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1 Abstract 

Several lines of evidence suggest that brain function and behaviour are influenced by 

microbial metabolites. Key products of the microbiota are short-chain fatty acids (SCFAs), 

including butyric acid. Butyrate is a functionally versatile molecule that is produced in the 

mammalian gut by fermentation of dietary fibre and is enriched in butter and other dairy 

products. Butyrate along with other fermentation-derived SCFAs (e.g. acetate, propionate) 

and the structurally related ketone bodies (e.g. acetoacetate and D-β-hydroxybutyrate) show 

interesting effects in various diseases including obesity, diabetes, inflammatory (bowel) 

diseases, and colorectal cancer as well as neurological disorders. Indeed, it is clear that host 

energy metabolism and immune functions critically depend on butyrate as a potent regulator, 

highlighting butyrate as a key mediator of host-microbe crosstalk. In addition to specific 

receptors (GPR43/FFAR2; GPR41/FFAR3; GPR109a/HCAR2) and transporters 

(MCT1/SLC16A1; SMCT1/SLC5A8), its effects are mediated by utilisation as an energy 

source via the β-oxidation pathway and as an inhibitor of histone deacetylases (HDACs), 

promoting histone acetylation and stimulation of gene expression in host cells. The latter has 

also led to the use of supraphysiological doses of butyrate as an experimental drug in 

models for neurological disorders ranging from depression to neurodegenerative diseases 

and cognitive impairment. 

Here we provide a critical review of the literature on butyrate and its effects on multiple 

aspects of host physiology with a focus on brain function and behaviour. We find 

fundamental differences in natural butyrate at physiological concentrations and its use as a 

neuropharmacological agent at rather high, supraphysiological doses in brain research. 

Finally, we hypothesize that butyrate and other volatile SCFAs produced by microbes may be 

involved in regulating the impact of the microbiome on behaviour including social 

communication.  
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2 Graphical Abstract 

 

3 Highlights 

• Butyrate is produced by specific bacteria, mainly in the colon, and is taken up by the 

host 

• Butyrate affects multiple host physiological processes via specific 

transporters/receptors and as an HDAC inhibitor 

• Supraphysiological doses of butyrate exert potent neuropharmacological effects, 

facilitating synaptic tagging and capturing 

• Physiological levels of butyrate may influence brain function indirectly via regulating 

immune responses and vagus nerve stimulation 

• Microbiota-derived volatile butyrate may be involved in host behaviour including 

social communication  

4 Keywords:  

neuroepigenetics; sociability; endocrine; Treg; gut-brain axis; nutrition 
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5 Introduction 

The gastrointestinal tract is the main interface for interaction and nutrient exchange between 

an animal’s interior milieu and the outside world. This interface is colonized by a vast and 

complex microbial ecosystem, which symbiotically interacts with the host. During the last 

decade, evidence has rapidly accumulated, showing that this microbiota has extensive 

regulatory effects on host physiology and function of virtually all organ systems (Clarke et al., 

2014). As such, central nervous system function and subsequently also human and animal 

behaviour is influenced by microbial presence, metabolism and activity (Collins et al., 2012; 

Cryan and Dinan, 2012; Mayer et al., 2014; Sampson and Mazmanian, 2015). The 

microbiota-gut-brain axis integrates various routes of communication, including endocrine, 

vagus nerve-dependent and immune signalling as well as direct action of microbial 

metabolites as signalling molecules in the brain (Clarke et al., 2014; El Aidy et al., 2014; 

Forsythe et al., 2014; Lyte, 2013; Selkrig et al., 2014; Stilling et al., 2014b). Among the most 

important and pleiotropic functional components of microbe-to-host signalling are short-chain 

fatty acids (SCFAs), small organic monocarboxylic acids with less than six carbon atoms, 

that are major microbial metabolites produced during anaerobic fermentation in the gut (Roy 

et al., 2006). 

The C4 monocarboxylic acid butyric acid (IUPAC name: butanoic acid) is a SCFA that got its 

name from the Greek word for butter and is infamous for its strong smell of rancid milk or 

butter, where it is generated from butyric acid-containing triglycerides present in milk fat by 

lipase-catalysed hydrolysis (Reineccius and Heath, 2006). Contributing to the characteristics 

of body odour, it is also largely responsible for the smell of vomit and sweat, where it is 

produced from lipids (e.g. milk fat in the stomach or sebum secreted by sebaceous glands on 

the skin) by salivary or gastric lipases or bacteria-derived lipases (e.g. by members of 

Corynebacterium, Staphylococcus and Microccous genera) (Holt, 1971). 

Butyric acid comes in two isoforms, known as n-butyric acid and iso-butyric acid (Fig. 1A ). 

Since n-butyric acid concentrations are outnumbering iso-butyric acid concentrations  

approximately 5-to-8-fold in human faeces (Payne et al., 2011; Siigur et al., 1993), and only 

n-butyrate has some of the molecular/pharmacological characteristics discussed in this 

review, we will focus predominantly on n-butyric acid. We will further refer to is as butyrate as 

in solution with a pH > pKa(=4.82), butyric acid appears mainly in its deprotonated form (e.g. 

in blood of pH 7.4 almost all butyric acid dissociates to butyrate and H+ (ratio [A-]:[HA] = 

380:1)). In the human colon, butyric acid contributes to the slight acidity with a typical pH of 

about 5.7 to 6.7 ([A-]:[HA] ratios approximately 7.6:1 to 76:1) (Fallingborg, 1999). 
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Butyrate, the anionic part of dissociated butyric acid and its salts, has been implicated in 

various host physiological functions including energy homeostasis, obesity, immune system 

regulation, cancer, and even brain function (Bourassa et al., 2016; Di Sabatino et al., 2005; 

Li, 2014). Yet, the molecular mechanisms mediating these functions may differ, ranging from 

metabolic effects to receptor signalling and enzymatic inhibition, and are not completely 

understood (Canani et al., 2011). Under physiological conditions, i.e. butyrate is only derived 

from fermentation of dietary fibre in the gut and reaches the circulation in variable µ-molar 

concentrations, butyrate mainly affects intestinal and adjacent tissues in a significant and 

mostly beneficial manner ((Canani et al., 2011; Hamer et al., 2008), see sections 7.1, 7.2 and 

9). However, butyrate is also widely used as an experimental pharmacological tool 

compound, and more recently also in neuroscience research, often administered 

systemically at concentrations of 100-1200mg/kg (Bourassa et al., 2016; Fischer et al., 

2010). It is thus of particular interest to the field of microbiota-gut-brain axis research to 

understand how gut-derived butyrate influences brain function and behaviour. 

In this review, we will summarize what is known about the biological relevance of butyrate 

with a focus on the gut microbiota as its prime source and the known and potential effects 

butyrate has on brain function and behaviour. 
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Fig. 1:  (A) Structual representations of butyrate and related molecules. (B) Over-simplified diagram of 

host-microbiota co-metabolism of butyrate. For more details see (Louis and Flint, 2009; Macfarlane 

and Macfarlane, 2003). Acetyl-CoA: acetyl coenzyme A; TCA: Tricarboxylic acid cycle (citric acid 

cycle/Krebs cycle) 

 

6 Biochemistry 

Caecal and colonic fermentation of dietary fibre, carbohydrates and proteins are complex 

energy-releasing processes that occur under anaerobic conditions and are necessary for 

survival of many gut-colonising bacterial and fungal species. The main end-products of the 

different fermentation processes are the SCFAs acetate (C2), propionate (C3) and butyrate 

(C4), but also - to a lesser extent - so-called branched short-chain fatty acids (iso-butyrate, 

valerate and iso-valerate) (Fernandes et al., 2014) 

n-butyric acid iso-butyric acid n-butyrate
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D-β-hydroxybutyrateβ-oxidation

TCA

Lactate

Propionate

Pyruvate

‘Fibre’

Anaerobic fermentation (prokaryotes only)

Host cells (IECs, liver)

Lactic acid
(2-hydroxypropionic acid)



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 7

In nature, the majority of butyrate is synthesised during anaerobic microbial fermentation of 

polysaccharides, indigestible to the host, who cannot produce any butyrate on its own. As an 

exception, butyrate can also be produced by host lipases from the triglyceride tributyrin, used 

as a prodrug to deliver biologically active butyrate (Gaschott et al., 2001; Miyoshi et al., 

2011). Among the microbiota, several synthetic pathways have been described. Apart from 

the most prevalent Acetyl-Coenzyme A (AcCoA) pathway, where AcCoA is produced via 

pyruvate derived from fermentation of host-indigestible carbohydrates (known as ‘fibre’, Box 

1) or via lactate (Duncan et al., 2004b), there are three alternative synthesis pathways 

described, starting from glutarate, lysine, and succinate, which converge on the intermediate 

product crotonyl-CoA (Vital et al., 2014) (Fig. 1B ). The final step in butyrogenesis is the 

conversion of either butyryl-phosphate to butyrate by the butyrate kinase (EC 2.7.2.7), 

encoded by the buk gene, or butyry-CoA to butyrate by the butyryl-CoA:acetate CoA-

transferase, encoded by the but gene. The latter appears to be the main pathway used by 

butyrate-producing bacteria in the gut (Louis et al., 2004). In contrast, iso-butyrate is mainly 

produced by fermentation of certain amino acids, i.e. polypeptides and proteins (Zarling and 

Ruchim, 1987). Butyrate can be further utilised by host cells where it is metabolised in the 

mitochondrial β-oxidation process that generates NADH, H+ and AcCoA, which in turn can 

further be used to generate ATP in the citric acid cycle in the mitochondria (Astbury and 

Corfe, 2012). In fact, in the host, butyrate is both taken up and metabolised for energy rather 

quickly, given that even high doses of oral or intravenous butyrate result in relatively rapid 

peak plasma concentrations (less an hour) and quickly decay within a few hours (Egorin et 

al., 1999; Kim et al., 2013). On the other hand, the prodrug tributyrin is used to release 

butyrate at a slower rate (Egorin et al., 1999; Miyoshi et al., 2011). 
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A structurally related compound, though with very different origin, is the ketone body D-β-

hydroxybutyrate (DHB), which can be synthesized by host cells from AcCoA under conditions 

like fasting, a ketogenic diet, type I diabetes, or alcoholic ketoacidosis. The major source for 

DHB is the liver, but there is also some evidence indicating that astrocytes are capable of 

producing DHB and shuttling it to neurons (Guzmán and Blázquez, 2004), where it can bind 

fatty acid receptors (see 7.4.2), be metabolised for energy or serve as substrate for amino-

acid neurotransmitter synthesis (Yudkoff et al., 2001). Interestingly butyrate and DHB appear 

to metabolically interact: High levels of butyrate and a ketogenic diet, consisting of mainly 

lipids and very low amounts of carbohydrates, can increase levels of DHB in blood and in the 

cerebrospinal fluid (CSF) in calves (Iriki et al., 2009) and the authors suggest that increased 

DHB is at least partially derived from the additionally supplied butyrate. Due to their structural 

relatedness, DHB has additional molecular features that mimic those of butyrate and will 

therefore be discussed along with butyrate throughout this review. 

 

6.1 Sources 

6.1.1 Diet 

Butyrate occurs in dairy products in considerable amounts, e.g. whole cow’s milk 

(~0.1g/100g), butter (~3g/100g), cheese (especially goat’s cheese (~1-1.8g/100g) and 

Box 1:  Dietary fibre is a rather unspecific term comprising all host-indigestible dietary 

carbohydrates, i.e. polysaccharides mainly found in plants and mammalian milk and dairy 

products (Topping and Clifton, 2001). They can be further subdivided by their solubility in 

water, their specific sugar monomer and/or polymerisation complexity. An important, well-

studied class of soluble fibre is short (3 to 10 monomers) oligosaccharides made from 

fructose or galactose (FOS and GOS). These can be found for example in agave, 

bananas, onions, garlic and Jerusalem artichoke. GOS is also found in (breast)milk. 

Other, glucose-based fibre classes are resistant starch (RS), found in e.g. cooled boiled 

potatoes, β-glucans, found in oat, barley, wheat, and rye, and cellulose, the main plant 

cell wall component. In addition, non-starch polymers of xylose and other sugars (xylans 

and other hemicelluloses) as well as uronic acids (pectins) and cellulose are found in 

plant-based diets, most prominently in pears, apples, guavas, plums, and oranges 

(Bindelle et al., 2008). Prebiotics are defined as food supplements that specifically 

promote growth of health-associated bacteria in the gut. They also are usually non-

digestible carbohydrates that reach the caecum to become substrates for microbial 

fermentation (Cummings et al., 2001; Topping and Clifton, 2001). 
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parmesan (~1.5g/100g; data retrieved from the USDA National Nutrient Database for 

Standard Reference, Release 28), where it is present due to microbial anaerobic 

fermentation of fibre, including cellulose, in the ruminant gut. It is also present in human 

breast milk, resulting in uptake of an estimated amount of approximately 30mg/kg in a 

breast-fed baby (Aitoro et al., 2015). 

6.1.2  The Microbiota 

Many bacterial species colonising the colon are capable of digesting (fermenting) fibre in the 

absence of oxygen. Interestingly, these species do not constitute a monophyletic group, i.e. 

not all butyrate-producing bacteria are closely related, indicating that the ability for butyrate 

production must have occurred repeatedly during host-microbe co-evolution. Most of the 

butyrogenic bacteria belong to the Firmicutes phylum, within which the Clostridium clusters 

IV and XIVa, 16S-rRNA-defined phylogenetic groups belonging to the class Clostridia, are 

the best-studied groups (Barcenilla et al., 2000; Collins et al., 1994; Kläring et al., 2013; 

Pryde et al., 2002; Stackebrandt et al., 1999). For a detailed list of selected butyrate-

producing bacteria see (Li and Li, 2014). 

In addition to these, microbiota composition as a whole can have an effect on overall 

production efficiency of butyrate and other SCFAs. As such, acetate and lactate formed 

during fermentation are important contributors to butyrate production, hence a significant 

amount of the butyrate made is not directly derived from fibre by particular species, but by 

interactions within the gut microbial ecosystem (Duncan et al., 2004a, 2004b; Flint et al., 

2007; Veiga et al., 2014). Intriguingly, complex inter-species cross-feeding mechanisms have 

been described that link the metabolic activity of lactic acid bacteria (e.g., lactobacilli and 

bifidobacteria, key species generally considered to be probiotic, i.e. to promote host health) 

with butyrate-producing pathways (Belenguer et al., 2006; De Vuyst and Leroy, 2011; Flint et 

al., 2007; Rios-Covian et al., 2015; Rivière et al., 2015). In this context it is interesting to note 

that in extreme cases such as the short-bowel syndrome in humans, fermentation-derived 

overdoses of lactate (2-3mM in serum) can induce severe neurological symptoms (Ewaschuk 

et al., 2005), which might be treated by enhancing conversion of lactate to butyrate in the 

colonic lumen. In addition, luminal pH and SCFA concentrations have been found to be 

inversely related (Cummings et al., 1987) which is in line with butyrogenic bacteria being able 

to proliferate at a lower pH as compared to gram negative Bacteroides species, more 

prevalent at a higher pH (Duncan et al., 2009; Walker et al., 2005). Therefore, also the 

intracolonic milieu significantly affects butyrate production efficiency by the microbiota. 

Finally, butyrate can also be produced from mucin degradation. Mucins are heavily 

glycosylated proteins expressed by the host epithelium forming the basis of the mucus lining 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 10

of the intestinal tract. This particular form of symbiosis whereby the host actively contributes 

to colonisation of specific mucin-associated bacteria is of particular importance since this in 

itself is regulated by specific mucin expression and glycosylation patterns. Mucin-degrading 

butyrate-producing bacteria from several Clostridial clusters, including species Rosburia 

intestinalis and Eubacterium rectale, have just recently been identified since they are tightly 

associated with epithelial mucus (Van den Abbeele et al., 2013) and may thus not be 

represented appropriately in faecal samples. A recent study found that 3 out of 7 mucin-

feeding bacteria were able to produce butyrate (Levine et al., 2013) and it is likely that more 

novel butyrogenic species will be found in human intestines in the near future.  

While butyrate from the diet is readily available to host tissues, presumably release of 

butyrate from fermentation is slower and more steady over time, likely resulting in a more 

complex profile of baseline and peak concentrations under day-to-day conditions in a human 

non-experimental situation. 

 

7 Concentrations and Transport – Butyrate regulates  host physiology 

7.1 Intestinal Synthesis and Concentrations – Relev ance to Host Metabolism and 

Obesity 

As butyrate is – with few exceptions in tissues of goats, rabbits and piglets (Kien et al., 2000; 

Nandedkar et al., 1969; Nandedkar and Kumar, 1969) – almost exclusively produced by gut 

bacteria, or taken up with the diet, butyrate concentrations are highest in the gut lumen. 

Human faeces show substantial variability in faecal butyrate concentrations (McOrist et al., 

2011) in the range of about 3.5 to 32.6 g/kg of butyrate, as well as ~60 g/kg acetate and ~10-

20 g/kg propionate (Macfarlane and Macfarlane, 2003; McOrist et al., 2011). This is in line 

with the typically cited ratio of about 60:20:20 for acetate, propionate and butyrate in colon 

and stool (den Besten et al., 2013). Notably, butyrate is the main source for energy 

metabolism in intestinal epithelial cells, especially colonocytes (den Besten et al., 2013), so 

that a significant proportion of microbial-released butyrate is rapidly taken up and consumed 

locally in the gut (Hamer et al., 2008; Topping and Clifton, 2001), which also means that 

faecal concentrations do not necessarily represent SCFA production rates or concentrations 

present in the colon (den Besten et al., 2013; Rechkemmer et al., 1988; Verbeke et al., 

2015). Hence, it is important to note that variations in faecal SCFA concentrations could be a 

result of either, altered production or altered colonic absorption. This host-microbe co-

metabolism is of particular importance for studies comparing faecal microbiota composition in 

case/control studies or when interpreting correlations between faecal SCFA content with a 

certain physiological parameter. In short, a highly fermenting gut promotes caloric extraction 
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from the diet, which may have been an evolutionary advantage at times of limited food 

resources but results in quicker weight gain in individuals carrying a high number of these 

bacteria, despite the otherwise positive effects of this fermentation as outlined above. It thus 

remains to be elucidated how body-mass-index, fibre intake, microbiota composition and 

faecal SCFA concentrations are correlated (Clarke et al., 2014; Fernandes et al., 2014). This 

will be important to define to inform microbiota-directed interventions that might inadvertently 

impact on butyrate production. 

In addition, butyrate and other SCFAs have more remote, indirect effects on host 

metabolism. It is now well established that SCFAs modulate colonic motility by stimulating 

serotonin secretion from gut enterochromaffin cells (Fukumoto et al., 2003; Reigstad et al., 

2015; Yano et al., 2015), which are known as signalling interfaces between gut microbiota 

and host (Rhee et al., 2009), at least in part through activation of the vagus nerve via the 5-

HT3 receptor (Fukumoto et al., 2003). 

 

7.2 Transport, circulation and turnover in the host  

It is important to note that butyrate can also cross the epithelial barrier and enter the 

circulation via the hepatic portal vein, which connects the gastrointestinal tract, spleen and 

liver (Peters et al., 1992). While concentrations in the portal vein are still considerable 

(~18µmol/l in a fasting human, 14-64µmol/l in sudden death victims (Cummings et al., 1987; 

Hamer et al., 2008; Peters et al., 1992), concentrations in peripheral blood appear to be 

relatively low (lower µ-molar range, ~20% of portal vein concentrations) (Cummings et al., 

1987; Jakobsdottir et al., 2013; Peters et al., 1992). However, because butyrate is rapidly 

metabolised in the periphery, short-term peak concentrations might be much higher. In 

contrast, acetate and propionate are detectable in peripheral blood at about 50% and 10%, 

respectively, of concentrations found in hepatic portal blood. Therefore, the liver appears to 

represent a major sink for gut-produced SCFAs, where they may be metabolized via β-

oxidation, used for the synthesis of ketone bodies or converted to AcCoA (Bach Knudsen et 

al., 2003; Cummings et al., 1987), while high systemic acetate levels likely represents 

production by the host in a large variety of cells from AcCoA by acetyl-CoA hydrolase 

(Knowles et al., 1974; Peters et al., 1992). However, more recent studies found that 

peripheral blood SCFA levels correlate with dietary intake of fibre, suggesting butyrate is 

transported through the circulation and that other organs may be affected by changes in 

butyrate concentration (Tarini and Wolever, 2010). There are thus considerable 

methodological variables to consider when attempting to mechanistically link butyrate levels 
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in faecal matter with circulating concentrations as a conduit of microbiota-influenced 

behaviours (Topping and Clifton, 2001). 

 

7.3 Butyrate in the brain? 

To our knowledge there are no studies on physiological concentrations of butyrate in the 

brain or CSF. However, given the relatively low levels in peripheral blood, it can be expected 

that butyrate levels in brain tissue or CSF are extremely low. In fact, a study using dynamic 

positron emission tomography tracing of radio labelled butyrate in primates found brain 

uptake to be less than 0.006% and revealed high turnover of butyrate (only 20% remained 

after 5 minutes) (Kim et al., 2013). In contrast, using ion chromatography two recent studies 

by Jaming Liu and colleagues found slightly elevated butyrate levels in the brains of mice 

supplemented with live Clostridium butyricum, in a vascular dementia or ischemia mouse 

model (Liu et al., 2015; Sun et al., 2016). These observations stand to be reproduced as the 

concentrations of butyrate in wet brain sample reported in these studies ranged from 0.4 to 

0.7 µmol/g (i.e. ~mmol/l) and are thus about an order of magnitude higher than 

concentrations reported in peripheral blood. Notably, it is possible that not all studies have 

likely detected peak butyrate levels so it is important not to underestimate the potential 

impact of transient spikes. 

 

7.4 Transporters and Receptors 

Evidence for a role of SCFAs in organs outside the digestive system are derived from the 

fact that specific transmembrane proteins, receptors and transporters, that specifically bind 

SCFAs and other monocarboxylic acids are expressed by a large variety of cell types, 

including neurons. Importantly, in order to affect brain function butyrate does not necessarily 

need to enter the brain but can also indirectly influence processes in the brain by stimulating 

for example the peripheral nervous system or regulate immune system function. We will thus 

discuss relevant data on transporters and receptors also in organs and organ systems other 

than the brain. 

 

7.4.1 Transporters 

SCFAs are transported across cell membranes via pH-dependent, H+-coupled 

monocarboxylate transporters (MCTs) and sodium-coupled monocarboxylate transporters 

(SMCTs). More recently, an additional, liver-specific transporter (organic anion transporter 7, 
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OAT7) was reported to carry out butyrate uptake in hepatocytes (Shin et al., 2007). Both 

protein families, MCTs and SMCTs, also transport other monocarboxylates, such as pyruvate 

and lactate, as well as ketone bodies like DHB. Out of the four functional MCTs and two 

SMCTs, butyrate is a substrate of transporters MCT1 (encoded by the Slc16a1 gene) and 

SMCT1 (encoded by the Slc5a8 gene) (Vijay and Morris, 2014). In the gut, these 

transporters are located at the apical (i.e. luminal) side of the epithelial cells and their 

expression is dynamically upregulated specifically in response to luminal butyrate 

concentrations (Cuff et al., 2002) via the NF-kappaB signalling pathway (Borthakur et al., 

2008). In addition, both of these proteins are expressed in multiple tissues and cell types, 

including kidney, brain and colonic dendritic cells (Ganapathy et al., 2008; Gupta et al., 2006; 

Kim et al., 2014). Interestingly, in the brain, SMCT1 is found predominantly on neurons, while 

MCT1 is found mainly on astrocytes (Vijay and Morris, 2014) but also microglia (Moreira et 

al., 2009) and oligodendrocytes (Lee et al., 2012).  

However, more recently MCT4 was suggested to be a high-affinity butyrate transporter, at 

least in gut epithelial cells (Kekuda et al., 2013). In the brain, MCT4 seems to be exclusively 

expressed by astrocytes although the implications of this compartmentalisation remain to be 

defined (Pellerin et al., 2005). Under physiological conditions MCTs and SMCTs are 

important for shuttling lactate and ketone bodies from astrocytes to neurons for energy 

metabolism (Martin et al., 2006), but these transporters also have critical roles in the brain for 

drug delivery and are blocked as off-targets by non-steroidal anti-inflammatory drugs (Vijay 

and Morris, 2014), and are clearly necessary in mediating the direct effects of butyrate in the 

brain through uptake into neurons and glia cells from the circulation. In fact, to cross the 

blood brain barrier (BBB) butyrate-transporting transmembrane proteins must also be 

expressed by endothelial cells. At least for MCT1 this has been shown repeatedly 

(Bergersen et al., 2002; Gerhart et al., 1997; Pierre et al., 2000).  

However, there is no data available for the SMCTs. Studies using isotope-labelled butyrate 

were able to demonstrate carrier-mediated uptake of butyrate and other monocarboxylates 

into the brain as far back as the 1970s (Oldendorf, 1973; Sarna et al., 1979), although more 

recently this capacity was demonstrated to be limited (Kim et al., 2013). Further evidence for 

the ability of butyrate to cross the BBB comes from the fact that oral butyrate induces a dose-

dependent increase in neuronal and glial nuclear histone H3 acetylation mice (Minamiyama 

et al., 2004), due to its potential to inhibit histone deacetylation (see Section 8). Interestingly, 

butyrate itself can regulate BBB integrity: a recent study by Braniste and colleagues at the 

Karolinska Institute (2014) showed increased permeability of the BBB in germ-free mice, 

which are lacking detectable levels of butyrate. Monoassociation of these mice with the 

butyrate-producing bacterium (Clostridium tyrobutyricum), as well as oral sodium butyrate 
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administration (1000mg/kg for 3 days) could reinstate BBB integrity by increasing tight 

junction protein expression. This could not be achieved by administration Bacteroides 

thetaiotaomicron, producing mainly acetate and propionate, suggesting that indeed 

fermentation-derived butyrate supported BBB permeability (Braniste et al., 2014). However, 

from this study it is still unclear if the effects of fermentation-derived butyrate on BBB function 

are direct or mediated by other cellular systems. 

 

7.4.2 Receptors 

In addition to transmembrane transport, butyrate and other SCFAs can influence intracellular 

signalling in the gut and remote organs by binding to cell surface receptors (Bolognini et al., 

2016). So far, four G protein-coupled receptors (GPCRs) have been found to be activated by 

butyrate: GPR43 (now renamed to free fatty acid receptor 2, FFAR2), GPR41 (now FFAR3), 

GPR109a and GPR164 (now OR51E1, Olfr558 in mice) (Table 1 ). Though with somewhat 

different affinities, FFAR2 and FFAR3 are activated by all three major SCFAs (Ulven, 2012; 

Yonezawa et al., 2013), while GPR109a (now renamed to hydroxycarboxylic acid receptor 2, 

HCAR2 or HCA2) is activated by butyrate, monomethyl fumarate and the B3 vitamin niacin, 

which gave the encoding gene niacin receptor 1 (Niacr1) its initial name (Singh et al., 2014; 

Tang et al., 2008). OR51E1 binds butyrate, 3- and 4-methyl valeric acids and nonanoic acid 

(Priori et al., 2015).  

In addition, several synthetic agonists and antagonists have been identified to 

pharmacologically target FFAR2 and FFAR3 more specifically (Ulven, 2012; Yonezawa et 

al., 2013). Interestingly, D-β-hydroxybutyrate (DHB) appears to be an endogenous 

antagonist of FFAR3 (Kimura et al., 2011) but an agonist of HCAR2 (Offermanns and 

Schwaninger, 2015; Taggart et al., 2005), although evidence on DHB antagonism at FFAR3 

in the sympathetic nervous system is inconsistent (López Soto et al., 2014; Won et al., 

2013). Of note, there is another GPCR, OLFR78, which is expressed in blood vessels to 

regulate blood pressure and is activated by acetate and propionate but not by butyrate 

(Pluznick et al., 2013). Since all these receptors are activated by SCFAs in higher 

micromolar to millimolar concentrations it is unlikely that they will be activated by butyrate or 

propionate in organs other than the colon or liver, as peripheral blood usually carries only 

very low micromolar amounts of these SCFAs.  
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Table 1: Cellular receptors for butyrate. Form: Formate, Ac: Acetate, Prop: Propionate, But: butyrate, Val: Valerate (Pentanoate, C5), Capr: Caproate 
(Hexanoate, C6). *Note that there is conflicting evidence for D-β-hydroxybutyrate (DHB) regarding agonist/antagonist status at FFAR3. For further synthetic 
ligands (agonists and antagonists) for FFAR2 and FFAR3 see (Ulven, 2012), for HCAR2 see http://www.uniprot.org/uniprot/Q8TDS4#function .  
 
Receptor  Gene symbol  Gene name  Other Aliases  Ligands  Potency rank order  

FFAR2 FFAR2 free fatty acid receptor 2 GPR43, GPCR43, FFA2 Form, Ac, Prop, But, Val Ac ~ Prop > But > 
Val > Form 

FFAR3 FFAR3 free fatty acid receptor 3 GPR41, GPCR41, FFA3, FFA3R Ac, Prop, But, Capr, DHB* Prop ~ But > Val > 
Ac > Capr 

HCAR2 HCAR2 hydroxycarboxylic acid receptor 2 GPR109a, HCA2, NIACR1, 
PUMAG, HM74a/b 

But, monomethyl fumarate, 
nicotinic acid (niacin/Vit. B3), DHB 

n.d. 

OR51E1 OR51E1 (human) 
Olfr558 (mouse) 

olfactory receptor family 51 
subfamily E member 1 (human) 
olfactory receptor 558 (mouse) 

GPR164, POGR, Olfr558 But, 3-/4-methyl valeric acids, 
nonanoic acid 

n.d. 
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However, the SCFA receptors are implicated in various physiological processes due to their 

localisation on different cell types. FFAR2 and FFAR3 are located at various cell types, most 

prominently on enteroendocrine cells, where they, together with OR51E1 (Priori et al., 2015), 

stimulate secretion of glucagon-like peptide-1 (GLP-1), peptide YY (PYY), and other peptide 

hormones to regulate appetite and energy homeostasis (Byrne et al., 2015; Nøhr et al., 2013; 

Sleeth et al., 2010; Yadav et al., 2013) and to potentially improve type 2 diabetes features 

(Puddu et al., 2014). In contrast, SCFA-induced serotonin release from enterochromaffin 

cells appears not to be mediated by FFARs (Karaki et al., 2006; Tazoe et al., 2009), but 

OR51E1 may be involved (Priori et al., 2015).  

They are also frequently found on adipocytes, where they regulate adipogenesis and lipolysis 

(Ang and Ding, 2016; Yonezawa et al., 2013), although there are conflicting reports in the 

literature as to the exact mechanisms of this effect (Rumberger et al., 2014; Taggart et al., 

2005). Notably, at least FFAR3 and HCAR2 expression is regulated by DNA methylation 

(Remely et al., 2014; Thangaraju et al., 2009) and FFAR3 has been shown to be increased 

in blood leukocytes in obese and type-II-diabetes patients, potentially leading to reduced 

satiety signalling via SCFA-induced leptin production in adipocytes (Remely et al., 2014). 

Moreover, while both receptors are well-established regulators of the immune response 

FFAR2 appears to be more prevalently present on several different immune cells compared 

to FFAR3 (Kim et al., 2014). In fact, FFAR2/GPR43 has been found on neutrophils, 

monocytes, and more recently also T-regulatory cells (Tregs) (Smith et al., 2013), arguing for a 

strong immune-modulatory effect of SCFAs (also see section 9). Moreover, 

norepinephrinergic sympathetic neurons express both, FFAR2 and FFAR3, and binding of 

these receptors by SCFAs and DHB enhanced (propionate) or suppressed (DHB) 

norepinephrine release and sympathetic nervous system activity via an intracellular G-protein 

(Gβγ) – Phospholipase C (PLCβ) – mitogen-activated kinase (MAPK) pathway or by voltage-

dependent inhibition of N-type Ca(2+) channels in sympathetic neurons (Kimura et al., 2011; 

López Soto et al., 2014; Won et al., 2013). Importantly, Lal et al discovered that butyrate 

could directly stimulate afferent fibres of the vagus nerve, and while several pathways were 

ruled out without finding a mechanism or target, receptors were not investigated in this study 

(Lal et al., 2001). As FFAR3 was found to be expressed in the mouse brainstem vagal 

ganglion (Nøhr et al., 2015), it is possible that this effect was mediated by butyrate receptors. 

Together, these data further establish the role of these diet-depended metabolites in 

systemic signalling. 

Notably, HCAR2 is expressed in the mammalian brain, e.g. in rodent hypothalamic neurons 

and in cattle CNS (Fu et al., 2015; Rezq and Abdel-Rahman, 2016; Titgemeyer et al., 2011), 

and its signalling has well established effects in brain function. As such, HCAR2 is 
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upregulated in microglia within the substantia nigra of Parkinson’s disease patients (Wakade 

et al., 2014) and mediates the anti-neuroinflammatory, neuroprotective effects of the recently 

approved anti-multiple sclerosis (MS) drug dimethyl fumarate by converting microglia from a 

pro-inflammatory to a neuroprotective phenotype (Chen et al., 2014; Offermanns and 

Schwaninger, 2015; Parodi et al., 2015). For example, activation of HCAR2 by DHB has also 

been shown to enhance learning and memory by increasing protein synthesis and gap 

junctional neuronal communication and may play a role in DHB-mediated neuroprotection 

during neuronal disorders (Zou et al., 2009). In contrast to the well-studied functions of 

FFAR2 and FFAR3 in the gut and peripheral organs, it is thought that FFARs are expressed 

in the brain. However, most evidence supports their expression in the brain only at very low 

levels (Brown et al., 2003; Nilsson et al., 2003; Nøhr et al., 2013). Whether their expression 

is inducible by butyrate administration or other experimental paradigms has not been tested. 

In conclusion, SCFA receptors are important regulators of immune function, including 

neuroinflammation, host energy metabolism and endocrine regulation of physiology and 

behaviour. However, under physiological conditions at non-intestinal locations it is unlikely 

that butyrate or propionate are directly involved in these processes through activating the 

respective receptors and other ligands like niacin or DHB might be more important in this 

regard. Yet it is important to note, differential microbial composition and activity may still 

influence receptor activation via other pathways such as tryptophan metabolism, which is an 

essential precursor for niacin synthesis in the host liver. In addition, pulsed peak 

concentrations of SCFAs, especially acetate might be much higher than experimentally 

determined so far due to technical constraints. Future research, determining SCFA 

concentrations in the (human) brain after a fibre-reach meal may confirm or rule out the 

contribution of SCFAs to directly influence brain function. 

 

8 Butyrate and lysine acetylation 

8.1 Butyrate as an HDAC inhibitor 

Histone deacetylases (HDACs or KDACs) are a family of proteins catalysing the removal of 

acetyl groups from lysine (‘K’) residues within a peptide chain. Acetylation of lysine in 

proteins is an important mechanism of intracellular signalling (Spange et al., 2009) and is 

most well-known to be occurring on nucleosomal histone proteins, where acetylation of the 

histone tails is associated with activation of transcription (Fig. 2A ). More recently, acetylation 

of lysines has been initially found in more than 1700 proteins (Choudhary et al., 2009), a 

number that has since grown to over 4000 in mouse (Baeza et al., 2016). Post-translational 

acetylation regulates (i.e. activates enzymes, provides bindings sites for other proteins, 
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and/or induces structural change in proteins and DNA) diverse cellular functions, especially 

in energy metabolism as 63% of mitochondria-localised proteins contain acetylation sites 

(Baeza et al., 2016), rivalling the much longer-known regulation of proteins by 

phosphorylation (Norvell and McMahon, 2010; Zhao et al., 2010). 

The HDAC family can further be sub-grouped into five classes (I, IIa, IIb, III, IV) (Fischer et 

al., 2010). While class I HDACs are mainly localized to the nucleus to deacetylate histone 

and transcription factors, class IIb HDACs are mainly found in the cytoplasm, where HDAC6 

for example deacetylates tubulin. Class IIa HDACs are known to shuttle between cytoplasm 

and nucleus, depending on their phosphorylation status. As HDACs are such important 

regulators of multiple cellular functions, they need to be under tight control themselves. The 

activity of HDAC proteins can be regulated by post-translational modifications, including 

phosphorylation, sumoylation, ubiquitylation and also acetylation (Brandl et al., 2009; Luo et 

al., 2009). However, they can also be regulated by endogenous metabolites and synthetic 

compounds. Prominently, the sirtuins, a group of seven (in mammals) lysine deacetylases 

that make up class III HDACs and are found in the nucleus, cytoplasm and also in 

mitochondria, are dependent on the co-factor nicotinamide adenine dinucleotide (NAD+). To 

date, a wide array of natural and synthetic inhibitors of HDACs of all 5 classes have been 

described, with a strong focus on classes I and IIa and IIb as inhibition of these HDACs 

produced most of the beneficial effects on host metabolism and brain health associated with 

HDAC inhibition.  

Butyrate was found as one of the very first endogenous substances to inhibit HDAC activity, 

preferentially of classes I, IIa (Cleophas et al., 2016; Davie, 2003). Interestingly, butyrate was 

first discovered as a somatostatic agent in various cancer cells that promotes differentiation, 

while studying the effects of fatty acids as antimicrobial food additives on mammalian cell 

lines (Ginsburg et al., 1973; Leder and Leder, 1975; Prasad and Sinha, 1976). When 

investigating the molecular mechanism of this effect, butyrate was found to increase histone 

acetylation (Riggs et al., 1977), which was later attributed to inhibition of HDAC enzymes 

(Candido et al., 1978; Sealy and Chalkley, 1978). More recently, also the related ketone 

body DHB was found to have systemic HDAC inhibitory effects, potentially related to 

beneficial health effects of autophagy, the removal of surplus or damaged intracellular 

components, associated with intermitted fasting, caloric restriction or a ketogenic diet 

(Shimazu et al., 2013). 

While significantly less potent than artificially designed synthetic compounds, butyrate 

appears to be the most potent inhibitor among natural compounds investigated so far and 

especially the most potent SCFA in this regard (Fig. 2B ) (Gilbert et al., 2006). Interestingly, 

also a connection between feeding of prebiotic lactulose and caecal tissue histone 
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acetylation could be established in piglets, suggesting that increased butyrate production in 

the presence of prebiotics may indirectly alter host histone acetylation at least in gut tissues 

(Kien et al., 2008). 

 
Fig. 2 : (A) Histone acetylation contributes to the formation of open, active chromatin (euchromatin). 

Acetylation of the lysine (K) tails of the 4 nucleosomal histones (mainly histones H3 and H4) is 

catalysed by the opposing activity of histone/K-lysine acetyltransferases (HATs/KATs) and histone/K-

lysine deacetylases (HDACs/KDACs). (B) Approximate IC50 values for different synthetic and natural 

or endogenous HDAC inhibitors, based on in vitro studies. Note that for pyruvate different values 

found can be found in the literature. TSA: Trichostatin A, SAHA: suberanilohydroxamic acid 
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8.2 Dynamics of neuronal histone acetylation and ne urological disorders 

8.2.1  Histone acetylation during Long-term memory 

Nobel Laurete Eric Kandel’s work in Aplysia, showed that synthesis of new proteins is 

necessary for long-term changes in synaptic plasticity and learning (Castellucci et al., 1989; 

Dale et al., 1987; Montarolo et al., 1986). These findings then led to early studies on the 

dynamics of histone acetylation during and after a learning task (Levenson et al., 2004) in 

rodents, which laid the foundation for the emerging field of neuroepigenetics (Sweatt, 2013). 

This first study by Levenson et al. (2004) also used butyrate for the first time to artificially 

elevate histone acetylation in the brain during a critical phase of memory formation and found 

an enhancement of long-term potentiation (LTP) and contextual fear memory (Levenson et 

al., 2004). 

Since then, a multitude of studies have been performed using the HDAC inhibitor butyrate 

(mostly as sodium salt) to alter brain function in healthy animals or in order to ameliorate 

detrimental effects in models of cognitive or neurological dysfunction. Table 2 gives a 

detailed, but non-exhaustive, overview of several in vivo studies using either butyrate, 4-

phenylbutyrate, butyrate in conjunction with other SCFAs, or administering butyrate-

producing bacteria to modulate brain function, behaviour, or non-neuronal brain components 

such as the blood brain barrier and glial cells in vivo.  

In summary, butyrate has been shown to be effective in the brain in at least three major 

areas. Firstly, based on the findings by Levenson et al. (2004), sodium butyrate was used to 

facilitate neuronal plasticity, long-term memory formation or LTP (Lattal et al., 2007; Vecsey 

et al., 2007), e.g. by transforming short-term memory into long-term memory (Haettig et al., 

2011; Intlekofer et al., 2013) or by mimicking the beneficial effects of environmental 

enrichment (Fischer et al., 2007). This memory enhancing feature of high-dosed systemic or 

locally injected butyrate has also been used for neuroprotection or to restore cognitive 

function in experimental models of neurodegeneration or cognitive impairment (Ferrante et 

al., 2003; Fischer et al., 2007; Govindarajan et al., 2011; Kim et al., 2009, 2007; Ryu et al., 

2005). To this category also belong other neurodegenerative diseases, including 

Huntington’s disease (Ferrante et al., 2003; Gardian et al., 2005), Parkinson’s disease 

(Sharma et al., 2015), amyotrophic lateral sclerosis (Ryu et al., 2005), and ataxias (Chou et 

al., 2011), where butyrate exhibits beneficial neuroprotective effects and restoration of brain 

functions other than memory (Table 2 ). Moreover, butyrate also facilitates neuronal plasticity 

induced by drugs of abuse, such as cocaine or amphetamine (e.g. Febo et al., 2009; Kalda 

et al., 2007; Kumar et al., 2005; Sanchis-Segura et al., 2009; Schroeder et al., 2008; Shen et 

al., 2008) (Table 2 ). 
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To understand why butyrate has these cognitive enhancement effects during long-term 

memory formation, it is necessary to consider the molecular mechanisms of this process. 

Together with the establishment of different phases of memory formation that depend on the 

strength of synaptic input, the need for de novo synthesis of proteins and hence 

transcriptional regulation specifically during long-term memory formation or late LTP has 

sparked the generation of the synaptic tagging and capturing hypothesis (Frey and Morris, 

1997; Redondo and Morris, 2011; Viosca et al., 2007). In order to facilitate memory and to 

transform weak sub-threshold stimulation into long-term memory or late LTP, HDAC 

inhibition must “short-cut” this cellular cascade and activate nuclear gene expression even in 

the absence of a strong stimulus (Fig. 3) (Stilling and Fischer, 2011).  

 
Fig. 3:  Diagram depicting the events occurring in the synaptic tagging and capturing model and how 

this pathway can be “short-cut” by the use of HDAC inhibitors (HDACi) or HAT activators, both 

promoting histone acetylation and nuclear gene expression necessary for long-term memory 

It is worth noting that all present evidence that butyrate acts on memory systems via its HDAC 

inhibitory function is indirect. To prove this beyond doubt would require knockout, knockdown, or 

pre-inhibition of all HDACs that are inhibited by butyrate, which by itself would either, in the worst-

case scenario, be lethal to the cell population (or animal) studied or, in the best-case scenario, 

result in memory/LTP enhancement when tested. Butyrate should then not add to the 

enhancement any further – however ceiling effects might confound this approach. Alternatively, 

systematic elimination of alternative mechanisms of action, such as receptor activation, would be 
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necessary. While we are not aware of any such systematic studies, we believe that the high 

reproducibility and wealth of studies showing an effect on histone acetylation, in vivo as well as in 

vitro, combined with the philosophy of “Occam’s razor”, arguing that the most parsimonious 

explanation is likely the truth, yields sufficient evidence. Hence although the evidence is indirect 

in most cases, it is convincing to an extend that we can say butyrate facilitates plasticity (at least 

at the doses mentioned). 

8.2.2 Histone acetylation in psychiatric disorders 

Psychiatric disorders including depression show important responses to butyrate-induced 

histone hyperacetylation such as a reduction in depressive like behaviour (Schroeder et al., 

2007; Wei et al., 2015) in animal models (Table 2 ). This effect also depends on elevating 

levels of BDNF in specific brain regions such as the prefrontal cortex (Wei et al., 2015), 

which is likely due to elevating histone acetylation in the Bdnf gene (Intlekofer et al., 2013). In 

fact, the branched-chain fatty acid valproate, which also has some HDAC inhibitory potential 

in addition to a variety of other actions, is one of the most widely-used mood stabilisers in 

clinical practice. 

Finally, HDAC inhibition is tightly connected to autism spectrum disorders (ASDs), which are, 

on a cellular level, characterized by decreased neuro-inhibitory (e.g. GABAergic) signalling. 

Kratsman et al. (2015) recently showed that butyrate can be used to enhance inhibitory 

signalling in the BTBR mouse model of autism even at relatively low doses (100mg/kg) that 

did not induce quantifiable differences in histone acetylation in the prefrontal cortex but still 

attenuated social deficits associated with this model (Kratsman et al., 2015). In addition, high 

doses of the monocarboxylic HDAC inhibitors propionate or valproate, administered either 

systemically to the mother during pregnancy or intraventricular in adulthood were repeatedly 

shown to induce autistic-like symptoms in animal models (Chomiak et al., 2013; Macfabe, 

2012; MacFabe et al., 2011, 2007; Roullet et al., 2013; Thomas et al., 2012), suggesting 

extreme care has to be given to evaluation of the potential use of SCFAs in treatment of 

ASDs. Interestingly, however, the prenatal valproate-induced mouse model could also be 

treated with butyrate or even valproate when given at 4 weeks of age for 5 weeks, which was 

accompanied by increased histone H3 acetylation in the case of butyrate (Takuma et al., 

2014). In the context of the microbiome-gut-brain axis, it is important to note that this model 

is, along with the neurodevelopmental symptoms, associated with altered composition and 

activity of the microbiota as well as intestinal inflammation (de Theije et al., 2014a, 2014b). 

From Table 2  it can also be seen investigators used various different doses of butyrate for 

systemic administration in the range of 100 – 1200 mg/kg. Often these doses were not 

justified in the studies or were based on previous reports of effectiveness. Only very recently 

a study by Gagliano et al. (2012) demonstrated negative, stress-like activation of the 
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hypothalamic-pituitary-brain axis by sodium butyrate in rats at high doses of 1200 mg/kg 

when injected into the peritoneum, while an equimolar dose of sodium chloride or a butyrate 

dose of 200 mg/kg did not induce this stress response (Gagliano et al., 2014). Interestingly, 

this study might also yield an additional mechanism of action for the beneficial effects of high 

doses of butyrate on memory formation since short-term stress resulting in an acute rise of 

cortisol levels was shown to facilitate learning (Hurtubise and Howland, 2016). At the same 

time, the role of HDACs in short-term activation of the HPA axis is unclear. However, 

compared to physiological conditions, i.e. concentrations of butyrate derived from microbial 

fermentation in the gut, 200mg/kg and even 100mg/kg (the lowest systemic dose found in 

Table 2 ) can still be considered very high. Given the low bioavailability of butyrate in the 

brain (Kim et al., 2013), high doses may have to be used to observe direct effects on HDAC 

activity in the brain. It seems rather unlikely that doses usually reaching the brain under 

physiological conditions, even on a high-fibre diet, are high enough to significantly affect 

histone acetylation. This is an important gap in our understanding of the biology of butyrate 

that needs to be addressed in well-designed studies. It would also be interesting to 

determine colonic / faecal levels of butyrate in depressive or other neuropsychiatric patients. 

Surprisingly, a recent study showed overrepresentation of several bacterial genera that 

belong to the butyrate producing groups of bacteria in patients with major depressive 

disorder (Zheng et al., 2016), although SCFA levels were not quantified in this study and the 

functional causes and consequences of this association still remain to be determined. 
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Table 1 : Selected in vivo studies using butyrate, 4-phenylbutyrate or butyrate-producing bacteria to modulate brain physiology and function. 
PMID First Author  Year Method of 

Application  
Dose [mg/kg]  Duration / 

Frequency 
Experimental Model  Relevance  Main effects  

14561870 Ferrante 2003 I.p. 100, 200, 400, 
600, and 1200  

From 21 days of 
age throughout 
lifetime 

R6/2 mice Huntington’s 
disease  

Dose-dependent increase in motor 
performance, lifespan and bodyweight and 
decreased neuronal atrophy. 

14561870 Ferrante 2003 I.p. 1200 2 weeks R6/2 mice Huntington’s 
disease  

Increased whole brain histone acetylation and 
increased mitogen-activated protein kinase 1 in 
the cortex. 

15102712 Minamiyama 2004 Drinking 
water 

approx. 600 From 5 weeks of 
age throughout 
lifetime 

AR-97Q #4–6 mice Spinal and bulbar 
muscular atrophy 

Increased lifespan and motor performance and 
increased spinal cord histone acetylation. 
Amelioration of motor neurons and muscle 
impairment. 

15273246 Levenson 2004 I.p. 1200 Acute Sprague-Dawley rats  Enhanced contextual fear learning and LTP 
16242410 Kumar 2005 I.p. 200 Acute Sprague-Dawley rats, 

cotreatment with 
cocaine 

Psychosis and 
drug abuse 

Potentiated locomotor activity and striatal cFos 
expression and promoter histone acetylation. 

15934930 Ryu 2005 I.p. 4-phenylbutyric 
acid sodium, 
400  

From 21 days of 
age throughout 
lifetime 

G93A H1 mice Amyotrophic lateral 
sclerosis 

Increased lifespan and motor performance. 
Decreased gross spinal cord atrophy and 
neuronal loss 

15494404 Gardian 2005 I.p. 4-phenylbutyric 
acid sodium, 
100  

From 75 days of 
age throughout 
lifetime, 6 
days/week 

N171-82Q mice Huntington’s 
disease  

Increased lifespan, striatal histone acetylation 
and decreased gross brain atrophy. 

16501568 Tsankova 2006 I.p. 200 21 days, 2 
times/day 

C57Bl/6 mice, after 
chronic social defeat 
stress 

 Decreased depressive-like behavior. 

16407196 Ying 2006 I.p. 500 and 1500  From 4 weeks of 
age, throughout 
lifetime 

Atro-118Q mice  Dentatorubral-
pallidoluysian 
atrophy 

Increased lifespan, motor performance and 
whole brain histone acetylation. 

16945350 Schroeder 2007 I.p. 1200 Acute C57Bl/6J - mice  Increased hippocampal and frontal cortical 
histone acetylation. 

16945350 Schroeder 2007 I.p. 1200 28 days C57Bl/6J - mice  Decreased depressive-like behaviour. 
16945350 Schroeder 2007 I.p. 1200 Acute or 28 days C57Bl/6J - mice, 

cotreatment with 
fluoxetine  

Depression Decreased depressive-like behaviour 

17477979 Kalda 2007 I.p. 630 8 days or actute C57BL/6 mice, 
cotreatment with 
amphetamine 

Psychosis and 
drug abuse 

Potentiation of amphetamine-induced 
behavioral sensitization 

17477979 Kalda 2007 I.p. 630 6 days, after 8 days 
of amphetamine 
administration 

C57BL/6 mice, 
pretreatment with 
amphetamine 

Psychosis and 
drug abuse 

Decreased behavioral sensitization. 
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21593570 Govindarajan 2011 I.p. 1200 From 14 months of 
age for 6 weeks 

APPPS1-21 mice Alzheimer's 
disease 

Enhanced contextual fear learning, 
hippocampal histone acetylation increased 
expression of genes associated in memory 
consolidation in the hippocampus. 

17477979 Kalda 2007 I.p. 630 Acute C57BL/6 mice  Increased amphetamine-induced locomotor 
activity, behavioral sensitization and striatal 
histone acetylation. 

17522015 Bredy 2007 I.p. 1000 Acute C57BL/6 mice  Increased fear extinction. 
17371805 Kim 2007 S.c. 200, 300, 500 

and 700  
Acutely after 
pMCAO and 12 
hours hereafter 

Sprague-Dawley rats 
with pMCAO 

Brain ischemia Dose-dependent decrease in infarct volume. 

17371805 Kim 2007 S.c. 300 Acutely after 
pMCAO and 12 
hours hereafter 

Sprague-Dawley rats 
with pMCAO 

Brain ischemia Increased motor, sensory, and reflex functions 
and decreased inflammation and apoptosis in 
the corresponding ischemic brain area. 

17907845 Lattal 2007 S.c. 1200 Acute C57BL/6 mice  Increased fear extinction. 
17468743 Fischer 2007 I.p. 1200 4 weeks C57BL/6 mice  Increased contextual fear learning, spatial 

learning and hippocampal histone acetylation. 

17468743 Fischer 2007 I.p. 1200 4 weeks CK-p25 Tg mice Alzheimer's 
disease 

Increased contextual fear learning, spatial 
learning, hippocampal synaptophysin, neural 
plasticity factors 

17468743 Fischer 2007 I.p. 1200 Acute C57BL/6 mice  Increased contextual fear learning 
17468743 Fischer 2007 I.c.v. 100 ng Acute C57BL/6 mice  Increased contextual fear learning 
18288092 Schroeder 2007 I.p. 100 10 days C57BL/6 mice, 

cotreatment with 
cocaine 

Psychosis and 
drug abuse 

Potentiated cocaine-induced locomotor 
sensitization. 

18288092 Schroeder 2007 I.p. 200 Acute and 10 days C57BL/6 mice  Increased striatal histone acetylation. 
18848971 Shen 2008 I.p. 630 8 days C57BL/6 mice  Increased striatal ∆FosB expression. 
18848971 Shen 2008 I.p. 630 8 days C57BL/6 mice, 

cotreatment with 
amphetamine 

Psychosis and 
drug abuse 

Increased amphetamine-induced locomotor 
sensitization and striatal histone acetylation 
and CREB phosphorylation. 

18799668 Romieu 2008 I.v. 4-
phenylbutyrate, 
20  

7 days Wistar rats, 
cotreatment with 
cocaine 

Psychosis and 
drug abuse 

Reduced cocaine self-administration. 

18599214 Sun 2008 I.p. 400 Acute Sprague-Dawley rats, 
cotreatment with 
cocaine 

Psychosis and 
drug abuse 

Increased cocaine-maintained self-
administration. 

19549282 Kim 2009 S.c. 300 For 7 or 14 days 
after pMCAO 

Sprague-Dawley rats 
with pMCAO 

Brain ischemia Increased  motor, sensory, and reflex functions 
and neurogenesis in various brain areas after 
ischemia 
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18817816 Zhu 2009 S.c. 1200 For 1 week, 3-4 
weeks after the 
surgery 

Ovariectomized 
female Sprague-
Dawley rats, 
cotreatment with 
estradiol benzoate 

 Decreased depressive-like behaviour, Estradiol 
benzoate was administered due to the 
ovariectomy 

19531374 Dash 2009 I.p. 1200 Acute C57BL/6 mice  Increased hippocampal histone acetylation. 
19531374 Dash 2009 I.p. 1200 For 4 weeks after  

surgery 
C57BL/6 mice with 
cortical impact injury 

Traumatic brain 
injury 

Enhanced learning, memory and contextual 
fear learning. 

19727068 Sanchis-
Segura 

2009 I.p. 100, 150 and 
300  

11 days Swiss-Albino mice, 
cotreatment with 
various drugs 

Psychosis and 
drug abuse 

Dose-dependent enhancement of cocaine-, 
ethanol- and morphine-induced locomotor 
sensitization. 

19638299 Febo 2009 I.p. 200 Acute Long Evans rats, 
cotreatment with 
cocaine 

Psychosis and 
drug abuse 

Increased cocaine-induced cortico-limbic 
circuitry activation 

19393671 Gundersen 2009 I.p. 1200 3 times in 24 hours F1 hybrid offspring of 
129SvEv and C57Bl/6 
mice 

Depression and 
anxiety 

Increased depressive-like behaviour and 
hippocampal histone acetylation. 

19393671 Gundersen 2009 I.p. 100 21 days, 2 
times/day 

F1 hybrid offspring of 
129SvEv and C57Bl/6 
mice 

Depression and 
anxiety 

Decreased hippocampal histone acetylation. 

19424149 Guan 2009 I.p. 1200 21 days C57Bl/6 mice  Enhanced contextual fear learning. 
19470462 Stefanko 2009 I.p. 600 and 1200  Acute Modified Cbp mice Long-term memory Increased long-term memory. 
20346924 Kwon 2010 I.p. 400 and 1200  Acute Sprague-Dawley rats  Increased amygdalar histone acetylation. 
20407577 Chandrasekar 2010 I.p. 100 3 days Wistar rats with 

increased NZF-
2b/7ZFMyt1 
expression in the 
nucleus accumbus, 
cotreatment with 
cocaine 

Psychosis and 
drug abuse 

Decreased cocaine self-administration. 

19765687 Malvaez 2010 I.p. 1200 8 days C57BL/6 mice  Enhanced extinction of cocaine-induced 
conditioned place preference. 

20219993 Gupta 2010 I.p. N/A Acute Sprague-Dawley rats  Enhanced contextual fear learning. 
20010553 Kilgore 2010 I.p. 1200 21 and 35 days  APPPS1-21 mice Alzheimer's 

disease 
Enhanced contextual fear learning. 

21597935 Yoo 2011 S.c. 300 2 weeks C57BL/6 mice  Increased histone acetylation in the dentate 
gyrus. 

20978517 Wang 2011 I.p. 300 Acutely after 
pMCAO and 12 
hours hereafter 

Sprague-Dawley rats 
with pMCAO 

Brain ischemia Attenuation of blood-brain barrier disruption. 

21652725 Bonthuis 2011 Drinking 
water 

approx. 1200  20-24 days Ovariectomized 
female C57BL/6 mice 

 Increased whole brain histone acetylation. 
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21047555 Chou 2011 I.p. 400 and 800  From 2 months of 
age throughout 
lifetime 

Ataxin-3-Q79 mice Spinocerebellar 
ataxia type 3 

Increased lifespan, motor performance, histone 
acetylation in the cerebellum and expression of 
genes associated with glutamatergic signalling. 

21191817 Kim 2011 I.p. 1200 7 days C57BL/6 mice  Increased hippocampal and cortical histone 
acetylation and decreased neuronal apoptosis 
in the subgranular zone of the hippocampus. 

21989497 Moretti 2011 I.p. 600 For 7 days, 2 
times/day, directly 
after 7 day d-
amphetamine 
administration 

Wistar rats, treated 
with d-amphetamine 
for 14 days 

Mania and bipolar 
disorder 

Decreased locomotor activity and increased 
activity of mitochondrial respiratory-chain 
complexes in the prefrontal cortex, 
hippocampus, striatum and amygdala. 

21224411 Haettig 2011 I.p. 1200 Acute Mouse (C57Bl/6), 
CBP functional 
knockout 

 HDACi failed to enhance long-term memory in 
CBPKIX/KIX mice (but enhanced control) 

21421011 Reolon 2011 I.p. 1200 Acute Aged Wistar rats  Increased memory retention. 
22457511 Mahan 2012 I.p. 1200 Acute C57BL/6 mice  Increased contextual fear learning and 

hippocampal homer1a expression. 

22067609 Silva 2012 I.p. 1200 Acute Wistar rats with 
neonatal iron overload 

Iron overload 
induced memory 
impairment 

Increased memory retention. 

22761874 Yang 2012 I.p. 1200 Acute Sprague-Dawley rats, 
cotreatment with 
sulphasalazine 

Psychosis and 
drug abuse 

Abolished the blocked conditioned place 
aversion memory extinction. 

25722691 Xu 2012 I.p. 200 15 days, 4 
times/day 

Wistar rats, 
cotreatment with 
ethanol 

Psychosis and 
drug abuse 

Increased ethanol-induced conditioned place 
preference and htr3a expression. 

22452925 Itzhak 2012 I.p. 1200 Acute nNOS mice  Increased contextual fear learning and 
amygdalar and hippocampal histone 
acetylation. 

22452925 Itzhak 2012 I.p. 1200 Acute Parental counterparts 
of nNOS KO mice 
(C57BL/6J and 
129S1/SvImJ) 

 Increased extinction of cued fear memory and 
amygdalar and hippocampal histone 
acetylation. 

22290116 Stafford 2012 I.p. 1200 Acute C57BL/6 mice  Enhanced fear extinction. 
22290116 Stafford 2012 Bilateral 

dorsal 
hippocampal 
injection 

55 mM over 1 
min at a rate of 
0.25 µL per min 

Acute C57BL/6 mice  Increased histone acetylation and cFos levels 
in the hippocampus and infralimbic cortex. 
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22290116 Stafford 2012 Unilateral 
medial 
infralimbic 
cortical 
injection 

55 mM over 1 
min at a rate of 
0.25 µL per min 

Acute C57BL/6 mice  Enhanced fear extinction, did not enhance 
extinction when injected in prelimic cortex 

23615664 Intlekofer 2013 I.p. N/A Acute C57BL/6 mice  Increased subthreshold learning, hippocampal 
BDNF VI expression and promoter 
hyperacetylation 

23454534 Raybuck  2013 I.p. 1200 Acute C57BL/6 mice, 
cotreatment with 
cocaine 

Psychosis and 
drug abuse 

Enhancement of the acquisition and 
reacquisition of cocaine-induced conditioned 
place preference and increased histone 
acetylation in the infralimbic cortex and nucleus 
accumbens. 

23567105 Itzhak 2013 I.p. 1200 Acute C57BL/6 mice  Increased hippocampal histone acetylation. 
23567105 Itzhak 2013 I.p. 1200 Acute C57BL/6 mice, 

cotreatment with 
cocaine 

Psychosis and 
drug abuse 

Increased cocaine place preference and 
surpressed cocaine-induced place preference. 

23137698 Harkness 2013 I.p. 630 10 days B6D2F1/J mice  Potentiated metamphetamine-induced 
locomoter sensitization. 

23137698 Harkness 2013 I.p. 630 Acute B6D2F1/J mice  Increased histone acetylation in the dorsal and 
ventral striatum. 

23604166 Ploense 2013 I.p. 1000 Acute Sprague-Dawley rats  Increased cue-induced reinstatement of 
operant behavior. 

23411414 Steckert 2013 I.p. 600 For 7 days, 2 
times/day, directly 
after 7 day d-
amphetamine 
administration 

Wistar rats, treated 
with d-amphetamine 
for 14 days 

Mania and bipolar 
disorder 

Decreased locomotor activity, risk-taking 
behavior and oxidative stress in various brain 
regions. 

23851624 Valvassori 2013 I.p. 600 For 7 days, 2 
times/day, directly 
after 7 day d-
amphetamine 
administration 

Wistar rats, treated 
with d-amphetamine 
for 14 days 

Mania and bipolar 
disorder 

Increased Krebs cycle enzyme activity. 

24212060 Gagliano 2014 I.p. 1200 Acute Sprague-Dawley rats  Increased stress and anxiety-like behavior and 
increased hippocampal histone acetylation, 
1200mg/kg had negative effects (stress-like 
response) 

24323127 Núñez-
Jaramillo 

2014 Bilateral 
insular 
cortical 
injection 

10 µg Acute Wistar rats  Delayed extinction of aversive taste memory, 
50 and 100 µg had no effect 

25411471 Braniste 2014 Oral gavage 1000 3 days GF C57BL/6 mice  Blood brain barrier function rescued. 
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25618518 Wei 2014 I.p. 400 2 times/day Flinders sensitive line 
rats 

Depression Decreased depressive-like behaviour, 
increased prefrontal cortical TET1  and BDNF 
levels. 

24553857 Ji 2014 I.p. 1200 For 3 days during 
isoflurane exposure 

Aged Sprague-
Dawley rats with 3 day 
isoflurane exposure 

 Increased contextual fear memory, 
hippocampal histone acetylation, Upregulation 
of BDNF-TrkB signaling pathway and 
decreased inflammation and neuronal 
apoptosis. 

25233278 Valvassori 2014 I.p. 500 For 7 days, 2 
times/day 

Wistar rats  Decreased depressive-like behavior. 

25233278 Valvassori 2014 I.p. 500 For 7 days, 2 
times/day 

Wistar rats with 
chronic mild stress or 
maternal deprivation 

 Decreased activity of tricarboxylic acid cycle 
enzymes and increased activity of 
mitochondrial chain complexes. 

24753063 Castellano 2014 I.p. 1200 Acute Long-Evans rats   Increased short-term histone acetylation. 
24936215 Kim 2014 S.c. 300 For 7 days after 

pMCAO 
Sprague-Dawley rats 
with pMCAO 

Brain ischemia Decreased oligodendrocyte loss, inflammation, 
caspase-3 downregulation and increased 
oligodendrogenesis. 

24607816 Han 2014 I.p. 600 14 days during 
chronic restraint 
stress 

ICR mice with chronic 
restraint stress 

 Decreased depressive-like behaviour and 
increased hippocampal CREB phosphorylation, 
histone acetylation in dentate gyrus, CA2/3 and 
whole hippocampus and increased BDNF in 
the dentate gyrus and whole hippocampus. 

25240644 Takuma 2014 I.p. 1200 5 weeks ICR mice treated 
prenatally with 
valproic acid 

Autism spectrum 
disorder  

Increased long-term memory, hippocampal 
CA1 dendritic spine density and histone 
acetylation. 

24838805 Zhong 2014 I.p. 1200 28 days C57BL/6 mice  Increased contextual fear learning. 
24838805 Zhong 2014 I.p. 1200 28 days prior to 

isoflurane exposure 
C57BL/6 mice 
exposed to isoflurane 

 Increased hippocampal CA1 histone 
acetylation and cFos levels. 

24583371 Blank 2014 Bilateral 
dorsal 
hippocampal 
injection 

250 mM over 
0.5 min at a rate 
of 2 µL per min 

Acute Wistar rats  Enhanced of inhibitory avoidance memory 
consolidation. 

26013850 Liu 2015 I.p. 840 For 4 weeks, 29 
days after 2VO 

Sprague-Dawley rats 
with 2VO 

Alzheimer's 
disease and other 
types of dementia 

Increased spatial memory and hippocampal 
histone acetylation. 

25880762 Castino 2015 I.p. 100 6, 8 and 10 days Sprague-Dawley rats 
that underwent 12 
days of nicotine self-
administration 

Psychosis and 
drug abuse 

Increased extinction and attenuation of the 
reinstatement of nicotine self-administration. 

25467060 Varela 2015 I.p. 600 For 7 days, after 
ICV injection 

Wistar rats, with ICV 
injection of ouabain 

Bipolar disorder Decreased locomotor activity and increased 
hippocampal and frontal cortical neurotrophic 
factors. 
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26064905 Sun 2015 Intragastrical 10 Acutely after 
BCCAO 

ICR mice with BCCAO Brain ischemia Decreased neurological deficit and an anti-
oxidative and anti-apoptotic effect. 

26048426 Sharma 2015 I.p. 150 and 300  For 14 days, 21 
days after 6-OHDA 
treatment 

Wistar rats with 6-
OHDA administered 
into the medial 
forebrain bundle 

Parkinson's 
disease 

Dose-dependent increase in motor function, 
decreased striatal oxidative stress and 
inflammation and increased striatal BDNF and 
global histone acetylation. 

25433326 Lopes-Borges 2015 I.p. 600 For 7 days, after 
ICV injection 

Wistar rats, with ICV 
injection of ouabain 

Bipolar disorder Decreased locomotor activity and risk-taking 
behaviour and increased energetic metabolic 
alterations in the hippocampus and prefrontal 
cortex. 

25284351 Barichello 2015 Intracisternal 10 mM, 0.5 µL Acutely after 
surgery 

Wistar rats with 
intracisternal 
treatment of 
Streptococcus 
pneumoniae 

Pneumococcal 
Meningitis 

Decreased memory impairment and increased 
hippocampal neurotrophic factors. 

25041570 Simon-
O'Brien 

2015 I.p. 600  Acute Wistar rats, 
cotreatment with 
ethanol 

Psychosis and 
drug abuse 

Decreased ethanol self-administration. 

25041570 Simon-
O'Brien 

2015 I.p. 600  3 weeks Long-Evans rats, 
cotreatment with 
ethanol 

Psychosis and 
drug abuse 

Decreased ethanol intake and preference. 

25041570 Simon-
O'Brien 

2015 I.p. 600  2 days Wistar rats, 
cotreatment with 
ethanol 

Psychosis and 
drug abuse 

Increased histone acetylation in various brain 
areas. 

25041570 Simon-
O'Brien 

2015 I.c.v. 50 or 500 µg Acute Wistar rats, 
cotreatment with 
ethanol 

Psychosis and 
drug abuse 

Decreased ethanol self-administration. 

26030851 Erny  2015 Drinking 
water 

approx. 750  4 weeks GF C57BL/6 mice  Attenuation of defective cortical microglia, 
given in cocktail with Propionate 25mM, 
Acetate 67.5mM 

24963697 Yoo 2015 S.c. 300 3 weeks C57BL/6 mice, 
cotreatment with PEP-
1-SIRT2 

 Increased memory retention and increased cell 
proliferation and neuroblast differentiation in 
the dentate gyrus. 

26577018 Kratsman 2015 I.p. 100 10 days BTBR mice Autism spectrum 
disorder  

Increased sociability, decreased repetitive 
behaviour and decreased neuronal activation-
associated genes and increased HistAc in the 
prefrontal cortex. 

25837444 Blank 2015 I.p. 1200 Acute Aged Wistar rats  Enhanced of inhibitory avoidance memory 
consolidation. 

26892876 Butchbach 2016 Oral gavage  4-
phenylbutyrate, 
500  

From 4 days of age, 
throughout lifetime 

SMN∆7 SMA mice  Proximal spinal 
muscular atrophy 

Increased lifespan, number of motor neurons in 
the lumbar spinal cord and Akt signalling in the 
spinal cord.  
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27001149 Jia 2016 I.p. 250 2h prior to 
sevoflurane 
exposure and 
throughout rest 
experiment 

Sprague-Dawley rats, 
exposed to 
sevoflurane at P6, P7 
and P8 

 Rescue of deficits in spatial learning, 
contextual fear learning, hippocampal histone 
acetylation, BDNF and cFos levels and 
dendritic spine density 

26464112 Blank 2016 Bilateral 
dorsal 
hippocampal 
injection 

100 mM over 1 
min at a rate of 
1 µL per min 

Acute  Wistar rats, 
cotreatment with TrkB 
antagonist ANA-12 

 Attenuated decreased inhibitory avoidance 
memory consolidation induced by ANA-12 

27025446 Petry 2016 Bilateral 
dorsal 
hippocampal 
injection 

100 mM over 
0.5 min at a rate 
of 2 µL per min 

Acute Wistar rats, 
cotreatment with 
hippocampal gastrin-
releasing peptide 
receptor antagonist 
RC-3095 

  Attenuated decreased inhibitory avoidance 
memory consolidation induced by RC-3095 
and increased hippocampal BDNF levels. 

Studies using butyrate producing bacteria  

25411471 Braniste 2014 Oral gavage 1 × 10^8 CFU 
Clostridium 
butyricum  

One time 2 weeks 
prior to experiment 

GF C57BL/6 mice   Blood brain barrier function rescued. 

26523278 Liu 2015 Oral gavage 1 × 10^6/7/8 
CFU 
Clostridium 
butyricum  

For 6 weeks after 
rUCCAO 

ICR mice with 
rUCCAO 

Vascular dementia Attenuated spatial learning deficits and 
decreased hippocampal histopathology and 
apoptosis, Increased butyrate in the brain and 
increased faecal microbiota diversity 

26733300 Sun 2016 Oral gavage 1 × 10^9 CFU 
Clostridium 
butyricum  

For 2 weeks prior to 
BCCAO 

ICR mice with BCCAO Brain ischemia Decreased neurological deficit and an anti-
oxidative and anti-apoptotic effect, Increased 
butyrate in the brain 

27037183 Sun 2016 Oral gavage 1 × 10^8 CFU 
Clostridium 
butyricum  

For 6 weeks after 
BCCAO 

C57BL/6 mice, 4 week 
high-fat diet and 
subsequent 
streptozotocin 
administration 

Brain ischemia and 
diabetes 

Attenuated spatial learning deficits and 
hippocampal neuronal injury and apoptosis, 
Altered gut microbiota composition 
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9 Butyrate: An effector of immune system, barrier f unction & tumour growth 

Hippocrates famously noted that “all diseases originate in the gut”. Indeed, the 

gastrointestinal system offers an integrated interface for regulation of various body functions 

in health and disease. Strikingly, butyrate has been shown to interact with virtually all of 

these functions (Canani et al., 2011; Hamer et al., 2008). 

As such, the gut epithelium is also the first line of defence against pathogens taken up with 

the diet. Due to the mutualistic nature of the majority of microbes in the gut, however, the gut 

epithelium is also the primary interface for host-microbe crosstalk on all levels of interaction 

(Artis, 2008). 

Hence the immune system is trained and regulated by the presence of harmful and beneficial 

microbes, i.e. their components (e.g. cell wall parts, microbial associated molecular patterns 

MAMPs as well as microbial and viral DNA and RNA) and products (incl. metabolites). 

Butyrate has now been established as a potent player mediating this microbe-to-host-

immune-system cross talk. 

Thus, butyrate and other SCFAs have been shown to strengthen the integrity of the epithelial 

barrier by upregulating and reorganization of tight junction proteins that connect epithelial 

cells via various seemingly independent mechanisms including HDAC inhibition as well as 

activation of the AMP-activated protein kinase (AMPK) and/or lipoxigenase (Bordin et al., 

2004; Mariadason et al., 1999, 1997; Ohata et al., 2005; Peng et al., 2009, 2007; Suzuki et 

al., 2008; Wang et al., 2012). This characteristic is especially important since, unless the 

vagus nerve is involved, any gut microbe – brain interaction needs to cross at least two 

barriers, i.e. the gut epithelium and the blood brain barrier, and permeability through both of 

these barriers has been shown to be affected by the microbiome (Kelly et al., 2015). 

Moreover, there is accumulating evidence that butyrate has anti-inflammatory potential 

(Bollrath and Powrie, 2013), and has thus been investigated as a therapeutic agent in 

inflammatory bowel disorders and colitis (Di Sabatino et al., 2005; Scheppach, 1996; Vieira 

et al., 2012). Anti-inflammatory activity is achieved through multiple non-mutually exclusive 

mechanisms: Most prominently, butyrate was found to induce differentiation of T-regulatory 

cells (Tregs) through a combination of HDAC inhibition and FFAR2 receptor activation 

(Furusawa et al., 2013; Smith et al., 2013). In addition, it was shown that butyrate appears to 

deliver a “double-hit“ comprising induction of apoptosis of resting and activated CD4+ and 

CD8+ T cells via inhibition of HDAC1, thereby eliminating one source of inflammation 

(Zimmerman et al., 2012). Indeed, just recently it could be shown that inflammatory states 

such as Crohn’s disease are associated with a reduction in butyrate-producing bacteria 

(Takahashi et al., 2016). In contrast, yet also mediated by its HDAC inhibitory role, in vitro 
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butyrate was shown to induce matrix metalloproteinase stromelysin-1 specifically in cytokine-

activated intestinal mesenchymal cells, which increases inflammatory tissue damage 

(Pender et al., 2000). This feature provides an important caveat, but needs to be further 

studied in an in vivo context.  

An interesting perspective emerges, when we ask the question why the immune system, 

which evolved to discriminate between self and non-self, harmful and beneficial, responds to 

butyrate so readily. Why can HDACs be inhibited by butyrate (and to a lesser extent 

propionate) and why do Tregs express receptors for SCFAs? The answer may lie in co-

evolution of host immune system and microbial metabolism. The plausible explanation is 

thus that butyrate, propionate and other microbial metabolites indeed also hold signalling 

function, providing the immune system with information about the microbiota composition 

and metabolic activity in the gut. Thereby these immune cells would be able to “sense” the 

conditions in the gut and may become alert or calmed. For example, a rapid decrease in 

butyrate concentrations could be indicative of overgrowth of pathogenic bacteria, which 

needs to be counteracted by the host. As a consequence, also the ability of HDACs to be 

inhibited by butyrate may have originated through evolutionary pressures in the colon. Since 

the set of 11 HDACs are the same in the whole host organism, this suggests the possibility of 

exploiting/targeting this mechanism for pharmacological interventions. 

Since depression and other neuropsychiatric illnesses have a pro-inflammatory phenotype 

(Haapakoski et al., 2016; McKernan et al., 2011) and inflammatory diseases are often 

associated with depressive symptoms (Miller and Raison, 2016), vice versa, butyrate may 

also be active in these conditions by reducing inflammation. Importantly, the anti-

inflammatory feature of butyrate also has fundamental implications for host (brain) ageing 

(Biagi et al., 2013, 2010; Shimazu et al., 2010), especially in the light of the chronic 

inflammatory state known as inflamm-ageing (Franceschi et al., 2000) to which many tissues 

succumb, including the brain (Prenderville et al., 2015). Specifically, butyrate showed anti-

inflammatory effects in brain-resident macrophages (microglia), by reducing NF-κB signalling 

and inducing apoptosis, and thus promoting neuroprotection (Chen et al., 2007; Huuskonen 

et al., 2004). Furthermore, a recent study by Nakamura et al. (2014) found that long-term 

feeding of prebiotic fibre ameliorated cognitive decline and had anti-inflammatory, 

senescence-delaying effects in the SAMP8 mouse model of accelerated ageing (Nakamura 

et al., 2014). Although this study did not further describe the mechanisms of action for the 

prebiotics studied, the authors found increased numbers of Bifidobacteria and it is likely that 

SCFA production was increased in parallel (Chen et al., 2008)(also see section 6.1.2), which 

may, at least in part, be responsible for the observed protective effects. However, due to the 

very complex metabolic networks within different host tissues a careful assessment of the 
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advantages and potential disadvantages of SCFAs in ageing and development has to be 

carried out. For example, a recent study found that GF mice have immature and less active 

microglia, which could be normalized by adding an SCFA cocktail consisting of acetate, 

propionate and butyrate to the drinking water (Erny et al., 2015). This suggests that SCFAs 

not only simply inhibit microglia, but rather support precise tuning to ensure necessary 

functioning under non-inflammatory conditions. Moreover, a study in Drosophila could 

demonstrate that SCFAs decreased longevity through a connection between metabolism and 

histone acetylation (Peleg et al., 2016).  

 

10 A role for butyrate in social communication? 

Due to their intimate relationship with the host, microbes have been suggested to play 

important roles in establishing host social behaviours and particularly the evolution and 

development of mammalian social group living by mutual benefit to the fitness of both host 

and microbes (Lombardo, 2008; Montiel-Castro et al., 2013, 2014; Stilling et al., 2014a; 

Troyer, 1984). However, it is not entirely clear how communication between individuals of a 

certain host species can be influenced by the presence and activity of bacteria.  

Butyrate is one of the strongest smells to mammals and humans can detect it at 

concentrations of about 240 parts per billion (Fazzalari, 1978), possibly via the olfactory 

receptor OR51E1 (Adipietro et al., 2012). A plausible reason for the good butyrate odour 

sensitivity of the mammalian nose – usually perceived as a sickening, aversive smell at 

higher concentrations – is the fact that butyrate is a bacterial product that only occurs under 

anaerobic conditions, such as biological decomposition, putrefaction or fermentation, which 

potentially also produce harmful toxins. An alternative, non-mutually exclusive explanation for 

a high sensitivity to butyrate may be its presence in body odour (Gallagher et al., 2008). It 

may therefore be used as a social cue to carry information on microbiota composition and 

activity and thereby indirectly host immune system characteristics, similar to the well-

established social signalling function of genetic variability in the major histocompatibility 

complex (MHC). Peptide ligands of MHC molecules present in urine and sweat are 

suggested to be social recognition signals that carry information about genetic relatedness 

and individuality (Boehm and Zufall, 2006) and can be perceived by specialized olfactory 

receptor neurons in the olfactory epithelium or vomeronasal organ (Overath et al., 2014). 

Studies in many vertebrates, including humans, have shown that variation at MHC genetic 

loci influences social behaviour, most prominently mate choice but also cooperative 

behaviour in social groups (Havlicek and Roberts, 2009; Ruff et al., 2012; Santos et al., 

2005; Wedekind et al., 1995). However, other authors have argued that MHC-dependent 
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olfactory signals are not the only cues that carry information on individuality and genetic 

variation, and that the “olfactory fingerprint” is more complex (Brown and Schellinck, 1992; 

Overath et al., 2014). Also variability in volatile carboxylic acid content, possibly including 

SCFAs, has been shown to reflect genetic MHC-locus variability (Brennan and Kendrick, 

2006; Singer et al., 1997), and may in turn be indicative of microbiota composition. In fact, 

using different strains as well as germ-free rats and colonised germ-free rats, two studies 

from the early 1990s found that in addition to genetic differences in the MHC cluster, the 

microbiota is critical for the smell of individuality in urine in rats (Schellinck et al., 1991; Singh 

et al., 1990). Further evidence for a bacterial influence on social odours and thus social 

behaviour comes from the study of the microbiota in the scent-producing glands of hyenas. 

Interestingly, the bacterial communities are more different between individuals from different 

social groups and more similar within a given group (Theis et al., 2013, 2012). The fact that 

these microbiota are dominated by fermentative Firmicutes bacteria that produce volatile 

fatty acids as well as esters, alcohols and aldehydes has prompted the authors to propose 

the “fermentation hypothesis for chemical communication”, where variation in symbiotic 

bacteria drives species-, sex- and individual-specific odour variation and thus social 

communication. The SCFA iso-valeric acid and butyric acid esters were also found in the 

subauricular scent of the male pronghorn (Antilocapra americana) using to mark its territory 

(Müller-Schwarze et al., 1974). Moreover, the subliminal smell of SCFA valeric acid has been 

shown to be able to guide social preferences such as decreasing face likeability in human 

subjects (Li et al., 2007). Thus, it appears plausible that SCFAs like butyrate and other 

volatile products of microbial fermentation, not only in specialized scent glands but also in 

other habitats such as the human arm pit, may contribute to chemical communication and 

convey information about the microbiota composition and hence also genetic information to 

the interested recipient. 
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Fig. 4: Schematic summary of butyrate effects on host physiology and brain function 

 

11 Conclusions 

The current literature points toward mainly positive effects of enhancing production of 

butyrate and other SCFA in the gut. However, in light of the usually low peripheral 

concentrations of butyrate and specialised localization of transporters and receptors, it 

appears very unlikely that butyrate enters the brain in high enough concentrations to exert 

direct molecular effects, such as receptor binding or HDAC inhibition, or to become a feasible 

energy source under physiological conditions, even when on a high-fibre diet. While we 
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cannot fully exclude direct effects, the CNS expression of receptors and transporters is thus 

more likely to be associated with other ligands and transported molecules such as ketone 

bodies and lactate. In fact there is an unsatisfactory paucity of research on the effects of the 

constant, low-level exposure to butyrate and other SCFAs, especially during critical 

neurodevelopmental windows, that needs to be addressed urgently. 

Nevertheless, physiological gastrointestinal butyrate can affect the brain. There is ample 

evidence that production of butyrate by the gut microbiota strongly influences peripheral 

immune system function, which will in turn shape the brain’s immune milieu (Filiano et al., 

2015). In addition, butyrate directly affects serotonin and gut hormone release in the enteric 

nervous system and thereby stimulates the vagus nerve and elicits endocrine signalling, both 

impacting on brain function. Alternatively, when artificially administered at high 

concentrations (>100 mg/kg), butyrate acts as a potent drug with well-established, versatile 

systemic functions. It is thus a valuable neuropharmacological agent, most prominently 

exploited for its HDAC inhibitory potential. 

In summary, butyrate is a functionally extremely versatile molecule (Fig. 4 ), produced by our 

symbiotic microbes. Host metabolism and immune functions are critically dependent on 

butyrate as an energy source and potent regulator. This implicates butyrate as a key 

modifiable mediator of host-microbe crosstalk.  
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14 Figure legends 

Figure 1 : (A) Structual representations of butyrate and related molecules. (B) Strongly 

simplified diagram of host-microbiota co-metabolism of butyrate. For more details see (Louis 

and Flint, 2009; Macfarlane and Macfarlane, 2003). Acetyl-CoA: acetyl coenzyme A; TCA: 

Tricarboxylic acid cycle (citric acid cycle/Krebs cycle) 

Figure 2 : (A) Histone acetylation contributes to the formation of open, active chromatin 

(euchromatin). Acetylation of the lysine (K) tails of the 4 nucleosomal histones (mainly 

histones H3 and H4) is catalysed by the opposing activity of histone/K-lysine 

acetyltransferases (HATs/KATs) and histone/K-lysine deacetylases (HDACs/KDACs). (B) 

Approximate IC50 values for different synthetic and natural or endogenous HDAC inhibitors, 

based on in vitro studies. Note that for pyruvate different values found can be found in the 

literature. TSA: Trichostatin A, SAHA: suberanilohydroxamic acid 

Figure 3: Diagram depicting the events occurring in the synaptic tagging and capturing 

model and how this pathway can be “short-cut” by the use of HDAC inhibitors (HDACi) or 

HAT activators, both promoting histone acetylation and nuclear gene expression necessary 

for long-term memory. 

Figure 4: Schematic summary of butyrate effects on host physiology and brain function 

15 Table captions 

Table 1: Cellular receptors for butyrate. Form: Formate, Ac: Acetate, Prop: Propionate, 

But: butyrate, Val: Valerate (Pentanoate, C5), Capr: Caproate (Hexanoate, C6). *Note that 

there is conflicting evidence for D-β-hydroxybutyrate (DHB) regarding agonist/antagonist 

status at FFAR3. For further synthetic ligands (agonists and antagonists) for FFAR2 and 

FFAR3 see (Ulven, 2012), for HCAR2 see http://www.uniprot.org/uniprot/Q8TDS4#function.  
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Table 2 : Selected in vivo studies using butyrate, 4-phenylbutyrate or butyrate-producing 

bacteria to modulate brain physiology and function. 

16 Boxes 

Box 1:  Dietary fibre is a rather unspecific term comprising all host-indigestible dietary 

carbohydrates, i.e. polysaccharides mainly found in plants and mammalian milk and dairy 

products (Topping and Clifton, 2001). They can be further subdivided by their solubility in 

water, their specific sugar monomer and/or polymerisation complexity. An important, well-

studied class of soluble fibre is short (3 to 10 monomers) oligosaccharides made from 

fructose or galactose (FOS and GOS). These can be found for example in agave, bananas, 

onions and garlic. Other, glucose-based fibre classes are resistant starch (RS), found in e.g. 

cooled boiled potatoes, β-glucans, found in oat, barley, wheat, and rye, and cellulose, the 

main plant cell wall component. In addition, non-starch polymers of xylose and other sugars 

(xylans and other hemicelluloses) as well as uronic acids (pectins) are found in plant-based 

diets, most prominently in pears, apples, guavas, plums, and oranges (Bindelle et al., 2008). 

Prebiotics are defined as food supplements that specifically promote growth of health-

associated bacteria in the gut. They also are usually non-digestible carbohydrates that reach 

the caecum to become substrates for microbial fermentation (Cummings et al., 2001; 

Topping and Clifton, 2001). 


