wij vonden een duidelijk verschil in de samenstelling van 
de darmmicrobiota tussen de muizen die darmmicrobiota kregen van mensen met 
ADHD, en muizen die darmmicrobiota kregen van mensen zonder ADHD. De 
muizen die gekoloniseerd waren met darmmicrobiota van mensen met ADHD 
waren angstiger, en hadden een verminderde witte en grijze stof integriteit in 
de capsula interna en in de hippocampus. Deze muizen hadden ook een lagere 
functionele connectiviteit tussen de primaire motorische cortex en de primaire 
visuele cortex. Tevens vonden wij significante correlaties tussen de hoeveelheid 
van bepaalde bacteriën in de darmmicrobiota en veranderingen in gedrag en 
hersenstructuur. Alhoewel de gevolgen van de darmmicrobiota niet specifiek zijn 
voor ADHD, toont dit onderzoek wel aan dat de darmmicrobiota de hersenstructuur 
en -functie kan beïnvloeden. 
In hoofdstuk 3 en 4 hebben we onderzocht of het korteketenvetzuur propionzuur 
en mitochondriën een rol spelen in de darm-hersenas. In hoofdstuk 3 hebben 
we de gevolgen van propionzuur op gedrag, en hersenstructuur en -functie 
onderzocht in obese Ldlr-/-.Leiden muizen. Dit muismodel ontwikkelt op een 
vetrijk dieet obesitas, een toename van wit vetweefsel, leverfibrose en een hoge 
bloeddruk.216, 233 Een vetrijk dieet kan de darmmicrobiota verstoren, en heeft 
daarmee ook invloed op de productie van korteketenvetzuren.91-94  Wij vonden dat 
propionzuur de verdere gewichtstoename van het vetrijke dieet kon voorkomen. 
Dit effect was onafhankelijk van de voedselinname. Verder vonden wij dat muizen 
die propionzuur kregen angstiger gedrag vertoonden dan de gezonde controle 
muizen. Als laatste zagen we dat propionzuur de effecten van een vetrijk dieet in de 
functionele connectiviteit en witte en grijze stof integriteit kon terug brengen naar 
normale controle waarden. We concludeerden uit dit onderzoek dat propionzuur 
overwegend positieve effecten had op het brein, maar wegens de anxiogene effecten 
adviseren wij terughoudend te zijn met propionzuur interventies. 
Antibiotica worden gebruikt in de behandeling tegen bacteriële infecties. Maar 
bepaalde antibiotica, zoals chlooramfenicol, kunnen ook invloed hebben op de 
mitochondriële functie.61-64  In hoofdstuk 4 hebben we de gevolgen onderzocht 
van chlooramfenicol op gedrag en op de activiteit van mitochondriën. Muizen die 
chlooramfenicol kregen hadden een verlaagde mitochondriële complex IV activiteit 
in de hersencortex. Deze muizen vertoonden ook verhoogd compulsief en repetitief 
gedrag. Onze bevindingen suggereren dat gebruik van chlooramfenicol kan 
resulteren in verminderde mitochondriële activiteit in de hersenen, wat mogelijk 
een rol speelt bij het verhoogde risico tot het ontwikkelen van psychopathologie.
We bespreken de onderzoeksresultaten die hierboven zijn samengevat uitgebreid 
in hoofdstuk 5, waarin we ook vervolgonderzoeken voorstellen die nodig 
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zijn om de vragen te beantwoorden die naar voren zijn gekomen uit ons werk. 
De belangrijkste conclusies van dit proefschrift zijn: 1) De darmmicrobiota van 
mensen met ADHD beïnvloedt de hersenstructuur en -functie in muizen. 2) 
Propionzuur, een door darmmicrobiota geproduceerd korteketenvetzuur, kan de 
hersenstructuur en -functie beïnvloeden en is daarom een   waarschijnlijke mediator 
in de darm-hersenas. 3) Verminderde mitochondriële complex IV-activiteit in 
het brein, geïnduceerd door chlooramfenicol, zou een toename van repetitief en 
compulsief gedrag kunnen veroorzaken. 
Alles bij elkaar genomen, denken wij dat de bevindingen beschreven in dit 
proefschrift kunnen bijdragen aan een beter begrip van de invloed van de 
darmmicrobiota op het brein. Op de lange termijn kan dit toegenomen inzicht helpen 
bij de ontwikkeling van nieuwe behandelstrategieën voor neuropsychiatrische 
aandoeningen, die gericht zijn op de darmmicrobiota. 
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List of abbreviations

ABX  Antibiotics
AC  auditory cortex 
acyl-CoA acyl-coenzyme A 
AD  axial diffusivity 
ADHD  Attention-Deficit/hyperactivity disorder
ASD  autism spectrum disorder
ASL  Arterial spin labeling
ASS  autismespectrumstoornis
ATP  Adenosine triphosphate 
B2M  β2-microglobulin 
BBB  blood-brain barrier
BDNF  brain-derived neurotrophic factor
BOLD  blood oxygen level-dependent
C0  free carnitine 
C2  acetylcarnitine 
CA  caproic acid
CAP  chloramphenicol
CBF  cerebral blood flow
CBF  cerebral blood flow
CBF  cerebral blood flow 
CDL  central animal facility
CE  cholesterol ester 
CLS  crown-like structures
CNS  central nervous system 
COX  cytochrome C oxidase 
CS  citrate synthase
CT  threshold cycle
DAB-Ni diaminobenzidine-nickel
DCX  doublecortin
DFA  discriminant function analysis 
DH  dorsal hippocampus 
DPC  days post colonization
DTI  diffusion tensor imaging
DTI  Diffusion tensor imaging 
DVC  Digital Ventilated Cage
FA  Fractional anisotropy 
FAIR  flow-sensitive alternating inversion recovery
FC  Functional connectivity



101

List of abbreviations

A

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 
GBA  gut-brain axis
GF  germ-free 
GLUT-1 glucose transporter 1
gWAT  Gonadal white adipose tissue
HE  hematoxylin-eosin
HFD  High-fat diet
HFD  high-fat diet 
HPA  hypothalamic-pituitary-adrenal
IBA-1  ionized calcium-binding adapter molecule 1
IBS  irritable bowel syndrome
IHC  immunohistochemical
IPA  Ingenuity Pathway 
Iso-C4  isobutyrylcarnitine
K-SADS Kiddie Schedule for Affective Disorders and Schizophrenia for  
  School-Age Children
LDA  linear discriminant analysis 
Ldlr-/-  low-density lipoprotein receptor knockout
LEfSe  Linear discriminant analysis effect size 
M1  primairy motor cortex
MAPK  mitogen-activated kinase 
MBT  marble burying test
MC  motor cortex
MD  mean diffusivity 
MDD  major depressive disorder 
MRI  magnetic resonance imaging
mtDNA  mitochondrial DNA
mWAT  mesenteric white adipose tissue
MWM  Morris water maze
NAFLD  non-alcoholic fatty liver disease
NAS  NAFLD activity score
NASH  non-alcoholic steatohepatitis
NGFI-A nerve growth factor-inducible clone A
NMDA  N-methyl-D-aspartate
NO  nitric oxide 
NOR  Novel object recognition
OFT  Open Field test 
PA  propionic acid 
PCoA  Principal coordinate analysis 
PD  phylogenetic diversity 
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PDS  prikkelbare darmsyndroom 
PND  postnatal day 
PRIME  Preclinical Imaging Centre
PSD-95  postsynaptic density protein 95
PSD-95  post-synaptic density-95
qRT-PCR quantitative real-time PCR
qRT-PCR quantitative real-time polymerase chain reaction
RD  radial diffusivity 
ROI  regions of interest 
ROS  reactive oxygen species
rs-fMRI  resting-state functional magnetic resonance imaging
SAA  serum amyloid A 
SCC  Succinate cytochrome C oxidoreductase
SCFA  Short-chain fatty acid
SPF  Specific pathogen free
SSC  somatosensory cortex 
sWAT  subcutaneous white adipose tissue
SYP-1  synaptophysin
TG  Liver triglyceride
V1  Primary visual cortex 
VC  Visual cortex
VH  ventral hippocampus
WAT  White adipose tissue
WM  White matter
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En als laatste, maar zeker niet minst belangrijke, mijn vrienden en familie. Bedankt 
voor de ondersteuning en gezelligheid. Ik wil mijn lieve moeder bedanken. Dank 
je wel dat je altijd achter, en soms voor mij staat, in alle keuzes die ik maak. Waar ik 
ook mee zat, je wist er altijd goed advies op te geven. Ik wil mijn broer Martijn en 
zusje Inge bedanken voor de gezelligheid en ontspanning. Jullie steun heeft ervoor 
gezorgd dat ik ben waar ik nu ben. Mijn schoonouders Paula z”l en Eliahu Pat El, 
en schoonfamilie Juval, Marlies, Ido en Boaz. Dank jullie wel dat jullie mij in jullie 
familie hebben opgenomen, en dat jullie voor mij even hecht aanvoelen als mijn 
eigen biologische familie. 
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mij geloofd en mij gesteund in alles wat ik doe. Dank je wel dat je mij aanspoorde 
om naar Israël te gaan en daar 8 maanden stage te lopen in Machon Weizmann, waar 
ik kennisgemaakt heb met het microbiota-onderzoek. Bedankt voor de vele keren 
‘koffie doen’, voor je peptalks, en je relativerende woorden “Gam zu letova”, alles 
gebeurt voor het goede. Natuurlijk wil ik ook mijn zoons Micha en Elias bedanken 
omdat jullie mij de kans geven om weer alle schapen in de kinderboerderij te aaien, 
en vol verbazing naar mieren te kijken. Het is onbeschrijfelijk fijn om thuis te 
komen na een lange dag, en dan enthousiast binnengehaald te worden. 
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Chapter 4: http://gofile.me/389Ws/WTbrZ7B8e
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For a successful research Institute, it is vital to train the next generation of young 
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and 
Behaviour established the Donders Graduate School for Cognitive Neuroscience 
(DGCN), which was officially recognised as a national graduate school in 2009. 
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http://www.ru.nl/donders/graduate-school/phd/ 




