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Abstract
Purpose  Short-chain fatty acids (SCFA) are known for their anti-inflammatory properties and may also prevent against the 
development of metabolic diseases. This study investigated possible effects of two valeric acid esters, monovalerin (MV) 
and trivalerin (TV) in rats fed high-fat diets.
Methods  Four groups of rats were given a low-fat diet (LF) or a high-fat control diet (HFC) with or without supplementation 
of MV or TV (5 g/kg) for 3 weeks (n = 7/group). SCFA (caecum, blood, liver and brain), succinic acid (liver), microbiota 
(caecum), lipid profile (liver and blood) and the inflammatory biomarker, lipopolysaccharide-binding protein (blood) were 
analysed at the end of the experiment.
Results  Supplementation of MV and TV to a high-fat diet increased 1.5-fold the amounts of acetic acid in the brain and 
1.7-fold serum concentration of valeric acid, whereas liver succinic acid was reduced by 1.5-fold. Although liver triglycer-
ide levels were higher in both MV and TV groups compared with the LF group, liver LDL/HDL ratio was lower in the MV 
group (P < 0.05). The caecal microbiota composition was altered, with threefold higher abundance of Bacteroidetes and 
higher ratio of Bacteroidetes/Firmicutes in the MV group compared with the HFC and LF groups. Acetic acid in the brain 
was negatively correlated with TM7, family S24-7 and rc4-4, and positively associated to Tenericutes and Anaeroplasma.
Conclusions  The present study shows that MV and TV in the specified dose can affect caecal microbiota composition and, 
therefore, bacterial metabolites in the liver, serum and brain as well as the lipid profile in the liver.
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Introduction

A high-fat diet, known to induce gut dysbiosis, is associ-
ated with an increased risk of various diseases such as type 
2 diabetes, inflammatory bowel disease and cardiovascular 
disease [1–3], while a high consumption of dietary fibre may 
prevent the onset of these diseases [4]. The changes in gut 
microbiota composition occur rapidly just in 1 day upon 

switching diet from low fat, rich in plant polysaccharides, 
to a Western diet high in fat and sugar [5]. The high-fat diet-
induced disturbances in gut microbiota composition may 
impair the gut defence barrier, allowing influx of inflam-
matory endotoxins into the circulation, such as lipopoly-
saccharides (LPS) from Gram-negative bacteria [2], stimu-
lating a cascade of inflammatory responses accompanied 
with adverse health effects. A typical obese gut phenotype, 
induced by high-fat diet, is characterised by a decrease in 
Bacteroidetes and a concomitant increase in Firmicutes, and 
thus a decreased Bacteroidetes/Firmicutes ratio [6, 7].

The protective effects of dietary fibre and involvement of 
gut microbiota in inflammatory diseases can be related to 
anti-inflammatory actions of short-chain fatty acids (SCFA) 
[8–11]. These molecules, with dominating acetate, propion-
ate and butyrate, are produced from colonic fermentation of 
dietary fibre. SCFA are well known for their anti-inflamma-
tory effects via activation of their receptors or inhibition of 
histone deacetylase activity [12, 13]. Acetic acid, the most 
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abundant SCFA, when added to a high-cholesterol diet, has 
been shown to reduce serum cholesterol and triglycerides in 
rats [14], and to reduce appetite and food intake by regulat-
ing hypothalamic gene expression in the brain of rodents 
[15].

Another SCFA, valeric acid, formed in small amounts 
during fermentation of dietary fibre, may also be impor-
tant in cholesterol metabolism and a valeric acid derivative 
suppressed cholesterogenesis in rat liver [16]. Notably, the 
structure of valeric acid is very similar to that of the inhibi-
tory neurotransmitter γ-aminobutyric acid (GABA), except 
for the terminal amino group. Recently, valeric acid from 
plant extract was shown to ameliorate dementia in rats by 
acting as a GABA-agonist [17]. The mechanism of action 
of valeric acid may be similar to its analogue, valproic acid, 
which has been shown to increase the production of GABA, 
resulting in a decreased synthesis of succinic acid [18–20]. 
Succinic acid, an inflammatory signalling molecule, is 
elevated in animals subjected to metabolic and inflamma-
tory diseases [21, 22] and in high-fat diets the levels of suc-
cinic acid are increased at the expense of butyric acid [23, 
24]. To overcome rapid uptake and obtain sufficient release 
in the gastrointestinal tract, SCFA can be delivered in the 
form of glycerol esters. Monovalerin (MV) and trivalerin 
(TV), esters of valeric acid, are used as feed additives with 
considerable suppressing effects on caecal colonisation of 
Salmonella enteritidis in chickens [25, 26].

The aim of the present study was to investigate whether 
valeric acid esters, MV and TV, affect the SCFA profile at 
different sites in the body (portal blood, liver, brain and cae-
cum content) and the composition of the caecal microbiota 
in conventional rats. To explore possible anti-inflammatory 
effects of the valeric acid esters, a high-fat diet was used 
to induce a pro-inflammatory state in the rats. Effects on 
lipid profile and inflammation were explored by measuring 
concentrations of total cholesterol, LDL, HDL and triglyc-
erides in serum and liver of rats at the end of the experi-
ment, as well as serum lipopolysaccharide-binding protein 
(LBP). Furthermore, succinic acid and expression of genes 
in the liver involved in bile acid synthesis (Nr0b2, Cyp7a1, 
Cyp8b1) were analysed.

Materials and methods

Study design, diets and animals

The present study was approved by the Local Ethical 
Review Committee for animal experiments in Lund, Sweden 
(approval number M295-12).

The study was designed to test four diets: three high-
fat diets where two were supplemented with 5 g/kg (dry 
weight basis) of MV and TV, respectively, (Perstorp AB, 

Sweden) and a third diet with no valerins, referred to as 
control (HFC). The fourth diet was a diet containing low 
fat (LF). All diets were prepared as described in Supple-
mentary Table S1.

Twenty-eight conventional male Wistar rats (Taconic, 
Denmark) with an initial average weight of 146 g (SEM 
2), were randomly divided into four groups of seven. Each 
group was housed into two cages (three or four rats per 
cage) in a controlled environment (21 °C, 12 h light–12 h 
dark cycle). After 3 days of acclimatisation to the envi-
ronment, the animals had free access to the test diets and 
water during the following 3-week experimental period. 
New portions of food were added every 2–3 days, and 
residues were weighed and recorded accordingly. Rat body 
weights were recorded weekly at the same time point.

The rats were fed with the testing diets until dissection. 
On the dissection day, prior to tissue collection, the rats 
were anaesthetised by a subcutaneous injection mixture 
(1:1:2) of Hypnorm (Division of Janssen-Cilag Limited, 
Janssen Pharmaceutica, Beerse, Belgium), Dormicum (F. 
Hoffmann-La Roche AG, Basel, Switzerland) and auto-
claved Milli-Q Millipore water, at a dose of 0.15 ml/100 g 
body weight. Blood samples, collected from the hepatic 
portal vein, were placed immediately in serum tubes 
(SST™ II Advance, Plus Blood Collection Tubes, BD 
Vacutainer, Plymouth, UK), and directly analysed for 
blood glucose (HemoCue® Glucose 201+ Analyzer from 
HemoCue AB, Ängelholm, Sweden). After centrifugation, 
the obtained serum supernatants were stored at − 40 °C 
until analysis of SCFA, LBP, cholesterol and triglycerides. 
The caecum was removed and weighed with and with-
out its content. Caecal tissue was washed with Milli-Q 
Millipore water, while content was subjected to pH meas-
urement before being stored at − 20 °C for the analysis 
of SCFA and gut microbiota composition. Other organs 
(liver, spleen, stomach, small intestine and colon) were 
removed, weighed and stored at − 80 °C for any further 
analysis. SCFA and succinic acid were analysed in the 
liver.

Analyses

Carboxylic acids

SCFA in caecal content and freeze-dried liver samples were 
measured by a methodology using direct injection gas chro-
matography [27] after being extracted with acidified water. 
In serum and brain samples, concentrations of SCFA were 
pre-enriched and extracted by hollow fibre before being 
injected and analysed with gas chromatography [28].

Succinic acid in the liver was measured by ion-exclusion 
chromatography as previously described [23].
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Cholesterol and triglycerides in blood and liver

Lipids in freeze-dried liver samples were extracted using a 
modified method with low-toxicity solvent [29], as previ-
ously described [23].

LBP

LBP concentrations in serum were determined using an LBP 
ELISA kit, following the manufacturer’s instructions (Hycult 
Biotech, Uden, The Netherlands).

Caecal microbiota

Extraction of DNA was performed from 50 to 100 mg of 
rat’s caecum content using the QIAamp Fast DNA Stool 
Mini Kit (Qiagen, Hilden, Germany), according to the manu-
facturer’s protocol using an additional bead-beating step. 
DNA concentration was measured using Qubit 2.0 Fluorom-
eter (Life Technologies, Sweden).

DNA was amplified using primers for the target gene 16S 
rRNA (V3-4 regions: forward 5′-CCT​ACG​GGNGGC​WGC​
AG-3′ and reverse 5′-GAC​TAC​HVGGG​TAT​CTA​ATC​C-3′). 
The preparation of the amplicon library was done accord-
ing to 16S Metagenomic Sequencing Library Preparation 
protocol (https​://www.illum​ina.com). The sequencing of 
the library with a read length of 2 × 300 bp using Miseq v.3 
reagent kit (the batch produced in 2014) was carried out on 
a Miseq Instrument (Illumina Inc., San Diego, USA).

Sequencing data (FASTQ format) were analysed using 
an open-source bioinformatic pipeline, Quantitative Insights 
into Microbial Ecology (QIIME, v 1.9.1). Forward and 
reverse reads were joined and then quality filtering was per-
formed. As a result, a total number of 3,817,935 reads were 
generated for 23 samples (LF, n = 6; HFC, n = 5; MV, n = 6; 
TV, n = 6) with a mean of 165,997 reads per sample (min: 
36,478 and max: 312,813). The sequences were grouped 
into operational taxonomic units (OTUs) at a minimum of 
97% similarity, generating 7 OTUs at phylum level and 33 
OTUs at genus level. Taxonomy was assigned using the 
Greengenes database (v.13.8). Alpha rarefaction to estimate 
alpha diversity was applied to the OTU table at an even 
depth of 36,400 sequences per sample, thus including all 
samples in the analysis.

Gene expression

PrimePCR for Nr0b1, Cyp7a1 and Cyp8b1 was purchased 
from Bio-Rad (California, USA). Gene-specific primers 
were added in a pre-made PrimePCR plate from Bio-Rad 
(Solna, Sweden). Total RNA in freeze-dried liver tissues 
(approximately 30  mg) was purified using the RNeasy 
Mini Kit with on-column DNase digestion (Qiagen GmbH, 

Hilden, Germany), and converted to cDNA using the 
Thermo Scientific™ RevertAid™ First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific). The quantitative real-
time PCR was performed using a Bio-Rad T100 Thermal 
Cycler with SYBR Green SsoAdvanced Universal Supermix 
(Bio-Rad, California, USA). The amplification protocol was 
as followed: activation at 95 °C for 2 min, followed by 40 
cycles of 5 s denaturation at 95 °C, and annealing at 60 °C 
for 30 s. Specificity of the PCR products was checked by 
performing a melt curve analysis. GAPDH was used as a 
reference gene. The ∆∆Ct method was used to calculate 
relative mRNA expression.

Statistical evaluation

GraphPad Prism 7.03 was used to analyse the data. 
D’Agostino–Pearson test was used to check normality of the 
data. One-way ANOVA, followed by Dunnett’s method, was 
applied to specifically identify which groups were signifi-
cantly different from the LF control group. Furthermore, to 
evaluate whether the valerins could counteract the adverse 
effects induced by high-fat feeding, these diets were also 
compared with the HFC group, to validate the effects of 
the valerins. Thus, the group fed the LF diet was used as 
reference (assumed to be the basic value), and the group fed 
the HFC diet generated the worst values. For nonparametric 
data, Kruskal–Wallis test was used. For microbiota analysis, 
the same statistical approach was used to find differences 
in relative abundances, at phylum and genus level, and to 
correct for multiple comparisons. Projection-to-Latent-
Structures-Discriminant Analysis (PLS-DA) (SIMCA ver-
sion 14, Umetrics, Umeå, Sweden) was employed to analyse 
and visually display connection between the gut microbiota 
data and variables showing significant differences. P val-
ues < 0.05 were statistically significant, while 0.2 ≥ P val-
ues ≥ 0.05 were considered as tendency. Results are pre-
sented as means and their standard errors (SEM).

Results

Body weight and tissue weights

All rats remained active and healthy during the experiment. 
No difference was seen in final body weight, body weight 
gain and weights of liver, caecal tissue and content, nor in 
caecal pH and blood glucose levels between the groups 
(Table 1). However, rats in the MV group had lower spleen 
weight than rats in the HFC (P = 0.086) and LF (P = 0.022) 
groups.

MV and TV groups had higher relative caecal tissue 
weights (P < 0.05) than the LF group, while the final body 
weights tended to be lower for these groups (P = 0.063 and 

https://www.illumina.com
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P = 0.073 for MV and TV, respectively). However, when the 
food intake was considered, the body weight gain (food effi-
ciency ratio, FER) in rats fed MV and TV diets was higher 
than in rats fed the control groups (HFC P < 0.001 and LF 
diet P < 0.01).

Monovalerin and trivalerin influence SCFA profile 
at different locations

Caecum

The total caecal amount of SCFA was lower in the HFC 
group (82 µmol) than in LF group (100 µmol). Addition 
of MV and TV to a HFC diet decreased the caecal amount 
of SCFA even more. The decrease was significantly com-
pared with the group fed the LF diet but not compared with 
the HFC group (Table 2, 65 and 67 µmol for MV and TV, 
respectively, vs. 100 µmol for the LF diet, P < 0.05). A simi-
lar decrease could be seen with the specific SCFA and it was 
significant for acetic, propionic and valeric acids (only MV) 
(P < 0.05 to P < 0.01).

Serum

There were no significant differences in the concentration of 
acetic, propionic- or butyric acids between groups (Table 2). 
However, the concentration of valeric acid in the TV group 
was twice as high as the concentration in the HFC group (26 
vs. 13 µmol/l, P = 0.007). Furthermore, both MV and TV 
groups had higher concentrations of valeric acid compared 
with the LF group (P < 0.05 and P < 0.01, respectively).

Liver

Rats fed the LF diet had considerably higher amounts of 
total (P = 0.014) and some specific SCFA (acetic acid 
P = 0.012, and valeric acid P = 0.017) than rats fed the HFC 
diet, which revealed the lowest amounts (Table 2). Sup-
plementation with MV and TV to HFC diet increased the 
amount of total and specific SCFA in these groups but did 
not reach the same levels as with the LF group. MV and TV 
groups revealed very similar levels.

Brain

Total amounts of SCFA were higher in MV and TV groups, 
compared with the groups fed LF (P < 0.01 for TV) and HFC 
(P < 0.01 for MV and P < 0.001 for TV). Acetic acid was 
found in highest proportions in the brain samples and the 
amounts were significantly higher with MV and TV groups 
compared with the HFC group (P < 0.01), and for TV also 
compared with the LF group (P < 0.01). The amount of iso-
valeric acid was lower in the MV group than in the HFC 
group (P < 0.05). Valeric acid was not detected in the brain 
with any groups.

Monovalerin and trivalerin reduce hepatic succinic 
acid concentration

The concentration of succinic acid in the liver was lower in the 
MV and TV groups compared with the HFC group (Fig. 1a, 
P = 0.023 and P = 0.003, respectively) and it was quite similar 
as with the group fed the LF diet. Similar results could be seen 

Table 1   Final body weight, 
body weight gain, total food 
intake, food efficiency ratio 
(body weight gain/food intake), 
actual and relative weights of 
liver, spleen, and caecal tissue, 
caecal content and pH and 
blood glucose in rats fed a low-
fat (LF) diet, a high-fat control 
(HFC) diet or the HFC diet 
supplemented with MV or TV 
for 3 weeks

Values are mean ± SEM, n = 7
FER, food efficiency ratio; bw, body weight
Mean values were significantly different from that of the HFC group: *P < 0.05, **P < 0.01, ***P < 0.001
Mean values were significantly different from that of the LF group: †P < 0.05, ††P < 0.01

Weights/groups LF HFC MV TV

Mean SEM Mean SEM Mean SEM Mean SEM

Final body weight (g) 292 8 270 4 268 10 268 5
Body weight gain (g) 137 6 120 3 128 8 129 5
Total food intake (g/rat) 453 2 417† 2 330*† 3 336*† 6
FER (g/g) 0.30 0.01 0.29 0.01 0.39***†† 0.02 0.39***†† 0.02
Liver (g) 11 0.4 10 0.4 10 0.4 10 0.3
Relative liver (mg/g bw) 37.5 0.1 38.1 0.2 37.3 0.1 38.0 0.1
Spleen (g) 0.64 0.03 0.61 0.03 0.52† 0.02 0.60 0.04
Relative spleen (mg/g bw) 2.18 0.1 2.27 0.1 1.95 0.0 2.23 0.1
Caecal tissue weight (g) 0.47 0.02 0.48 0.02 0.53 0.02 0.52 0.03
Relative caecal tissue (mg/g bw) 1.63 0.074 1.78 0.000 1.97† 0.057 1.93† 0.094
Caecal content (g) 1.7 0.2 2.2 0.3 1.7 0.2 1.7 0.3
Caecal pH 7.4 0.07 7.5 0.06 7.5 0.10 7.4 0.07
Blood glucose (mmol/l) 8.4 1.0 8.1 1.2 8.0 0.8 8.0 0.8
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with the total amount of succinic acid (Fig. 1b,  P= 0.023 and 
P = 0.003, respectively). Interestingly, the ratio between suc-
cinic and butyric acid was also higher in the HFC group (14.1) 
compared with MV, TV and LF groups (Fig. 1c, 7.5, 8.2 and 
8.4, respectively, P < 0.05).

Lipid profile

Liver

Total cholesterol concentrations in the HFC group were 
higher than in the LF group (48 vs. 37 mg/g, P = 0.039) 

Table 2   SCFA in the caecum, 
portal serum, liver and brain of 
rats fed a low-fat (LF) diet, a 
high-fat control (HFC) diet or 
the HFC diet supplemented with 
MV or TV for 3 weeks

Values are mean ± SEM, n = 7
Mean value was significantly different from that of the HFC control group: *P < 0.05, **P < 0.01, 
***P < 0.001
Mean value was significantly different from that of the LF group: †P < 0.05, ††P < 0.01

LF HFC MV TV

Mean SEM Mean SEM Mean SEM Mean SEM

Caecal pool (µmol)
Total 100 11 82 10 65† 5 67† 7
Acetic acid 71 8 57 7 47† 4 49† 6
Propionic acid 16 2 11† 1 8†† 1 8†† 1
Butyric acid 9 2 9 1 6 1 7 1
Valeric acid 1.7 0.2 1.5 0.2 1.0† 0.2 1.1 0.1
Iso-butyric acid 1.5 0.2 1.2 0.3 0.9 0.2 1.0 0.2
Iso-valeric acid 1.3 0.2 1.3 0.2 1.0 0.1 1.1 0.2
Portal serum (µmol/l)
Total 743 32 753 80 788 62 783 59
Acetic acid 628 35 635 64 660 48 658 47
Propionic acid 47 2 45 6 38 6 34 5
Butyric acid 32 2 38 6 52 8 46 6
Valeric acid 9 2 13 2 22† 3 26**†† 3
Iso-butyric acid 13.8 1 12.5 1 9.6 1 9.1† 1
Iso-valeric acid 14.5 3 10.7 2 9.4 2 9.3 2
Liver (µmol)
Total 305 33 149† 26 244 29 246 52
Acetic acid 288 31 136† 24 224 25 232 49
Propionic acid 5 0.4 4 0.5 5 0.5 5 0.9
Butyric acid 3 0.2 2 0.1 3 0.3 2 0.1
Valeric acid 1.1 0.2 0.5† 0.1 0.7 0.1 0.8 0.1
Iso-butyric acid 0.05 0.01 0.08 0.01 0.15 0.04 0.08 0.04
Iso-valeric acid 9 3 5 1 10 3 5 2
Caproic acid 0.6 0.04 0.5 0.07 0.6 0.06 0.4 0.06
Heptanoic acid 0.4 0.04 0.6 0.09 0.5 0.06 0.5 0.09
Brain (µmol)
Total 157 16 135 11 204** 15 220***†† 11
Acetic acid 153 16 131 11 199** 15 216***†† 10
Propionic acid 2.6 0.3 2.8 0.5 3.7 0.6 3.6 0.6
Butyric acid 0.06 0.01 0.08 0.02 0.05 0.02 0.07 0.01
Iso-butyric acid 0.3 0.05 0.3 0.07 0.5 0.06 0.5 0.09
Iso-valeric acid 0.45 0.04 0.50 0.07 0.32* 0.02 0.38 0.02
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(Fig. 1d). Supplementation with MV and TV tended to lower 
cholesterol concentration to 41 and 39 mg/g, respectively 
(P = 0.130 and P = 0.076, respectively). There was no sig-
nificant difference in LDL and HDL concentrations between 
groups (Fig. 1e, f), but the ratio of LDL/HDL was lower in 
the MV group compared with both the HFC and LF group 
(Fig. 1g, P = 0.075 and P = 0.045, respectively). Triglycer-
ide concentrations were higher in MV (P < 0.01) and TV 
(P < 0.05) groups compared with the LF group, and similar 
to the HFC group (Fig. 1h).

Blood

No significant difference was found in serum cholesterol or 
triglyceride concentrations between the groups (Fig. 2a, b).

LBP

The serum concentrations of LBP did not differ significantly 
between the HF groups. However, the TV group had higher 
LBP concentrations than the LF group (Fig. 2c, P = 0.014).

Hepatic gene expression

The relative expression of Nr0b2, Cyp7a1 and Cyp8b1 genes 
was similar among all groups (Supplementary Table S2).

Caecal microbiota

Phylum level

The relative abundance of Bacteroidetes was higher in the 
MV group than in the LF group (P = 0.002) and with a 
tendency also compared with the HFC group (P = 0.095) 
(Fig. 3a), while the abundance of Firmicutes tended to be 
lower in the MV group (P = 0.077 compared with the HFC 
group) (Fig. 3b). This resulted in a higher ratio of Bacteroi-
detes-to-Firmicutes with the MV group than with HFC and 
LF groups (Fig. 3c,  P= 0.079 and P = 0.011, respectively).

Furthermore, the LF group had a considerably higher 
abundance of TM7 than HFC group (128 times,  P= 0.043). 
This amount decreased with MV supplementation (Fig. 3d, 
P = 0.009 compared with the LF group), and in the TV group 
this phylum could not be detected at all (P < 0.001).

Tenericutes phylum was not detected in the LF group and 
very low in the HFC group, increased when supplementing 
the diet with MV and TV (Fig. 3e, P < 0.001 and P = 0.018 
compared with the LF group, respectively) and tended to be 
higher than the HFC group (P = 0.061) for MV. Proteobac-
teria tended to be higher in the LF group compared with the 
HFC group (Fig. 3f, P = 0.095). MV and TV supplementa-
tion did not change this distribution to any greater extent.

Genus level

Changes at the phylum level were also reflected at genus 
level (Fig. 4). The relative abundance of Blautia, Rumino-
coccus (Lachnospiraceae family) and Bilophila was lower 
in the group fed the HFC diet than the group fed the LF 
diet, while the abundance of unclassified genera in the 
order Clostridiales and family Clostridiaceae, Coprococ-
cus, Dorea, and Oscillospira (P < 0.05) was higher. Sup-
plementation of MV and TV to the HFC diet did not change 
the abundance of these genera compared to the group fed 
the HFC diet. However, the relative abundance of some 
other genera (Bacteroides, Parabacteroides, an unclassi-
fied genus—family Rikenellaceae) was stimulated by MV 
and this group had higher abundance of these bacteria than 
the HFC group (0.01 < P < 0.058). Furthermore, the abun-
dance of an unclassified genus (RF32 order) was higher 
in MV group (P < 0.05) compared with the HFC and also 
the LF group. On the other hand, rc4-4 tended to be lower 
(P = 0.074) in the group fed the MV diet.

No difference could be seen in any genera concerning the 
group fed the TV diet compared with the HFC group, except 
for the lower relative abundance of an unclassified genus 
(family S24-7, P < 0.001). The group fed the MV diet also 
had significantly lower abundance of this genus.

Compared with the LF diet, the relative abundance of 
an unclassified genus (family F16) was lower with MV 
and TV (P < 0.05 and P < 0.001, respectively), while the 
abundance of Anaeroplasma was higher in MV and TV 
groups (P < 0.001 and P < 0.05, respectively). Furthermore, 
Mucispirillum abundance tended to be higher in the MV 
group (P = 0.056).

Multivariate analysis

In Fig. 5, there is an overview of the relation between groups 
based on microbiota data (at both phylum and genus level) 
and variables with significance. The different groups are 
separated in different areas of the loading scatter plot. The 
HFC group was associated to higher liver succinic acid, total 
liver cholesterol and LDL/HDL ratio, as well as enriched 
abundances of Firmicutes and rc4-4. Notably, the same val-
ues were shown to be lower for the MV group as shown by 
its opposite direction in the loading scatter plot. In contrast, 

Fig. 1   Liver succinic acid and lipid concentrations of rats fed a low-
fat (LF) diet, a high-fat control (HFC) diet or the HFC diet supple-
mented with MV or TV for 3 weeks. a Succinic acid (µmol/g), b 
pool succinic acid (µmol), c succinic/butyric acid ratio, d total cho-
lesterol (mg/g), e LDL-cholesterol (mg/g), f HDL-cholesterol (mg/g), 
g LDL-to-HDL-cholesterol ratio, h triglycerides (mg/g). Values are 
means ± SEM. Mean values were significantly different from the HFC 
or LF group: *P < 0.05, **P < 0.01

◂
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acetic acid in the brain was higher, as well as serum valeric 
acid and the abundances of Bacteroidetes and Bacteroidetes/
Firmicutes ratio in the group fed MV. The TV group was 
located between the HFC and MV groups.

Discussion

Higher amounts of acetic acid in the brain 
with monovalerin and trivalerin

Addition of MV and TV to a HFC diet resulted in signifi-
cantly 1.5-fold increased amounts of acetic acid in the rat 
brain. Higher levels of acetic acid could also be seen in the 
serum and liver of rats fed these diets, although not that 
significant, while the amounts in the caecum of rats were 
lower. This indicates that caecal acetate can be delivered to 
the brain, which also has been shown in mice by others [15]. 
Further, an increased uptake of acetate to the hypothala-
mus may reduce acute food intake later by up-regulating the 
expression of appetite suppressing neuropeptides [15]. Our 
results are in line with this, demonstrating that rats fed MV 

and TV diets consumed significantly less food compared 
with the HFC-fed rats during the 3-week study. Notably, 
in the present study, brain acetic acid was inversely related 
with liver succinic acid, which has been found to increase 
in lipopolysaccharide-activated mouse macrophages [21]. 
Brain acetic acid was also negatively associated with the 
phylum TM7 and its representative family F16 (bacteria con-
nected to inflammatory diseases [30]) and rc4-4 (related to 
high-fat diet-induced obesity [24]), and positively correlated 
with Tenericutes and Anaeroplasma. There are reports that 
Tenericutes is reduced in aged mice with chronic-low grade 
inflammation [31], while Anaeroplasma is significantly less 
abundant in obese mice compared with lean mice [32].

The mechanism of the relation between increased 
amounts of acetic acid in the brain and decreased amounts of 
succinic acid after consumption of HFC diet supplemented 
with MV and TV is unknown. However, it is possible that 
valeric acid acts in a similar way as its analogue, valproic 
acid, a well-known GABA enhancer, which suppresses suc-
cinic acid formation by inhibiting succinic acid synthesizing 
enzymes [18–20]. Moreover, the decrease in succinic acid 
may favour the formation of acetyl-coA/acetic acid [33], 

Fig. 2   Serum lipid and LBP concentrations of rats fed a low-fat (LF) 
diet, a high-fat control (HFC) diet or the HFC diet supplemented with 
MV or TV for 3 weeks. a Total cholesterol (mmol/l), b triglycerides 

(mmol/l), c LBP (ng/ml). Values are means ± SEM. Mean values 
were significantly different from the LF group: *P < 0.05
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which may explain the lower formation of succinic acid in 
this study. The suggested role for valeric acid can also be 
indicated by following the route of acetic acid (Table 2), 
which was similar among all groups in serum, but higher in 
MV and TV groups than HFC group in the liver, to reach 
significance in the brain (compared with both LF and HFC 
groups). GABA concentration in human plasma has also 
been found to increase following oral administration of 
sodium valproate [34]. There is also evidence that acetic 
acid, intraperitoneally injected and derived from colonic 

fermentation, increases hypothalamic GABA level [15]. 
Therefore, considerable changes of acetic acid in the brain 
may represent potential intervention to prevent inflamma-
tion-related diseases.

Monovalerin and trivalerin influence levels 
of succinic acid and valeric acid

The reduction of liver succinic acid by MV and TV is of 
great interest. Succinic acid, a microbial intermediate in 

Fig. 3   Caecal microbiota composition (phylum level) of rats fed a 
low-fat (LF) diet, a high-fat control (HFC) diet or the HFC diet sup-
plemented with MV or TV for 3 weeks. Values are means ± SEM, 

where * indicates significant difference between groups: *P < 0.05, 
**P < 0.01, ***P < 0.001
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Fig. 4   Caecal microbiota composition (genus level) of rats fed a 
low-fat (LF) diet, a high-fat control (HFC) diet or the HFC diet sup-
plemented with MV or TV for 3 weeks. Values are means ± SEM, 

where * indicates significant difference between groups: *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001
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the citric acid cycle, does not accumulate at any substantial 
levels under normal conditions. However, elevated succinic 
acid concentrations have been reported in animals subjected 
to hypertension, metabolic [22] and inflammatory diseases 
[21]. Due to the enhancement of interleukin-1β production 
during inflammation, succinate is proposed as an inflamma-
tory signalling molecule, providing similar links between 
inflammation and cancer [21]. Notably, a high-fat diet 
increases the proportion of succinic acid at the expense of 
butyric acid [23, 35]. Consistent with these studies, the ratio 
of butyric to succinic acid in the liver was higher in MV and 
TV groups, and very similar to that of the LF group. Fur-
thermore, succinic acid has been reported to increase blood 
pressure in animals by activating its receptor G-protein cou-
pled receptor 91 (GPR91), proposing a potential role of suc-
cinate in hypertension-related diseases, including ischemia 
and atherosclerosis [36]. From this point, it should be noted 
that the spleen weight is decreased with MV. In a previous 
study at our lab, a lower spleen weight was associated with 
decreased levels of an inflammatory marker MCP-1 in rats 
fed guar gum [23]. Intriguingly, the spleen plays a pivotal 
role in modulating hypertension and inflammation via neuro-
immune communication [37]. GPR91 is expressed in the 
spleen, liver, aorta and brain [36, 38]. Expression of a SCFA 

receptor GPR43 in the spleen was linked to restored defects 
of microglia in germ-free mice receiving SCFA mixed in 
drinking water [39]. These data indicate that SCFA can have 
direct effects on a specific organ and remote impact on other 
organs via their biochemical crosstalk.

Valeric acid was higher in portal blood of rats in groups 
fed MV and TV compared with the HFC group, indicat-
ing that valeric acid is released from the delivered esters. 
Interestingly, serum valeric acid was inversely correlated 
with the LDL/HDL ratio and succinic acid concentration 
in the liver. Although no significant difference was seen in 
liver cholesterol between the high-fat groups, rats fed MV 
and TV diets had lower cholesterol compared with those 
fed the HFC diet, and very similar to that of the LF group. 
Not many studies have elucidated the mechanistic action of 
valeric acid on cholesterol synthesis. However, administra-
tion of valeric acid sodium salt has been shown to reduce 
hepatic cholesterol synthesis in rats, through a proposed 
mechanism independent of the activity of the enzyme 
3-hydroxy-3-methylglutaryl CoA reductase [16]. Thus, a 
longer experimental time could have provided a more dis-
tinct effect on cholesterol induced by MV and TV. In rela-
tion to the increase in brain acetic acid by MV and TV, it 
was shown that valeric acid possesses GABAergic effects 

Fig. 4   (continued)
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Fig. 5   a Score scatter plot displays location of groups (marked as 
triangles) fed a low-fat (LF) diet, a high-fat control (HFC) diet or 
the HFC diet supplemented with MV or TV for 3 weeks. Each cir-
cle represents one rat. b Loading scatter plot shows relation between 

the gut microbiota and parameters in serum (valeric acid and LBP), 
liver (succinic acid, total cholesterol, LDL-, HDL-cholesterol, and 
LDL/HDL ratio), and brain (acetic acid). Microbial taxa are shown as 
green circles, and metabolites as 4-point stars
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by ameliorating neuronal variables in a rat model of demen-
tia [17]. Reductions of GABA currents and GABAA recep-
tors are reported in human Alzheimer diseased brains [40]. 
Coupled with the effects of succinic and acetic acids, MV 
and TV can be used as promising supplements to prevent 
hypertension, high-fat-induced inflammation, or potentially 
GABA-related neuronal disorders. However, it is important 
to identify at which concentrations valeric acid is harmless 
in the blood, since its high concentrations have been found 
in venous blood of patients with microscopic colitis [41], as 
well as in faecal samples of celiac disease and obese subjects 
[42, 43].

Monovalerin and trivalerin change high‑fat‑induced 
microbiota composition

Supplementation of MV and TV to a high-fat diet altered 
the caecal microbiota composition, with most differences 
in composition for the MV group. At phylum level, it is 
interesting that addition of MV into the HFC diet led to 
an increased ratio of Bacteroidetes-to-Firmicutes. Increases 
in this ratio have been associated with high-fibre diets in 
humans and mice [44, 45]. A decrease of this ratio is typi-
cally found in genetically ob/ob obese mice and humans [6] 
and also in faecal samples of coronary artery disease patients 
[46]. In addition, the abundance of TM7 was absent in the 
TV group and low in the MV group. An increased abun-
dance of this phylum is found in inflammatory bowel dis-
ease patients [30] and colitis-induced mice [47]. Although 
accounting for low abundance, Tenericutes distinguished 
dissimilarity in gut microbiota profile between the LF and 
the HFC groups. This phylum has been found to increase 
in rats fed a high-fat diet compared with those on a low-fat 
control diet in other studies [48].

Further analysis at genus level revealed microbial altera-
tion associated with the changed metabolites in the present 
study. For instance, the decrease in liver succinic acid was 
associated with the abundance of the family S24-7. Bac-
teroides, showing higher abundance in MV group, was 
inversely linked to liver cholesterol. This genus is less abun-
dant and negatively related to waist circumference in obese 
subjects [43]. The lower liver cholesterol observed in the LF 
group was also correlated with a decrease of Oscillospira 
and Dorea, and an increase of Bilophila. Oscillospira has 
been reported to increase over time in the caecum of rats 
fed a high-fat diet, whereas a decrease of this genus in the 
ileum is linked with paracellular permeability [49]. Dorea 
is enriched in high-fat feeding [24, 49], whereas Bilophila 
is increased in low-fat/high sugar diets [50]. Overall, sup-
plementation of MV and TV could be of importance in 
modulating the high-fat-induced gut microbiota composi-
tion towards a less obese and inflammatory state.

Low‑fat group

Some results obtained from the LF group are also worth to 
be discussed. For instance, although insignificance, LF-fed 
rats had higher body weight gain compared to rats fed the 
high-fat diets. This could be due to that the lower energy 
content of the diet led to an increase in food intake, to satisfy 
the energy need for physiological requirements. In addition, 
rapidly digested starch is connected to overconsumption due 
to lack of energy intake control [51]. Consequently, a low-
fat diet with a highly resistant fibre (cellulose) delivers less 
substrate for the microbiota, inducing unexpected abun-
dances of microbial taxa such as the phylum TM7 in this 
case. However, it is hardly possible to establish an optimal 
control diet regarding the microbiota since it is rapidly and 
dynamically adapted to the diet, and bacterial cross-feeding 
exists. Therefore, it would perhaps be more relevant if a 
low-fat diet containing fermentable fibre is used. Apart from 
these unexpected results, the LF group seemed to be a suit-
able control for other parameters, especially the lipid profile.

In conclusion, supplementation with MV and TV led to 
significantly increased brain acetic acid concentrations with 
simultaneous decrease in liver succinic acid in conventional 
rats fed a high-fat diet after 3 weeks. These changes were 
also associated with alterations in the gut microbiota compo-
sition. Results from the present study suggest potential use of 
MV and TV as dietary supplements aimed to counteract or 
prevent disorders that are accelerated by systemic inflamma-
tion, such as obesity and obesity-linked neurodegeneration.

Acknowledgements  We would like to thank Koen Schwarzer (Perstorp 
Holding BV), Richard Sygall (Perstorp Waspik BV), Alf Gunnarsson 
and Stefan Lundmark (Perstorp AB), for informative discussions and 
for the contribution of the glycerol esters. This study was funded by the 
Mekong 1000 Scholarship, Viet Nam and Perstorp AB.

Compliance with Ethical Standards 

Conflict of interest  The authors have no conflict of interest.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Kahn SE, Hull RL, Utzschneider KM (2006) Mechanisms link-
ing obesity to insulin resistance and type 2 diabetes. Nature 
444(7121):840–846. https​://doi.org/10.1038/natur​e0548​2

	 2.	 Cani PD, Bibiloni R, Knauf C et al (2008) Changes in gut micro-
biota control metabolic endotoxemia-induced inflammation in 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature05482


1559European Journal of Nutrition (2019) 58:1545–1560	

1 3

high-fat diet-induced obesity and diabetes in mice. Diabetes 
57(6):1470–1481. https​://doi.org/10.2337/db07-1403

	 3.	 Grundy SM (2004) Obesity, metabolic syndrome, and cardiovas-
cular disease. J Clin Endocrinol Metab 89(6):2595–2600. https​://
doi.org/10.1210/jc.2004-0372

	 4.	 Slavin J (2003) Why whole grains are protective: biological mech-
anisms. P Nutr Soc 62(1):129–134. https​://doi.org/10.1079/Pns20​
02221​

	 5.	 Turnbaugh PJ, Ridaura VK, Faith JJ et al (2009) The effect of 
diet on the human gut microbiome: a metagenomic analysis in 
humanized gnotobiotic mice. Sci Transl Med 1(6):6ra14. https​://
doi.org/10.1126/scitr​anslm​ed.30003​22

	 6.	 Ley RE, Turnbaugh PJ, Klein S et al (2006) Microbial ecol-
ogy: human gut microbes associated with obesity. Nature 
444(7122):1022–1023. https​://doi.org/10.1038/44410​22a

	 7.	 Murphy EF, Cotter PD, Healy S et al (2010) Composition and 
energy harvesting capacity of the gut microbiota: relationship to 
diet, obesity and time in mouse models. Gut 59(12):1635–1642. 
https​://doi.org/10.1136/gut.2010.21566​5

	 8.	 Vinolo MA, Rodrigues HG, Hatanaka E et al (2011) Suppressive 
effect of short-chain fatty acids on production of proinflammatory 
mediators by neutrophils. J Nutr Biochem 22(9):849–855. https​://
doi.org/10.1016/j.jnutb​io.2010.07.009

	 9.	 Vinolo MA, Rodrigues HG, Nachbar RT et al (2011) Regulation 
of inflammation by short chain fatty acids. Nutrients 3(10):858–
876. https​://doi.org/10.3390/nu310​0858

	10.	 Tedelind S, Westberg F, Kjerrulf M et al (2007) Anti-inflamma-
tory properties of the short-chain fatty acids acetate and propion-
ate: a study with relevance to inflammatory bowel disease. World 
J Gastroenterol 13(20):2826–2832

	11.	 Maslowski KM, Vieira AT, Ng A et al (2009) Regulation of 
inflammatory responses by gut microbiota and chemoattract-
ant receptor GPR43. Nature 461(7268):1282–1286. https​://doi.
org/10.1038/natur​e0853​0

	12.	 Le Poul E, Loison C, Struyf S et al (2003) Functional characteriza-
tion of human receptors for short chain fatty acids and their role in 
polymorphonuclear cell activation. J Biol Chem 278(28):25481–
25489. https​://doi.org/10.1074/jbc.M3014​03200​

	13.	 Quivy V, Van Lint C (2004) Regulation at multiple levels of 
NF-kappa B-mediated transactivation by protein acetylation. 
Biochem Pharmacol 68(6):1221–1229. https​://doi.org/10.1016/j.
bcp.2004.05.039

	14.	 Fushimi T, Suruga K, Oshima Y et al (2006) Dietary acetic acid 
reduces serum cholesterol and triacylglycerols in rats fed a cho-
lesterol-rich diet. Br J Nutr 95(5):916–924

	15.	 Frost G, Sleeth ML, Sahuri-Arisoylu M et al. (2014) The short-
chain fatty acid acetate reduces appetite via a central homeostatic 
mechanism. Nat Commun 5. https​://doi.org/10.1038/ncomm​s4611​

	16.	 Diaz-Zagoya JC, Hurtado ME, Gonzalez J (1976) Alteration of 
cholesterol synthesis in rat liver as induced by 4-methyl-5-hydroxy 
valeric acid. Experientia 32(9):1138–1140

	17.	 Vishwakarma S, Goyal R, Gupta V et al (2016) GABAergic effect 
of valeric acid from Valeriana wallichii in amelioration of ICV 
STZ induced dementia in rats. Rev Bras Farmacogn 26(4):484–
489. https​://doi.org/10.1016/j.bjp.2016.02.008

	18.	 Luder AS, Parks JK, Frerman F et al (1990) Inactivation of beef 
brain alpha-ketoglutarate dehydrogenase complex by valproic acid 
and valproic acid metabolites. Possible mechanism of anticonvul-
sant and toxic actions. J Clin Invest 86(5):1574–1581. https​://doi.
org/10.1172/JCI11​4877

	19.	 Whittle SR, Turner AJ (1978) Effects of the anticonvulsant sodium 
valproate on gamma-aminobutyrate and aldehyde metabolism in 
ox brain. J Neurochem 31(6):1453–1459

	20.	 Loscher W (1993) In vivo administration of valproate reduces the 
nerve terminal (synaptosomal) activity of GABA aminotransferase 
in discrete brain areas of rats. Neurosci Lett 160(2):177–180

	21.	 Tannahill GM, Curtis AM, Adamik J et al (2013) Succinate is an 
inflammatory signal that induces IL-1beta through HIF-1alpha. 
Nature 496(7444):238–242. https​://doi.org/10.1038/natur​e1198​6

	22.	 Toma I, Kang JJ, Sipos A et al (2008) Succinate receptor GPR91 
provides a direct link between high glucose levels and renin 
release in murine and rabbit kidney. J Clin Invest 118(7):2526–
2534. https​://doi.org/10.1172/JCI33​293

	23.	 Jakobsdottir G, Xu J, Molin G et al (2013) High-fat diet reduces 
the formation of butyrate, but increases succinate, inflammation, 
liver fat and cholesterol in rats, while dietary fibre counteracts 
these effects. Plos One 8(11):e80476. https​://doi.org/10.1371/
journ​al.pone.00804​76

	24.	 Zhong Y, Nyman M, Fak F (2015) Modulation of gut microbiota 
in rats fed high-fat diets by processing whole-grain barley to 
barley malt. Mol Nutr Food Res 59(10):2066–2076. https​://doi.
org/10.1002/mnfr.20150​0187

	25.	 Van Driessche K, Schwarzer K, Sygall R et al. (2015) Monobu-
tyrin and trivalerin as feed additives reduce Salmonella enteritidis 
colonization in chickens. Paper presented at the 3rd IHSIG Inter-
national Symposium on Poultry Gut Health, Ghent, Belgium

	26.	 Onrust L, Van Driessche K, Ducatelle R et al (2018) Valeric 
acid glyceride esters in feed promote broiler performance and 
reduce the incidence of necrotic enteritis. Poult Sci. https​://doi.
org/10.3382/ps/pey08​5

	27.	 Zhao GH, Nyman M, Jonsson JA (2006) Rapid determination of 
short-chain fatty acids in colonic contents and faeces of humans 
and rats by acidified water-extraction and direct-injection gas 
chromatography. Biomed Chromatogr 20(8):674–682. https​://
doi.org/10.1002/bmc.580

	28.	 Zhao GH, Liu JF, Nyman M et  al (2007) Determination of 
short-chain fatty acids in serum by hollow fiber supported liq-
uid membrane extraction coupled with gas chromatography. J 
Chromatogr B 846(1–2):202–208. https​://doi.org/10.1016/j.jchro​
mb.2006.09.027

	29.	 Hara A, Radin NS (1978) Lipid extraction of tissues with a 
low-toxicity solvent. Anal Biochem 90(1):420–426. https​://doi.
org/10.1016/0003-2697(78)90046​-5

	30.	 Kuehbacher T, Rehman A, Lepage P et al (2008) Intestinal TM7 
bacterial phylogenies in active inflammatory bowel disease. J 
Med Microbiol 57(Pt 12):1569–1576. https​://doi.org/10.1099/
jmm.0.47719​-0

	31.	 Kim KA, Jeong JJ, Yoo SY et al (2016) Gut microbiota lipopoly-
saccharide accelerates inflamm-aging in mice. BMC Microbiol 
16:9. https​://doi.org/10.1186/s1286​6-016-0625-7

	32.	 Clarke SF, Murphy EF, O’Sullivan O et al (2013) Targeting the 
microbiota to address diet-induced obesity: a time dependent 
challenge. Plos One 8(6):e65790. https​://doi.org/10.1371/journ​
al.pone.00657​90

	33.	 Louis P, Hold GL, Flint HJ (2014) The gut microbiota, bacterial 
metabolites and colorectal cancer. Nat Rev Microbiol 12(10):661–
672. https​://doi.org/10.1038/nrmic​ro334​4

	34.	 Loscher W, Schmidt D (1980) Increase of human plasma GABA 
by sodium valproate. Epilepsia 21(6):611–615

	35.	 Zhong YD, Teixeira C, Marungruang N et al (2015) Barley malt 
increases hindgut and portal butyric acid, modulates gene expres-
sion of gut tight junction proteins and Toll-like receptors in rats 
fed high-fat diets, but high advanced glycation end-products par-
tially attenuate the effects. Food Funct 6(9):3165–3176. https​://
doi.org/10.1039/c5fo0​0150a​

	36.	 He W, Miao FJ, Lin DC et al (2004) Citric acid cycle intermedi-
ates as ligands for orphan G-protein-coupled receptors. Nature 
429(6988):188–193. https​://doi.org/10.1038/natur​e0248​8

	37.	 Lori A, Perrotta M, Lembo G et al. (2017) The Spleen: A Hub 
Connecting Nervous and Immune Systems in Cardiovascular and 
Metabolic Diseases. Int J Mol Sci 18 (6). https​://doi.org/10.3390/
ijms1​80612​16

https://doi.org/10.2337/db07-1403
https://doi.org/10.1210/jc.2004-0372
https://doi.org/10.1210/jc.2004-0372
https://doi.org/10.1079/Pns2002221
https://doi.org/10.1079/Pns2002221
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1038/4441022a
https://doi.org/10.1136/gut.2010.215665
https://doi.org/10.1016/j.jnutbio.2010.07.009
https://doi.org/10.1016/j.jnutbio.2010.07.009
https://doi.org/10.3390/nu3100858
https://doi.org/10.1038/nature08530
https://doi.org/10.1038/nature08530
https://doi.org/10.1074/jbc.M301403200
https://doi.org/10.1016/j.bcp.2004.05.039
https://doi.org/10.1016/j.bcp.2004.05.039
https://doi.org/10.1038/ncomms4611
https://doi.org/10.1016/j.bjp.2016.02.008
https://doi.org/10.1172/JCI114877
https://doi.org/10.1172/JCI114877
https://doi.org/10.1038/nature11986
https://doi.org/10.1172/JCI33293
https://doi.org/10.1371/journal.pone.0080476
https://doi.org/10.1371/journal.pone.0080476
https://doi.org/10.1002/mnfr.201500187
https://doi.org/10.1002/mnfr.201500187
https://doi.org/10.3382/ps/pey085
https://doi.org/10.3382/ps/pey085
https://doi.org/10.1002/bmc.580
https://doi.org/10.1002/bmc.580
https://doi.org/10.1016/j.jchromb.2006.09.027
https://doi.org/10.1016/j.jchromb.2006.09.027
https://doi.org/10.1016/0003-2697(78)90046-5
https://doi.org/10.1016/0003-2697(78)90046-5
https://doi.org/10.1099/jmm.0.47719-0
https://doi.org/10.1099/jmm.0.47719-0
https://doi.org/10.1186/s12866-016-0625-7
https://doi.org/10.1371/journal.pone.0065790
https://doi.org/10.1371/journal.pone.0065790
https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1039/c5fo00150a
https://doi.org/10.1039/c5fo00150a
https://doi.org/10.1038/nature02488
https://doi.org/10.3390/ijms18061216
https://doi.org/10.3390/ijms18061216


1560	 European Journal of Nutrition (2019) 58:1545–1560

1 3

	38.	 Diehl J, Gries B, Pfeil U et al (2016) Expression and localiza-
tion of GPR91 and GPR99 in murine organs. Cell Tissue Res 
364(2):245–262. https​://doi.org/10.1007/s0044​1-015-2318-1

	39.	 Erny D, Hrabe de Angelis AL, Jaitin D et al (2015) Host micro-
biota constantly control maturation and function of microglia in 
the CNS. Nat Neurosci 18(7):965–977. https​://doi.org/10.1038/
nn.4030

	40.	 Limon A, Reyes-Ruiz JM, Miledi R (2012) Loss of functional 
GABA(A) receptors in the Alzheimer diseased brain. Proc Natl 
Acad Sci U S A 109(25):10071–10076. https​://doi.org/10.1073/
pnas.12046​06109​

	41.	 Jakobsdottir G, Bjerregaard JH, Skovbjerg H et al (2013) Fast-
ing serum concentration of short-chain fatty acids in subjects 
with microscopic colitis and celiac disease: no difference com-
pared with controls, but between genders. Scand J Gastroenterol 
48(6):696–701. https​://doi.org/10.3109/00365​521.2013.78612​8

	42.	 Tjellstrom B, Stenhammar L, Hogberg L et al (2005) Gut micro-
flora associated characteristics in children with celiac disease. 
Am J Gastroenterol 100(12):2784–2788. https​://doi.org/10.111
1/j.1572-0241.2005.00313​.x

	43.	 Tiihonen K, Ouwehand AC, Rautonen N (2010) Effect of over-
weight on gastrointestinal microbiology and immunology: correla-
tion with blood biomarkers. Br J Nutr 103(7):1070–1078. https​://
doi.org/10.1017/S0007​11450​99928​07

	44.	 De Filippo C, Cavalieri D, Di Paola M et al (2010) Impact of 
diet in shaping gut microbiota revealed by a comparative study in 
children from Europe and rural Africa. Proc Natl Acad Sci U S A 
107(33):14691–14696. https​://doi.org/10.1073/pnas.10059​63107​

	45.	 Kieffer DA, Piccolo BD, Marco ML et al (2016) Obese Mice Fed 
a Diet Supplemented with Enzyme-Treated Wheat Bran Display 

Marked Shifts in the Liver Metabolome Concurrent with Altered 
Gut Bacteria. J Nutr 146(12):2445–2460. https​://doi.org/10.3945/
jn.116.23892​3

	46.	 Emoto T, Yamashita T, Sasaki N et al (2016) Analysis of Gut 
Microbiota in Coronary Artery Disease Patients: a Possible Link 
between Gut Microbiota and Coronary Artery Disease. J Athero-
scler Thromb 23(8):908–921. https​://doi.org/10.5551/jat.32672​

	47.	 Selvanantham T, Lin Q, Guo CX et al (2016) NKT Cell-Defi-
cient Mice Harbor an Altered Microbiota That Fuels Intestinal 
Inflammation during Chemically Induced Colitis. J Immunol 
197(11):4464–4472. https​://doi.org/10.4049/jimmu​nol.16014​10

	48.	 Lecomte V, Kaakoush NO, Maloney CA et al (2015) Changes in 
gut microbiota in rats fed a high fat diet correlate with obesity-
associated metabolic parameters. Plos One 10(5):e0126931. https​
://doi.org/10.1371/journ​al.pone.01269​31

	49.	 Hamilton MK, Boudry G, Lemay DG et al (2015) Changes in 
intestinal barrier function and gut microbiota in high-fat diet-fed 
rats are dynamic and region dependent. Am J Physiol Gastrointest 
Liver Physiol 308(10):G840-851. https​://doi.org/10.1152/ajpgi​
.00029​.2015

	50.	 Sen T, Cawthon CR, Ihde BT et al (2017) Diet-driven micro-
biota dysbiosis is associated with vagal remodeling and obesity. 
Physiol Behav 173:305–317. https​://doi.org/10.1016/j.physb​
eh.2017.02.027

	51.	 Aller EE, Abete I, Astrup A et al (2011) Starches, sugars and 
obesity. Nutrients 3(3):341–369. https​://doi.org/10.3390/nu303​
0341

https://doi.org/10.1007/s00441-015-2318-1
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.1073/pnas.1204606109
https://doi.org/10.1073/pnas.1204606109
https://doi.org/10.3109/00365521.2013.786128
https://doi.org/10.1111/j.1572-0241.2005.00313.x
https://doi.org/10.1111/j.1572-0241.2005.00313.x
https://doi.org/10.1017/S0007114509992807
https://doi.org/10.1017/S0007114509992807
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.3945/jn.116.238923
https://doi.org/10.3945/jn.116.238923
https://doi.org/10.5551/jat.32672
https://doi.org/10.4049/jimmunol.1601410
https://doi.org/10.1371/journal.pone.0126931
https://doi.org/10.1371/journal.pone.0126931
https://doi.org/10.1152/ajpgi.00029.2015
https://doi.org/10.1152/ajpgi.00029.2015
https://doi.org/10.1016/j.physbeh.2017.02.027
https://doi.org/10.1016/j.physbeh.2017.02.027
https://doi.org/10.3390/nu3030341
https://doi.org/10.3390/nu3030341

	Monovalerin and trivalerin increase brain acetic acid, decrease liver succinic acid, and alter gut microbiota in rats fed high-fat diets
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study design, diets and animals
	Analyses
	Carboxylic acids
	Cholesterol and triglycerides in blood and liver
	LBP
	Caecal microbiota
	Gene expression

	Statistical evaluation

	Results
	Body weight and tissue weights
	Monovalerin and trivalerin influence SCFA profile at different locations
	Caecum
	Serum
	Liver
	Brain

	Monovalerin and trivalerin reduce hepatic succinic acid concentration
	Lipid profile
	Liver
	Blood

	LBP
	Hepatic gene expression
	Caecal microbiota
	Phylum level
	Genus level

	Multivariate analysis

	Discussion
	Higher amounts of acetic acid in the brain with monovalerin and trivalerin
	Monovalerin and trivalerin influence levels of succinic acid and valeric acid
	Monovalerin and trivalerin change high-fat-induced microbiota composition
	Low-fat group

	Acknowledgements 
	References


