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General introduction
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Adapted from: J Lipid Res, 2013, 54(9):2325-40

General introduction

Introduction
The decrease in physical exercise and increase in energy intake, especially seen in the Western
world, disrupts the energy balance in humans and can lead to a complex of symptoms
collectively denoted as the metabolic syndrome. The key characteristics of the metabolic
syndrome are obesity, loss of glycemic control, dyslipidemia and hypertension (1). Due to the
complex, multifactorial etiology of the metabolic syndrome the exact mechanisms underlying
the different comorbidities are not yet completely known. Recently, dietary fibers have raised
much interest, as they exert beneficial effects on body weight, food intake, glucose homeostasis,
and insulin sensitivity (2-4). Epidemiological studies show an association between a higher
fiber intake and a reduced risk of irritable bowel syndrome, inflammatory bowel disease,
cardiovascular disease, diabetes, and colon cancer (1).
Humans lack the enzymes to degrade the bulk of dietary fibers. Therefore these non
digestable carbohydrates pass the upper gastro-intestinal tract unaffected and are fermented in
the cecum and the large intestine by the anaerobic cecal and colonic microbiota. Fermentation
results in multiple groups of metabolites (elegantly reviewed by Nicholson et al. (5)) of which
short-chain fatty acids (SCFAs) are the major group (6). To the microbial community SCFAs are
a necessary waste product, required to balance redox equivalent production in the anaerobic
environment of the gut (7). SCFAs are saturated aliphatic organic acids that consist of 1-6
carbons of which acetate (C2), propionate (C3) and butyrate (C4) are the most abundant
(≥95%) (8). Acetate, propionate and butyrate are present in an approximate molar ratio of
60 : 20 : 20 in the colon and stool (9-11). Depending on the diet, the total concentration of
SCFAs decreases from 70-140 mM in the proximal colon to 20-70 mM in the distal colon (12).
A unique series of measurements in sudden-death victims (n = 6) showed that the acetate :
propionate : butyrate ratio in humans was similar in the proximal and distal regions of the
large intestine (11). In the cecum and large intestine, 95% of the produced SCFAs are rapidly
absorbed by the colonocytes while the remaining 5% is secreted in the feces (12-15).
In the last decades it became apparent that SCFAs might play a key role in the prevention
and treatment of the metabolic syndrome, bowel disorders and certain types of cancer (16-22).
In clinical studies SCFA administration positively influenced the treatment of ulcerative colitis,
Crohn’s disease and antibiotic-associated diarrhea (10, 23-27). The molecular mechanisms
by which SCFAs induce these effects are an active field of research. In this introduction we
will discuss the role of SCFAs in the interplay between diet, gut microbiota and regulation of
host energy metabolism. We will argue that an integrated understanding will require more
quantitative data on the SCFA flux across the intestinal wall and the impact this has on host
metabolism.

The diet

Gut bacteria in the cecum and large intestine produce SCFAs mainly from non-digestible
carbohydrates that pass the small intestine unaffected. The different types and amounts of
non-digestible carbohydrates that reach the cecum and large intestine depend on the daily
intake and type of food. The major components of fiber that pass the upper gut are plant cell11
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wall polysaccharides, oligosaccharides and resistant starches (28). The average human diet in
Western societies contains approximately 20-25 g fiber/day (29). In diets that are high in fruit
and vegetables, the fiber content may reach 60 g/day (30). Fermentation of the carbohydrates
reaching the cecum yield 400-600 mmol SCFAs/day, which amounts to a production of SCFAs
of 0.24-0.38 kg body weight-1 h-1, equivalent to ~10% of the human caloric requirements (31).
The amount and type of fiber consumed has dramatic effects on the composition of the
intestinal microbiota and consequently on the type and amount of SCFAs produced. For
the host the in vivo SCFA production rates as well as the intestinal SCFA concentrations on
different fibers are most relevant. As we discuss in the next sections information on the
cecal SCFA content is available in model organisms but there is limited information about in
vivo production rates. In contrast, in humans measurement of the cecal SCFA concentration
is almost impossible and in most cases conclusions about cecal and colonic metabolism are
deduced from fecal content and in vitro studies.
Concentrations of short-chain fatty acids as a function of diet

In Table 1 we list the effect of fibers on intestinal SCFA concentrations in various studies.
Although units and information on dietary composition differ, this overview allows a number
of conclusions. In rat, the addition of fiber resulted in increased cecal SCFA concentrations
compared to control diets. The cecal concentrations depend on the type of fiber used but
also on the daily fiber intake. There is no linear correlation between fiber intake and SCFA
concentration in the cecum (32). Cecal SCFA concentrations increased when 10% of dietary
wheat starch was replaced by inulin, but decreased again when fiber content was increased to
20% inulin (Table 1). In contrast to other fibers, inulin shifted the relative production of SCFAs
from acetate to propionate and butyrate (32, 33). In pigs, compared to rats a better model for
the human gastrointestinal tract, the increase in daily fiber intake is less reflected in the cecal
SCFA concentrations (Table 1) (34, 35). However, in studies with pigs, the increase in daily
fiber intake per kg body weight is much less compared to the rat studies described above.
Indeed, by increasing the daily fiber intake even more the cecal SCFA concentrations were also
increased in pigs (Table 1) (36, 37).
In humans the effect of dietary fiber intake has been studied mainly by measuring the SCFA
concentrations in feces followed by calculating the total rate of SCFA excretion. Fecal secretion
rates for SCFA are in the range of 10-30 mmol/day for diets with high fiber content compared
to 5-15 mmol/day for control diets (38-42). In most studies, acetate is the predominant SCFA
in the feces, followed by propionate and butyrate. It is important to note that fecal SCFA
concentrations do not reflect their concentration and production rate in the intestine as most
SCFAs are taken up by the host and therefore fecal SCFA excretion provides little information
about actual intestinal SCFA metabolism.
Production fluxes of short-chain fatty acids

Since SCFA production is difficult to measure in vivo, most experiments have been done in vitro
with intestinal or fecal microbiota as inoculum (Table 2). In vitro fermentation, however,
differs from the in vivo situation, since (i) during isolation of microbiota the diversity alters
12
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Table 1. Total and molar percentage SCFAs after dietary intervention with various types of fibers in different organisms.
Diet

Control
Cellulose
Oligofructose
Fructooligoscharrides
Xylooligosaccharides

Control
5% inulin
10% inulin
20% inulin

Daily fiber
intake (g/day)

Concentration
SCFAs
Rat cecum

Molar percentage
Acetate:Propionate:Butyrate

0
1
1
1
1

mmol/L
41
36
50
61
46

72:14:14
72:14:14
71:10:19
74:9:17
76:11:13

0
1
2
4

mmol/L
85
143
156
107
μmol/g
47
48
71
57
92
62

Reference

65:23:12
45:34:21
43:37:20
40:34:26

(32)

(33)

Control
Cellulose
Pectin
Inulin
Resistant starch
Barley hulls

0
2
3
2
5
2

Pig cecum

77:8:15
83:6:11
84:11:5
63:18:19
76:7:17
78:5:17

White rice (control)
Brown rice
Rice bran
Rice bran plus rice oil

20
43
36
43

mmol/L
80
75
68
76

64:25:11
66:27:7
67:25:8
68:22:10

(34)

Control
Wheat bran
Oat bran
Baked beans

14
42
44
45

mmol/L
70
131
92
124

67:22:11
60:31:9
59:32:9
65:30:5

(37)

White rice
Panboiled white rice

Control
Resistant starch

33
33

Not reported
Not reported

mmol/L
69
63

mmol/L
100
140

dramatically and (ii) products accumulate during fermentation.

1

(76)

68:26:6
62:32:6

(35)

73:20:6
73:22:5

(36)

Using microbiota obtained from pig intestine, studies showed pronounced differences
in SCFA production rates from different fibers (Table 2) (43, 44). In addition, in vitro SCFA
production by inocula derived from swine ileum were higher when the swine were put on
galactooligosaccharide diets for six weeks compared to production rates before adaptation
(Table 2) (44). Studies using human feces as inoculum show less pronounced effects of fiber
type (45, 46). It is unclear if this is due to the type of fiber or the origin of the microbiota.
13
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Table 2. In vitro SCFA production rates from different organisms.
Substrate

Inoculum
Origin

Cellulose
Wheat bran
Isphagula husk
Gum arabic

Pig
colon

Raffinos+Stachyose
Non-Oligosaccharides soy
solubles
Soy solubles
Non-Oligosaccharide tGOS
Transgalactooligosaccharides

Swine
ileum

After 6-wk adaptation
Raffinos+Stachyose
Non-Oligosaccharides soy
solubles
Soy solubles
Non-Oligosaccharide tGOS
Transgalactooligosaccharides

Acetate

SCFA production rate

Propionate

Butyrate

Total SCFAs

Reference

mmol/L reaction volume/h

1.7
5.8
8.3
5.8

2.5
4.2
8.3
5.8

0.8
3.1
1.0
0.4

(43)

mmol/g substrate/h

5.0
13.1
17.6
12.0

0.17
0.17
0.12
0.15
0.07

0.08
0.05
0.02
0.05
0.02

0.08
0.05
0.03
0.05
0.02

0.33
0.27
0.17
0.25
0.10

(44)

0.30
0.17
0.12
0.18
0.07

0.20
0.07
0.05
0.13
0.05

0.07
0.03
0.02
0.03
0.02

0.57
0.25
0.18
0.35
0.13

mmol/L reaction volume/h

Glucose
Soy oligosaccharide
Fructooligosaccharide
Inulin
Hydrolyzed inulin
Cellulose
Powdered cellulose
Methyl cellulose
Hydrolyzed guar gum
Psyllium husk

Human
feces

Corn fiber
Oat bran
Wheat bran

Human
feces

Lactulose 2.5 mg/ml
Human
Lactulose 5.0 mg/ml
feces
Lactulose 7.5 mg/ml
Lactulose 10.0 mg/ml
tGOS, transgalactooligosaccharides

21.2
12.3
15.8
13.5
15.1
9.3
7.6
15.3
13.3
8.7

5.0
6.6
5.5
7.8
6.4
11.8
8.3
5.8
11.1
8.0

2.2
5.8
2.8
5.3
3.9
1.6
3.5
5.0
7.3
7.9

(45)

mmol/g substrate/h

28.3
24.6
24.1
26.6
25.4
22.7
19.5
26.2
31.8
24.7

0.178
0.546
0.285

0.070
0.187
0.082

0.058
0.125
0.063

0.306
0.858
0.430

(46)

3.8
7.5
10.0
6.3

(166)

mmol/L reaction volume/h

Titration with lactulose yielded an optimum SCFA production rate at 7.5 mg/ml (Table 2),
reminiscent of the in vivo effect of inulin supply on the cecal SCFA concentrations (Table 1).
As far as we know, Bergman et al. (47) performed the most accurate in vivo determination
14
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of SCFA production rates. In three separate experiments they infused radiolabeled acetate,
propionate or butyrate into the rumen of continuously dried grass fed sheep. Combining the
data of the radioactivity of the SCFAs in the rumen they found production rates of 2.9, 0.8 and
0.5 mmol kg body weight-1 h-1 for acetate, propionate and butyrate, respectively. These values
can not be translated to humans, since fiber fermentation in ruminants has a more prominent
role than it has in non-ruminants (31), yet this methodology is well suited to be applied more
widely in laboratory animals. Alternative techniques to measure intestinal SCFA fluxes are
indirect and subject to controversy. In these studies isotope dilution of intravenously infused
13
C-labeled SCFAs was monitored (48, 49). The obtained values reflect the rate of appearance
of SCFAs in the peripheral circulation, after first-pass extraction by the splanchic bed, and
thereby underestimate SCFA production by gut microbiota. Pouteau et al. (48) performed
whole body stable-isotope-dilution studies in fasted humans before and after giving them 20
gram of pure lactulose. From the difference in whole-body production between both situations
they estimated the colonic acetate production rate to be 0.2 mmol kg body weight-1 h-1. Isotope
studies in children who are unable to metabolize propionate due to a nonfunctional propionylCoA carboxylase, showed that gut microbiota produce approximately 0.05 mmol kg body
weight-1 h-1 propionate (50). This estimated propionate production rate is 4-fold lower than
the reported acetate production rate. Although we are aware that these studies cannot be
compared directly, we note that this ratio is similar to the average acetate : propionate ratio in
cecal concentration (Table 1).

The production of SCFAs by gut microbiota

Changes in dietary fibers drive changes in the composition of gut microbiota. Although diet is
a major determinant of the colonic microbiome, the host genetic background and the colonic
milieu also exert a strong influence on the microbial composition in the large intestine (5154). The microbial activity in turn also affects the colonic milieu. Together, this causes a strong
variation of the microbial population between individuals. In this section we will discuss
this variation, the mechanisms of microbial SCFA production and the interaction between
microbial composition, microbial SCFA production and the colonic milieu.
The composition of gut microbiota

Infants are born without gut microbiota, but rapidly after birth the infant’s gut is
conventionalized by bacteria coming from the mother and the surrounding environment. The
composition of the microbiota stays unstable until the age of approximately 3-4 years, when it
becomes mature. Colonization of the gut has two major benefits. First, the microbiota educate
the immune system and increase the tolerance to microbial immunodeterminants (55).
Second, the microbiota act as a metabolic organ that can break down otherwise indigestible
food components, degrade potentially toxic food compounds like oxalate, and synthesize
certain vitamins and amino acids (55). Each individual has a unique microbiome of which
the composition is influenced by the host genotype and physiogy, the colonization history,
environmental factors, food and drugs (e.g. antibiotics) (56). A recent metabolic reconstruction
based on the data of the Human Microbiome Consortium clearly showed, however, that
15
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metabolic functionality was rather constant over a group of studied individuals since many
biochemical pathways are redundant between alternative members of the microbiome (57).
Bacteria constitute with 1014 citizens the most dominant and most diverse group of
microorganisms present in the human colon. Based on variation in 16S ribosomal RNA
genes, it was assessed that there may be between 500-1000 different species present,
which belong to more than 70 genera (55). The three phyla Bacteroidetes (Gram-negative),
Firmicutes (Gram-postive), and Actinobacteria (Gram-positive), are the most abundant in the
intestine. The Bacteroidetes phylum mainly produces acetate and propionate, whereas the
Firmicutes phylum has butyrate as its primary metabolic end product (58). Most bacterial
activity occurs in the proximal colon where substrate availability is highest. Towards the
distal colon, the availability of substrate declines and the extraction of free water reduces
diffusion of substrates and microbial products. This makes the proximal part of the colon the
principal site of fermentation. Particularly non-digestable carbohydrates are fermented in
the proximal colon by saccharolytic bacteria, mainly primary fermenters like Bacteroidetes.
This fermentation results in SCFAs together with the gases CO2 and H2 (12). The Bacteroidetes
are part of a community, stabilized by mutual cross feeding, where other members of the
community consume these gasses. For instance Archaea produce CH4 from CO2 and H2, while
acetogens convert CO2 into acetate.
Nitrogen is essential for bacterial growth and the hydrolysis of host-derived urea to NH3
is a major nitrogen source. Almost 50% of the urea produced by the host is hydrolysed in
the lumen of the large intestine (59). Fermentation of bacterial proteins and amino acids
derived from primary fermenters like Bacteroidetes occurs in the more distal part of the colon
by secondary fermenters: the proteolytic bacteria. Degradation of proteins and amino acids
results in branched-chain fatty acids, accompanied by potentially toxic metabolites such as
amines, phenolic compounds, and volatile sulfur compounds (60).
The bacterial pathways of anaerobic SCFA production

The microbiota hydrolyse non-digestible carbohydrates into oligosaccharides and then
monosaccharides, which they ferment in the anaerobic environment of the gut. Major bacterial
metabolic routes are the Embden-Meyerhof-Parnas pathway (glycolysis, for six-carbon sugars)
and the pentose-phosphate pathway (for five-carbon sugars), which convert monosaccharides
into phosphoenolpyruvate (PEP) (61). Subsequently, PEP is converted into fermentation
products such as organics acids or alcohols.
At the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) the electron carrier
NADH is formed. Anaerobially, there are three types of pathways to get rid of excess reducing
equivalents (Figure 1A). The first is the classical fermentation pathway where pyruvate is
reduced to lactate or ethanol, thereby oxidizing NADH. Secondly, many primary fermenters
sink their excess of reducing equivalents into molecular H2 (62). Two major routes are used to
generate H2: (i) an exergonic (ΔGo’<0) route via pyruvate:ferredoxin oxidoreductase and
ferredoxin hydrogenase and (ii) an endergonic (ΔGo’>0) route via NADH:ferredoxin
oxidoreductase and ferredoxin hydrogenase. The latter proceeds only at a low H2 pressure in
the lumen of the large intestine. Consequently, H2-consuming bacteria drive the metabolism of
16
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Figure 1. Schematic overview of the three pathways that gut microbes use to get rid of excess reducing
equivalents (A); 1) pyruvate reduced to lactate thereby reducing NADH, 2a) pyruvate:ferredoxin
oxidoreductase and hydrogenase or 2b) NADH:ferredoxin oxidoreductase and hydrogenase to sink
reducing equivalents into molecular H2, 3) primitive anaerobic electron transport chain for reducing NADH.
(B and C) Schematic overview of the production of acetate, propionate and butyrate from carbohydrates.
(B) Acetate is either formed directly from acetyl CoA or via the Wood-Ljungdahl pathway using formate.
Propionate can be formed from phosphoenolpyruvate (PEP) through the succinate decarboxylation
pathway or through the acrylate pathway in which lactate is reduced to propionate. (C) Condensation of
two molecules of acetyl CoA results in butyrate by the enzym butyrate-kinase or by utilising exogenously
derived acetate using the enzyme butyryl-CoA:acetate-CoA-transferase.

primary fermenters by depleting H2 (58). The third type of pathway is a primitive anaerobic
electron transport chain (63, 64). It starts with the carboxylation of PEP and the resulting
oxaloacetate is reduced to fumarate. Subsequently fumarate accepts elecrons from NADH via a
simple electron-transfer chain between NADH and fumarate. Two enzymes constitute this
chain: NADH dehydrogenase and fumarate reductase. Protons are transported across the cell
membrane by the NADH dehydrogenase, which are then used for chemiosmotic ATP synthesis.
When the partial pressure of CO2 is low, succinate, the product of fumarate reductase is
converted into methylmalonate, which is cleaved into propionate and CO2. The latter can be
17
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recycled into PEP via carboxylation to form oxaloacetate.
Major end products of the described fermentation pathways are the SCFAs. A major part
of pyruvate is converted to acetyl-CoA with the concominant formation of H2 and CO2. Acetate
is either formed by hydrolysis of acetyl-CoA or from CO2 via the Wood-Ljungdahl pathway
(Figure 1B), in which CO2 is reduced to CO and converted with a methyl group and CoASH to
acetyl-CoA (65, 66). Propionate can be formed via the primitive electron transfer chain using
phosphoenolpyruvate as decribed above or by the reduction of lactate to propionate, the latter
being called the acrylate pathway (61). Both pathways reduce additional NADH compared to
the fermentation to lactate (Figure 1B). Formation of butyrate starts from condensation of
two molecules of acetyl-CoA and subsequent reduction to butyryl-CoA (Figure 1C). Lactateutilizing bacteria can produce butyrate by first producing acetyl-CoA from lactate (67). In
the so-called classical pathway the enzymes phosphotransbutyrylase and butyrate kinase
convert butyryl-CoA to butyrate and CoASH with the concomitant formation of ATP (68).
However, recently an alternative pathway was discovered in which butyryl-CoA is converted
by butyryl-CoA:acetate CoA-transferase to butyrate (69). The conversion utilizes exogenously
derived acetate and generates butyrate and acetyl-CoA. This finding was supported by labeling
studies, which showed that there was cross-feeding between acetate-producing and butyrateproducing bacteria (70, 71). The alternative pathway appears to dominate over the classical
pathway in human gut microbiota (69).
For the production of SCFAs it is important that the gut microbiota works as a community,
but also that the gut microbiota has symbiotic associations with the host. The molecular H2
that is produced during acetate formation must be used by other bacteria in the community
to avoid accumulation of H2 which would inhibit the ability of primary fermenters to oxidize
NADH. The CO2 that is needed in the primitive electron transfer chain is partly provided by the
host. Humans produce on average about 0.7 kg of CO2 per day (72). Part of that production is
excreted into the lumen of the gut as HCO3- in exchange for SCFA anions (see below and Figure
2). Most likely this is an important pH regulatory mechanism since protons in the lumen of
the gut, formed during the production of SCFAs are neutralized by bicarbonate under the
formation of CO2.
Although much is known about the biochemistry of the conversion of carbohydrates into
SCFAs by the bacteria composing the microbial community, there is paucity of data on the
production rates of SCFAs by the gut microbial community as a whole. This is largely due to
the inability to sample the large intestine of man. Therefore, and as discussed in the previous
section, the supply rate of SCFAs to the host remains enigmatic. There is a pressing need of
measurement of true production rates of SCFAs, and the degree by which specific carbohydrates
and microbiota influence mass and composition of SCFAs.
The mutual relationship between microbial composition, microbial SCFA production and
the colonic milieu

The diet and the intestinal mileu interact in a complex way with the bacterial population in the
gut. Fibers that lead to high amounts of SCFAs, lower the pH in the colon, which in turn affects
the composition of the colonic microbiota and thereby the SCFA production.
18
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Since most SCFAs are absorbed by the host in exchange for bicarbonate, the luminal pH
is the result of the microbial SCFA production and the neutralizing capacity of bicarbonate.
As the concentration of SCFAs decline from the proximal to the distal colon, the pH increases
from cecum to rectum (11, 73-75). The drop in pH from the ileum to the cecum due to the
higher SCFA concentrations has two effects. First, both in vitro and animal studies showed that
lower pH values change gut microbiota composition and secondly, it prevents overgrowth by
pH-sensitive pathogenic bacteria like enterobacteriaceae and clostridia (51, 52, 54). Studies
of human fecal microbial communities showed that at pH 5.5 the butyrate-producing bacteria
such as Roseburia spp. and Faecalibacterium prausnitzii, both belonging to the Firmicutes
phylum, comprised 20% of total population (53). When fermentable dietary fibers become
limiting in the more distal parts of the large intestine, the luminal pH inceases to 6.5, the
butyrate-producing bacteria almost completely disappear, and the acetate- and propionateproducing Bacteroides-related bacteria become dominant (53).
The interplay between diet, gut microbiota and SCFA production was also found in rats
fed different fibers. The cecum content differed in SCFA concentration, pH and microbiota
composition in the different fiber groups (76). After 14 days of diet the rats fed oligosaccharidecontaining diets showed higher cecal SCFA pools while pH was lower compared to control
or cellulose diets. The oligosaccharide-containing diets resulted also in altered microbiota
compositions as cecal bifidobacteria and total amounts of anaerobes were higher whereas total
aerobes were lower compared to rats fed the control diet. In addition, in vitro SCFA production
rates from swine ileum were higher when the swine were put on galactooligosaccharide diets
for six weeks compared to production rates before adaptation (Table 2) (44). Microbiota
analysis showed that fecal bifidobacteria and lactobacilli were increased after adaptation.
The changes in the intestinal lumen pH also affects the transport of SCFAs from the lumen to
the colonocytes (8), which we will discuss more extensively below in the section about SCFA
metabolism by the host.

The effects of SCFAs on host metabolism

SCFAs produced by the microbiota in the cecum and the colon can be found in hepatic, portal
and peripheral blood (11, 77). These SCFAs affect lipid, glucose and cholesterol metabolism
in various tissues (17, 78-80). These results indicate that SCFAs are transported from
the intestinal lumen into the blood compartement of the host and are taken up by organs
where they act as substrates or signal molecules. SCFA transport has been studied mostly
in colonocytes, the first host cells that take up SCFAs and which depend largely on butyrate
for their energy supply (10). SCFA receptors constitute a new and rapidly growing field of
research as more functions of these receptors are discovered (81-83). In this section we will
discuss the transport and metabolism of SCFAs by the host as well as their regulatory role in
energy metabolism of the host.
Transport of short-chain fatty acids across host cell membranes

Most SCFAs transport studies have been performed in colonocytes, which form the cecal and
colonic epithelium and are exposed to the highest SCFA concentrations. SCFAs are transported
19
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Figure 2. Schematic overview of the proposed transport mechanisms of SCFAs in colonocytes. Across the
apical membrane the major part of SCFAs is transported in the dissociated form by an HCO3- exchanger
of unknown identity (?) or by one of the known symporters, MCT1 or SMCT1. A small part may be
transported via passive diffusion (spiral). The part of SCFAs that is not oxidized by the colonocytes is
transported across the basolateral membrane. The basolateral transport can be mediated by an unknown
HCO3- exchanger, MCT4 or MCT5.

across the apical and the basolateral membranes of colonocytes (Figure 2). For the apical
uptake of SCFAs two mechanisms have been proposed, namely passive diffusion of
undissociated SCFAs and active transport of dissociated SCFA anions mediated by a number of
different transporters. With a pKa of ~4.8 and a luminal pH around 6.0 (pH 5.5-6.5) only a very
small part of SCFAs is present in the undissociated form (84). Thus it is unlikely that passive
diffusion of the undissociated form plays a major role.
Three mechanisms have been described for the transport of the SCFA anions across the
apical membrane of the epithelial cells lining the gut. The first type of transporter couples
the import of SCFA anions to HCO3- secretion into the intestinal lumen (Figure 2). Conclusive
evidence for the existence of SCFA-HCO3- exchange was obtained from vesicle studies in which it
was shown that SCFA-HCO3- exchange was independent of Cl--HCO3- exhange and Na+ transport
(85-88). The identity of the transporter, however, remains unknown. Secondly, members of the
family of monocarboxylate transporters (MCT) catalyse SCFA anion cotransport with cations
(85, 89). MCT1 (SLC16A1) was found in the apical membranes of enterocytes and it transports
SCFAs in an H+-dependent, electroneutral manner but it can also transport lactate and pyruvate
(Figure 2) (90). Finally, the electrogenic, sodium-dependent monocarboxylate transporter
(SMCT) 1 (SLC5A8) is expressed along the entire length of the large intestine and is located
in the apical membrane (91). SCFA anion transport by SMCT1 is coupled to Na+ transport in a
1:2 stoichiometry and stimulates Cl- and water absorption (Figure 2) (92). SMCT1 transports
butyrate faster than propionate and acetate. Recently, it was shown that SCFA anion transport
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by MCT1 dominates over transport by SMCT1 (93). An increased transport of SCFA anions
across the apical membrane enhances the activity and expression of NHE3, an apical Na+/H+
exchanger, and thereby stimulates sodium and water absorption as well as deacidification of
the cell (94).
The part of SCFAs that is not consumed by the coloncytes is transported across the
basolateral membrane. SCFA anion transport across the basolateral membrane is probably
mediated via SCFA--HCO3- antiport and cation-SCFA anion symport (Figure 2). The basolateral
SCFA--HCO3- antiporter is distinct from the apical SCFA--HCO3- antiporter as indicated by
their different Km values for butyrate, which are 1.5 mM and 17.5 mM for the apical and the
basolateral exchanger, respectively (87, 95). Immunoblotting revealed that MCT4 (SLC16A3)
and MCT5 (SLC16A4) were localized to the basolateral membrane (96). MCT4 transports SCFA
anions in an H+-dependent electroneutral manner but has a lower substrate affinity compared
to MCT1 (97). Whether MCT5 is capable of transporting SCFAs is not known, as MCT5 has
not been functionally characterized yet. Because the intracellular pH is higher than the pH in
the intestinal lumen, all intracellular SCFAs are present in the dissociated form, implying that
transport at the basolateral side should be via transporters only since no diffusion can occur.
The transporters for the uptake of SCFAs from the blood into the tissues remain largely
unknown. Recently, the organic anion transporters OAT2 and OAT7 were found to transport
propionate and butyrate, respectively, across the sinusoidal membrane of hepatocytes (98, 99).
For a better understanding of the role of SCFAs in various tissues, the uptake by the different
organs should be investigated further.
Short-chain fatty acids as a source of energy

When taken up, a large part of the SCFAs is used as a source of energy. In humans, SCFAs
provide ~10% of the daily caloric requirements (31). CO2 production measurements in
isolated colonocytes showed that colonocytes derive 60-70% of their energy supply from SCFA
oxidation (100). The general idea is that colonocytes prefer butyrate to acetate and propionate
and oxidize it to ketone bodies and CO2 (100). This is based on the relatively high affinity of
the colonocytes for butyrate. However, isolated colonocytes from humans and rats showed a
maximum flux of 0.6, 0.2 and 0.4 µmol/min/g cell weight and a K0.5 of approximately 0.6, 0.4
and 0.1 mM for acetate, propionate and butyrate, respectively (101, 102). This indicates that
under physiological conditions, with a relative high colonic concentration of acetate compared
to butyrate, acetate is at least as important as butyrate for the energy supply in colonocytes. In
sudden death victims (n = 6), molar fractions of SCFAs in the hepatic portal vein were found to
be 69: 23: 8 for acetate: propionate: butyrate, as compared to 57: 22: 21 in the large intestine
(11). This is generally attributed to consumption of a large part of butyrate by colonocytes.
Donohoe et al. (18) showed that colonocytes of germ-free mice exhibit a deficit in mitochondrial
respiration and undergo autophagy. By introducing the butyrate producing strain Butyrivibrio
fibrisolvens into germ-free mice or by adding butyrate to isolated colonocytes of germ-free
mice they rescued the colonocytes from both the deficit in mitochondrial respiration and
from autophagy. In the presence of an inhibitor for fatty acid oxidation butyrate was unable to
suppress autophagy. From this it was concluded that the rescue was due to butyrate acting as
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an energy source rather than as a regulator.
Exogenous acetate formed by colonic bacterial fermentation enters the blood compartment
and is mixed with endogenous acetate released by tissues and organs (103, 104). Up to 70% of
the acetate is taken up by the liver (105) where it is not only used as an energy source, but also
as a substrate for the synthesis of cholesterol, long-chain fatty acids and as a co-substrate for
glutamine and glutamate synthesis. Other tissues including heart, adipose tissue, kidney and
muscle metabolize the remainder of acetate (104).
To prevent high SCFA concentrations in blood, the liver clears the major part of
propionate and butyrate from the portal circulation (105). Propionate acts as a precursor
for gluconeogenesis in the liver (6). In ruminants, with isotope dilution techniques the
contribution of propionate to glucose synthesis was calculated to vary between 45 and 60%
(106). It is unclear if this is similar in non-ruminants, because ruminants depend for 80% of
their maintenance energy on SCFAs (31). After conversion of propionate into propionyl-CoA
by propanoate:CoA ligase (AMP-forming), propionyl-CoA is converted to succinyl-CoA in three
consecutive steps catalyzed by propionyl-CoA carboxylase, methylmalonyl-CoA epimerase
and methylmalonyl-CoA mutase. Succinyl-CoA enters the tricarboxylic acid (TCA) cycle and
is converted to oxaloacetate, the precursor of gluconeogenesis (107). In humans the extent
to which propionate contributes to energy metabolism is unknown due to the lack of data
on true production rates of propionate. Concentrations of propionate in portal blood and
hepatic venous blood suggest that around 30% of propionate is taken up by the liver (11, 105).
Peripheral tissues take up the remainder of propionate because peripheral venous blood levels
were 23% lower compared to hepatic venous blood levels. In another study it was estimated
that humans use 50% of the propionate as a substrate for hepatic gluconeogenesis (108). The
general view is that the liver clears a large fraction of propionate from the portal circulation
but absolute values are still unknown.
As discussed above, the major part of butyrate is used as fuel for colonocytes. The remainder
is mostly oxidized by hepatocytes, which prevents toxic systemic concentrations (107).
Receptors of short-chain fatty acids

Next to the role as substrates, SCFA concentrations are also sensed by specific G proteincoupled receptors (GPRs), which are involved in the regulation of lipid and glucose metabolism.
GPR41 and GPR43 were identified as SCFA receptors (109, 110) and two other GPRs of the
same subfamily, GPR40 and GPR42, were found to be receptors for medium- and long-chain
fatty acids and an open reading frame pseudogene of GPR41, respectively (81). After the
discovery of the SCFA receptors, GPR41 was renamed free fatty acid receptor 3 (Ffar3) and
GPR43 became Ffar2. Ffar2 and Ffar3 only share 33% amino acid identity and they differ in
affinity for SCFAs, tissue distribution and physiological roles. The distinct chain length:activity
relationship for Ffar2 is acetate = propionate > butyrate and for Ffar3 butyrate = propionate
> acetate (109, 110). The two receptors have distinct G protein-coupling specificities: Ffar2
couples to both pertussis toxin-sensitive (Gi/o) and -insensitive (Gq) G proteins and Ffar3 only
to Gi/o proteins (109, 110). Nilsson et al. (111) showed by a [Ca2+] mobilization assay in the
presence of pertussis toxin that Ffar2 signals approximately for 70% through the Gi/o pathway.
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The highest mRNA expression of Ffar2 was found in immune cells such as monocytes,
B-lymphocytes, and polymorphonuclear cells (109-111). In addition, considerable mRNA
expression was found in white and brown adipose tissue, bone marrow, spleen, pancreas and
large intestine (112). Ffar3 has a more widespread expression pattern than Ffar2, with the
highest expression in adipose tissue. High mRNA expression was also found in the spleen,
pancreas, lymph nodes, bone marrow and polymorphonuclear cells (109-111). It is not known
whether Ffar2 and Ffar3 reside on apical or basolateral membranes.
As discussed below, SCFA-Ffar pathways turn out to be involved in regulation of lipid and
glucose metabolism (113-120).
Regulation of fatty acid metabolism by short-chain fatty acids

SCFAs regulate the balance between fatty acid synthesis, fatty-acid oxidation and lipolysis in
the body. Fatty acid oxidation is activated by SCFAs, while de novo synthesis and lipolysis are
inhibited. The net result is a reduction of the concentrations of free fatty acids in plasma (114)
and a decrease in body weight (17, 121-124). In this section we discuss the signaling pathways
that mediate this regulation. Besides the receptors Ffar2 and Ffar3 that we discussed above,
AMP-activated protein kinase plays an important role in this regulation, as summarized in
Figure 3.
SCFAs have been shown to increase the AMPK activity in liver and muscle tissue (17, 121,
125). Activation of AMPK triggers PPARγ coactivator (PGC)-1α expression which is known
to control the transcriptional activity of several transcription factors such as PPARα, PPARδ,
PPARγ, liver X receptor (LXR) and farnesoid X receptor (FXR), all important in regulation of
cholesterol, lipid and glucose metabolism (126, 127). As a consequence, fatty acid oxidation is
enhanced in both tissues and de novo fatty acid synthesis in the liver is decreased. In addition,
SCFAs have been shown to increase protein expression of PGC-1α and uncoupling protein (UCP)
-1 in brown adipose tissue, thereby increasing thermogenesis and fatty acid oxidation (17). If
AMPK is involved in this effect of SCFAs, however, is still unknown. SCFAs activate AMPK either
directly by increasing the AMP/ATP ratio or indirectly via the Ffar2-leptin pathway. In vitro
studies showed that SCFAs increased the AMP/ATP ratio and AMPK activity in both muscle
and liver cells in a leptin-independent manner (17, 123), but the mechanism is still unknown.
In vitro and in vivo experiments showed that SCFAs increase leptin expression via a Ffar2dependent pathway (113, 118, 119). Leptin, an adipokine that regulates energy expenditure
and food intake, stimulates fatty acid oxidation by increasing the AMP/ATP ratio and AMPK
activity in liver and muscle tissue (128, 129). To what extent the AMPK-activated effect of
SCFAs in vivo is regulated via leptin or via the leptin-independent mechanism is still unknown.
Hepatic fatty acid lipolysis seems to be unaffected by SCFAs but lipolysis in adipose tissue
is strongly reduced by SCFAs (113, 114, 121, 130). In isolated adipocytes acetate and propionate
were found to inhibit lipolysis via Ffar2 activation (113, 114). A reduction of lipolysis is
consistent with data from human studies where intravenous administration of acetate and
propionate reduced plasma free fatty acids and glycerol (131, 132). Ffar2 mediated inhibition
of lipolysis is most likely through inactivation of the hormone sensitive lipase, which hydrolyzes
triglycerides and is one of the key molecules controlling lipolysis in adipose tissue
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Figure 3. Schematic overview of the proposed mechanisms by which SCFAs increase fatty acid oxidation
in liver, muscle and brown adipose tissue. In muscle and liver, SCFAs phosphorylate and activate AMPK
(pAMPK) directly by increasing the AMP/ATP ratio and indirectly via the Ffar2-leptin pathway in white
adipose tissue. In white adipose tissue, SCFAs decrease insulin sensitivity via Ffar2 and thereby decrease
fat storage. In addition, binding of SCFAs to Ffar2 leads to the release of the Gi/o protein, subsequent
inhibition of adenylate cyclase (AC) and an increase of the ATP/cAMP ratio. This, in turn, leads to the
inhibition of protein kinase A (PKA) and subsequent inhibition of hormone-sensitive lipase (HSL), leading
to a decreased lipolysis and reduced plasma free fatty acids.

(133). Binding of SCFAs to Ffar2 leads to the dissociation and thereby activation of the Gi/o
protein. Gi/o protein inhibits adenylate cyclase and thereby reduces the production of cAMP
from ATP, which subsequently decreases the activity of protein kinase A (PKA) (134). A
decrease of PKA activity leads to dephosphorylation and deactivation of hormone-sensitive
lipase (HSL) in adipose tissue (133). Consistently, administration of high-resistant starch to
humans resulted in higher plasma SCFA concentrations and lower hormone-sensitive lipase
activity in adipose tissue (130).
Ffar2 also plays an important role in storage of fat in white adipose tissue as shown
recently by Kimura et al. (135). Ffar2-deficient mice are obese on a normal diet, whereas
mice overexpressing Ffar2 specifically in adipose tissue are protected against dietary-induced
obesity. The authors concluded that SCFA activation of adipose specific Ffar2 suppresses
insulin signaling by inhibition of Akt phosphorylation, which inhibits fat storage in adipose
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tissue and promotes the metabolism of lipids and glucose in other tissues. Indeed, liver
triglycerides were decreased and mRNA levels of genes involved in fatty acid oxidation in
muscle tissue were increased in mice overexpressing adipose-specific Ffar2 compared to wildtype controls. In addition, total body energy expenditure was also increased together with a
decreased respiratory exchange ratio, indicating increased fatty acid oxidation. Unfortunately,
no data was provided on AMP/ATP ratio, AMPK activity and actual organ-specific fatty acid
oxidation fluxes. Surprisingly, plasma leptin levels in adult mice overexpressing adiposespecific Ffar2 were lower than in wild-type mice. Although SCFAs have been shown to increase
leptin expression via a Ffar2-dependent pathway, it is possible that the decreased leptin levels
are simply a result of decreased adipose tissue (136).
In conclusion, it has been shown convincingly that the prevention of dietary-induced
obesity by SCFA can be attributed to an increase of fatty acid oxidation in multiple tissues and
a decrease of fat storage in white adipose tissue. However, our understanding of the molecular
mechanisms is still incomplete.
Regulation of glucose metabolism by short-chain fatty acids

The scarce data available on the effect of SCFAs on glucose metabolism reveal a decrease
of plasma glucose levels possibly via multiple mechanisms. The plasma glucose level is
determined by uptake via the food, gluconeogenesis, and uptake by multiple organs. Again,
the Ffar receptors and AMPK are involved in transduction of the effects of SCFAs (Figure 4).
In addition, the gut hormones peptide YY (PYY) and glucagon-like peptide-1 (GLP-1) play an
important role in the communication between tissues.
Oral administration of acetate and propionate reduced glycemia in diabetic hyperglycemic
KK-A(y) mice and normal rats (137, 138). There is indirect evidence for a reduced
gluconeogenesis by the liver. Activation of the hepatic AMPK pathway decreased gene expression
of the gluconeogenic enzymes glucose 6-phosphatase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK). Unfortunately, the gluconeogenic flux was not measured but fasting
plasma glucose and insulin levels were decreased together with an increased glucose tolerance
(137).
SCFAs may also affect plasma glucose levels by increasing the gut hormones PYY and
GLP-1 via activation of the receptors Ffar2 and Ffar3. PYY is known as a satiety hormone but
it also reinforces the insulin action on glucose disposal in muscle and adipose tissue (139141). In human and rat colon samples, the SCFA receptors Ffar2 and Ffar3 co-localize with
enteroendocrine L-cells containing PYY (142-144). In addition, Ffar2 and Ffar3 knockout mice
showed reduced colonic PYY expression and whole-body glucose tolerance (145). Intracolonic
infusions of SCFAs in rats and pigs increased blood concentrations of PYY but unfortunately no
data on glucose metabolism was reported (146, 147). GLP-1 indirectly regulates blood glucose
levels by increasing the secretion of insulin and decreasing the secretion of glucagon by the
pancreas (148). Intracolonic infusions of SCFAs and intake of fibers both increased plasma
GLP-1 concentrations and glucose uptake by adipose tissue (147, 149-151). In addition, mice
lacking Ffar2 or Ffar3 exhibited reduced SCFA-triggered GLP-1 secretion in vitro and in vivo
and a parallel impairment of glucose tolerance (145).
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Figure 4. Schematic overview of the proposed mechanisms by which SCFAs affect glucose metabolism. In
the colon SCFAs can increase PYY and GLP-1 expression via Ffar2 and Ffar3. PYY has been shown to increase
glucose uptake in muscle and adipose tissue whereas GLP-1 increases insulin and decreases glucagon
production in the pancreas. In addition, SCFAs have been shown to decrease hepatic gluconeogenesis by
increasing the AMPK phosphorylation and activity.

In summary, SCFAs seem to beneficially affect glucose metabolism by normalizing plasma
glucose levels and increasing glucose handling. To what extent these effects occur directly via
a hepatic AMPK regulation pathway or indirectly via the gut derived hormones PYY and GLP-1
is not clear.
Regulation of cholesterol metabolism by short-chain fatty acids

SCFAs have been shown to reduce plasma concentrations of cholesterol in rodents and humans
(78, 79, 124). Cholesterol is synthesized from its precursor unit acetyl-CoA via a complex
metabolic pathway in which 3-hydroxy-3-methylglutaryl-CoA reductase is the rate-limiting
enzyme (152).
In vitro studies showed that propionate lowered cholesterol synthesis rate by decreasing the
enzyme activity of hepatic 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS) and 3-hydroxy3-methylglutaryl-CoA reductase (HMGCR) (152, 153). In addition, in vivo experiments using
3
H2O as a tracer showed that total cholesterol synthesis rate was decreased in rat livers upon
addition of dietary propionate (154, 155). The role of acetate in cholesterol homeostasis
has received less attention, but Fushimi et al. (78) showed that serum cholesterol levels are
affected by acetate. Rats receiving a diet containing 1% (w/w) cholesterol showed significantly
less increased serum cholesterol levels when the diet was supplemented with 0.3% (w/w)
acetate. In the liver, the protein concentration of HMGCS was reduced and the mRNA level
of cholesterol 7α-hydroxylase (CYP7A1) was increased upon addition of acetate. CYP7A1 is
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involved in the conversion of cholesterol to bile acid, and acts as a sink for cholesterol. In line
with this observation, acetate supplementation decreased hypercholesterolemia in humans
(124).
Since AMPK activation has also been reported to inhibit HMGCR activity and reduce
cholesterol levels in isolated rat hepatocytes (156-158), it is not unlikely that the cholesterollowering effects described are mediated through AMPK activation by SCFAs, just like the
effects of SCFAs on fatty acid and glucose metabolism.
The interplay between gut microbiota, SCFA concentrations and host energy metabolism

The complexity of the interactions between gut microbiota, SCFA concentrations and host
energy metabolism is illustrated by contradictory reports in obese and germ-free subjects.
Dietary administration of SCFAs protected mice from diet-induced obesity and insulin
resistance (17, 121, 122). Yet, genetically obese ob/ob mice and obese human subjects have
increased amounts of cecal and fecal SCFAs (159-161). It is unclear whether the beneficial
effect of SCFAs is somehow compromised in obese subjects, or whether the effect is simply not
strong enough to compensate for an adverse diet or genetic predisposition.
Another puzzling result is that despite very low SCFA levels germ-free mice and rats are
protected from diet-induced obesity (162, 163). In this respect it is important to note that
the type of microbiota is of key importance. A conventionalization study of adult germ-free
mice with microbiota from obese mice (ob/ob) exhibited a significantly greater percentage
increase in total body fat than colonization with microbiota from lean (+/+) donors (159). The
obese animals in this study showed a 50% reduction in relative abundance of the Bacteroidetes
(i.e. acetate and propionate producers), whereas the Firmicutes (i.e. butyrate producers) were
proportionally increased compared to the lean counterparts. Comparative metagenomic
analysis predicted that the microbiota from ob/ob mice had an increased fermentation
capacity, which was also shown in increased cecal concentrations of SCFA. From this, it was
hypothesized that the efficiency of energy harvesting from the diet is increased by a change
in gut microbiota, which then might lead to obesity. To test this hypothesis, Murphy et al.
(160) fed wild-type mice and ob/ob mice either a high-fat or a low-fat diet and investigated
the relationship between the microbial composition and energy harvesting capacity (deduced
from the cecal SCFA concentrations). The decrease of Bacteroidetes and the increase of
Firmicutes were confirmed, but they did not see a direct association between changes in the
microbiota and markers of energy harvesting. This and other studies are, however, limited by
a lack of flux data. A priori there is no reason why cecal SCFA concentrations reflect the SCFA
flux to the host and thereby the additional energy harvest.
In humans the distinct relation between the Firmicutes:Bacteroidetes ratio and obesity
is less clear. Multiple studies found a higher Firmicutes:Bacteroidetes ratio and an increased
amount of SCFAs in the stool samples of obese people compared to lean people (159, 164,
165). In contrast, Schwiertz et al. (161) found no changes in Firmicutes but an increase in
Bacteroidetes in obese humans compared to lean humans. In agreement with earlier studies,
the latter also reported an increase in total fecal SCFA concentrations in obese humans.
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Scope and outline of the thesis
SCFAs have unambiguously been shown to exert multiple beneficial effects on various aspects
of mammalian energy metabolism. The ever increasing detail in our understanding of the
underlying molecular mechanisms, however, does not yet allow us to understand paradoxical
results in physiological studies in humans and rodents. Partly this is caused by the lack of
human data, because not all results obtained in rodents can be directly translated to humans.
More fundamentally, our understanding of the mechanisms underlying the beneficial effects
of SCFAs is severely hampered by the lack of data on the amounts of SCFAs produced by the
gut microbiota and entering host metabolism and there is a paucity of data on mechanisms
by which metabolic processes are regulated by SCFAs. Therefore in this thesis the following
questions will be addressed, focusing on the role of SCFAs in mammalian energy metabolism:
1) What are the in vivo SCFA production and uptake fluxes under different conditions? 2) How
do SCFAs affect glucose and lipid fluxes via their dual role as substrates and regulators? 3) At
which timescales are different, apparently contradictory effects working? 4) Can we quantify
the role of different tissues and hormones?
In chapter 2 we examined the in vivo SCFA production and uptake fluxes in mice fed a
high-fat diet supplemented with 0%, 5%, 7.5% or 10% of the fiber guar gum. Our data showed
that in vivo SCFA fluxes and not SCFA concentrations are inversely correlated to metabolic
syndrome markers. These results suggest a causal relation between SCFA uptake flux and
metabolic syndrome. The data in chapter 3 describes the metabolic fate of the different SCFAs
as a substrate when they are infused directly into the cecum, the natural production site in mice.
The results reveal (i) extensive microbial interconversion of SCFAs in the cecum, compatible
with cross-feeding, (ii) vivid assimilation of gut-derived SCFAs in host carbohydrates and
lipids, and (iii) conspicuous differences between the metabolism of the three SCFAs. The
distinct short-term and long-term regulatory roles of SCFAs are addressed in chapter 4 and 5,
respectively. The data presented in chapter 4 describes the short-term effects on glucose and
lipid metabolism of SCFAs that are infused into the cecum. We found that short-term exposure
to acetate and butyrate increased gluconeogenesis and decreased lipogenesis through
activation of the hepatic cAMP-protein kinase A-cAMP response element-binding protein
signaling pathway. In contrast, propionate acted solely as substrate for gluconeogenesis. The
long-term regulatory effects were studied by supplementing SCFAs to the diet and are reported
in chapter 5. We found that long-term SCFA-supplementation enhanced oxidative metabolism
and protected against high-fat diet-induced obesity in a peroxisome proliferator-activated
receptor γ-dependent manner. In chapter 6, we went back to the fiber guar gum and studied
the regulatory cascade via which it regulates host metabolism. Guar gum protected mice
against the metabolic syndrome through the same mechanism as reported for supplemented
SCFAs in chapter 5, further corroborating that SCFAs are the molecular mediators of guar gum.
Finally, chapter 7 discusses the most relevant findings described in this thesis, and concludes
with implications for future research.
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Abstract
Studies with dietary supplementation of various types of fibers have shown beneficial effects
on symptoms of the metabolic syndrome. Short-chain fatty acids (SCFAs), the main products
of intestinal bacterial fermentation of dietary fiber, have been suggested to play a key role.
Whether the concentration of SCFAs or their metabolism drives these beneficial effects is not
yet clear. In this study we investigated the SCFA concentrations and in vivo host uptake fluxes in
the absence or presence of the dietary fiber guar gum. C57Bl/6J mice were mice fed a high-fat
diet supplemented with 0%, 5%, 7.5% or 10% of the fiber guar gum. To determine the effect on
SCFA metabolism, 13C-labeled acetate, propionate or butyrate were infused into the cecum of
mice for 6h and the isotopic enrichment of cecal SCFAs was measured. The in vivo production,
uptake and bacterial interconversion of acetate, propionate and butyrate were calculated by
combining the data from the three infusion experiments in a single steady-state isotope model.
Guar gum treatment decreased markers of the metabolic syndrome (i.e. body weight, glucose
and insulin levels) in a dose-dependent manner. Cecal SCFA concentrations were increased
compared to the control group, but no differences were observed between the different guar
gum doses. Thus, no significant correlation was found between cecal SCFA concentrations
and metabolic markers. In contrast, in vivo SCFA uptake fluxes by the host correlated linearly
with metabolic markers. We argue that in vivo SCFA fluxes, and not concentrations, govern the
protection from the metabolic syndrome by dietary fibers.
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Introduction
The shift in diet in Western and developing countries from a traditional high-fiber, low-fat,
low-calorie diet towards a low-fiber, high-fat, high-calorie diet is accompanied with a growing
prevalence of the metabolic syndrome comorbidities: obesity, hypertension, dyslipidemia
and insulin resistance (167, 168). Epidemiological and large observational studies reported
an inverse correlation between dietary fiber intake and body weight, insulin resistance,
hypertension and dyslipidemia (169). The dietary fiber guar gum is especially promising as
it has been shown to decrease hypercholesterolemia, hyperglycemia and obesity in multiple
experiments in both rodents and humans (170, 171). The molecular mechanisms by which
guar gum induces these effects constitute an active field of research. Short-chain fatty acids
(SCFAs), the main products of intestinal bacterial fermentation of dietary fiber, have been
suggested to play a key role in these beneficial effects (Chapter 1).
SCFAs are saturated aliphatic organic acids that consist of 1-6 carbons of which acetate
(C2), propionate (C3) and butyrate (C4) are the most abundant (≥95%) (8). In the last decades
it became apparent that SCFAs might play a key role in the prevention and treatment of the
metabolic syndrome, bowel disorders and certain types of cancer (16-22). The effects of dietary
fiber on the host are mostly studied by looking at the fecal or colonic SCFA concentrations and
the host physiology. However, increased concentrations of SCFAs do not always correlate to
beneficial host effects. For instance, genetically obese ob/ob mice and obese human subjects
had increased concentrations of cecal and fecal SCFAs as compared to lean controls (159-161),
while germ-free mice and rats had low SCFA concentrations and were protected from dietinduced obesity (162, 163). Recently, Teixeira et al. (172) even suggested that human fecal
SCFA concentrations in women are positively correlated with metabolic syndrome risk factors
such as adiposity, waist circumference and HOMA index. These results raise the question if
SCFAs are involved in the beneficial effect of dietary fibers. It is important to note, however, that
at steady-state the cecal or fecal SCFA concentrations not necessarily reflect the SCFA uptake
fluxes by the host. It is known that SCFAs exert their effects not only directly in the gut, but also
via other organs like the liver and adipose tissue (Chapter 1). For the latter effect the cecal
concentration is of less importance than the amount of SCFAs that is transported into the host.
It is plausible that the SCFA host uptake fluxes are involved in the beneficial effect of dietary
fibers. In vivo flux measurements, however, are challenging. Therefore, SCFA production fluxes
have been measured mostly in vitro by exposing an inoculum of gut microbiota to dietary fiber.
The disadvantages of this method are that (i) during isolation of the anaerobic gut microbiota
the diversity decreases, (ii) raw substrates are not modified as it normally occurs in vivo in the
upper part of the gastrointestinal tract, (iii) products accumulate during fermentation due to
the lack of host uptake mechanisms and (iv) the uptake fluxes by the host, which we ultimately
need to know, cannot be determined (173, 174).
In this study we present a novel method to determine in vivo SCFA fluxes under different
dietary conditions. The method was based on infusion of tracer amounts of 13C-labeled acetate,
propionate or butyrate into the cecum and the results of all three infusions were combined in a
single steady-state isotope model. This allowed us to quantify how the intake of 0%, 5%, 7.5%
or 10% of the dietary fiber guar gum affected the SCFA fluxes and how these correlated with
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markers of the metabolic syndrome.

Materials and Methods
Ethics Statement

The national and institutional guidelines for the care and use of animals were followed, and the
experimental procedures were reviewed and approved by the Ethics Committees for Animal
Experiments of the University of Groningen, The Netherlands (ethics registration code 5887).
All efforts were made to minimize suffering.
Animals and Experimental Design

Male C57Bl/6J mice (Charles River, L’Arbresle Cedex, France), 2 months of age, were housed
in a light- and temperature-controlled facility (lights on 6:30 a.m. to 6:30 p.m., 21 °C). During
6 weeks mice were fed a high-fat semi-synthetic diet (based on D12451 (175), Research Diet
Services, Wijk Bij Duurstede, The Netherlands) in which 0, 5, 7.5 or 10% (w/w) guar gum
(ViscogumTM MP 41230, Cargill, United States) replaced an equivalent amount of corn starch. In
this way we ensured that only the fiber content was varied while the total polysaccharide and
calorie content of the diets remained equal. Mice had free access to food and drinking water.
Experimental procedures were approved by the Ethics Committees for Animal Experiments of
the University of Groningen.
Plasma sampling

Mice were fasted from 8-12 a.m. Blood glucose concentrations were measured with a EuroFlash
meter (Lifescan Benelux, Beerse, Belgium). Blood samples were drawn by tail bleeding into
heparinized tubes. Blood was centrifuged (4000 x g for 10 min at 4 °C) and plasma was stored
at -20 °C. Plasma insulin levels were determined using ELISA (ALPCO Diagnostics, Salem,
United States) and HOMA-IR was calculated (IR = (fasting insulin in mU/L x fasting glucose in
mM) / 22.5).
Cecal infusion experiment

After 6 weeks on diet, mice were equipped with a permanent cecum catheter and allowed
a recovery period of at least 5 days as described previously (Chapter 3). Cecal cannulas
were flushed daily with phosphate buffered saline. On the day of the experiment, mice
were individually housed and fasted from 6:00 to 10:00 a.m. All infusion experiments were
performed in conscious, unrestrained mice. For each dietary treatment group, three different
groups received solutions of phosphate buffered saline containing either sodium [1-13C]
acetate (3 mM, 99 atom %, Sigma-Aldrich), sodium [2-13C]propionate (1.5 mM, 99 atom %,
Sigma-Aldrich) or sodium [2,4-13C2]butyrate (0.6 mM, 99 atom %, Sigma-Aldrich) via the
cecum catheter at an infusion rate of 0.2 ml/h. After 6h of infusion, animals were sacrificed by
cardiac puncture under isoflurane anesthesia. Cecum content was removed quickly, frozen in
liquid nitrogen, and stored at -80 °C for SCFA enrichment determination.
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Determination of SCFA concentrations and enrichments
Cecal concentrations and enrichments of SCFAs were measured as previously described
(Chapter 3). In short, cecum content was centrifuged and 25 µl of supernatant was spiked with
25 µl of internal standard (17.3 mM hydroxyisocapronic acid) and 5 µl of 20% 5-sulfosalicyclic
acid. After a 10 min centrifugation the supernatant was acidified with 2.5 µl 37% HCl and SCFA
were extracted with 2 ml diethylether. Derivatization was performed overnight with 500 µl
supernatant and 50 µl of N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA).
Mass isotopologue distributions were measured in an Agilent 5975 series GC/MSD (Agilent
Technologies). The gas chromatograph was equipped with a ZB-1 column (Phenomenex). Mass
spectrometry analysis was performed by electron capture negative ionization with methane as
the moderating gas. Ions monitored were m/z 117-118 for acetate, m/z 131-132 for propionate
and m/z 145-147 for butyrate. The normalized mass isotopologue distributions measured by
GC-MS (m0-mx) were corrected for natural abundance of 13C by multiple linear regression
according to Lee et al. (176) to obtain the excess fractional distribution of mass isotopologues
(M0-Mx).
Gene expression levels

RNA was extracted from cecum tissue using Tri reagent (Sigma-Aldrich, St. Louis, MO) and
converted into cDNA by a reverse transcription procedure using M-MLV and random primers
according to the manufacturer’s protocol (Sigma-Aldrich). For quantitative PCR (qPCR), cDNA
was amplified using the appropriate primers and probes. Taqman RT-PCR primer and probe
were used to determine mRNA for MCT-1 (Mm01315398_m1) and SMCT-1 (Mm00520629_
m1). mRNA levels were calculated relative to 36b4 (Mm00725448_s1) expression and
normalized for expression levels of mice fed the control diet.
Statistics

All data are presented as mean values ± SEM. Statistical analysis was assessed by one-way
ANOVA using the Tukey test for post-hoc analysis. For analysis of correlations, Spearman’s
rank test was used. Statistical significance was defined as a p value below 0.05. Data were
analyzed with SPSS v.20 software.

Results

Guar gum protects against diet-induced obesity and insulin resistance in a dose-dependent
manner
Supplementation of a high-fat diet with guar gum dose-dependently decreased body weight of
mice after 6 weeks treatment (Figure 1A), with a maximal effect at the highest dose of the fiber
(13% decrease at 10% guar gum vs. control; p<0.001). In concert, fasted plasma glucose and
insulin levels decreased dose-dependently by guar gum treatment (27% decrease at 10% guar
gum vs. control; p<0.001 and 49% decrease at 10% guar gum vs. control; p<0.01, respectively;
Figures 1B and 1C). Accordingly, the homeostasis model assessment for insulin resistance
(HOMA-IR) decreased with an increasing dose of guar gum (64% decrease at
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Figure 1. Effect of dietary supplementation with guar gum on mouse physiology after 6 weeks on a highfat diet. (A) Body weight for the different guar gum groups. Plasma glucose (B) and insulin (C) levels
after a 4-hour fast. Blood glucose and insulin levels were used to determine insulin sensitivity through
HOMA-IR (D). Cecal content (E), cecal SCFA concentrations (F) and cecal mRNA expression (G) of SCFAs
transporters. Data represent means ± SEM for n=7-8. Different letters indicate significant differences
between groups (at least p<0.05).

10% guar gum vs. control; p<0.001; Figure 1D). All groups of mice treated with guar gum
showed an approximately 2.5-fold increase in cecal mass content compared to the control diet
(167% increase at 10% guar gum vs. control; p<0.01; Figure 1E). However, in this respect no
differences were observed between the different guar gum groups. Cecal concentrations of
acetate (176% increase at 10% guar gum vs. control; p<0.001), propionate (207% increase at
10% guar gum vs. control; p<0.001) and butyrate (174% increase at 10% guar gum vs. control;
p<0.05) were increased in the three guar gum groups compared to the control group (Figure
1F), but again no significant differences were observed between the different guar gum groups.
The cecal mRNA expression of two known colonic SCFA transporters, monocarboxylate
transporter 1 (MCT-1) and sodium-coupled MCT-1 (SMCT-1), were increased in the guar gum
groups compared to the control group, with the highest expressions in the 5% guar gum group
(MCT-1; 62% increase at 5% guar gum vs. control; p<0.001, SMCT-1; 355% increase at 5%
guar gum vs. control; p<0.001; Figure 1G)
Short-chain fatty acid concentrations correlate with cecal transporter mRNA expression
but not with metabolic syndrome markers

To investigate if the concentration of cecal SCFAs associate with markers of the metabolic
syndrome (i.e. body weight, glucose, insulin and HOMA-IR), we plotted the concentration of
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Figure 2. Cecal SCFA concentrations correlations. Correlation of cecal acetate, propionate and butyrate
concentration with body weight (A) and SMCT-1 expression (B). The Spearman’s correlation coefficient
was calculated and the significance level was set at p<0.05.

the three SCFA against the metabolic syndrome markers of the different treatment groups.
Cecal acetate, propionate and butyrate concentrations did not correlate with body weight,
glucose, insulin and HOMA-IR (p>0.05; Figures 2A and S1). In contrast, all three SCFAs
correlated significantly with SMCT-1 and MCT-1 expression (p<0.05; Figures 2B and S1). We
hypothesized that the physiological effect of guar gum was not exerted via the colonic SCFA
concentration, but rather via the amount of SCFAs that is produced by the microbiota and
taken up by the host. Therefore, we set out to determine these fluxes in vivo.
A model to determine short-chain fatty acid production and uptake fluxes

We designed an animal experiment to determine in vivo fluxes of SCFA production,
interconversion and uptake by the host, based on isotope dilution and incorporation. We
infused separately tracer amounts of [1-13C]acetate, [2-13C]propionate or [2,4-13C2]butyrate
during 6h into the cecum of conscious, unrestrained mice and measured the label content
in the cecal SCFAs at the end of the infusion period as described in Chapter 3. Infusion of
any of the labeled SCFAs resulted in label incorporation in all three cecal SCFAs (Figure 3A).
This indicates that there is interconversion of labeled SCFAs by the gut bacteria. To calculate
the in vivo fluxes of bacterial SCFA production and consumption by the host we constructed
a mathematical model that accounts for this bacterial label conversion (Figure 3B). Starting
from the assumption that the isotopic measurements were performed during mass and
isotopic steady state, flux balance equations were derived for each of the labeled and unlabeled
SCFAs during the tracer infusions of [1-13C]acetate, [2-13C]propionate or [2,4-13C2]butyrate. We
further assumed that the labeled tracers did not affect the total mass fluxes and hence these
should be identical in the three infusion experiments. Based on the observation that doublelabeled butyrate was detected after infusion of acetate and propionate, we assumed that 2
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Figure 3. In vivo SCFA fluxes. (A) Enrichment of cecal SCFAs after 6h infusion with [1-13C]acetate, [213
C]propionate or [2,4-13C2]butyrate for the different guar gum groups. (B) Schematic overview of the
model used to determine in vivo bacterial SCFA production, interconversion and host uptake fluxes at
steady state. Each reaction is represented by a flux (v, for a detailed description see Text S1). (C) In vivo
SCFA production and uptake fluxes for the different guar gum groups after 6 weeks on high-fat diet. Data
represent means ± SEM for n=7-8. Different letters indicate significant differences between groups (at
least p<0.05).

acetate or propionate molecules were used for the production of 1 butyrate molecule. An
alternative model in which the stoichiometry of the interconversion between propionate and
butyrate was changed gave similar results, indicating that our conclusions do not depend
critically on this assumption (Text S1). This was not surprising because there was hardly any
interconversion flux between propionate and butyrate. We solved the full set of flux balance
equations for the in vivo SCFA production, interconversion and uptake fluxes with the
Generalized Reduced Gradient (GRG) Nonlinear Solver algorithm (177). A full description of
the model and computational analysis is given in Text S1.
In vivo bacterial short-chain fatty acid production and host fluxes

The above described model-based method to measure in vivo fluxes and SCFA interconversion
was applied to the different groups of mice treated with guar gum and to the control group for
comparison (Figure 3C). The production and uptake fluxes of acetate were highest, followed
by the propionate and butyrate fluxes. This corresponded with the order of SCFA concentrations
(Figure 1F). The production flux of acetate was higher than its uptake flux, since 7.1% of the
acetate was converted into butyrate (Figure 3C and Table 1), revealing microbial cross-feeding.
The production and uptake fluxes of propionate were almost identical, since there
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Figure 4. In vivo SCFA uptake fluxes correlate inversely with metabolic syndrome markers. Correlation
of acetate, propionate and butyrate host uptake fluxes with body weight (A), glucose concentrations (B),
insulin concentrations (C) and HOMA-IR (D). The Spearman’s correlation coefficient was calculated and
the significance level was set at p<0.05.

was little conversion of propionate into the other SCFAs and back (Figure 3C and Table 1).
Interestingly, approximately 50% of butyrate was not produced directly from fibers but rather
via dimerization of acetate (Figure 3C and Table 1).
The guar gum treatment increased all the fluxes of SCFA production and uptake by the host
in a dose-dependent manner (Figure 3C), with the highest fluxes at the highest fiber dose. The
relative increase was highest for the propionate production and uptake fluxes (787% increase
at 10% guar gum vs. control; p<0.001 and 761% increase at 10% guar gum vs. control;
p<0.001, respectively) followed by the acetate production and uptake fluxes (514% increase at
10% guar gum vs. control; p<0.001 and 518% increase at 10% guar gum vs. control; p<0.001,
respectively) and the butyrate production and uptake fluxes (273% increase at 10% guar gum
vs. control; p<0.001 and 461% increase at 10% guar gum vs. control; p<0.001, respectively).
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Table 1. SCFA interconversion fluxes (mmol/kg/h) for the different Guar Gum groups. Data represent
means ± SEM for n=7-8.
0

Guar Gum content (%)

5

7.5

10

Acetate � Butyrate

0.11 ± 0.01

0.14 ± 0.01

0.32 ± 0.02

0.47 ± 0.02

Acetate � Propionate

0.00 ± 0.00

0.00 ± 0.01

0.00 ± 0.01

0.00 ± 0.06

0.00 ± 0.01

Butyrate � Acetate

Propionate � Acetate

Propionate � Butyrate

Butyrate � Propionate

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.01

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.01

0.00 ± 0.04

0.00 ± 0.00

0.00 ± 0.00

0.00 ± 0.02

0.00 ± 0.05

0.00 ± 0.00

0.00 ± 0.01

Changes in metabolic syndrome markers were inversely correlated with in vivo shortchain fatty acid fluxes
None of the in vivo SCFA fluxes correlated with the cecal SCFA concentrations or the cecal
mRNA expression of SMCT-1 and MCT-1 (p>0.05; Figures S2 and S3). However, in vivo SCFA host
uptake fluxes did significantly correlate with body weight, fasted glucose and insulin levels,
and HOMA-IR (p<0.05; Figure 4). Similar results were found for the in vivo SCFA production
fluxes (Figure S3). The correlation was better for the uptake fluxes by the host than for the
microbial production fluxes. The difference between uptake and production fluxes was due to
microbial interconversion. The correlation was generally increasing from acetate to butyrate
to propionate. Altogether, these data suggest that in vivo SCFA fluxes, and not concentrations,
are key to understand the beneficial effects of fibers on metabolic syndrome markers.

Discussion

In this chapter we demonstrate that the rate of uptake of SCFAs directly correlates with
amelioration of symptoms clustered in the metabolic syndrome. Beneficial effects of SCFAs
have been frequently suggested in the literature, but evidence for this contention has been
lacking since physiological effects did not correlate with luminal SCFA concentrations. By
determining the in vivo SCFA fluxes we now show for the first time that in vivo SCFA fluxes
rather than concentrations correlate in an inverse manner with the biomarkers of the
metabolic syndrome. Here we will discuss how this adds to the evidence for a causal relation
between fiber intake, SCFA fluxes and attenuation of metabolic syndrome markers.
Human randomized controlled clinical trials showed that guar gum supplementation
decreased body weight and fasting plasma glucose and insulin concentrations in both healthy
and metabolic syndrome patients (171, 178, 179). Here, we show that increasing the content
of guar gum in a high-fat diet resulted in a dose-dependent decrease in body weight, fasting
plasma glucose and insulin concentrations and HOMA-IR, together indicating an improvement
of the metabolic syndrome. To date, no molecular mechanism for these beneficial effects
of guar gum has been described. Two lines of evidence suggest that SCFAs exert a key role
in this beneficial effect. First, SCFA are the main end products of microbial fermentation of
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dietary fibers in the intestine (Chapter 1). Second, SCFA supplementation in the diet protects
against dietary-induced obesity and insulin resistance (17, 122), suggesting that microbial
SCFAs might do the same. The question then arises how SCFAs might mediate the observed
dose-dependent effect of dietary fibers whilst their concentrations do not correlate with the
fiber dose and metabolic syndrome markers (32, 161, 163, 172). It is well known that SCFAs
regulate the physiology of the host not only via direct effects in the colon, but also via other
organs in the host, such as liver and adipose tissue (Chapter 1). SCFAs have been shown to
affect host energy metabolism activation of the G-coupled receptor (GPR) 41 and 43, which
promotes catabolism of lipids and glucose leading to a decreased body weight, plasma glucose
and insulin concentrations (119, 135). GPR activation beyond the intestine depends on the
plasma SCFA concentrations which are, unfortunately, very hard to determine due to the very
low concentrations and scarce sample options. Because plasma SCFA concentrations are for a
large part determined by the host uptake from the colonic tract, in vivo SCFA uptake fluxes by
the host can possibly be used to explain the dietary fiber-SCFA effect on the host.
While our data suggest that the physiological effect of guar gum is mediated via the
uptake fluxes of SCFA into the host, we do not explain what causes the dose-dependent SCFA
uptake fluxes in the first place. In general, the uptake rate of a metabolite depends on its own
concentration as well as on the capacity and kinetics of its transporter. At steady state, neither
the concentration of the SCFAs nor the mRNA expression of the SCFA transporters MCT-1
and SMCT-1 correlated with the SCFA flux. Cecum content and thereby uptake surface did
not correlate with the fluxes either. We have not measured transporter kinetics, which leaves
the possibility that SCFA transport is regulated at the protein level. An alternative possibility
which we cannot exclude is that the concentration of another metabolite co-varies with the
uptake fluxes and takes part in the actual causal mechanism. Next to SCFAs, the gut microbiota
produces many metabolites which are involved in the regulation of multiple host metabolic
pathways (5). However, obvious candidates such as lactate were hardly detectable (data not
shown).
In conclusion, our data clearly showed that in vivo SCFA fluxes and not SCFA concentrations
are inversely correlated to metabolic syndrome markers. Together with the known causal
effect of increased SCFA in the diet, this provides strong evidence for a causal relation between
SCFA uptake flux and metabolic syndrome. Further research should elucidate the role of
additional molecular factors that mediate this effect, as well as the mechanism explaining the
dose-dependency of the uptake fluxes.
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Supplemental figures

Figure S1. Correlation of cecal concentrations of acetate, propionate and butyrate with plasma glucose
(A) and plasma insulin levels (B), HOMA-IR (C) and MCT-1 cecal mRNA expression (D). The Spearman’s
correlation coefficient was calculated and the significance level was set at p<0.05.
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Figure S2. Correlation of acetate, propionate and butyrate host uptake fluxes with cecal concentrations
of acetate, propionate and butyrate, respectively (A). Correlation of acetate, propionate and butyrate host
uptake fluxes with cecum mRNA expression of MCT-1 (B) and SMTC-1 (C). The Spearman’s correlation
coefficient was calculated and the significance level was set at p<0.05.
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Figure S3. Correlation of bacterial production fluxes of acetate, propionate and butyrate with cecal SCFA
concentrations (A), body weight (B), plasma glucose (C) and plasma insulin levels (D), HOMA-IR (E), MCT1 (F) and SMTC-1 (G) cecal mRNA expression. The Spearman’s correlation coefficient was calculated and
the significance level was set at p<0.05.
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Text S1: Model description
Model construction
We constructed a steady-state model to derive the fluxes of in vivo short-chain fatty acid
(SCFA) production, interconversion and their uptake by the host from the measured isotope
distribution patterns. Based on the reaction scheme in Figure 3B, a set of steady-state
equations was constructed for all three SCFA tracer infusions, i.e. [1-13C]acetate, [2-13C]
propionate and [2,4-13C2]butyrate. The steady-state model was solved in Excel, which uses the
Generalized Reduced Gradient (GRG) Nonlinear Solver algorithm (177). The model is based
on the following assumptions: (i) All total-mass fluxes (v’s below) are independent of the
infusion. This is warranted by the use of tracer amounts of labeled SCFAs and moreover, the
label distribution was measured at steady state. This then allowed combining the data from the
three infusion experiments into one model to calculate the fluxes. (ii) Two acetate molecules
are used for the production of one butyrate molecule and two acetate molecules are produced
from one butyrate molecule as shown previously by others (61, 65). The former is consistent
with the detection of double-labeled butyrate in our dataset. Analogously, two propionate
molecules are used for the production of one butyrate molecule and two propionate molecules
are produced from one butyrate molecule. This assumption is supported by mass isotopologue
distribution analysis (MIDA) algorithms as shown in Chapter 3 and again by the detection of
double-labeled butyrate upon infusion of single-labeled propionate in this study. One acetate
molecule is produced from one propionate molecule and vice versa one propionate molecule
is produced from one acetate molecule, as indicated previously by others (180, 181). (iii)
All fluxes are considered to be equal or higher than zero and (iv) each of the isotopologue
concentrations of acetate, propionate and butyrate is at steady state.
The fluxes vA,0, vP,0 and vB,0 as depicted in Figure 3B in the main text are defined as the
bacterial production fluxes from complex carbohydrates for acetate, propionate and butyrate,
respectively. Similarly, the fluxes v0,A, v0,P and v0,B are defined as the host uptake fluxes for
acetate, propionate and butyrate, respectively. The interconversion fluxes are defined as:
vB,A:
vA,B:
vB,P:
vP,B:
vP,A:
vA,P:

1 Acetate � ½ Butyrate						
1 Butyrate � 2 Acetate						
1 Propionate � ½ Butyrate						
1 Butyrate � 2 Propionate						
1 Acetate � 1 Propionate						
1 Propionate � 1 Acetate						

[1]
[2]
[3]
[4]
[5]
[6]

Detailed reaction mechanisms are not considered and, therefore, chemical balances are not
complete. There is steady state with respect to mass and isotope enrichment in Acetate (A),
Propionate (P) and Butyrate (B). Therefore the sum of fluxes into and out of each pool is zero.
The measured normalized mass isotopologue distribution (MID) for acetate is based on m0/z,
m1
/z and are represented as a0 and a1 such that a0 + a1 = 1. Analogously for propionate the
measured MID is based on m0/z, m1/z and are represented by p0 and p1 with p0 + p1 = 1 and for
45

2

Chapter 2

butyrate the measured MID is based on m0/z, m1/z and m2/z and are represented by b0, b1, and b2
with b0 + b1 + b2 = 1. The normalized measured MID was corrected for natural abundance of
13
C by multiple linear repression according to Lee et al. (176) to obtain the excess normalized
MID, with A0 and A1 for acetate and A0 + A1 = 1, P0 and P1 for propionate and P0 + P1 =1 and B0, B1
and B2 for butyrate and B0 + B1 + B2 =1. According to the model the following mass balances can
be written for acetate, propionate and butyrate during steady state in which vx are the fluxes
corresponding to Figure 3B in the main text in mmol/kg/h.
Acetate:

[7]

Butyrate:

[9]

Propionate:

[8]

in which vinf_A, vinf_P and vinf_B are the mass inflow rates due to infusion of acetate, propionate and
butyrate, respectively.
The mass balances and the normalized excess MID are used to formulate the mass balances
for each of the mass isotopomers A0, A1, P0, P1, B0, B1 and B2 during the infusions of [1-13C]
acetate (A0_A, A1_A, P0_A, P1_A, B0_A, B1_A, B2_A), [2-13C]propionate (A0_P, A1_P, P0_P, P1_P, B0_P, B1_P, B2_P) and
[2,4-13C2]butyrate (A0_B, A1_B, P0_B, P1_B, B0_B, B1_B, B2_B).
All ordinary differential equations (ODEs) for mass isotopomers below are based on
			
[10]

where X stands for either acetate, propionate or butyrate, i stands for the isotopologue (i.e.
0,1,2), j stands for the reaction and p for the probability of Xi involved in reaction j. Based on
formula 10 we constructed in total 21 ODEs for the acetate, propionate and butyrate infusions.

[1-13C]Acetate infusion

[11]
[12]
[13]
[14]
[15]
[16]

46

SCFA fluxes associate with metabolic markers

[17]

[2-13C]Propionate infusion

[18]
[19]
[20]
[21]
[22]
[23]
[24]

[2,4-13C2]Butyrate infusion

[25]
[26]
[27]
[28]
[29]
[30]
[31]

Objective function
The objective function was defined as

in which

are all the time derivatives

of all isotopic fractions of the three SCFAs and they were summed over the three infusion
experiments. This objective function was minimized.
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Guar gum content (%)

0

Objective function
(mmol/h/kg)2

5

3.95E-01

7.5

3.59E-01

10

3.50E-01

3.68E-01

Alternative model
To check the stoichiometric assumptions we made for the propionate-butyrate conversion, we
also constructed an alternative model with different stoichiometry and compared the objective
function and the fluxes to the standard model for the different guar gum diets to validate if the
correlation with the metabolic markers is still valid.
Instead of reactions [3] and [4]
1 Propionate � 1 Butyrate							
1 Butyrate � 1 Propionate
						
Guar Gum
content
Model

Objective
function

vA,0

vA,B
vA,P
v0,A
vP,0

vP,A
vP,B

v0,P

vB,0

vB,A
vB,P
v0,B

Standard

0%

Alternative

Standard

5%

Alternative

7.5%

Standard

Alternative

[32]
[33]
10%

Standard

Alternative

3.95E-01

3.95E-01

3.59E-01

3.86E-01

3.50E-01

3.59E-01

3.68E-01

3.68E-01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

1.54
0.00
1.47
0.54
0.00
0.00
0.57
0.11
0.11
0.00
0.18

1.54
0.00
1.59
0.60
0.00
0.00
0.66
0.11
0.03
0.00
0.18

4.20
0.00
4.23
1.21
0.00
0.00
1.31
0.16
0.14
0.00
0.46

4.20
0.00
4.23
1.26
0.00
0.00
1.38
0.16
0.14
0.00
0.46

7.09
0.00
7.40
2.97
0.00
0.00
3.12
0.31
0.32
0.00
0.73

7.10
0.00
7.41
2.97
0.00
0.00
3.12
0.31
0.06
0.00
0.73

9.46
0.00
9.08
4.73
0.00
0.00
4.91
0.41
0.47
0.00
1.01

9.45
0.00
9.07
4.73
0.00
0.00
4.91
0.42
0.47
0.00
1.01

Statistics
The principle of Maximum Likelihood Estimation (MLE) is used for the estimation of errors in
the parameters. The computed likelihood function L is given by
[34]

This likelihood function is optimized with respect to the different parameters in order to
determine their errors (182).
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Abstract
Acetate, propionate and butyrate are the main short-chain fatty acids (SCFAs) that arise
from the fermentation of fibers by the colonic microbiota. While many studies focus on the
regulatory role of SCFAs, their quantitative role as a catabolic or anabolic substrate for the
host has received relatively little attention. To investigate this aspect, we infused conscious
mice with physiological quantities of stable isotopes [1-13C]acetate, [2-13C]propionate or
[2,4-13C2]butyrate directly into the cecum, which is the natural production site in mice, and
analyzed their interconversion by the microbiota as well as their metabolism by the host. Cecal
interconversion - pointing to microbial cross-feeding - was high between acetate and butyrate,
low between butyrate and propionate and almost absent between acetate and propionate. As
much as 62% of infused propionate was used in whole-body glucose production, in line with
its role as gluconeogenic substrate. Conversely, glucose synthesis from propionate accounted
for 69% of total glucose production. The synthesis of palmitate and cholesterol in the liver
was high from cecal acetate (2.8% and 0.7%, respectively) and butyrate (2.7% and 0.9%,
respectively) as substrates, but low or absent from propionate (0.6% and 0.0%, respectively).
Label incorporation due to chain elongation of stearate was approximately 8-fold higher than
de novo synthesis of stearate. Microarray data suggested that SCFAs exert a mild regulatory
effect on the expression of genes involved in hepatic metabolic pathways during the 6h
infusion period. Altogether, gut-derived acetate, propionate and butyrate play important roles
as substrates for glucose, cholesterol and lipid metabolism.
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Introduction
Short-chain fatty acids (SCFAs), of which acetate, propionate and butyrate are the most
abundant, are the main products of fermentation of dietary fibers by the anaerobic colonic
microbiota (Chapter 1). In the last decades it became apparent that SCFAs might play a key
role in the prevention and treatment of metabolic syndrome, bowel disorders and certain
types of cancer (17, 18, 20, 21). In clinical studies SCFA administration reduced symptoms
related to ulcerative colitis, Crohn’s disease and antibiotic-associated diarrhea (10, 23-25, 27).
SCFAs are substrates for energy metabolism in the host (Chapter 1). The average human
diet in Western societies yields 300-600 mmol SCFAs/day which is equivalent to ~10% of the
human caloric daily requirements (31). In the passage from the lumen of the gut to the hepatic
vein SCFAs are actively metabolized by colonocytes in the order of butyrate>acetate>propionate
(100). The remainder of the SCFAs is largely taken up by the liver (105). Quantitative insight
into the partitioning of SCFAs over the subsequent metabolic routes is lacking. According to
known biochemical pathways, acetate can be oxidized in the tricarboxylic acid (TCA) cycle or
can be used as a substrate for synthesis of cholesterol, ketone bodies and long-chain fatty acids.
Butyrate is supposed to enter mitochondrial fatty acid oxidation and the resulting acetyl CoA
can be used in similar ways as acetate. This leads to the hypothesis that label incorporation
from butyrate will resemble that from acetate. Propionate is a well-known precursor for
gluconeogenesis in the liver (6), but whether it is used for lipogenesis has not been studied.
Detailed analysis of SCFA as substrates was mostly performed in vitro in isolated cell lines
derived from colonocytes or hepatocytes, which gives only a limited view on the processes in
vivo (79, 100, 183-185).
The interpretation of available in vivo SCFA studies is complicated by the different
administration routes of SCFAs to the host. While the natural production of SCFAs occurs
mainly in the cecum, in experiments they are usually administered via food, via intraperitoneal
injection or via intravenous infusion (17, 49, 186, 187). This is likely to affect their impact on
energy metabolism via the hormonal and regulatory responses that are triggered in different
organs (188, 189).
In this study we present a new mouse model in which we infused conscious mice with
stable isotope labeled SCFAs directly into the cecum at a delivery rate of 2.4 mmol/kg body
weight/h. This infusion rate was estimated to be on the higher side of the physiological range,
whilst high enough to ensure substantial isotope enrichment in metabolic end products of
SCFAs. To our knowledge, there are no accurate in vivo SCFA production rates published in
mice, but there are data from in vitro and in vivo studies in other species. In 12h fasted humans
the in vivo acetate production was estimated to be 0.75 mmol/kg body weight/h, whereas it
was 1.46 and 1.75 mmol/kg body weight/h in 24h fasted dogs and 22h fasted rats, respectively
(49). The total SCFA production was 2.02 mmol/kg body weight/h in 22h fasted rats (49). It is
expected that rates will substantially increase particularly in animals fed a fiber-rich diet. By
infusing labeled SCFAs at their natural production site at a physiological rate, we get insight
into the contributions of biochemical pathways used by the different SCFAs. The results reveal
(i) extensive in vivo microbial conversion of SCFAs, compatible with cross-feeding and (ii)
vivid assimilation of gut-derived SCFAs into host carbohydrates and lipid and (iii) conspicuous
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differences between the metabolism of the three SCFAs.

Material and methods

Animals and Experimental Design
Male C57Bl/6J mice (Charles River, L’Arbresle Cedex, France), 2 months of age, were housed
in a light- and temperature-controlled facility (lights on 6:30 a.m. to 6:30 p.m., 21 °C). Mice
were fed a semi-synthetic diet (based on D12450B (175), Research Diet Services, Wijk Bij
Duurstede, The Netherlands) for 6 weeks and had free access to drinking water. Experimental
procedures were approved by the Ethics Committees for Animal Experiments of the University
of Groningen.
Cecal infusion experiment

Mice were equipped with a permanent cecum catheter attached to the skull by acrylic glue
under isoflurane anesthesia. Following the surgery, mice were allowed a recovery period of
5 days. Cecal cannulas were flushed daily with phosphate buffered saline. On the day of the
experiment, mice were individually housed and fasted from 6:00 to 10:00 a.m. All infusion
experiments were performed in conscious, unrestrained mice. Four different groups received
either a control phosphate-buffered saline solution, a 0.3 M sodium [1-13C]acetate (99 atom
%, Sigma-Aldrich) solution, a 0.3 M sodium [2-13C]propionate (99 atom %, Sigma-Aldrich)
solution or a 0.3 M sodium [2,4-13C2]butyrate (99 atom %, Sigma-Aldrich) solution at pH 5.8
infused via the cecum catheter at an infusion rate of 0.2 ml/h. The resulting rate of infusion
of labeled SCFA was 2.4 mmol/kg/h. The infusion rates needed to be high enough to ensure
substantial isotope enrichment in metabolic end products of SCFAs. As a consequence, they
turned out to be on the higher side of the physiological range. Every hour a blood sample
was taken via tail bleeding on filter paper to determine the enrichment in glucose, cholesterol
and acylcarnitines. After 6h of infusion, animals were sacrificed by cardiac puncture under
isoflurane anesthesia. Cecum content and livers were quickly removed, freeze-clamped, and
stored at -80°C for fatty acid enrichment determination. Blood was centrifuged (4000 x g for
10 min at 4 °C), and plasma was stored at -20°C to determine the enrichment in organic acids
and amino acids.
Determination of enrichment and in vivo fluxes

Analytical procedures for extraction of glucose from blood spots, derivatization of the
extracted compounds, and GC-MS measurements of derivatives were performed according
to van Dijk et al. (190). In brief, glucose was extracted from blood spots using ethanol and
converted to its pentaacetate derivative using pyridine/acetic anhydride (1:2 v/v) for 30
minutes at 60°C. Total cholesterol was extracted from blood spots using ethanol/acetone (1:1
v/v). Unesterified cholesterol from blood spots was subsequently derivatized using N,O-bis(trimethyl)trifluoroacetamide with 1% trimethylchlorosilane at room temperature.
Enrichments of SCFAs and plasma organic acids were measured according to Moreau et
al. (191) with minor modifications. In short, 100 µl of supernatant was spiked with 100 µl of
54

Host metabolism of gut-derived SCFAs

internal standard (17.3 mM hydroxyisocapronic acid) and 20 µl of 20% 5-sulfosalicyclic acid.
After a 10 min centrifugation the supernatant was acidified with 10 µl 37% HCl and SCFA
were extracted with 2 ml diethylether. Derivatization was performed overnight with 500 µl
supernatant and 50 µl of N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA).
Enrichment of plasma amino acids was determined according to Hušek (192). In brief, plasma
was denatured with acetonitrile and amino acids were derivatized to N-ethoxycarbonyl ethyl
esters using ethyl chloroformate at room temperature.
Liver homogenates were prepared in ice-cold phosphate-buffered saline, and different
lipid fractions were obtained using thin layer chromatography as described previously (193).
Fatty acids were hydrolyzed in HCl/acetonitrile (1:22 v/v) for 45 min at 100°C. Fatty acids
were extracted in hexane and derivatized for 15 min at room temperature using Br-2,3,4,5,6pentafluorobenzyl/acetonitrile/ triethanolamine (1:6:2 v/v). Derivatization was stopped by
adding HCl, and the fatty acid-pentafluorobenzyl derivatives were extracted in hexane.
Mass isotopologue distributions were measured using an Agilent 5975 series GC/
MSD (Agilent Technologies). Gas chromatography was performed using a ZB-1 column
(Phenomenex). Mass spectrometry analysis was performed by electron capture negative
ionization using methane as the moderating gas.
The normalized mass isotopologue distributions measured by GC-MS (m0-mx) were
corrected for natural abundance of 13C by multiple linear regression according to Lee et al. (176)
to obtain the excess fractional distribution of mass isotopologues (M0-Mx). This distribution
was used in mass isotopomer distribution analysis (MIDA) algorithms to calculate acetyl-CoA
precursor pool enrichment (pacetate), fractional palmitate synthesis rates (fC16:0), and the fraction
of palmitate and oleate generated by elongation of de novo synthesized palmitate (fC18:0/1(C16DNL))
or by elongation of pre-existing palmitate (fC18:0/1(C16PE)) as described by Oosterveer et al. (194).
The precursor pool enrichment is defined as the enrichment of the biosynthetic precursor
subunits (p) for newly synthesized polymers and the fractional synthesis as the fraction of
polymer molecules in a mixture that were newly synthesized during the isotopic experiment
(195).
Microarray analysis

High quality total RNA was isolated using TRIzol reagent (Invitrogen) followed by DNAse
treatment and RNA column purification using RNAeasy Mini Kit (Qiagen). Quality of all
RNA samples was assessed with 6000 Nano Chips using bioanalyzer (Agilent Technologies)
according to the manufacturer’s instructions. Samples which showed a RNA integrity number
above 8.0 were considered of suitable quality for pooled array hybridization. To this end,
3 µg RNA samples of each of the 4 to 6 mice per experimental group were pooled. Pooled
total RNA (100 ng) was used for whole transcript cDNA synthesis using the Ambion WT
expression kit (4411974, Applied Biosystems/Life Technologies), and subsequently labeled
using the Affymetrix GeneChip WT Terminal Labeling Kit (901524, Affymetrix). Labeled RNA
samples (5.5 μg) were hybridized on Mouse Gene 1.1 ST arrays (Affymetrix) and scanned
in an Affymetrix GeneTitan instrument. Various advanced quality metrics, diagnostic plots,
pseudoimages, and classification methods were used to determine the quality of the arrays
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prior analysis (196). Probes were redefined utilizing current genome information (197). In
this study probes were reorganized based on the gene definitions as available in the Entez
Gene database, v38.1. Normalized expression estimates were obtained from the raw intensity
values using the robust multi-array analysis (RMA) preprocessing algorithm available in
the library AffyPLM using default settings (198). Gene expression changes were calculated
as ratios between SCFA infusions and control group. Metabolic pathways and genes were
retrieved from the KEGG database. Array data are available at the Gene Expression Omnibus
under accession no GSE45926.
Statistics

All data are presented as mean values ± SEM. Statistical analysis was assessed by one-way
ANOVA using the Tukey test for post-hoc analysis. Statistical significance was reached at a p
value below 0.05.

Results

In vivo cecal infusion of SCFAs in conscious mice
We developed a new method to infuse conscious mice directly into the cecum with stable SCFA
isotopes. When the cannula was inserted directly into the cecum, no peristaltic malfunction
occurred, in contrast to what was observed when the cannula was inserted into the cecum
via the small intestine or colon (unpublished observations). Animals regained pre-surgery
weight after 3 days. Cecal cannulas were flushed daily to prevent obstruction. Infusion rates
of 0.2 ml/h did not cause discomfort to the mice and no back flush into the small intestine
or flushing of the colon was observed (observations using carmine). Labeled SCFAs were
infused at a concentration of 0.3 M resulting in a delivery rate of approximately 2.4 mmol/
kg/h, depending on the exact body weight. This ensured substantial isotope enrichment in the
metabolic intermediates after 6 hours.
SCFAs are interconverted by gut microbiota

To investigate bacterial SCFA interconversion in the cecum, the enrichments of cecal SCFAs
were measured after a 6h infusion. Approximately 80-100% of SCFA in the cecum was
replaced by the infused isotope (Figure 1A). Infusing [1-13C]acetate resulted in single (M+1) and
double (M+2) labeled butyrate, indicating dimerization of either one labeled acetate and one
non-labeled endogenous acetate or two labeled acetate, respectively. Hardly any label from
[1-13C]acetate was found in propionate (Figure 1A). Infusing [2-13C]propionate gave doublelabeled butyrate but no single-labeled, suggesting that two labeled propionate molecules
were used to synthesize one molecule of double labeled butyrate. The label enrichment in
butyrate produced from propionate was approximately three-fold lower compared to butyrate
synthesized from acetate (23.3% ± 4.7 and 61.8% ± 4.1, respectively). Hardly any label from
[2-13C]propionate was found in acetate (Figure 1A). When [2,4-13C2]butyrate was infused,
single-labeled acetate and propionate were found in the cecum (12.3% ± 3.0 and 22.5% ±
4.5, respectively), showing that gut microbiota convert butyrate into acetate and propionate
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Figure 1. M+1 and M+2 enrichments of acetate, propionate and butyrate in cecum (A) and plasma (B)
after a 6h cecal infusion with [1-13C]acetate, [2-13C]propionate or [2,4-13C2]butyrate. (C) Label dilution
of acetate, propionate and butyrate from cecum to plasma calculated from the corresponding infusion.
(D) Schematic overview of the interconversion between acetate, propionate and butyrate. The amount
of conversion is depicted by the thickness of the arrow. Data represent means ± SEM for n=6-7; *p<0.05,
**p<0.01, ***p<0.001.

(Figure 1A). Overall, these results indicate that there is a high interconversion from acetate to
butyrate, a low interconversion from butyrate to acetate and between butyrate and propionate,
and almost no interconversion between acetate and propionate (Figure 1D).
SCFAs are taken up by the host and transported into the bloodstream

To assess to which extent gut-derived SCFAs are taken up by the host and reach organs beyond
the gastrointestinal tract, we measured the isotopic enrichment of SCFAs in the plasma of the
mice (Figure 1B). The infused [1-13C]acetate was diluted 9-fold in the plasma compared to the
cecum (9.2 ± 1.2), while the infused [2-13C]propionate was only slightly diluted between cecum
and blood (1.4 ± 0.1, Figure 1C). The infused [2,4-13C2]butyrate was diluted approximately
2-fold from cecum to blood (2.1 ± 0.2). The high label dilution for acetate indicates a high
endogenous acetate metabolism by the host.
Contribution of SCFAs to glucose

Propionate can be converted into succinate, which can subsequently support gluconeogenesis
via oxaloacetate. Acetate and butyrate enter the TCA cycle as acetyl CoA and are converted to
citrate, followed by the conversion to succinate and finally oxaloacetate (Figure 5D). Since two
carbon atoms are lost in the conversion of citrate into succinate, no net carbon transfer takes
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Figure 2. (A) M+1 and M+2 enrichments of plasma glucose during a 6h cecal infusion with [1-13C]acetate,
[2-13C]propionate or [2,4-13C2]butyrate. (B) Steady-state glucose precursor pool enrichments and (C)
fractional contribution to glucose flux for acetate, propionate and butyrate. Data represent means ± SEM
for n=6-7; ***p<0.001.

place during label transfer from acetate and butyrate to glucose. The carbon atoms lost,
however, come from the oxaloacetate moiety in citrate, and as a consequence, label can be
transferred from acetate and butyrate to oxaloacetate, which ends up in triose-phosphate and
subsequently in glucose.
To investigate label incorporation into glucose, we measured the enrichment in plasma
glucose over time during the infusion period and determined the glucose precursor pool
enrichment and the fractional glucose flux to the plasma glucose pool by applying mass
isotopologue distribution analysis (MIDA). The glucose precursor pool enrichment is defined
as the label enrichment of the biosynthetic precursor subunits (i.e. triose phosphate), which
give rise to newly synthesized glucose. It is derived computationally from the ratio of M+1 and
M+2 glucose, assuming that glucose is a dimer of triose-phosphate and that the dimerization
can be described by a frequency distribution (190). This assumption allows for the calculation
of the fractional glucose flux to the total pool of glucose in the compartment of interest (plasma
in this case) that has been synthesized from labeled triose-phosphate during the infusion
experiment (190, 195, 199). Label from the infused SCFAs appeared in glucose already after 1h
infusion and reached isotopic steady-state after 4h of infusion (Figure 2A). During [1-13C]
acetate infusion the steady-state glucose enrichment was 2.0% ± 0.1 and 0.1% ± 0.01 for M+1
and M+2, respectively. The [2-13C]propionate infusion resulted in an enrichment of 19% ± 1.1
and 3% ± 0.4 for M+1 and M+2, respectively, at steady state. The infusion of [2,4-13C2]butyrate
resulted in a higher glucose enrichment compared to acetate, 11% ± 0.7 and 2% ± 0.3 for M+1
and M+2, respectively. The calculated enrichment of the triose-phosphate precursor pool
increased from acetate to propionate to butyrate as substrates (2.8% ± 0.5, 17.6% ± 1.5 and
25.9% ± 0.9, respectively, Figure 2B). Irrespective of the pronounced differences in enrichment
of the triose-phosphate precursor pool during acetate and butyrate infusions, the fractional
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Figure 3. (A) Hepatic precursor pool enrichments in CE-derived, TG-derived, FFA-derived and PL-derived
palmitate after a 6h cecal infusion with [1-13C]acetate, [2-13C]propionate or [2,4-13C2]butyrate. (B) Hepatic
fractional synthesis rates of CE-derived, TG-derived, FFA-derived and PL-derived palmitate (C16:0)
from de novo lipogenesis. Fractional stearate (C18:0) synthesis from elongation of de novo synthesized
palmitate (C) and pre-existing palmitate (D). M+1 enrichment of acetylcarnitine (E) and palmitoylcarnitine
(F) during infusion period. Data represent means ± SEM for n=6-7; *p<0.05, **p<0.01, ***p<0.001.

glucose flux to the total plasma pool of glucose was very similar for acetate and butyrate
(39.0% ± 5.4 and 34.0% ± 1.4, respectively), but almost half of what had been observed with
propionate as the substrate (69.1% ± 2.4, Figure 2C).
Incorporation of SCFAs into fatty acids

To assess hepatic synthesis of different fatty acids from SCFAs we determined hepatic
enrichment of palmitate (C16:0) and stearate (C18:0) in four different lipid classes:
cholesterylesters (CE), free fatty acids (FFA), triglycerides (TG) and phospholipids (PL). All
three SCFA infusions resulted in label incorporation into palmitic acid in all four lipid classes.
Similar to glucose, MIDA algorithms applied to fatty acids in these lipid classes allows for the
calculation of the precursor pool enrichment defined as the enrichment of the biosynthetic
precursor subunits for newly synthesized fatty acids (i.e. acetyl-CoA) and the fractional fatty
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acid synthesis as the fraction of the pool of fatty acids that was newly synthesized during the
infusion experiment (190, 195, 199). The precursor enrichment was calculated from the ratio
of M+1 and M+3 palmitate (194, 199). The acetyl-CoA precursor pool enrichments for palmitate
and stearate decreased in the order of butyrate>acetate>propionate as substrates (Figure
3A). FFA and the fatty acyl-residues in TG and PL showed comparable precursor enrichments
whereas the precursor enrichment of the fatty acyl-residues in CE was approximately two
times lower. [1-13C]acetate and [2,4-13C2]butyrate resulted in a similar palmitate fractional
synthesis in all lipid classes studied (2.8% ± 0.2 and 2.7% ± 0.4, respectively) whereas [2-13C]
propionate supported a significantly lower lipid fractional synthesis (0.6% ± 0.1, Figure 3B).
Stearate can either originate from de novo synthesized palmitate or from chain elongation
of pre-existing palmitate (194). Fractional stearate synthesis from de novo synthesized
palmitate was comparable in the four lipid classes (Figure 3C), but lower than the fractional
palmitate synthesis (Figure 3B). In addition, no de novo stearate synthesis was observed from
[2-13C]propionate. Chain elongation of pre-existing palmitate was comparable for acetate
and butyrate (7.8% ± 1.0 and 8.6% ± 1.3, respectively) but not detectable for propionate
as substrate (Figure 3D). Fractional synthesis by chain elongation of pre-existing palmitate
decreased in the order of PL>FFA>TG>CE. In addition, chain elongation was significantly
higher than de novo stearate synthesis and palmitate synthesis (Figures 3B-D).
Acylcarnitines in plasma are used as a proxy of mitochondrial fatty acid oxidation.
Changes in the composition of the acylcarnitines in plasma are considered to reflect
changes in functioning of the mitochondrial fatty acid oxidation. Accordingly, defects in
fatty acid oxidation can be detected by characteristic changes in the acylcarnitine profile.
Since the MIDA algorithms applied to the label incorporation into palmitic acid allowed us
to calculate the enrichment of the hepatic acetyl-CoA pool, we wondered how these values
compared to the enrichment of plasma acetylcarnitine. The measured enrichment of plasma
acetylcarnitine was, however, approximately a third of the average acetyl-CoA precursor
enrichment calculated from the label incorporation into the palmitoyl-residue in TG, FFA and
PL lipid fractions (2.1% ± 0.3 and 6.5% ± 1.6, respectively, Figures 3A and 3E). It was, however,
similar to the precursor enrichment of the CE lipid fraction. Furthermore, the enrichment of
acetylcarnitine in plasma showed the same order of decrease as the average of the acetyl-CoA
precursor pool enrichments calculated from the label incorporation into the palmitoyl-residue
in TG, FFA and PL lipid fractions (butyrate>acetate>propionate). Next, we asked ourselves
the question whether newly synthesized palmitate appears in plasma palmitoylcarnitine.
As is clear from Figure 3F labeled palmitoylcarnitine did appear in plasma. After 2 hours of
infusion the steady-state isotope enrichment was reached for the palmitoylcarnitine (Figure
3F). Similar to the label efficiency observed in the palmitate residue in the four lipid classes,
label incorporation decreased in the order of butyrate>acetate>propionate. At steady state,
enrichment of palmitoylcarnitine was a third of the average palmitate enrichment in FFA,
TG and PL (0.3% ± 0.1 and 1.0% ± 0.1, respectively). Apparently, lipogenesis influences the
composition of acylcarnitines in plasma as does mitochondrial fatty acid oxidation.
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Figure 4. (A) M+1 and M+3 enrichments of plasma cholesterol during a 6h cecal infusion with [1-13C]acetate,
[2-13C]propionate or [2,4-13C2]butyrate. (B) Steady-state cholesterol precursor pool enrichments and (C)
fractional synthesis rates of cholesterol for acetate, propionate and butyrate. Data represent means ± SEM
for n=6-7; ***p<0.001.

Cholesterol is synthesized from acetate and butyrate but not from propionate

Since cholesterol synthesis also starts from acetyl CoA we looked into the incorporation of
labeled SCFAs into cholesterol. Incorporation of labeled acetate and butyrate into cholesterol
was observed after 1h of infusion and reached isotopic steady-state at 4h of infusion (Figure
4A). At steady state cholesterol enrichment was 0.25% ± 0.03 and 0.08% ± 0.01 for M+1 and M+3,
respectively, during infusion of [1-13C]acetate. During [2,4-13C2]butyrate infusion steady state
enrichment was 0.28% ± 0.03 and 0.10% ± 0.03 for M+1 and M+3, respectively. The infusion with
[2-13C]propionate did not resulted in any significant enrichment of cholesterol, indicating that
propionate is not used as a precursor for cholesterol synthesis. The cholesterol precursor pool
enrichment was higher for butyrate compared to acetate as substrate (16.1% ± 1.4 and 9.4% ±
0.8, respectively, Figure 4B). The fractional synthesis for cholesterol was equal for acetate and
butyrate as substrates (0.7% ± 0.1 and 0.9% ± 0.2, respectively) and approximately similar to
the fractional palmitate synthesis of CE (1.2% ± 0.2 and 1.2% ± 0.5, respectively), suggesting
that the turnover of fatty acyl-residues in the CE pool is determined by the cholesteryl-residue
exchange with free cholesterol (Figures 4C and 3B).
SCFAs are incorporated into plasma intermediates of central carbon metabolism

To determine the role of SCFAs as substrates in whole-body energy metabolism we assessed
the incorporation of labeled SCFAs into plasma intermediates of central carbon metabolism.
Because all organs secrete metabolites into the plasma compartment, the enrichment in
plasma metabolites reflects cumulative SCFA metabolism by different organs. For the threecarbon intermediates, pyruvate, lactate and alanine, enrichment was highest for propionate as
a substrate followed by butyrate and acetate (Figure 5A). Also the three consecutive fourcarbon intermediates of the TCA cycle, succinate, fumarate and malate, and the amino acids
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Figure 5. M+1 and M+2 enrichments of plasma organic acids and amino acids after a 6h cecal infusion
with [1-13C]acetate, [2-13C]propionate or [2,4-13C2]butyrate for three-carbon (A), four-carbon (B) and fivecarbon (C) intermediates in central carbon metabolism. (D) Schematic overview of the intermediates in
central carbon metabolism with in bold the measured metabolites. Data represent means ± SEM for n=6-7;
*p<0.05, **p<0.01, ***p<0.001.

aspartate and asparagine derived from oxaloacetate showed incorporation of label from SCFAs
(Figures 5B and 5D). The enrichment decreased in the order of butyrate>propionate>acetate
as substrates. Surprisingly, enrichment increased from succinate to fumarate and malate,
which is opposite to the direction of the oxidative flux through the TCA cycle. Infusion of
double-labeled butyrate resulted into single and double-labeled intermediates. Finally, the
enrichments in the five-carbon amino acids glutamate and glutamine, which are produced
from α-ketoglutarate, were similar to that of the four-carbon compounds (Figure 5C). Again,
the enrichment decreased in the order of butyrate>propionate>acetate as substrates and
butyrate infusion resulted into single and double-labeled metabolites.
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Hepatic SCFA fluxes are mainly regulated at the metabolic level
To assess whether the fluxes of SCFAs into glucose, lipids, cholesterol and central carbon
intermediates induced changes in expression of genes encoding metabolic enzymes, we
performed a microarray analysis on liver samples after 6h of infusion. With some small
exceptions, all three SCFAs had only minor effects on the expression of genes encoding
enzymes involved in glucose metabolism, fatty acid metabolism, cholesterol metabolism and
central carbon metabolism (Figure 6). Note that the scale in figure 6 only ranges from the
2
log ratio of -0.6 to 0.6 corresponding to a 1.5 times down- or upregulation, respectively, and
therefore all observed changes are minor. The observed changes did not occur in enzymes
known to control these metabolic pathways. In agreement, there was no clear induction or
reduction of one of the pathways after SCFA infusion. Although we analyzed pooled samples, a
PCA analysis (data not shown) revealed a distinction between all three SCFA infusions. Acetate
and propionate infusions, however, were more clustered together than butyrate infusion,
underlining the distinct metabolic and regulatory role of the three SCFAs. However, altogether
these data indicate that the observed conversion of SCFAs into glucose and lipids after 6h of
infusion was mainly regulated at the metabolic level, i.e. by supply of the substrate rather than
by changes in gene expression.

Discussion

This chapter presents a comprehensive and quantitative, in vivo analysis of partitioning of
SCFAs over the different metabolic routes in the host’s carbohydrate and lipid metabolism,
starting from their natural site of production. By infusing stable-isotope labeled SCFAs in
physiological quantities directly into the cecum, we quantified bacterial interconversion of
SCFAs in the cecum as well as assimilation of SCFAs into host metabolites. The interconversion
of SCFAs in the cecum implies extensive cross-feeding among gut microbiota. The SCFAs that
are transported from the lumen of the gut into the host, are substrates for central-carbon,
glucose, fatty-acid and cholesterol metabolism. We confirm the hypothesis that there is a
distinct host metabolism of propionate on the one hand and acetate and butyrate on the other
hand. More surprisingly, acetate and butyrate incorporation into glucose differ from each
other, as we discuss below.
In our study we infused equal amounts of all three SCFAs separately into the cecum. Although
this allowed us to study the effects of each SCFA individually, we should note that in our model
under physiological conditions SCFAs are present in the cecum in a mixture of 33.3 mM ± 3.2,
4.5 mM ± 0.4 and 3.6 mM ± 0.5 for acetate, propionate and butyrate, respectively. However,
various nutritional conditions (i.e. dietary fibers with unique physiochemical properties)
elicit different SCFA profiles (Chapter 1). In our study, the infused SCFA species was always
dominant and this is likely to affect the competition between SCFA for interconversion. Future
quantitative studies should take this into account.
This study as well as others showed cross-feeding between acetate-producing and
butyrate-producing bacteria (71, 200). The gut microbiota consists of a large community of
different bacteria, which is stabilized by such mutual cross-feeding (201). We also observed
bacterial interconversion between propionate and butyrate, but not between propionate and
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Figure 6. Heatmap of hepatic genes present in the metabolic gene sets derived from the KEGG database
after 6h of infusion with [1-13C]acetate, [2-13C]propionate or [2,4-13C2]butyrate. Genes are grouped per
pathway and can be present in multiple pathways. Data are presented as 2log{[mRNA]SCFA infusion/[mRNA]
infusion}. The intensity of the red and green color indicates the degree of induction or suppression of
control
a gene, respectively, and ranged from -0.60 (green, downregulation) to 0.60 (red, upregulation). A: acetate;
P: propionate; B: butyrate.

acetate. Infusing single-labeled propionate resulted in double-labeled butyrate, indicating that
species in the gut microbiome produce butyrate from two molecules of propionate with
concomitant loss of 2 carbon atoms. Tholozan et al. (202) showed that butyrate could be
formed from a single molecule of propionate by direct carboxylation but they found no
evidence for a dimerization reaction. From the relative frequencies of single and doublelabeled butyrate during propionate infusion, we calculated the enrichment of the monomeric
precursor pool leading to butyrate, based on MIDA algorithms (195). This precursor pool was
96.5% ± 3.9 enriched, hence almost identical to the measured cecal propionate enrichment
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(98.1% ± 1.1) during [2-13C]propionate infusion. As no label appeared in acetate during [2-13C]
propionate infusion, we conclude that cecal acetate is not an intermediate in the dimerization
of propionate to butyrate. It is possible, though, that intracellular acetyl-CoA is an intermediate
without exchanging with extracellular cecal acetate. Analogously, the [1-13C]-acetate infusion
experiment yielded a monomeric precursor pool enrichment for formation of butyrate of
88.1% ± 4.2, which compares favorably with the observed acetate enrichment in this
experiment (85.0% ± 3). This confirms the importance of the well-known dimerization of
acetate to butyrate (65). The observed cross-feeding is clinically very interesting. Microbial
dysbiosis observed in many metabolic diseases can alter SCFA production and cross-feeding
rates, leading to changes in colonic SCFA concentrations and ratios. Tributyrin, a butyrate
produg, has been shown to reduce mucosal damage and intestinal permeability in experimental
colitis (203). In addition, tributyrin has been shown to attenuate obesity-associated
inflammation and insulin resistance (204). These results indicate that increasing butyrate
concentrations can increase colonic health but also beneficially impact other organs like liver
and adipose tissue. Possibly, similar effects can be reached by stimulating interconversion
from acetate to butyrate using clinically interesting pre- or probiotics.
It has been calculated that humans rapidly absorb approximately 95% of the produced
SCFAs and these SCFAs contribute to ~10% of the human caloric requirements (13). The
surprisingly high label dilution for acetate indicates a high endogenous acetate metabolism
by the host. Indeed, it has been shown that the oxidation of acetate in the liver proceeds at a
slower rate than its formation (205), thus a considerable quantity of unlabeled acetate should
be released from the liver. If we explain the label dilution entirely from endogenous production,
this implies that the steady-state endogenous acetate production is 22 mmol/kg/h and that
the colonic contribution of acetate is approximately 10%. Pouteau et al. (48) performed whole
body stable-isotope-dilution studies by intravenous infusion of labeled acetate in fasted
humans before and after giving them 20g of pure lactulose as a source of acetate production
by gut microbiota. From the difference in whole-body production between both situations
they estimated that colonic acetate production amounted to 35% of total whole-body acetate
production. The difference with our results can be explained from the different experimental
setup, from the different organisms and from the fact that we take both the enrichment in the
cecum and in the plasma into account, which gives a more reliable estimation of the colonic
contribution.
Label from all three SCFAs is incorporated in glucose. Propionate is a known gluconeogenic
substrate, which enters the TCA cycle as succinyl CoA and is then converted into oxaloacetate.
By contrast, label incorporation from acetate and butyrate can be fully explained by the wellknown label transfer from [1-13C]-acetate and [2,4-13C2]butyrate to oxaloacetate in the TCA
cycle (206), a process in which no net glucose synthesis from SCFAs occurs. Theoretically,
however, net synthesis from acetate and butyrate to glucose has been proposed via formation
of acetone, which is then converted to pyruvate by Cyp2e1 (207). Experimental studies in
humans showed that glucose production from acetone is increasing during prolonged fasting
(208). We observed no induction of Cyp2e1 expression or other genes in this pathway by
SCFAs (Table 1). In the light of this observation and since our mice did not undergo prolonged
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Table 1. Hepatic mRNA expression in the acetone pathway from fatty acids to glucose via Cyp2e1. Data
represent means ± SEM for n=7-8.
Gene

Cyp2e1

Slc16a1

PC

Control
infusion

[1-13C]Acetate
infusion

[2-13C]Propionate
infusion

[2,4-13C2]Butyrate
infusion

1.0 ± 0.2

1.2 ± 0.1

1.3 ± 0.1

1.2 ± 0.1

1.0 ± 0.1

1.0 ± 0.1

1.1 ± 0.1

1.0 ± 0.2

0.8 ± 0.1

0.8 ± 0.2

1.0 ± 0.1

0.8 ± 0.2

Cyp2e1, cytochrome P-450 2E1; Slc16a1, solute carrier family 16, member 1; PC, pyruvate carboxylase.

fasting, we consider it most likely that our results are due to classical label transfer, rather than
to the Cyp2e1 pathway.
We analyzed label incorporation into plasma glucose quantitatively by MIDA algorithms.
This allowed us to estimate (i) the extent of label incorporation into the triose phosphate
precursor pool, and (ii) the fractional contribution of labeled SCFAs to plasma glucose,
independent of the precursor pool enrichment. Incorporation of label from butyrate into triose
phosphate was higher than incorporation from the other SCFAs. Labeling of triose phosphate
by acetate was only 10% of that observed during 13C-butyrate infusion. This raises questions
about the metabolic pathway by which label derived from acetate gets incorporated into triose
phosphate. In the host, labeled acetate can be converted by acetyl-CoA synthetase into labeled
acetyl CoA in the cytosol. Acetyl CoA must then be imported into mitochondria to be converted
into labeled oxaloacetate in the TCA cycle. In contrast, β-oxidation of butyrate delivers acetyl
CoA to the TCA cycle all of which takes place in mitochondria.
Next, we evaluated the fractional contribution of labeled SCFAs to the plasma glucose flux.
Only for propionate this represents net glucose synthesis (see below), but for acetate and
butyrate it reflects label exchange in the TCA cycle. Irrespective of the difference in labeling
efficiencies of triose phosphate, infusion of propionate resulted in the highest fractional
glucose flux (69.1% ± 2.4), whereas infusion of acetate and butyrate resulted in a lower
contribution (39.0% ± 5.4 and 34.0% ± 1.4, respectively). Interpretation of this observation
remains as yet speculative. Differences in labeling efficiency of the triose phosphate pool
could not account for it, since the MIDA algorithm corrects for them. If the glucose in all three
SCFA infusions is produced via the same triose phosphate pool and if our infusions can be
considered to be tracer amounts, then the fractional glucose flux should be the same in all
three SCFA infusions. Indeed we infused more than tracer amounts, which may explain part of
the discrepancy (see below). Additionally, there might exist a source of plasma glucose that is
synthesized from another triose phosphate pool, which is inaccessible to labeling. The relative
contribution of this unlabeled source is smallest in the case of propionate infusion and larger
in the case of butyrate or acetate infusion. The contribution of different organs to whole-body
gluconeogenesis varies, with liver being the most important, followed by the kidneys and
gut being the smallest contributor (209). Therefore, differences in the ability to metabolize
individual SCFAs by gut, liver and kidneys might have caused the observed difference between
the three SCFAs in fractional contribution of labeled glucose to plasma glucose. Finally, since
we infused labeled SCFAs at high physiological rates, an increased whole-body gluconeogenic
flux from the infused propionate would be expected, which might also account for the high
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fractional glucose flux of 69.1%. Conversely, also a very high proportion of the label in infused
butyrate is incorporated into glucose. To achieve the glucose production (Ra) normally
observed in C57Bl/6J mice in our laboratory (100 µmol/kg/min (210)), it would require
62% of propionate infused. If the glucose production is increased due to the infusion, this
percentage would even be higher. Altogether, we conclude that the gut-derived propionate
is largely used for glucose production and that this process has a high flexibility towards
increased propionate production.
Palmitate and cholesterol were mostly synthesized from acetate and butyrate. The
contribution of propionate to palmitate synthesis was small but detectable, as previously
reported (211). Propionate did not contribute to cholesterol synthesis. Also stearate was
only labeled by acetate and butyrate, and not by propionate. In agreement with earlier
observations label from SCFAs entered stearate via chain elongation of pre-existing palmitate
and not so much via de novo synthesis (194, 199). The approximately two-fold higher rate
of chain elongation in stearate from PL as compared to TG and FFA was also observed by
Zambell et al. (212). The fact that we found label incorporation into plasma acetylcarnitine
and palmitoylcarnitine shows that the plasma acylcarnitine pool is not only a reflection of fatty
acid ß-oxidation as stated by others (213, 214) but also of fatty acid synthesis.
Next to incorporation of SCFAs by the liver in glucose and fatty acids, we also measured
enrichments in intermediates of central carbon metabolism in plasma as a reflection of wholebody SCFA metabolism. Surprisingly, for all three SCFAs the enrichment increased in the
direction of the flux through the TCA cycle, from succinate to fumarate and malate. Because
acetate and butyrate enter the TCA cycle as acetyl CoA and propionate as succinyl CoA, we
would expect that the enrichment would decrease from succinate to malate. The lower
enrichments in succinate and fumarate indicates an influx of unlabeled metabolites into the
plasma compartment from other (not labeled) organs.
Next to the role of SCFAs as substrates, we also assessed whether they might induce gene
expression by performing a microarray analysis on liver after 6h infusion. The small changes in
expression of genes involved in metabolic pathways indicate that SCFAs play only a minor role
in the regulation of the hepatic gene-expression at this time scale. Hence, the observed SCFA
metabolism can be attributed largely to preexisting enzymes.
In conclusion, we developed a mouse model in which we infused SCFAs directly into the
cecum and showed that there is considerable microbial interconversion between acetate and
butyrate as well as between propionate and butyrate. Cecal acetate and butyrate are important
substrates for mammalian lipid metabolism, whereas propionate strongly contributes to
gluconeogenesis. Furthermore, mitochondrial metabolism of acetate appears to be minimal,
in contrast to butyrate. These aspects are key if we aim to understand their strong effects on
mammalian carbon and energy metabolism, next to their known role as ligands and regulators.
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Abstract
Long-term administration of acetate, propionate and butyrate, the most abundant shortchain fatty acids (SCFAs) of intestinal bacterial fermentation of dietary fibers, has been
shown to exert beneficial regulatory effects on glucose and lipid metabolism. The short-term
regulatory effects of SCFAs on glucose and lipid metabolism, however, are still unknown. The
latter are highly relevant, since SCFA production is not constant but peaks during digestion
of a meal. In this study we addressed the regulation during the first 6 hours of exposure of
cells and mice to SCFAs. Upon a 6 hour incubation of HepG2 cells with acetate or butyrate,
gluconeogenesis increased and lipogenesis decreased. In contrast, propionate only acted as
a gluconeogenic substrate. Acetate and butyrate activated the cAMP-protein kinase A-CREB
signaling pathway, which then regulated gluconeogenesis and lipogenesis via an increase of
peroxisome proliferator-activated receptor γ coactivator 1α and a decrease of peroxisome
proliferator-activated receptor γ. This result was independent of AMP-activated protein kinase
activation, which is known to be involved in the long-term response. Subsequently, the in vivo
effects of 6-hour infusion of SCFAs into the cecum of C57Bl/6J mice were studied. Short-term
infusion of acetate of butyrate also activated the hepatic cAMP-PKA-CREB pathway, activated
gluconeogenesis and decreased hepatic triglycerides, whereas propionate only increased
gluconeogenesis. We conclude that short-term exposure to gut-derived acetate and butyrate
increase gluconeogenesis and decrease lipogenesis through activation of the hepatic cAMPPKA-CREB pathway. In contrast, propionate acts as a substrate for gluconeogenesis only.
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Introduction
Dietary fibers are beneficial in the prevention of the metabolic syndrome (1). The main
products of bacterial fermentation of dietary fibers in the colon are the short-chain fatty
acids (SCFAs), of which acetate, propionate and butyrate are the most abundant. SCFAs
exert beneficial effects on host energy metabolism, but our understanding of the molecular
mechanisms is far from complete. Long-term administration of SCFAs up to 16 weeks protects
against dietary-induced obesity and insulin resistance (17, 122). The protective mechanism
for this long-term exposure to SCFAs involves the activation of AMP-activated protein kinase
(AMPK) in liver and muscle tissue (17, Chapter 1). Signaling via the G protein-coupled SCFA
receptors GPR41 and 43 may be involved because knock-out mice for these receptors develop
obesity and insulin resistance over time (135, 215). Short-term SCFA incubation has also been
shown to activate AMPK in vitro in hepatocytes and muscle cells (17, 137, 216). However,
these in vitro short-term experiments were done in overnight fasted cells. By itself fasting may
lead to a low-energy state and a subsequent activation of AMPK and thereby modulate the
response to SCFA. The interpretation of short-term effects is further complicated by the rapid
metabolism of the SCFAs, which is part of the early response (Chapter 3). In more physiological
in vitro experiments, without overnight fasting, addition of SCFAs led to an initial increase of
intracellular ATP levels without an effect on AMPK phosphorylation levels (217, 218). Only
after 15 hours, the AMP/ATP ratio increased and AMPK was phosphorylated. This indicates
that under physiological conditions AMPK activation is a long-term effect and that the shortterm regulation mechanisms, if there are any, are still unknown.
In humans, plasma SCFA concentrations vary significantly during the day and peak after
meal intake (219, 220). Different types of meals or various dietary fiber concentrations lead
to different plasma SCFAs concentrations (221). Together this implies that humans are not
exposed to constantly high SCFA concentrations for a long period but rather for short-term
bursts. This warrants investigation into the short-term regulatory and metabolic effects.
In this chapter we show that both acetate and butyrate significantly affect gluconeogenesis
and lipogenesis through the adenylate cyclase-cAMP-protein kinase A-cAMP response elementbinding protein signaling pathway, independently of AMPK activation. These results provide
new insights in the physiologically relevant short-term regulatory mechanisms of SCFAs on
glucose and lipid metabolism.

Materials and Methods
Animal treatment

Male C57Bl/6J mice (Charles River, L’Arbresle Cedex, France), 2 months of age, were housed
in a light- and temperature-controlled facility (lights on 6:30 a.m. to 6:30 p.m., 21 °C) and had
free access to water and diet. During 6 weeks mice were fed a semi-synthetic diet (based on
D12451 (175), Research Diet Services, Wijk Bij Duurstede, The Netherlands). Experimental
procedures were approved by the Ethics Committees for Animal Experiments of the University
of Groningen.
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HepG2 experiments
HepG2 cells (American Type Culture Collection, Manassas, VA) were maintained at 37°C in 5%
CO2 in DMEM with 10% FBS. For experiments, HepG2 cells were plated in DMEM with 10%
FBS in 6-wells plates (657160; Greiner Bio-One) and incubated with 500 µM sodium acetate
(S2889; Sigma), sodium propionate (P1880; Sigma), or sodium butyrate (303410; Sigma) with
or without 100 µM adenylate cyclase inhibitor dideoxyadenosine (D7408; Sigma) for 6h.
For measurements of glucose production, cells were washed 3 times with PBS and then
incubated in glucose free DMEM medium with 10% FBS with 2 mM sodium pyruvate and 20
mM sodium lactate and 500 µM sodium acetate, sodium propionate, or sodium butyrate in the
presence or absence of 100 µM dideoxyadenosine. After 6h, glucose levels in the medium were
measured with a glucose assay kit (41010; Spinreact).
For measurements of lipogenesis, cells were incubated in DMEM with 10% FBS containing
500 µM sodium acetate, sodium propionate, or sodium butyrate and [3H]H2O (0.25 mCi/ml)
with or without 100 µM dideoxyadenosine. After 6h, fatty acids were extracted and counted
for radioactivity as described by Giudetti et al. (222). The incorporation of [3H]H2O into fatty
acids was converted to acetyl equivalents by the factor 1.15 (223).
PKA kinase activity and cAMP concentration

PKA kinase activity (ENZO Life sciences) and cAMP concentrations (R&D systems) were
determined in cell lysates and liver homogenates according to the manufacturers’ protocols.
Gene expression levels and immunoblot analysis

RNA was extracted from livers using Tri reagent (Sigma-Aldrich, St. Louis, MO) and converted
into cDNA by a reverse transcription procedure using M-MLV and random primers according
to the manufacturer’s protocol (Sigma-Aldrich). For quantitative PCR (qPCR), cDNA was
amplified using the appropriate primers and probes. mRNA levels were calculated relative to
36b4 expression and normalized for the control group. The sequence of the primers can be
found in the Supplementary Information.
For immunoblot analysis, whole-cell lysates were prepared and mixed with SDS-PAGE
loading buffer, heated for 5 min at 96°C and subjected to SDS-PAGE. The immunoblots were
analyzed by densitometry using Image Lab software (Bio-Rad). Antibodies used can be found
in the Supplementary Information.
Cecal infusion experiment

Mice were equipped with a permanent cecum catheter and allowed a recovery period of at
least 5 days as described previously in Chapter 3. Four groups of each 8 mice received either
140 mM sodium chloride (S7653; Sigma), 140 mM sodium acetate (S2889; Sigma), 140 mM
sodium propionate (P1880; Sigma) or 140 mM sodium butyrate (303410; Sigma) dissolved in
10 mM phosphate buffer (pH 5.8) infused via the cecum catheter at a rate of 0.2 ml/h for 6h.
The infusion rate of SCFA was based on the recommended intake of dietary fiber for humans
of 38 g/day/human, which results in approximately 380 mmol SCFAs/day/human (31, 224).
When converted to mice, this corresponds to 170 µmol SCFAs/day/mouse. By infusing 140 mM
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SCFAs directly into the cecum at a rate of 0.2 ml/h for 6h, a total amount of 168 µmol SCFA was
given per mouse. During cecal infusion, blood glucose concentrations were measured using
a EuroFlash meter (Lifescan Benelux) and blood samples were drawn by tail bleeding into
heparinized tubes every 2h. After 6h of infusion, animals were terminated by cardiac puncture
under isoflurane anesthesia. Cecum content and livers were freeze-clamped and stored at -80
°C.
Plasma and tissue sampling

Plasma triglycerides and NEFA concentrations were determined using a commercially
available kit (Roche Diagnostics) and plasma insulin levels were determined using ELISA
(ALPCO Diagnostics). Hepatic TG content was determined using a commercial available kit
(Roche) after lipid extraction (225).
Statistics

All data are presented as mean values ± SEM. Statistical analysis was assessed by one-way
ANOVA using the Tukey test for post-hoc analysis. Statistical significance was reached at a p
value below 0.05.

Results

Acetate and butyrate increase gluconeogenesis and decrease lipogenesis in HepG2 cells
To investigate the short-term effects of SCFAs on gluconeogenesis and lipogenesis we incubated
HepG2 cells for 6h with acetate, propionate or butyrate. In the presence of the gluconogenic
substrates lactate and pyruvate, both acetate and butyrate increased glucose production while
propionate was without effect (Figure 1A). When propionate was the only gluconeogenic
substrate, glucose production in the absence of pyruvate and lactate increased from 0.5 ± 0.1
nmol/mg protein in 6h to 1.0 ± 0.1 nmol/mg protein in the presence of propionate, confirming
the role of propionate as a gluconeogenic substrate, although not as vividly as pyruvate and
lactate (Chapter 3). To test if the SCFA-stimulated glucose production should be ascribed to
gluconeogenesis or glycogenolysis, we measured the glycogen content before and after 6h
SCFA stimulation in HepG2 cells. Intracellular glycogen was below the detection level, before
and after the 6 hour incubation, indicating that the SCFA-induced glucose production was due
to gluconeogenesis rather than to glycogenolysis. Lipogenesis decreased upon a short-term
incubation with acetate or butyrate while propionate had no effect (Figure 1B). We wondered
if the effects on gluconeogenesis and lipogenesis could be attributed to a common mechanism.
Phosphorylation of AMPK, which occurs during a long-term incubation with SCFAs, decreases
gluconeogenesis and lipogenesis simultaneously (226, 227). This contrasts to the increased
gluconeogenesis and decreased lipogenesis that we observed here. In agreement, 6h SCFA
incubation had no effect on phospho-AMPK levels (Figure 1C), excluding an involvement of
AMPK regulation. We hypothesized that our observations might rather point to activation of
the cAMP response element-binding (CREB) protein signaling pathway. Herzig et al. showed in
fasting mice that phosphorylation of CREB increased gluconeogenesis by increasing the
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Figure 1. Acetate and butyrate increase glucose production and decrease lipogenesis in HepG2 cells. (A)
SCFA-stimulated glucose production in the presence of the gluconeogenic substrates pyruvate and lactate.
(B) Lipogenesis measured by incorporation of [3H]H2O upon 6h SCFA stimulation. (C) Immunoblot of
phospho-AMPK and total-AMPK after 6h stimulation with SCFAs. Relative phosphorylation levels were
calculated as the ratio of phospho-AMPK to total-AMPK and normalized for control. (D) Immunoblot
of PPARγ and PGC-1α expression and their downstream targets after 6h stimulation with SCFAs. (E)
Immunoblot of phospho-CREB and total-CREB after 6h stimulation with SCFAs. Relative phosphorylation
levels were calculated as the ratio of phospho-CREB to total-CREB and normalized for control. Data
represent means ± SEM for n=6; *p<0.05 vs. control.

expression of peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) (228) and
decreased lipogenesis by decreasing the expression of peroxisome proliferator-activated
receptor γ (PPARγ) (229). When we incubated HepG2 cells with acetate or butyrate, the
protein level of PGC-1α increased while that of PPARγ decreased (Figure 1D). In addition,
acetate and butyrate increased phosphoenolpyruvate carboxykinase (PEPCK), a gluconeogenic
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Figure 2. Acetate and butyrate regulate gluconeogenesis and lipogenesis via the cAMP-PKA-CREB
signaling pathway in HepG2 cells. (A) Active PKA and (B) cAMP concentrations after 6h stimulation with
SCFAs. (C) cAMP and (D) active PKA concentrations after 6h stimulation with SCFAs in the presence of
the adenylate cyclase inhibitor dideoxyadenosine (ddA). (E) Immunoblot of phospho-CREB and totalCREB after 6h treatment with SCFAs and ddA. Relative phosphorylation levels were calculated by the
ratio of phospho-CREB to total-CREB and normalized for control. (F) Immunoblot of PPARγ and PGC-1α
expression and their downstream targets after 6h stimulation with SCFAs and ddA. (G) Glucose production
in the presence of pyruvate and lactate and (H) lipogenesis upon 6h SCFA stimulation in the presence of
ddA. Data represent means ± SEM for n=6; *p<0.05 vs. control.
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enzyme and a known target of PGC-1α (230). Incubation with propionate, however, did not
affect the protein level of PGC-1α, PPARγ or PEPCK. Propionate induced a minor increase
in the protein level of fatty acid synthase (FASN) (Figure 1D). Next we studied the effect of
acetate and butyrate on phosphorylation of CREB. Both acetate and butyrate increased the
phosphorylation of CREB compared to control, while propionate was without effect (Figure
1E). Apparently, acetate and butyrate, but not propionate, acted via the CREB:PGC-1α/PPARγ
signaling pathway.
Acetate and butyrate increase phospho-CREB through the AC-cAMP-PKA pathway

Next, we examined how acetate and butyrate increased phospho-CREB levels. CREB is known
to be phosphorylated by activation of the protein kinase A (PKA) route (231). Incubation of
HepG2 cells with acetate or butyrate increased the activity of PKA (Figure 2A). Because PKA is
activated by cAMP, we measured the concentration of cAMP in HepG2 cells, in the absence and
presence of SCFAs. Both acetate and butyrate increased the intracellular concentration of cAMP
(Figure 2B). Since cAMP is produced from ATP by adenylate cyclase (AC) (232), we evaluated
the role of AC in the cascade by studying the effect of the AC inhibitor dideoxyadenosine (ddA)
on phospho-CREB and the expression of target genes of CREB. Incubation of cells with ddA
abolished the acetate and butyrate-induced increase in cAMP (Figure 2C) and active PKA
(Figure 2D). In accordance with our hypothesis that acetate and butyrate activate the ACcAMP-PKA-CREB signaling pathway, we observed that the increase of phospho-CREB levels
during incubation with acetate and butyrate was abolished upon AC inhibition (Figure 2E).
Consequently, also the phospho-CREB-dependent increase of PGC-1α and PEPCK, as well as
the decrease of PPARγ were not observed anymore (Figure 2F). Finally, also the increase of
glucose production and decrease of lipogenesis by acetate and butyrate were blocked by the
inhibition of AC (Figure 2G and H). In contrast, the small increase of FASN caused by propionate
was unaffected (Figure 2F).
Infusion of acetate or butyrate into the mouse cecum activates the hepatic cAMP-PKACREB protein-signaling pathway in vivo

To test if the short-term effects of SCFAs on cAMP-PKA-CREB protein signaling that we
observed in HepG2 cells were also present in vivo, we infused a physiological amount of
SCFAs (see Materials and Methods) directly into the cecum of conscious, unrestrained mice.
After a 6h infusion with acetate or butyrate the hepatic cAMP concentrations, active PKA and
CREB phosphorylation levels were increased compared to the control or propionate infusion
groups (Figures 3A-C). Again, 6h SCFA infusion had no effect on hepatic phospho-AMPK levels
(Figure 3D). Next, we examined how the increased phosphorylation levels of CREB affected the
expression of its downstream targets PGC-1α and PPARγ. Both acetate and butyrate infusion
increased hepatic expression of PGC-1α and its downstream gluconeogenesis target Hnf4α
(Figures 3E-F) (233). In addition, acetate or butyrate infusion increased the expression of the
PPARγ inhibitor HES1 (229) and decreased that of PPARγ itself (Figures 3E-F).
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Figure 3. In vivo activation of the hepatic cAMP-PKA-CREB signaling pathway by acetate and butyrate.
(A) Hepatic cAMP and (B) active PKA concentrations after 6h cecal SCFA infusion. (C) Immunoblot of
hepatic phospho-CREB and total-CREB after 6h cecal SCFA infusion. Relative phosphorylation levels were
calculated by the ratio of phospho-CREB to total-CREB and normalized for control. (D) Immunoblot of
hepatic phospho-AMPK and total-AMPK after 6h cecal SCFA infusion. Relative phosphorylation levels were
calculated as the ratio of phospho-AMPK to total-AMPK and normalized for control. (E) Hepatic mRNA
expression of downstream targets of CREB involved in gluconeogenesis and lipogenesis after 6h cecal
SCFA infusion. (F) Immunoblot of hepatic PPARγ and PGC-1α expression after 6h cecal SCFA infusion. Data
represent means ± SEM for n=6-8; *p<0.05 vs. control.

In vivo cecal infused SCFAs affect hepatic glucose and lipid metabolism

Next, we wondered how short-term in vivo cecal SCFA infusion and subsequent activation of
the cAMP-PKA-CREB signaling pathway affected hepatic glucose and lipid metabolism. After
6h infusion either acetate or butyrate, but not propionate, increased the hepatic mRNA levels
of genes involved in gluconeogenesis (Figure 4A). In addition, hepatic PEPCK protein levels
were also increased upon acetate and butyrate infusion, similar to what was observed in
HepG2 cells (cf. Figures 4B and 1D). With respect to hepatic lipid synthesis, acetate and
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Figure 4. In vivo changes in hepatic glucose and lipid metabolism after 6h cecal SCFA infusion. (A) Hepatic
mRNA expression of genes involved in glucose metabolism. (B) Immunoblot of hepatic PEPCK protein
expression. (C) Hepatic mRNA expression of genes involved in fatty acid synthesis. (D) Immunoblot of
hepatic FASN protein expression. (E) Hepatic triglycerides concentration after 6h of cecal SCFA infusion.
(F) Hepatic mRNA expression of genes involved in fatty acid oxidation. Data represent means ± SEM for
n=6-8; *p<0.05 vs. control.

butyrate infusion reduced the mRNA expression of Lpl and Cd36, both targets of PPARγ (Figure
4C). Also in agreement with the HepG2 experiments, propionate infusion raised the mRNA and
protein levels of genes involved in fatty-acid synthesis (Figures 4C-D and 1D). We further
examined if the changes in lipid metabolism had an effect on hepatic triglycerides content.
Both acetate and butyrate infusion resulted into a decrease in hepatic triglycerides whereas
propionate infusion, despite the increase in genes involved in lipid metabolism, elicited no
effect (Figure 4E). There was no effect on hepatic mRNA levels of genes involved in fatty-acid
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Figure 5. Cecal SCFA infusion affects metabolite concentrations involved in glucose and lipid metabolism.
(A) Plasma glucose concentrations during the cecal SCFA infusion period as percentage of time zero. (B)
Hepatic glycogen concentration after 6h cecal SCFA infusion. (C) Plasma insulin concentrations, (D) NEFA
concentrations and (E) triglycerides concentrations during cecal SCFA infusion period as percentage of
time zero. Data represent means ± SEM for n=7-8; *p<0.05 acetate vs. control, #p<0.05 propionate vs.
control, $p<0.05 butyrate vs. control.

oxidation (Figure 4F), suggesting that the reduced hepatic triglycerides after acetate or
butyrate infusion were caused by a decrease in lipogenesis.
Infusion of SCFAs into the cecum affects whole-body glucose and lipid metabolism

Finally, we assessed if the altered expression of enzymes involved in hepatic glucose and lipid
metabolism resulted into changes in plasma metabolites, reflecting alterations in wholebody physiology. During the 6h infusion period plasma glucose decreased both in control
and SCFA infused mice. Cecal infusion of propionate caused the smallest decrease in plasma
glucose concentrations during the infusion period (Figure 5A), underlining the importance
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of propionate as a gluconeogenic substrate (Chapter 3). In agreement with the increase in
expression of gluconeogenic genes in the liver (Figures 4A-B), infusion of acetate or butyrate
decreased plasma glucose concentrations less than a control infusion, although not to the same
extent as a propionate infusion did (Figure 5A). After 6h SCFA infusion the hepatic glycogen
content was increased in all three SCFA-infused groups compared to control mice (Figure 5B).
This suggests that SCFAs stimulate glygogen synthesis or at least reduce its consumption.
This is a strong indication that the increased plasma glucose levels in the SCFA groups should
be ascribed to increased gluconeogenesis rather than to glycogenolysis. We cannot exclude,
however, that glucose consumption is also affected. Plasma insulin concentrations decreased
during the infusion period with the exception of 2h of propionate infusion for which a significant
increase in insulin concentration was observed (Figure 5C). Acetate infusion resulted into
a lower plasma insulin concentration than the control whereas butyrate infusion elicited
no effect. Neither acetate nor propionate infusion affected plasma non-esterified fatty acids
(NEFA) and triglycerides concentrations. In contrast, butyrate infusion raised both plasma
NEFA and triglycerides concentrations transiently (Figures 5D-E). Altogether, these results
show that the cecal infused SCFAs also affect whole-body physiology and suggest that these
changes are, at least, partly caused by the alterations in hepatic glucose and lipid metabolism.

Discussion

Long-term administration of SCFAs has been shown to exert beneficial effects on glucose and
lipid metabolism, most likely mediated by multi-organ AMPK activation (Chapter 1). However,
under physiological conditions humans are exposed to fluctuating SCFA concentrations during
the day, which may exert different effects on glucose and lipid metabolism than continuous
exposure. The present study showed in vitro and in vivo that short-term exposure to gut-derived
SCFAs activated the hepatic cAMP-PKA-CREB signaling pathway (Figure 6), independent of
AMPK.
Incubation of HepG2 cells with acetate or butyrate resulted into significantly higher
gluconeogenesis and lower lipogenesis than observed for control or propionate. As AMPK
decreases both gluconeogenesis and lipogenesis simultaneously (226, 227), the observed
effects cannot be attributed to the activation of the AMPK pathway. This was supported by
the fact that there was no change in phosphorylation levels of AMPK upon acetate or butyrate
stimulation. Instead, we showed that the changes in gluconeogenesis and lipogenesis were
both mediated by the activation of the AC-cAMP-PKA-CREB pathway. The activation of
phospho-CREB by butyrate via the AC-PKA pathway has been shown previously in PC12 and
Caco-2 cells, model cells used for neurochemical and intestinal epithelial cells, respectively
(218, 234, 235). Also, induction of gluconeogenesis via cAMP signaling has been demonstrated
in intestinal cells, in vitro as well as in vivo. However, we are the first to show that both acetate
and butyrate directly raise gluconeogenesis and reduce lipogenesis through the AC-cAMPPKA-CREB pathway in both HepG2 cells and liver tissue.
The mechanism of activation of AC by acetate or butyrate remains unknown. The activity
of AC is mainly regulated by ligand binding to G protein-coupled receptors (GPRs). AC is
activated via the GPR-coupled G protein Gαs and inhibited by the G protein Gαi (236). The two
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Figure 6. Schematic overview of the mechanisms by which SCFAs affect hepatic glucose and lipid
metabolism. Acetate and butyrate increase gluconeogenesis and decrease lipogenesis through activation
of the hepatic cAMP-PKA-CREB pathway. In contrast, propionate acts as a substrate for gluconeogenesis
only.

known GPRs that are activated by SCFAs are GPR41 and GPR43, which both signal via the G
protein Gαi (Chapter 1). Together with the very low hepatic expression of GPR41 and GPR43,
this suggests that acetate and butyrate do not activate AC through GPR41 or GPR43. Whether
SCFAs activate AC via other unknown GPRs or through a GPR-independent mechanism remains
to be elucidated.
Our in vivo results show that type of signaling pathway activated by SCFAs is different,
depending on the duration of exposure and the type of SCFA. After 6 hour exposure to acetate
or butyrate we observed AC-cAMP-PKA-CREB signaling and concomitant changes of PPARγ
and of PGC1α in HepG2 cells and mouse liver. This contrasts to the AMPK signaling that has
been documented for long-term exposure to SCFAs (17, 137, 216). With respect to the type
of SCFA, propionate did not affect the activity of the AC-cAMP-PKA-CREB signaling pathway,
but enhanced expression of Fasn, Elovl5, Cd36 and protein level of FASN through an unknown
signaling mechanism.
The physiological consequences of short-term exposure to acetate and butyrate do not
only depend on the measured capacity of gluconeogenesis and lipogenesis. In liver, triglyceride
content decreased, which is compatible with the decreased lipogenesis. However, since hepatic
triglyceride levels reflect a steady-state between import of fatty acids, synthesis, oxidation
and export by lipoproteins (237), we cannot exclude the possibility that decreased import of
fatty acids due to the observed reduction of Lpl and Cd36 expression might contribute to the
decreased content of triglycerides. With respect to glucose metabolism, CREB signaling in liver
was very comparable to that observed in HepG2 cells with increased expression of Pck1 and
G6pc, suggesting that also in vivo gluconeogenesis is stimulated. In line with this, plasma glucose
concentrations decreased less in the SCFA infusion groups than in the control. Moreover, in
vivo hepatic glycogen content was higher after short-term infusion of acetate, propionate and
butyrate compared to control. Possibly, newly synthesized intrahepatic glucose-6-phosphate
was partially diverted into glycogen instead of glucose, or glycogen consumption was reduced
upon activation of gluconeogenesis (238).
We hypothesize that the acetate- or butyrate-induced activation of gluconeogenesis may
contribute to stabilize glucose levels in the postprandial phase. Dietary glucose or glucose
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produced from simple carbohydrates is taken up in the small intestine and maximum plasma
glucose levels are reached after approximately 30 minutes after intake (239). As SCFAs are
produced by colonic bacterial fermentation from dietary fibers, SCFAs appear later in the
bloodstream than the nutrients taken up in the small intestine. Dependent on the fiber type,
plasma SCFA levels peak after approximately 2-8 hours after intake (219-221). This means
that when plasma glucose levels are not sustained anymore by uptake from the small intestine,
SCFAs support activation of and substrate delivery to hepatic gluconeogenesis to maintain
euglycemia and at the same time prevent a glucose-overshoot. As a result, intake of dietary
fiber leads to extension of euglycemia beyond the decline of glucose absorption from the
intestine. The fact that these short-term beneficial effects occur after every fiber-rich meal
suggests that it may contribute to the long-term beneficial effects (i.e. decreased body weight,
euglycemia and decreased dyslipidemia) of dietary fibers (169).
In conclusion, we show for the first time that the short-term effects of gut-derived acetate
and butyrate on glucose and lipid metabolism are mediated through the hepatic cAMP-PKACREB pathway, independent from AMPK activation.
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Supplemental information
Table 1. Primer sequences used for qPCR.
Gene

PGC-1α

Hnf4α

PPARγ

PEPCK

G6Pase

PC

FASN

Elovl5

Acc1

Acc2

Lpl

Cd36

Cpt1a

Mcad

Lcad

PPARα

Forward (5`-3`)

GACCCCAGAGTCACCAAATGA

ATGCCAAGGGGCTGAGTGAC

CACAATGCCATCAGGTTTGG

GTGTCATCCGCAAGCTGAAG

CTGCAAGGGAGAACTCAGCAA

GCCAGAGGCAGGTGTTCTTT

GGCATCATTGGGCACTCCTT

TGGCTGTTCTTCCAGATTGGA

GCCATTGGTATTGGGGCTTAC

CATACACAGAGCTGGTGTTGGACT

AAGGTCAGAGCCAAGAGAAGCA

GATCGGAACTGTGGGCTCAT

CTCAGTGGGAGCGACTCTTCA

GCAGCCAATGATGTGTGCTTAC

TACGGCACAAAAGAACAGATCG

TATTCGGCTGAAGCTGGTGTAC

36b4

GCTTCATTGTGGGAGCAGACA

Antibody

Firm

Table 2. Antibodies used for immunoblot analysis
Cell Signaling

2603

PGC-1α

Abcam

54481

PEPCK

Cayman chemical

10004943

CREB

Cell Signaling

9197

ß-actin

Sigma

2066

PPARγ

FASN

pCREB

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

GGCCTGCAGTTCCAGAGAGT

GCCGGTCGTTGATGTAATCCT

GCTGGTCGATATCACTGGAGATC

CTTTCGATCCTGGCCACATC

GAGGACCAAGGAAGCCACAAT

CATGGCCTGGGTGTCTTTAAC

GCTGCAAGCACAGCCTCTCT

CCCTTTCTTGTTGTAAGTCTGAATGTA

CCCGACCAAGGACTTTGTTG

CACCATGCCCACCTCGTTAC

CCAGAAAAGTGAATCTTGACTTGGT

GGTTCCTTCTTCAAGGACAACTTCT

GGCCTCTGTGGTACACGACAA

4

CACCCTTCTTCTCTGCTTTGGT

CAGGCTCTGTCATGGCTATGGT

CTGGCATTTGTTCCGGTTCT

CATGGTGTTCTTGCCCATCAG

Catalogue number

AMPK

pAMPK

Reverse (5`-3`)

2531

2435

3180

9198
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Abstract
Short-chain fatty acids (SCFAs) are the main products of dietary fiber fermentation and are
believed to drive the fiber-related prevention of the metabolic syndrome. Here we show that
dietary SCFAs induce a peroxisome proliferator-activated receptor (PPAR) γ-dependent switch
from lipid synthesis to utilization. Dietary SCFA supplementation prevented and reversed
high-fat diet-induced metabolic abnormalities in mice by decreasing PPARγ expression and
activity. This increased the expression of mitochondrial uncoupling protein 2 and raised the
AMP/ATP ratio, thereby stimulating oxidative metabolism in liver and adipose tissue via AMPactivated protein kinase. SCFA-induced decreases in body weight and increases in insulin
sensitivity were absent in mice with adipose-specific disruption of PPARγ. Similarly, SCFAinduced reduction of hepatic steatosis was absent in mice lacking hepatic PPARγ. These results
demonstrate that adipose and hepatic PPARγ are critical mediators of the beneficial effects of
SCFAs on the metabolic syndrome, with clearly distinct and complementary roles.
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Introduction
The shift in Western and developing countries from a traditional high-fiber, low-fat, low-calorie
diet towards a low-fiber, high-fat, high-calorie diet is accompanied by a growing prevalence of
obesity and insulin resistance (167, 168). Epidemiological studies have reported an inverse
correlation between dietary fiber intake on the one hand, and body weight, insulin resistance
and dyslipidemia on the other (169), suggesting that fiber supplements may have beneficial
effects on metabolism. Indeed, numerous studies have shown that dietary fiber intervention
reduces obesity and insulin resistance in both healthy individuals and metabolic syndrome
patients (171, 178, 179). However, meta-analysis studies have also shown that the beneficial
effects of different dietary fibers vary widely (240-242).
The main products of intestinal fermentation of dietary fibers are short-chain fatty acids
(SCFAs), of which acetate, propionate and butyrate are the most abundant (5, 11). While all three
SCFAs are rapidly assimilated into host carbohydrates and lipids - providing ~10% of our daily
energy requirements (31) - there are clear differences in the way in which each is metabolized:
propionate is primarily a precursor for gluconeogenesis, while acetate and butyrate are rather
incorporated into fatty acids and cholesterol (30, Chapter 3). Besides serving as an energy
source, SCFAs are also thought to be important regulators that mediate the beneficial effects
of dietary fiber (6, Chapter 1). Known aspects of the underlying mechanism are that SCFAs
inhibit histone deacetylase (243) and activate the endogenous G protein-coupled receptors
(GPR) 41 and 43, both abundantly expressed in the distal small intestine, colon and adipose
tissue (83, 115, 119). The individual SCFAs differ in their GPR-mediated effects because of
their distinct relationship between chain length and receptor affinity: the longer butyrate is
more selective for GPR41, the shorter acetate is more selective for GPR43, while propionate
binds to both receptors (109, 110). By activating GPR43, both acetate and propionate increase
the expression of glucagon-like peptide-1 (145, 244) and leptin (113, 118), thereby regulating
adipogenesis (113), lipolysis (114) and inflammatory responses (245, 246). Propionate has
been described to activate the sympathetic nervous system through GPR41 (247) and to
cause apoptotic cell death and cell-cycle arrest in colon cancer cells through GPR43 (21, 217).
Butyrate has been shown to regulate immune responses, energy metabolism and autophagy in
a GPR-independent manner (18, 248).
Despite these differences in the GPR-mediated effects of SFCAs, when given as a dietary
supplement all three SCFAs are able to ameliorate high-fat diet-induced obesity and insulin
resistance (17, 122, 124). The fact that all three SCFAs exert similar beneficial effects on
symptoms of the metabolic syndrome suggests that the underlying molecular mechanism
is GPR-independent. This is in line with recent findings that GPR41 deficient mice were
still sensitive to beneficial effects of SCFA on body weight and insulin sensitivity (122). In
support of an alternative mechanism, acetate and butyrate have been shown to increase
energy expenditure by activating AMP-activated protein kinase (AMPK) (17, 137). Similarly,
propionate has been shown to activate AMPK in colon cancer cells (217) and to reduce lipid
synthesis in isolated rat hepatocytes (79, 185). The mechanism by which SCFAs activate AMPK
is, however, still unknown.
In this chapter we investigated the molecular mechanism by which SCFAs mediate the
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beneficial effects of dietary fiber on the metabolic syndrome. We reveal a cascade of events
that is dependent on peroxisome proliferator-activated receptor (PPAR)-γ and in which liver
and adipose tissue play distinct, complementary roles.

Materials and methods

Animals and Experimental Design
Male C57Bl/6J mice (Charles River, L’Arbresle Cedex, France), 2 months of age, were housed
in a light- and temperature-controlled facility (lights on from 6:30 a.m. to 6:30 p.m., 21 °C)
with free access to water and food. They were fed a high-fat semi-synthetic diet (D12451,
Research Diet Services, Wijk Bij Duurstede, The Netherlands) in which 45% of calories were
from palm oil fat. For the SCFA diets, sodium acetate (S2889; Sigma), sodium propionate
(P1880; Sigma) or sodium butyrate (303410; Sigma) was incorporated into the diet at 5%
(w/w). Mice in which exons 1 and 2 of the PPARγ gene were loxP-flanked (PPARγ f/f) were
kindly provided by Ronald M. Evans (Salk Institute) and have been described previously (249).
PPARγ lox/lox mice were crossed with C57Bl/6J transgenic mice expressing Cre recombinase
under the control of either the albumin promoter which is expressed in liver (L-KO) or the aP2
promoter which targets adipose tissue (A-KO). Whole-body energy metabolism was assessed
by indirect calorimetry. Plasma was obtained by heart puncture and tissues were harvested
immediately after termination of the mice. Experimental procedures were approved by the
Ethics Committee for Animal Experiments of the University of Groningen.
Plasma and tissue sampling

The mice were fasted from 6 to 10 a.m. Blood glucose concentrations were measured using a
EuroFlash meter (Lifescan Benelux, Beerse, Belgium). Mice were subsequently sacrificed by
cardiac puncture under isoflurane anesthesia. Liver and epididymal fat pads were weighed,
snap-frozen in liquid nitrogen and stored at -80 °C. Blood was centrifuged (4000 x g for 10
min at 4 °C) and plasma was stored at -20 °C. Plasma NEFA concentrations were determined
using a commercially available kit (Roche Diagnostics, Mannheim, Germany). Plasma leptin
and insulin levels were determined using ELISA (ALPCO Diagnostics, Salem, United States)
and HOMA-IR was calculated as follows: IR = fasting insulin mU/L x fasting glucose mM ÷
22.5. Hepatic TG content was determined using a commercial available kit (Roche) after lipid
extraction (223).
Hepatic malonyl-CoA and adenosine concentrations were determined by HPLC according
to Demoz et al. (250) and Miller et al. (251), respectively. CPT-1 activity was determined in
liver homogenates at different dilutions (20, 10, 5, 2 and 1 ng/uL) according to van Vlies et
al. (252) with 50 µM palmitoyl CoA and 2 mM L-carnitine as substrates. The reaction was
followed in time by quenching the reaction at 0, 2, 5 and 10 minutes.
Indirect calorimetry

Oxygen consumption, energy expenditure, respiratory exchange ratio, food intake and activity
patterns were measured simultaneously for each mouse using a Comprehensive Laboratory
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Animal Monitoring System (TSE Systems GmbH, Bad Homburg, Germany). The energy balance
was determined by measuring the energy content of diet and that of dried, homogenized feces
using a bomb calorimeter (CBB 330, standard benzoic acid 6320 cal g-1, BCS-CRM no.90N).
Insulin tolerance and sensitivity

Intraperitoneal glucose tolerance was tested following intraperitoneal injection of glucose at
2 g/kg body weight after an overnight fast. Intraperitoneal insulin tolerance (ITT) was tested
following intraperitoneal injection of insulin (NovoRapid) at 0.75 units/kg body weight after a
4-h fast. Hyperinsulinemic-euglycemic clamp studies were performed as previously described
(253).
Lipogenesis and ß-oxidation

In vivo lipogenesis was determined by incorporation of [1-13C]-acetate into palmitate by
providing 2% (w/v) [1-13C]-acetate in drinking water for 24h as described previously (194).
Fatty acid ß-oxidation capacity was determined in fresh liver and adipose homogenates
according to Hirschey et al. (254). Briefly, tissue was homogenized in sucrose/Tris/EDTA
buffer, incubated for 30 min in the reaction mixture (pH 8.0) containing [1-14C]palmitic acid,
and trapped [14C]CO2 was measured.
Oxygen consumption rates in liver mitochondria

Mitochondria were isolated from fresh liver tissue according to Mildaziene et al. (255). The
rates of oxygen consumption in isolated liver mitochondria were measured at 37 °C using
a two-channel high-resolution Oroboros oxygraph-2k (Oroboros, Innsbruck, Austria) with
palmitoyl CoA as substrate. Maximal ADP-stimulated oxygen consumption (i.e. state 3) was
achieved by adding 4.8 U ml-1 hexokinase, 12.5 mM glucose and 1 mM ATP. Resting state (i.e.
state 4) oxygen consumption rate was determined after blocking ADP phosphorylation with
1.25 μM carboxyatractyloside. Respiratory control ratio (RCR) was calculated by dividing
oxygen consumption rate in state 3 by oxygen consumption rate in state 4.
HepG2, 3T3-L1 and C2C12 experiments

HepG2, 3T3-L1 and C2C12 cells, purchased from American Type Culture Collection (Manassas,
VA), were maintained at 37 °C in 5% CO2 in Dulbecco’s Modification of Eagle’s Medium
(DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. For HepG2
experiments, cells were plated in DMEM with 10% FBS and 1% penicillin/streptomycin in
6-wells plates (657160; Greiner Bio-One) and incubated with 3 mM sodium acetate, sodium
propionate, or sodium butyrate for 24 hours with or without 100 nM rosiglitazone (Sigma)
or 10 µM GW9662 (Sigma) as indicated. For 3T3-L1 experiments, cells were differentiated
in 6-wells plates according to Zebisch et al. (256) and incubated with 3 mM sodium acetate,
sodium propionate, or sodium butyrate for 24 hours with or without 100 nM rosiglitazone
or 10 µM GW9662 as indicated. For C2C12 experiments, cells were differentiated with 2%
horse serum in 6-wells plates according to Fujitia et al. (257) and incubated with 3 mM sodium
acetate, sodium propionate, or sodium butyrate for 24 hours.
89

5

Chapter 5

Gene expression levels and immunoblot analysis
RNA was extracted from liver and adipose tissue using Tri reagent (Sigma-Aldrich, St.
Louis, MO) and converted into cDNA by a reverse transcription procedure using M-MLV and
random primers according to the manufacturer’s protocol (Sigma-Aldrich). For quantitative
PCR (qPCR), cDNA was amplified using the appropriate primers and probes. The sequence
of the other primers can be found in table S1. mRNA levels were calculated relative to 36b4
expression and normalized for expression levels of mice fed a high-fat diet.
For immunoblot analysis, whole-cell lysate was prepared in lysis buffer and the protein
concentrations were determined using the BCA Protein Assay kit (Pierce). Individual samples
were mixed with loading buffer, heated for 5 min at 96 °C and subjected to SDS-PAGE. Antibodies
and their sources were as follows: phosphorylated AMP kinase (pAMPK Thr172, no. 2531; Cell
Signaling), phosphorylated acetyl CoA carboxylase (pACC S79, no. 31931; Abcam), uncoupling
protein 2 (UCP2, no. 6525; Santa Cruz), peroxisome proliferator-activated receptor γ (PPARγ,
no. 2435; Cell Signaling) and fatty acid synthase (FASN, no. 3180; Cell Signaling). As loading
control, ß-actin (no. 2066; Sigma) was used for liver and adipose tissue and TOM20 (no.
11415; Santa Cruz) for isolated liver mitochondria. Finally, horseradish peroxidase-conjugated
anti-rabbit from donkey (Amersham Pharmacia Bioscience) or horseradish peroxidaseconjugated anti-goat from donkey (Dako, Glostrup, Denmark) and SuperSignal West Pico
Chemiluminescent Substrate System (Pierce) were used. The immunoblots were analyzed by
densitometry using Image Lab software (Bio-Rad).
Statistical analysis

All data are presented as mean values ± SEM. Statistical analysis was assessed by one-way
ANOVA using the Tukey test for post-hoc analysis. Statistical significance was reached at a p
value below 0.05.

Results

SCFAs protect against high-fat diet-induced obesity and insulin resistance
To examine the effects of SCFAs on the development of obesity and insulin resistance, wildtype C57Bl/6J mice were fed a high-fat diet (HFD) with acetate, propionate or butyrate (5%
w/w) for 12 weeks. Controls received HFD without SCFA during the same period and showed
a substantial raise in body weight (Figure 1A). Interestingly, all three individual dietary SCFAs
attenuated this increase in body weight to a similar extent (Figure 1A). After 12 weeks this
coincided with reductions in white adipose tissue (WAT) mass (Figures 1B and S1A) and
plasma leptin concentrations compared to controls (Figure 1C).
To investigate the effect of dietary SCFAs on energy metabolism, mice were subjected
to indirect calorimetry. The fact that neither caloric intake nor physical activity was
significantly affected by SCFA supplementation (Figures 1D and S1B) indicates that the
lower body weight seen in mice fed an SCFA-supplemented HFD was not due to alterations
in food intake or physical activity. We did, however, observe enhanced energy expenditure
in these mice (Figure 1E). Mice fed SCFAs displayed a shift towards increased fatty-acid
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Figure 1. SCFAs protect against high-fat diet-induced obesity and insulin resistance. Eight-week-old
male C57Bl/6J mice were fed a high-fat diet supplemented with acetate, propionate or butyrate (5%
w/w). (A) Body weight was measured for a period of 12 weeks on the indicated diets. *p<0.05 acetate vs
control, #p<0.05 propionate vs control, $p<0.05 butyrate vs control. (B-C) White adipose tissue mass and
plasma leptin levels in mice after 12 weeks on the indicated diets. (D) Energy balance was determined
by measuring the energy content of the diet and dried homogenized feces by bomb calorimetry. Energy
uptake is defined as the difference between intake and output. (E-G) Energy expenditure, VO2 and RER
were evaluated using indirect calorimetry data in animals after 10 weeks on the indicated diets. (H) Blood
glucose levels were measured in animals after 12 weeks on the indicated diets and after a 4h fast. (I) After
11 weeks on the indicated diets, an intraperitoneal glucose tolerance test was performed in mice that had
been fasted overnight for 9h. *p<0.05 acetate vs control, #p<0.05 propionate vs control, $p<0.05 butyrate
vs control. (J-K) Blood insulin levels were measured in animals after 12 weeks on the indicated diets
and after a 4h fast. HOMA-IR was calculated by multiplying fasting insulin in mU/L with fasting glucose
in mM and dividing by 22.5. (L) Insulin tolerance tests were performed in animals after 11 weeks on
the indicated diets and after a 4h fast. *p<0.05 acetate vs control, #p<0.05 propionate vs control, $p<0.05
butyrate versus control. (M-N) Hyperinsulinemic-euglycemic clamp studies were performed in animals
fed the indicated diets for 10 weeks. Glucose infusion rate (GIR), glucose production rate (Ra) and glucose
uptake rate (Rd) were calculated after the test. All values in the figure are presented as mean ± SEM for
n=7-8; *p<0.05, **p<0.01, ***p<0.001 vs control. This figure is complemented by Figures S1.
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oxidation, as indicated by higher O2 consumption rates (Figure 1F) and lower respiratory
exchange ratios (RER, defined as the rate of CO2 production divided by the rate of oxygen
consumption) (Figure 1G). Altogether, these results indicate that SCFAs reduce HFD-induced
body weight gain by enhancing energy expenditure through increased lipid oxidation.
SCFA-fed and control-fed mice had similar fasting blood glucose levels and glucose
tolerance (Figures 1H and 1I). Fasting insulin levels were much lower in SCFA-fed mice
(Figure 1J). Together this translated into significantly lower HOMA-IR values (Figure 1K),
which were calculated according the formula for homeostatic model assessment of insulin
resistance (HOMA-IR, see Materials and Methods). Together with enhanced disposal of glucose
upon insulin injection (Figure 1L), these experiments point to higher insulin sensitivity in
these mice. To quantify insulin sensitivity and to discriminate between the effects of SCFAs
on the liver and their effects on peripheral insulin action, we performed hyperinsulinemiceuglycemic clamp studies under matched insulin exposure. The glucose-infusion rate required
for maintaining euglycemia (a measure of whole-body insulin sensitivity) in SCFA-fed mice
was approximately 1.5-fold higher than that in control mice (Figure 1M). While the hepatic
glucose production rate during the clamp was similar in all groups (Ra in Figure 1N), the
degree to which insulin stimulated the rate of glucose uptake by peripheral tissues (primarily
muscle and adipose tissue) was much higher in SCFA-fed mice (Rd in Figure 1N). This indicates
improved peripheral insulin sensitivity in these mice. No differences were observed between
the three individual SCFAs. Collectively, these observations unequivocally demonstrate that
SCFA supplementation enhances the insulin sensitivity of HFD-fed mice.
SCFAs reverse high-fat diet-induced obesity and insulin resistance

Given the promising results of SCFAs in the prevention of HFD-induced obesity and insulin
resistance, we wondered whether SCFAs could also be used to treat these metabolic disorders.
To this end, we first fed mice an HFD for 12 weeks to induce obesity and then supplemented the
HFD with SCFAs for 6 weeks. Indeed, after this period the SCFA-supplemented mice showed
significantly lower body weight and WAT mass than controls (Figures 2A-B). The reduction
in body weight in SCFA-fed mice was accompanied by a higher insulin sensitivity, as shown
by increased glucose uptake by peripheral tissues upon insulin delivery and lower HOMA-IR
values (Figures 2C-F). SCFA-fed mice also had lower RER values, indicating a shift towards
increased fatty-acid oxidation (Figures 2G). These data show that all three SCFAs can be used
not only to prevent but also to treat HFD-induced obesity and insulin resistance.
SCFAs stimulate mitochondrial fatty-acid oxidation by activating the UCP2-AMPK-ACC
pathway

Control mice showed high concentrations of plasma non-esterified fatty acids (NEFAs) and
hepatic triglycerides (hepatic steatosis). These aspects of the metabolic syndrome were
reduced by SCFA supplementation (Figures 3A-B), while the liver weight to body weight ratios
were similar in control and SCFA-fed mice (Figure S2A). The reduction in NEFA and hepatic
triglycerides was also observed when SCFAs were fed to already obese mice (Figures 2H-I).
Together with the reduction in RER, this suggested a shift from lipid synthesis to lipid
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Figure 2. SCFAs reverse HFD-induced obesity and insulin resistance. Eight-week-old male C57Bl/6J mice
were fed a high-fat diet for 12 weeks and switch to a high-fat diet supplemented with acetate, propionate
or butyrate (5% w/w) for 6 weeks. The start of the SCFA treatment is indicated as time point zero. (A)
Body weight was measured before and after the 6-week intervention with the indicated diets. (B) White
adipose tissue mass of mice after the 6-week intervention with the indicated diets. (C) Insulin tolerance
tests were done in mice after 5 weeks of intervention with the indicated diets and after a 4h fast. *p<0.05
acetate vs control, #p<0.05 propionate vs control, $p<0.05 butyrate vs control. (D-E) Blood glucose and
insulin levels measured in animals after the 6-week intervention with the indicated diets and after a 4h
fast. (F) HOMA-IR was calculated from fasting glucose and insulin levels in mice after 6 weeks intervention
with the indicated diets. (G) RER was evaluated using indirect calorimetry data in mice after 5 weeks of
intervention with the indicated diets. (H-I) Plasma NEFA concentrations and liver triglycerides in mice
after the 6-week intervention with the indicated diets. All values in the figure are presented as mean ±
SEM for n=6-8; *p<0.05, **p<0.01, ***p<0.001 vs control.

oxidation in SCFA-fed mice, prompting us to study hepatic fatty-acid synthesis and oxidation.
SCFA-fed mice had lower transcript levels of genes involved in hepatic lipogenesis and a lower
concentration of hepatic fatty acid synthase protein (FASN) (Figures S2B-C). In agreement,
these mice had a 2-fold reduction in hepatic lipid synthesis (Figure 3C). The capacity for
hepatic lipid oxidation in SCFA-fed mice was 2-fold higher than that of controls (Figure 3D),
further confirming the suggestion that hepatic lipid metabolism was shifted towards a more
oxidative state.
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Since activation of AMPK shifts lipid metabolism from synthesis to oxidation (258) and
butyrate and acetate have been shown to activate AMPK (17, 137), we wondered whether
the metabolic effects of SCFAs might be mediated through activation of this kinase. We
therefore measured the phosphorylation of AMPK and its downstream target acetyl-CoA
carboxylase (ACC) and observed increased phosphorylation in SCFA-fed mice (Figure 3E).
Since phosphorylation inactivates ACC, this should lead to lower concentrations of its product
malonyl-CoA. The latter is an endogenous inhibitor of carnitine palmitoyltransferase I
(CPT-1), the first enzyme in the �-oxidation of fatty acids (259). Indeed, not only did SCFA
treatment result in lower hepatic malonyl-CoA concentrations (Figure 3F), it also increased
the enzymatic capacity (Vmax) of CPT-1 (Figure 3G). Since the latter was measured in diluted
liver homogenates, endogenous malonyl-CoA should be too low to affect the result. This
implies that CPT-1 is stimulated via a dual mechanism: by raising its Vmax and by reducing the
concentration of its inhibitor.
To identify the cause of SCFA-induced AMPK activation, we measured the AMP/ATP ratio,
which is a sensitive reflection of the metabolic state of the cell and the direct activator of AMPK
(260). SCFA-fed mice had increased hepatic AMP/ATP ratios (Figure 3H), which were mainly
due to reduced ATP concentrations (Figure S2D). Such reduced ATP concentrations can be a
result of increased mitochondrial proton leakage, leading to mitochondrial uncoupling and
subsequently reduced ATP synthesis (261). Therefore, we examined oxygen consumption
by isolated liver mitochondria using palmitoyl CoA as a respiratory substrate, both in the
presence of ADP (state 3) and in the presence of an inhibitor of ATP production (state 4). In
state 4 the respiration is due to proton leakage across the inner mitochondrial membrane
and the respiratory control ratio (RCR = state 3 rate / state 4 rate) is used as an index of
mitochondrial coupling. We observed lower RCR values in liver mitochondria from SCFA-fed
mice due to an increased state 4 respiration rate (Figure 3I), demonstrating that there is indeed
intrinsic uncoupling of mitochondrial oxidative phosphorylation in the livers of these mice. In
line with this, SCFA feeding led to increased expression of uncoupling protein (UCP) 2 (Figure
3J), suggesting that proton leak via UCP2 is responsible for the uncoupling observed (261).
Activation of the UCP2-AMPK-ACC pathway by SCFAs is dependent on PPARγ

Next we studied how SCFAs activate the UCP2-AMPK-ACC pathway. Possible candidates were
the peroxisome proliferator-activated receptors (PPAR) α and γ, which are known to regulate
UCP2 expression (262-264). When activated, PPARα enhances the expression of uncoupling
proteins as well as proteins involved in fatty-acid oxidation. In contrast, PPARγ expression and
activity need to be reduced to stimulate UCP2 expression (263, 265). In addition, both PPARα
and PPARγ – expressed in liver, adipose and muscle – are known to regulate whole-body lipid
metabolism (266-270). Clearly, however, SCFAs did not stimulate expression of PPARα – or its
target genes– in liver, adipose or muscle tissue (Figures S3A-C). In contrast, SCFAs did reduce
expression of PPARγ – and its target genes Cd36, Lpl, Fabp4 and Pltp – in liver and adipose
tissue, but not in muscle (Figures S3D-G), suggesting that PPARγ may well be the mediating
factor between SCFAs and the UCP2-AMPK-ACC pathway.
To find out whether PPARγ is causally involved in the induction by SCFAs of the UCP294
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Figure 3. SCFAs enhance oxidative metabolism. Eight-week-old male C57Bl/6J mice were fed a high-fat
diet supplemented with acetate, propionate or butyrate (5% w/w). (A-B) Plasma NEFA concentrations
and liver triglycerides after 12 weeks of diet. (C) Hepatic lipogenesis determined in vivo by incorporation
of [1-13C]-acetate dissolved in drinking water after 12 weeks of diet. (D) Hepatic ß-oxidation determined
ex vivo in liver homogenates by trapping 14C-labeled CO2 produced during incubation with [1-14C]-palmitic
acid. (E) Hepatic pAMPK and pACC protein levels were analyzed by western blot of tissue lysates from
mice after 12 weeks on diet. Quantification of the densitograms is shown in the right panel. (F) Hepatic
malonyl-CoA concentrations were determined by HPLC. (G) CPT-1 activity was analyzed by measurement
of palmitoyl-carnitine produced in total liver homogenates during incubation with palmitoyl CoA
and L-carnitine as substrates. (H) Hepatic AMP and ATP levels were determined by HPLC. (I) Liver
mitochondria were isolated and maximal ADP-stimulated oxygen consumption (i.e. state 3) and oxygen
consumption in the presence of oligomycin inhibition of ATP synthesis (i.e. state 4) were determined using
palmitoyl CoA as substrate. (J) Mitochondrial UCP2 protein levels were analyzed by western blot of tissue
lysates from mice after 12 weeks on the indicated diets. Quantification of the densitograms is shown in the
right panel. All values in the figure are presented as mean ± SEM for n=6-8; *p<0.05, **p<0.01, ***p<0.001
vs control. This figure is complemented by Figure S2.

AMPK-ACC signaling pathway, we first investigated this in vitro in liver cells (HepG2),
differentiated adipose cells (3T3-L1) and muscle cells (C2C12). 24h treatment with SCFAs
reduced mRNA and protein levels of PPARγ and its target genes in HepG2 and 3T3-L1 cells, but
not in C2C12 cells (Figures 4A-C). SCFAs also enhanced the activity of the UCP2-AMPK-ACC
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Figure 4. Activation of the UCP2-AMPK-ACC pathway by SCFAs depends on PPARγ. HepG2 cells,
differentiated 3T3-L1 cells and differentiated C2C12 cells were incubated with 3 mM SCFAs for 24 hours
in the presence of 100 nM rosiglitazone or 10 µM GW9662 as indicated. (A-C) mRNA expression of PPARγ
and target genes was assessed via qPCR in HepG2, differentiated 3T3-L1 and C2C12 cells after 24h
incubation with SCFAs. (D-F) PPARγ, UCP2, pAMPK and pACC protein levels were assessed by western
blot in HepG2, differentiated 3T3-L1 and C2C12 cells after 24h incubation with SCFAs. (G) PPARγ, UCP2,
pAMPK and pACC protein levels were assessed by western blot in HepG2 and differentiated 3T3-L1
cells after incubation with SCFAs and the PPARγ agonist rosiglitazone (Rosi). (H) PPARγ, UCP2, pAMPK
and pACC protein levels were assessed by western blot in HepG2 and differentiated 3T3-L1 cells after
incubation with SCFAs and the PPARγ antagonist GW9662. All values in the figure are presented as mean
± SEM for n=6; *p<0.05 vs control. This figure is complemented by Figure S3.
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signaling pathway in HepG2 and 3T3L1 cells, but not in C2C12 cells (Figures 4D-F), in line with
our in vivo results.
Next, we investigated whether interfering with PPARγ activity affected the effects of SCFAs.
HepG2 and 3T3-L1 cells were incubated with either the full PPARγ agonist rosiglitazone or
the PPARγ antagonist GW9662 and the effects of SCFAs on the UCP2-AMPK-ACC signaling
pathway were studied. By offsetting the partial repression of PPARγ expression and activity
by SCFAs, rosiglitazone abolished both the SCFA-induced reduction in PPARγ expression and
the accompanying increase in the activity of the UCP2-AMPK-ACC pathway (Figure 4G). On the
other hand, complete inhibition of the activity of PPARγ by the PPARγ antagonist GW9662 did
not affect the SCFA-induced reduction in PPARγ expression but did abolish the accompanying
increase in the activity of the UCP2-AMPK-ACC pathway (Figure 4H). Apparently, either
activation or inhibition of the activity of PPARγ abolished the SCFA-induced increase of the
activity of the UCP2-pAMPK-pACC pathway. Together, these results indicate that the activation
of the UCP2-pAMPK-pACC pathway by SCFAs in HepG2 and 3T3-L1 cells was due to the
observed reduction of PPARγ expression and activity, while PPARα had no role in these SCFAinduced effects.
Hepatic PPARγ deficiency impairs the SCFA-induced reduction in hepatic steatosis but not
the protection against HFD-induced obesity and insulin resistance

To distinguish between the role of PPARγ in the liver and that in other tissues, we fed mice
with a liver-specific knock-out (L-KO) of PPARγ an HFD supplemented with SCFAs. Body
weight gain was still significantly attenuated by all three individual SCFAs (Figure 5A) and was
accompanied by a reduced WAT mass (Figures 5B and S4A). The increased insulin sensitivity
in SCFA-fed mice was not affected by disruption of hepatic PPARγ, since SCFA feeding of the
L-KO mice still enhanced glucose disposal upon insulin injection and lowered insulin and
HOMA-IR levels (Figures 5C-D and S4B-C). This is in line with our previous observation that
insulin sensitivity was increased in peripheral tissues, but not in the livers of SCFA-fed wildtype mice (Figure 1N). In contrast to wild-type mice, SCFA-fed PPARγ L-KO mice had higher
RER values and plasma NEFA concentrations than those of the non-SCFA-fed controls (Figures
5E-F). In addition, the reduction in hepatic triglycerides and increase in hepatic lipid oxidation
capacity upon SCFA treatment were abolished in PPARγ L-KO mice (Figures 5G-H). In PPARγ
L-KO mice, we were no longer able to detect any differences in protein levels of UCP2, pAMPK
and pACC in the liver between the SCFA-fed and non-SCFA-fed groups (Figure 5I), nor did we
see any effects on the target genes of PPARγ (Figure S4D).
Next we wondered whether the persisting decrease in body weight gain and insulin
resistance in SCFA-fed L-KO PPARγ mice was due to an effect of SCFAs on PPARγ in white
adipose tissue. Indeed, SCFA-fed L-KO PPARγ mice exhibited a 2-fold increase in lipid oxidation
capacity in adipose tissue (Figure 5H). This increase was accompanied by the following effects
in the adipose tissue of these mice: a reduction in PPARγ protein levels (Figure 5I) and in the
transcripts of its target genes Cd36, Lpl, Fabp4 and Pltp (Figure S4E), and a concomitant
increase of UCP2, pAMPK and pACC protein levels (Figure 5I). These findings were similar to
our observations in the livers of SCFA-fed wild-type mice (Figure 3). Altogether, these results
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Figure 5. Hepatic PPARγ deficiency impairs the SCFA-induced reduction in hepatic steatosis but not the
protection against HFD-induced obesity and insulin resistance. Eight-week-old male liver-specific PPARγ
knock-out mice were fed a high-fat diet supplemented with acetate, propionate or butyrate (5% w/w). (A)
Body weight was measured for a period of 10 weeks. *p<0.05 acetate vs control, #p<0.05 propionate vs
control, $p<0.05 butyrate vs control. (B) White adipose tissue mass after 10 weeks on the indicated diets.
(C) Insulin tolerance tests were performed on mice after 9 weeks on the indicated diets and after a 4h fast.
*p<0.05 acetate vs control, #p<0.05 propionate vs control, $p<0.05 butyrate vs control. (D) HOMA-IR was
calculated from fasting glucose and insulin levels in mice after 10 weeks on the indicated diets. (E) RER
was evaluated using indirect calorimetry data in mice after 9 weeks on the indicated diets. (F-G) Plasma
NEFA concentrations and liver triglycerides in mice after 10 weeks on the indicated diets. (H) Fatty-acid
ß-oxidation in liver and white adipose tissue was measured in mice after 10 weeks on the indicated diets.
(I) PPARγ, UCP2, pAMPK and pACC protein levels were assessed by western blot in liver and white adipose
tissue lysates. Quantification is shown in the right panel. All values in the figure are presented as mean ±
SEM for n=6-8; *p<0.05, **p<0.01, ***p<0.001 vs control. This figure is complemented by Figure S4.

clearly indicate that hepatic PPARγ deficiency impairs the SCFA-induced reduction in hepatic
steatosis, but not the protection against HFD-induced obesity and insulin resistance.
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Adipose PPARγ deficiency impairs the SCFA-induced protection against HFD-induced
obesity and insulin resistance but not the reduction in hepatic steatosis
The persisting decrease in body weight gain and increase in insulin sensitivity in SCFA-fed
L-KO PPARγ mice prompted us to test the role played by adipose PPARγ in the systemic
effects of SCFAs. To this end, we fed adipose-specific PPARγ knock-out (A-KO) mice an HFD
supplemented with SCFAs. The effects of SCFAs on body weight gain and WAT mass were
completely abolished in A-KO PPARγ mice on an HFD (Figures 6A-B and S5A, respectively). The
SCFA-induced increase in insulin sensitivity was also abolished by disruption of adipose PPARγ,
as could be concluded from the SCFA-independent HOMA-IR levels, and glucose and insulin
plasma concentrations (Figures 6C-D and S5B-C). In the A-KO PPARγ mice, SCFAs had no effect
on RER and plasma NEFA concentrations (Figures 6E-F), in contrast to our observations in
the L-KO PPARγ mice (Figures 5E-F). The strong reduction in liver triglycerides was, however,
preserved in SCFA-fed A-KO PPARγ mice (Figure 6G). In addition, the increase in liver size
that we observed when disrupting adipose PPARγ in mice fed a HFD was abolished by SCFA
treatment (Figures S5D-E). These differences can be attributed to the SCFA-induced increase
in hepatic lipid oxidation capacity that was still present in A-KO PPARγ mice (Figure 6H).
Importantly, while disruption of adipose PPARγ did not influence the SCFA-induced effects on
either lipid oxidation capacity, expression of PPARγ and its target genes, or the UCP2-AMPKACC pathway in liver tissue (Figures 6H-I and S5F), it did abolish these effects in adipose tissue
(Figures 6H-I and S5G). Taken together, these results clearly indicated that SCFA-induced
protection against HFD-induced obesity and insulin resistance is impaired by adipose PPARγ
deficiency while the reduction in hepatic steatosis is not.

Discussion

In this study we demonstrate that the beneficial metabolic effects of SCFAs – protection against
HFD-induced obesity and improved insulin sensitivity – are mediated by downregulation of
PPARγ. The subsequent chain of events comprises upregulation of UCP2, activation of AMPK,
inhibition of ACC, enhanced fatty acid oxidation and mild uncoupling of respiration from ATP
synthesis. Organ-specific ablation of the PPARγ gene revealed independent roles for the PPARγ
protein in liver and adipose tissue. Our results are in line with other studies in which similar
physiological effects of SCFAs have been found and which have also implicated AMPK signaling
(17, 122, 123). However, by identifying PPARγ as a central regulator of the systemic response,
we are the first to integrate the role of all three major SCFAs (acetate, propionate and butyrate)
into a single mechanism.
The combined results of our in vivo and in vitro experiments suggest an SCFA-induced
cascade in which downregulation of PPARγ activates an UCP2-AMPK-ACC-fatty-acid oxidation
network. This cascade shifts metabolism in adipose tissue and liver from lipogenesis to fattyacid oxidation. Here it should be noted that SCFA-induced activation of the enzyme CPT-1 – which
exerts strong control over the mitochondrial fatty-acid oxidation flux (271) – took place via a dual
mechanism, i.e. both by enhancing its catalytic capacity (Vmax) and reducing the concentration of
its inhibitor, malonyl-CoA. The latter is the product of the ACC enzyme, which is phosphorylated
and inactivated by AMPK. The shift to fatty-acid oxidation is only sustainable, however,
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Figure 6. Adipose PPARγ deficiency impairs the SCFA-induced protection against HFD-induced obesity
and insulin resistance but not the reduction in hepatic steatosis. Eight-week-old male adipose-specific
PPARγ knock-out mice were fed a high-fat diet supplemented with acetate, propionate or butyrate (5%
w/w). (A) Body weight was measured for a period of 10 weeks on the indicated diets. *p<0.05 acetate vs
control, #p<0.05 propionate vs control, $p<0.05 butyrate vs control. (B) White adipose tissue mass of mice
after 10 weeks on the indicated diets. (C) Insulin tolerance tests were performed on mice after 9 weeks on
the indicated diets and after a 4h fast. *p<0.05 acetate vs control, #p<0.05 propionate vs control, $p<0.05
butyrate vs control. (D) HOMA-IR was calculated from 4h fasting glucose and insulin levels in mice after
10 weeks on the indicated diets. (E) RER was evaluated using indirect calorimetry data in mice after 9
weeks on the indicated diets. (F-G) Plasma NEFA concentrations and liver triglycerides in mice after 10
weeks on the indicated diets. (H) Fatty-acid ß-oxidation in liver and white adipose tissue was measured
in mice after 10 weeks on the indicated diets. (I) PPARγ, UCP2, pAMPK and pACC protein levels were
assessed by western blot in liver and white adipose tissue lysates. Quantification of the densitograms
is shown in the right panel. All values in the figure are presented as mean ± SEM for n=6-8; *p<0.05,
**p<0.01, ***p<0.001 vs control. This figure is complemented by Figure S5.

if the demand for its products is also stimulated (272). Indeed, we found increased state 4
respiration, pointing to partial uncoupling of oxidative phosphorylation from respiration, and
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lower levels of ATP, which further stimulates respiration. This is a clear example of what has
been described as multisite modulation, i.e. the phenomenon that metabolic fluxes can only be
altered by simultaneous modulation of multiple enzymes in a pathway (273).
The observed mitochondrial uncoupling may – at least in part – be explained by the
increased expression of UCP2 that we measured. UCP2 belongs to a family of mitochondrial
uncoupling proteins comprising UCP1, 2 and 3, all three with proton leak activity (274, 275).
Whereas UCP1 has clear-cut proton-conducting activity, UCP2 catalyzes the proton-driven
exchange of phosphate for small dicarboxylic acids across the mitochondrial inner membrane
(276). This allows UCP2 to dissipate the proton gradient across the mitochondrial inner
membrane in a substrate-dependent manner.
In addition to our finding that PPARγ is a central regulator of the beneficial effects of
SCFAs, we also demonstrated that liver and adipose tissue contribute independently to
this mechanism: the beneficial effects on whole body fat accumulation, hepatic steatosis,
hypertriglyceridemia and insulin sensitivity appear to be mediated differently in these two
tissues. While an SCFA-induced reduction of PPARγ in the liver reduced hepatic triglyceride
concentrations, the same reduction in adipose tissue reduced body weight and improved
insulin sensitivity. The fact that cultured adipose or liver cells respond to SCFAs in the same
way, by reducing PPARγ and activating the UCP2-AMPK-ACC-fatty-acid oxidation network,
suggests that the organs respond directly to the SCFAs that have been taken up into the
body. This idea is further corroborated by our recent finding in mice that the fluxes of SCFA
uptake into the body – but not the SCFA concentrations in the cecum – are correlated with
the physiological effects of dietary fiber (Chapter 2). Interestingly, it was recently shown that
the intestinal gluconeogenesis pathway is an equally important mediator of SCFA-induced
reduction of body weight and insulin resistance as PPARγ in our study. De Vadder et al. (277)
showed - by capsaicin-induced periportal nervous deafferentation - that propionate exerts its
effect via a gut-brain communication axis. Intestinal knockout of the gluconeogenic gene G6P
abolished the benefits of fiber and SCFAs on body weight and glucose homeostasis, as our
adipose knockout of PPARγ. How this intestinal pathway relates to the PPARγ pathway in liver
and adipose is currently unclear.
That we established PPARγ as a central mediator of the beneficial effects of SCFAs has
possible consequences for the treatment of metabolic disorders. A key finding in the PPARγ field
is that adipose mass increases almost proportionally to PPARγ activity, while either inhibition
or activation of PPARγ sensitizes the body for insulin (278). With regard to treatment, the
most suitable molecules are most likely those that uncouple these different functions of PPARγ
such that the receptor sensitizes the body for insulin, without any undesired adipogenesis.
Such selective PPARγ modulators (SPPARMs) have been proposed by others (279) and our
results suggest that SCFAs act as highly effective endogenous SPPARMs. To turn this finding
into an application, human trials are needed. So far, however, only few human studies have
investigated the effects of SCFA supplementation on the metabolic syndrome. Nevertheless,
intravenous administration of acetate or propionate has been shown to reduce plasma free
fatty acids in humans (131, 132). In another study, 12 weeks of dietary vinegar (acetate)
supplementation in obese Japanese subjects led to lower body weight, body fat mass and
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serum triglycerides levels than in the placebo-controlled group (124). This is in agreement
with our observation that SCFAs not only prevent but also reverse a HFD-induced body weight
increase: SCFA supplementation to mice that were already obese not only increased insulin
sensitivity but also had anti-adipogenic effects through a reduction in PPARγ expression and
activity. Altogether, this makes the inexpensive SCFAs very attractive compounds to prevent
and reverse HFD-induced obesity and insulin resistance.
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Supplemental figures

Figure S1. SCFA treatment reduces WAT mass but does not affect the activity pattern. Eight-week-old
male C57Bl/6J mice were fed a high-fat diet mixed either with acetate, propionate or butyrate (5% w/w).
(A) WAT to body weight ratio of mice after 12 weeks on high-fat diet. (B) Locomotor activity was evaluated
by beam breaks using indirect calorimetry cages after 10 weeks on high-fat diet. All values in the figure
are presented as mean ± SEM for n=6-8; ***p<0.001 vs control. This figure is supplemental to Figure 1.

5

Figure S2. SCFA treatment reduces the expression of lipogenic genes in the liver. Eight-week-old male
C57Bl/6J mice were fed a high-fat diet mixed either with acetate, propionate or butyrate (5% w/w). (A)
Liver weight to body weight ratio of mice after 12 weeks on high-fat diet. (B) Hepatic mRNA expression
of lipogenic genes was assessed via qPCR. (C) Hepatic FASN protein expression was assessed by western
blot. Quantification is shown in the right panel. (D) Hepatic adenine nucleotides were determined by
HPLC. All values in the figure are presented as mean ± SEM for n=6-8; *p<0.05, **p<0.01, ***p<0.001 vs
control. This figure is supplemental to Figure 3.
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Figure S3. SCFA treatment affects PPARγ in liver and adipose tissue. Eight-week-old male C57Bl/6J
mice were fed a high-fat diet mixed either with acetate, propionate or butyrate (5% w/w). (A-C) mRNA
expression of PPARα and its target genes was assessed via qPCR in liver, adipose and muscle tissue of
mice after 12 weeks on the diet. (D-F) mRNA expression of PPARγ and target genes was assessed via
qPCR in liver, adipose and muscle tissue of mice after 12 weeks on the diet. (G) Protein expression of
PPARγ was analyzed by western blot in liver, adipose and muscle tissue of mice after 12 weeks on the diet.
Quantification is shown in the right panel. All values in the figure are presented as mean ± SEM for n=6-8;
*p<0.05 vs control. This figure is supplemental to Figure 4.
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5
Figure S4. SCFA treatment affects WAT mass in L-KO PPARγ mice. Eight-week-old male liver-specific
PPARγ knock-out mice were fed a high-fat diet mixed either with acetate, propionate or butyrate (5%
w/w). (A) WAT to body weight ratio after 10 weeks on diet. (B-C) Blood glucose and insulin levels
measured in animals after 10 weeks on their respective diets and after a 4h fast. (D-E) mRNA expression
of PPARγ and target genes was assessed via qPCR in liver and adipose tissue of mice after 10 weeks on
diet. All values in the figure are presented as mean ± SEM for n=6-8; *p<0.05, **p<0.01, ***p<0.001 vs
control. This figure is supplemental to Figure 5.
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Figure S5. SCFA treatment affects liver tissue in A-KO PPARγ mice. Eight-week-old male adipose-specific
PPARγ knock-out mice were fed a high-fat diet mixed either with acetate, propionate or butyrate (5%
w/w). (A) WAT to body weight ratio of mice after 10 weeks on diet. (B-C) Blood glucose and insulin levels
measured in animals after 10 weeks on their respective diets and after a 4h fast. (D) Liver weight of mice
fed for 10 weeks. (E) Liver weight to body weight ratio of mice fed for 10 weeks. (F-G) mRNA expression
of PPARγ and target genes was assessed via qPCR in liver and adipose tissue of mice after 10 weeks on
diet. All values in the figure are presented as mean ± SEM for n=6; ***p<0.001 vs control. This figure is
supplemental to Figure 6.
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Supplemental information
Table S1. Primer sequences used for qPCR.
Gene

Forward (5`-3`)

Reverse (5`-3`)

Cd36

GATCGGAACTGTGGGCTCAT

GGTTCCTTCTTCAAGGACAACTTCT

PPARγ
Lpl

Fabp4
Pltp

FASN

Elovl5
Elovl6
Acc1
Acc2
Scd1

Srebp-1c
Cpt1a
Mcad
Lcad

PPARα
Acox1
Pdk4

Fgf21
36b4

CACAATGCCATCAGGTTTGG

AAGGTCAGAGCCAAGAGAAGCA

CCAGACAAGGGTTTTACAGATAAGCT
TTCCTCCTCAACCAGCAGATCT
GGCATCATTGGGCACTCCTT

TGGCTGTTCTTCCAGATTGGA
ACACGTAGCGACTCCGAAGAT
GCCATTGGTATTGGGGCTTAC

CATACACAGAGCTGGTGTTGGACT
ATGCTCCAAGAGATCTCCAGTTCT
GGAGCCATGGATTGCACATT

CTCAGTGGGAGCGACTCTTCA

GCAGCCAATGATGTGTGCTTAC

TACGGCACAAAAGAACAGATCG
TATTCGGCTGAAGCTGGTGTAC

GGAGAAGTTGGGAAGACCACTG

GCATTTCTACTCGGATGCTCATG
CCGCAGTCCAGAAAGTCTCC

GCTTCATTGTGGGAGCAGACA

GCTGGTCGATATCACTGGAGATC

CCAGAAAAGTGAATCTTGACTTGGT
ACCTGCTGTGCACCACAATG

CAGGAGGGAGTTGAGCAACAC
GCTGCAAGCACAGCCTCTCT

CCCTTTCTTGTTGTAAGTCTGAATGTA
AGCGCAGAAAACAGGAAAGACT
CCCGACCAAGGACTTTGTTG
CACCATGCCCACCTCGTTAC

CTTCACCTTCTCTCGTTCATTTCC
CCTGTCTCACCCCCAGCATA

GGCCTCTGTGGTACACGACAA

CACCCTTCTTCTCTGCTTTGGT

CAGGCTCTGTCATGGCTATGGT
CTGGCATTTGTTCCGGTTCT

CAATGGCCGTCATGTGAGTT

CCAATGTGGCTTGGGTTTCC

5

TGACACCCAGGATTTGAATGAC
CATGGTGTTCTTGCCCATCAG
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Abstract
Dietary supplementation with the fiber guar gum decreases hypercholesterolemia,
hyperglycemia and obesity in both rodents and humans. Short-chain fatty acids (SCFAs), the
main products of intestinal bacterial fermentation of dietary fiber, have been suggested to play
a key role. Previously, we showed that SCFAs protect against metabolic syndrome via a signaling
cascade that involves peroxisome proliferator-activated receptor (PPAR) γ repression and
AMPK activation. In this study we investigated the molecular mechanism via which the dietary
fiber guar gum protects against the metabolic syndrome. C57Bl/6J mice were fed a high-fat
diet supplemented with 0% or 10% of the fiber guar gum for 12 weeks and effects on lipid and
glucose metabolism were studied. We demonstrate that, like SCFAs, also guar gum protects
against high-fat diet-induced metabolic abnormalities by PPARγ repression, subsequently
increasing mitochondrial uncoupling protein 2 expression and AMP/ATP ratio, leading to the
activation of AMP-activated protein kinase and culminating in enhanced oxidative metabolism
in both liver and adipose tissue. Furthermore, guar gum markedly increased peripheral glucose
clearance, possibly mediated by the SCFA-induced colonic hormone glucagon-like peptide-1.
Overall, this study provides novel molecular insights into the beneficial effects of guar gum
on the metabolic syndrome and strengthens the potential role of guar gum as a dietary-fiber
intervention.
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Introduction
The shift in diet in Western and developing countries from a traditional high-fiber, low-fat,
low-calorie diet towards a low-fiber, high-fat, high-calorie diet is accompanied with a growing
prevalence of obesity and insulin resistance (167, 168). Epidemiological and large observational
studies reported an inverse correlation between dietary fiber intake and body weight, insulin
resistance, hypertension and dyslipidemia (169) suggesting that fiber supplementation to the
diet may be beneficial. Indeed, a variety of studies have shown that dietary fiber intervention
decreased obesity and insulin resistance in both healthy and metabolic syndrome patients
(reviewed by Galisteo et al. (167)). The dietary fiber guar gum is especially promising, as it
has been shown to decrease hypercholesterolemia, hyperglycemia and obesity. In randomized
controlled clinical trials a 6-week supplementation of guar gum reduced fasting plasma glucose
and insulin levels, and increased insulin sensitivity in healthy and type 2 diabetes humans
(171, 178). Prolonging the guar gum supplementation to 8 weeks also led to a decrease in
fat mass and body weight in overweight subjects (179, 280). The beneficial effects of dietary
fibers work through the intestinal microbiota (281). Short-chain fatty acids (SCFAs), of which
acetate, propionate and butyrate are the most abundant, are the main products of intestinal
bacterial fermentation of dietary fiber and have been suggested to play a key role in the dietary
fiber-induced beneficial effects (Chapter 1). We showed that dose-dependent effects of guar
gum-supplementation on body weight and insulin sensitivity correlate with the rate of SCFA
uptake by the host, but not with their cecal concentration (Chapter 2), suggesting that fiberderived SCFAs need to be taken up to exert their full physiological effect.
Also when SCFAs are supplied via the diet, they are highly efficacious in protection against
high-fat diet-induced obesity and insulin resistance (17, 122, Chapter 5). We showed that
all three individual SCFAs repress peroxisome proliferator-activated receptor (PPAR) γ
expression, subsequently increasing mitochondrial uncoupling protein (UCP) 2 expression
and AMP/ATP ratio, leading to the activation of AMP-activated protein kinase (AMPK) and
culminating in enhanced oxidative metabolism in both liver and adipose tissue (Chapter 5).
In this study we investigate directly whether guar gum exerts its effects on body weight
and insulin sensitivity via the same signaling cascade as the SCFAs, as should be expected
when it acts through the SCFAs that are taken up by the host. In addition, we reveal a role for
the SCFA-induced colonic hormone glucagon-like peptide-1.

Materials and Methods

Animals and Experimental Design
Male C57Bl/6J mice (Charles River, L’Arbresle Cedex, France), 2 months of age, were housed
in a light- and temperature-controlled facility (lights on 6:30 a.m. to 6:30 p.m., 21 °C) and had
free access to water and diet. They were fed a high-fat semi-synthetic diet (D12451, Research
Diet Services, Wijk Bij Duurstede, The Netherlands) in which 0 or 10% (w/w) guar gum
(ViscogumTM MP 41230, Cargill, United States) replaced an equivalent amount of corn starch.
Experimental procedures were approved by the Ethics Committees for Animal Experiments of
the University of Groningen.
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Plasma and tissue sampling
The mice were fasted from 6-10 a.m. Blood glucose concentrations were measured using a
EuroFlash meter (Lifescan Benelux, Belgium). Mice were subsequently sacrificed by cardiac
puncture under isoflurane anesthesia. DPP IV inhibitor (DPP4, Millipore) was added, blood
was centrifuged (4000 x g for 10 min at 4 °C) and plasma was stored at -80 °C. Liver was
quickly removed, snap-frozen in liquid nitrogen and stored at -80 °C. Epididymal fat pads were
weighed. Cecal content and cecum were quickly removed, snap-frozen in liquid nitrogen and
stored at -80 °C. Plasma NEFA concentrations were determined using a commercially available
kit (Roche Diagnostics, Germany). Plasma insulin (ALPCO Diagnostics, United States), PYY
(ALPCO Diagnostics, United States) and GLP-1 levels (Merck Millipore, United States) were
determined using ELISA and HOMA-IR was calculated (IR = fasting insulin mU/L x fasting
glucose mM ÷ 22.5). Hepatic TG content was determined using a commercially available kit
(Roche) after lipid extraction (223).
Lipogenesis was determined from the incorporation of [1-13C]-acetate into palmitate
by providing 2% (w/v) [1-13C]-acetate in drinking water for 24h as described previously
(194). Fatty acid ß-oxidation capacity was measured in fresh liver and adipose homogenates
according to Hirschey et al. (255). Briefly, tissue was homogenized in sucrose/Tris/EDTA
buffer, incubated for 30 min in the reaction mixture (pH 8.0) containing [1-14C]palmitic acid,
and trapped [14C]CO2 was measured. Adenosine concentrations were determined by HPLC
according to Miller et al. (251).
Indirect calorimetry

Oxygen consumption, energy expenditure, respiratory exchange ratio and food intake were
measured simultaneously for each mouse using the Comprehensive Laboratory Animal
Monitoring System and Software (TSE Systems GmbH, Germany). The energy balance was
determined by measuring the energy content (290) of diet and dried, homogenized feces using
a bomb calorimeter (CBB 330, standard benzoic acid 6320 cal g-1, BCS-CRM no.90N).
Glucose and insulin tolerance

Intraperitoneal glucose tolerance testing was conducted by intraperitoneal injection of 2 g
glucose per kg body weight after an overnight fast of 9h. Intraperitoneal insulin tolerance
testing was conducted by intraperitoneal injection of insulin (NovoRapid) at 0.75 units/kg
body weight after a 4h fast.
Oxygen consumption rates in liver mitochondria

Mitochondria were isolated from fresh liver tissue according to Mildaziene et al. (255). The
rates of oxygen consumption in isolated liver mitochondria were measured at 37 °C using
a two-channel high-resolution Oroboros oxygraph-2k (Oroboros, Innsbruck, Austria) with
palmitoyl CoA and malate as substrates in MiR05 buffer (282). Maximal ADP-stimulated
oxygen consumption (state 3) was achieved by adding 4.8 U ml-1 hexokinase, 12.5 mM glucose
and 1 mM ATP. The resting state oxygen consumption rate (state 4) was determined after
blocking ADP phosphorylation with 1.25 μM carboxyatractyloside. The respiratory control
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ratio (RCR) was calculated by dividing the oxygen consumption rate in state 3 by the oxygen
consumption rate in state 4.
In vivo hepatic carbohydrate flux measurements

Mice were operated for jugular vein catherization after 11 weeks on diet and in vivo hepatic
carbohydrate flux measurements were determined as prescribed before (283). In brief, mice
were fasted for 9h and were infused for a 3h basal period with a solution containing [U-13C]
glucose (1.25 mg/ml), [2-13C]glycerol (7.5 mg/ml), [1-2H]galactose (3 mg/ml) (Cambridge
Isotope Laboratories, Andover, MA), and paracetamol (1 mg/ml) at an infusion rate of 0.54
ml/h. For the hyperinsulinemic condition, solutions were changed after 3h, and mice were
subjected to a 3h hyperinsulinemic period by infusing a solution containing insulin (44 mU/
ml, Actrapid; Novo Nordisk, Denmark), somatostatin (40 μg/ml; UCB, The Netherlands), [213
C]glycerol (30 mg/ml), [1-2H]galactose (12 mg/ml), paracetamol (4 mg/ml), and 1% BSA
(Sigma, St. Louis, MO) at a constant rate of 0.135 ml/h. During hyperinsulinemia, euglycemia
was kept by infusion of a second solution that contained 27% glucose (291 mg/ml) and 3%
[U-13C]glucose (9 mg/ml) at an adjustable rate to maintain plasma glucose levels. During the
experiment, blood glucose levels were measured every 15 min in blood drops collected by tail
tip bleeding. Every 30 min, blood spots for GC-MS analysis were taken by tail tip bleeding on
filter paper, air dried, and stored at room temperature until further analysis. Urine samples
were collected on filter paper at hourly intervals. Hepatic carbohydrate fluxes were calculated
using mass isotopomer distribution analysis (MIDA) as previously described (190).
Cecal SCFA infusion experiments

Cecal SCFA infusions were performed as described in Chapter 3. Briefly, mice were equipped
with a permanent cecum catheter and allowed a recovery period of at least 5 days. On the day
of the experiment, the mice were individually housed and fasted from 6:00 to 10:00 a.m. All
infusion experiments were performed in conscious, unrestrained mice. Four different groups
of each 8 mice received a 140 mM phosphate-buffered saline (140 mM NaCl, 10 mM sodium
phosphate at pH 5.8), a 140 mM sodium acetate (S2889; Sigma), a 140 mM sodium propionate
(P1880; Sigma) or a 140 mM sodium butyrate (303410; Sigma) solution infused via the cecum
catheter at a rate of 0.2 ml/h for 6h. The infusion rate of SCFA was based on the recommended
intake of dietary fiber for humans of 38 g/day/human, which results in approximately 380
mmol SCFAs/day/human (31, 224). When converted to mice, this corresponds to 170 µmol
SCFAs/day/mouse. By infusing 140 mM SCFAs directly into the cecum at a rate of 0.2 ml/h for
6h, a total amount of 168 µmol SCFA was given per mouse. After 6h of infusion, animals were
terminated by cardiac puncture under isoflurane anesthesia. Cecum was removed quickly,
freeze-clamped, and stored at -80°C. Blood was centrifuged (4000 x g for 10 min at 4 °C) and
plasma was stored at -80°C.
Gene expression levels and immunoblot analysis

RNA was extracted from livers using Tri reagent (Sigma-Aldrich, St. Louis, MO) and converted
into cDNA by a reverse transcription procedure using M-MLV and random primers according
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to the manufacturer’s protocol (Sigma-Aldrich). For quantitative PCR (qPCR), cDNA was
amplified using the appropriate primers and probes. Taqman RT-PCR primer and probe
were used to determine mRNA for MCT-1 (Mm01315398_m1), SMCT-1 (Mm00520629_m1),
Ffar2 (Mm02620654_s1), Ffar3 (Mm02621638_s1), PYY (Mm00520716_g1) and GLP1 (Mm01269055_m1). mRNA levels were calculated relative to 36b4 (Mm00725448_s1)
expression and normalized for expression levels of mice fed the control diet.
For immunoblot analysis, whole-cell lysate was prepared in lysis buffer and the protein
concentrations were determined using the BCA Protein Assay kit (Pierce). Individual samples
were mixed with loading buffer, heated for 5 min at 96 °C and subjected to SDS-PAGE.
Antibodies and their sources are phosphorylated AMP kinase (pAMPK Thr172, no. 2531; Cell
Signaling), phosphorylated acetyl CoA carboxylase (pACC S79, no. 31931; Abcam), uncoupling
protein 2 (UCP2, no. 6525; Santa Cruz), peroxisome proliferator-activated receptor γ (PPARγ,
no. 2435; Cell Signaling) and fatty acid synthase (FASN, no. 3180; Cell Signaling). As loading
control, ß-actin (no. 2066; Sigma) was used for liver and adipose tissue. Finally, horseradish
peroxidase-conjugated anti-rabbit from donkey (Amersham Pharmacia Bioscience) or
horseradish peroxidase-conjugated anti-goat from donkey (Dako, Glostrup, Denmark)
and SuperSignal West Pico Chemiluminescent Substrate System (Pierce) were used. The
immunoblots were analyzed by densitometry using Image Lab software (Bio-Rad).
Statistics

All data are presented as mean values ± SEM. Statistical analysis was assessed by MannWhitney U-test or one-way ANOVA using the Tukey test for post-hoc analysis. Statistical
significance was reached at a p value below 0.05.

Results

Guar gum protects against high-fat diet-induced obesity and insulin resistance
To examine the effects of guar gum during the development of obesity and insulin resistance,
wild-type C57Bl/6J mice were fed a high-fat diet (HFD) supplemented with 0 or 10% guar gum
for 12 weeks. As expected, HFD induced body weight (BW) gain, while guar gum
supplementation attenuated the increase in BW (Figure 1A) and concomitantly reduced the
mass of white adipose tissue (WAT) (Figure 1B). Guar gum increased the cecal SCFA
concentrations as well as the mRNA expression of the cecal SCFA transporters (Figure 1C and
1D, respectively). These results correspond with those of a previous 6-week guar gumsupplementation (Chapter 2). To investigate the whole-body effect of guar gum on energy
metabolism, the mice were subjected to indirect calorimetry. The reduced BW gain of guar
gum-fed mice was not due to reduced food intake, as guar gum-fed mice actually had increased
energy intake and uptake when normalized for BW (Figure 1E). Furthermore, guar gum did
not affect the activity pattern of mice (Figure 1F), indicating that the lower BW on HFD was not
due to different physical activity either. Rather, the phenotype was explained by enhanced
energy expenditure (Figure 1G). Mice fed guar gum displayed a shift towards increased fatty
acid oxidation, as indicated by higher O2 consumption rates and lower respiratory exchange
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Figure 1. Guar gum protects against dietary-induced obesity. (A) Body weight evolution was monitored for
12 weeks. (B) White adipose tissue to body weight ratio. (C) Cecal SCFA concentrations were determined
by GC/MS. (D) Cecal mRNA expression of genes involved in SCFA transport was assed via qPCR. (E) Energy
balance was determined by measuring the energy content of the diet and dried homogenized feces. Uptake
is defined as the difference between intake and output. (F-I) Total activity, energy expenditure, VO2 and
RER were evaluated using indirect calorimetry data after 10 weeks on high-fat diet. All values throughout
the figure are presented as mean ± SEM for n=7-8; *p<0.05, ***p<0.001.

ratio (RER) values (Figures 1H and 1I, respectively).

Guar gum enhances oxidative metabolism via the same signaling cascade as SCFAs
Next we wondered if guar gum acts through the same signaling cascade as SCFAs when the
latter are supplied via the diet (Chapter 5). SCFA supplementation resulted in repression of
PPARγ expression, subsequently increasing mitochondrial UCP2 expression and AMP/ATP
ratio, leading to the activation of AMPK and culminating in enhanced oxidative metabolism in
both liver and adipose tissue (Chapter 5).
Indeed also guar gum supplementation decreased expression of PPARγ and increased the
expression of UCP2 in both liver and adipose tissue (Figure 2A). Increased UCP2 expression by
guar gum enhanced uncoupling of mitochondrial oxidative phosphorylation, as demonstrated
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Figure 2. Guar gum decreases lipogenesis and increases mitochondrial fatty-acid oxidation in liver and
adipose tissue. (A) PPARγ and UCP2 expression in liver and adipose tissue were analyzed by western
blot of mice 12 weeks on diet. Quantification is shown in the lower panel. (B-C) Liver mitochondria
were isolated and maximal ADP-stimulated oxygen consumption (i.e. state 3) and resting state oxygen
consumption (i.e. state 4) were determined using palmitoyl CoA and malate as substrates. (D) AMP to ATP
ratios in liver and adipose tissue were determined by HPLC. (E) pAMPK, pACC and FASN expression in
liver and adipose tissue were analyzed by western blot of mice 12 weeks on diet. Quantification is shown
in the lower panel. (F-G) Lipogenesis and ß-oxidation in liver and adipose tissue after 12 weeks of diet.
(H-I) Liver triglycerides and plasma NEFA concentrations after 12 weeks of diet. All values throughout the
figure are presented as mean ± SEM for n=6-8; *p<0.05, **p<0.01, ***p<0.001.

by a significant increase of the respiration rate in state 4 and a 1.5-fold decrease of the
respiratory control ratio in isolated liver mitochondria (Figures 2B-C). Unfortunately, the low
amount of mitochondria in WAT (284) precluded direct measurements of oxygen consumption
in the latter. Consistently with the increased mitochondrial uncoupling, the AMP/ATP ratio
was increased in both liver and adipose tissue upon guar gum feeding (Figure 2D). The AMP/
ATP ratio is a sensitive reflection of the metabolic state of the cell and a direct activator of
AMPK (260). Indeed, guar gum-supplementation resulted in increased AMPK phosphorylation
and increased phosphorylation and decreased expression of the downstream AMPK targets
acetyl-coenzyme A carboxylase (ACC) and fatty acid synthase (FASN), respectively (Figure 2E).
We observed a consistent decrease in lipogenesis and increase in lipid oxidation capacity in
the guar gum group-fed mice (Figures 2F-G). Together this resulted in decreased liver
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Figure 3. Guar gum increases insulin and glucose sensitivity. (A-B) Blood glucose and insulin
concentrations after a 4h fast after 12 weeks of diet. (C) HOMA-IR was calculated from fasted glucose and
insulin levels after 12 weeks on diet. (D) Insulin tolerance tests were performed on mice for 11 weeks on
their respective diets after a 4h fast. (E) After 11 weeks on their respective diets an intraperitoneal glucose
tolerance test was performed in mice that were fasted overnight for 9h. All values throughout the figure
are presented as mean ± SEM for n=6-8; *p<0.05, ***p<0.001.

triglycerides and plasma NEFA concentrations (Figures 2H-I).
In conclusion, dietary guar gum induced the same signaling cascade in liver and adipose
tissue as previously described for dietary SCFAs (Chapter 5), as should be expected if SCFAs
are the main molecular mediators of the guar gum-induced effects.
Guar gum improves peripheral glucose and insulin handling

In agreement with our results in Chapter 2, fasting plasma glucose and insulin concentrations,
and thereby HOMA-IR levels, were significantly lower in guar gum-supplemented mice (Figures
3A-C). Glucose disposal upon insulin delivery was slightly increased but glucose tolerance
was markedly enhanced in guar gum-fed mice (Figures 3D-E). To further investigate the
adaptations in glucose metabolism, we determined in vivo carbohydrate fluxes during basal and
hyperinsulinemic conditions as previously described (283). Under basal conditions, guar gum
supplementation resulted in decreased glucose levels (Figure 4A). During hyperinsulinemic
conditions, the glucose-infusion rate was adjusted to keep the same euglycemic state as under
basal conditions (Figure 4A). The glucose-infusion rate required for maintaining euglycemia
(a measure of whole-body insulin sensitivity) was approximately 2.5-fold higher in guar gumsupplemented mice compared to control mice (Figure 4B). Although guar gum remodeled the
hepatic carbohydrate fluxes by increasing glucose 6-phosphate cycling (Table 1), the decreased
glucose levels were not caused by a decreased hepatic glucose production (Figure 4C). Instead,
guar gum-fed mice significantly enhanced the glucose clearance by increasing the glucose
disposal rate (Figure 4D). Moreover, hyperinsulinemia stimulated the uptake of glucose into
the peripheral tissue much more in guar gum-fed mice than in control-fed mice (Figure 4D).
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Figure 4. Guar gum increases peripheral carbohydrate metabolism. (A) Average blood glucose
concentrations during basal and hyperinsulinemic-euglycemic clamps (HIEC) conditions after 12 weeks of
diet. (B) Average glucose infusion rates needed to maintain euglycemic conditions. (C-D) Hepatic glucose
production and peripheral glucose disposal rate during basal and HIEC conditions. Values are presented
as mean ± SEM for n=6-8; *p<0.05, **p<0.01, ***p<0.001 Guar gum vs. control, #p<0.05 hyperinsulinemic
vs. basal period within diet.

Altogether, these results clearly indicate that guar gum-fed mice have improved glucose
handling which is mainly mediated by an enhanced peripheral glucose disposal.
Guar gum and cecal SCFAs increase plasma GLP-1 concentrations

In contrast to dietary SCFA-supplementation (Chapter 5), guar gum did not only enhance
insulin-stimulated glucose metabolism, but it also decreased basal plasma glucose
concentrations and enhanced glucose tolerance (Figures 3 and 4). Together this suggests
that there might be an additional factor that improved glucose metabolism in guar gum-fed
mice. The gut hormones peptide YY (PYY) and glucagon-like peptide-1 (GLP-1) both regulate
peripheral glucose metabolism (140, 148). PYY reinforces the insulin action on glucose
disposal in muscle and adipose tissue (140) and GLP-1 increases peripheral glucose-mediated
glucose uptake independently of hyperinsulinemia (148, 285). Guar gum feeding increased the
cecal mRNA expression and concentration of GLP-1 whereas no effect was observed on PYY
(Figures 5A-C).
Colonic SCFAs stimulate GLP-1 secretion and mice lacking the free fatty acid receptor
(Ffar) 2 exhibited reduced SCFA-triggered GLP-1 secretion and a parallel impairment of
glucose tolerance (145, 151). Guar gum also increased cecal mRNA expression of the SCFA
receptor Ffar2 (Figure 5D). Therefore, we wondered if cecally supplemented SCFAs were
capable of inducing GLP-1 expression. To investigate this, we infused a physiological amount of
SCFAs (see materials and methods) directly into the cecum of conscious, unrestrained mice
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Table 1. Hepatic carbohydrate fluxes under basal and hyperinsulinemic conditions. Values are presented
as mean ± SEM for n=6-8; *p<0.05 Guar gum vs. control, #p<0.05 hyperinsulinemic vs. basal period within
diet.
Fluxes (µmol/kg BW/min)

Basal condition

Control

Guar Gum

Hyperinsulinemic condition
Control

Guar Gum

Glucose 6-phosphatase

125.0 ± 7.1

134.1 ± 4.7

110.5 ± 10.8

116.3 ± 5.6#

Glycogen synthase

29.6 ± 0.9

50.0 ± 3.6

52.6 ± 4.8

47.6 ± 4.0

Glucose kinase

Glycogen phosphorylase

Gluconeogenesis

35.7 ± 3.3

60.8 ± 2.7

58.1 ± 2.2

25.4 ± 1.4*
*

74.4 ± 4.0

*

84.2 ± 2.1

*

57.2 ± 6.8#
#

48.1 ± 4.2

#

57.8 ± 3.1

35.8 ± 4.1*#
53.1 ± 3.8#
75.0 ± 3.9*

that were fed a semi-synthetic diet without guar gum. Infusing SCFAs resulted in an increase
in cecal concentration of the infused SCFA without altering the concentrations of the other
SCFAs (Figure 6A). All three SCFAs increased the cecal mRNA expression of Ffar2 (Figure 6B).
However, only acetate and propionate infusion increased cecal GLP-1 mRNA expression and
concentration, whereas cecal PYY mRNA expression and concentration did not respond to
any of the three SCFA infusions (Figures 6B-D). Together, these data suggest that guar gum
increases peripheral glucose disposal at least partially by enhancing GLP-1 secretion, mediated
through the cecal SCFAs acetate and propionate.

Discussion

Above we demonstrated that guar gum protects against HFD-induced obesity and insulin
resistance through the same signaling cascade in liver and adipose tissue as supplemented
SCFAs, indicating that the absorbed SCFAs are the molecular mediators of the guar guminduced effect. In addition, guar gum exerts improved peripheral glucose handling, which is at
least partially mediated by the SCFA-induced colonic hormone GLP-1.
That guar gum-supplementation protects against HFD-induced obesity, is in agreement
with earlier studies that showed that guar gum can protect and reverse body weight gain in
rodents and humans (179, 280, 286, Chapter 2). Recently, we showed that the dose-dependent
amelioration of the metabolic syndrome by guar gum correlates with in vivo SCFA uptake
fluxes by the host, strongly suggesting that the physiological effects of guar gum are primarily
mediated by SCFAs that are taken up by the host (Chapter 2). The protection of guar-gum
supplementation against HFD-induced obesity and insulin resistance works via repressing
PPARγ expression, subsequently increasing mitochondrial UCP2 expression and AMP/ATP
ratio, leading to the activation of AMPK and culminating in enhanced oxidative metabolism
in both liver and adipose tissue, like previously found for supplemented SCFAs (17, 122,
Chapter 5). The finding that guar gum activates the same signaling cascade and downstream
metabolic response as SCFAs, further corroborates the notion that absorbed SCFAs are the
main molecular mediators of the beneficial effects of guar gum on the metabolic syndrome.
Guar gum supplementation decreases fasting plasma glucose levels in healthy, type 1 and
type 2 diabetic humans but a clear mechanism has been lacking so far (171, 178, 287, 288).
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Figure 5. Guar gum increases colonic GLP-1 expression. (A) Cecal mRNA expression of PYY and GLP-1
were assed via qPCR after 12 weeks of diet. (B-C) Plasma PYY and GLP-1 concentrations after 12 weeks of
diet. (D) Cecal mRNA expression of Ffar2 was assed via qPCR after 12 weeks of diet. All values throughout
the figure are presented as mean ± SEM for n=6-8; ***p<0.001.

Here we demonstrate that guar gum decreases plasma glucose levels by increasing the rate of
glucose clearance by peripheral tissues. Dietary SCFA supplementation elicited no effect on
basal plasma glucose levels and glucose tolerance (Chapter 5), while guar gum did. This may
be explained by the fact that SCFAs produced by cecal bacterial fermentation of dietary fibers
appear in the cecum, while orally ingested SCFAs are absorbed in the small intestine and do
not reach the cecum (Supplemental Figures 1A-B). This is likely to affect their metabolic
effects, since different hormonal and regulatory responses are triggered in the different places
in the gastrointestinal tract (289). Consistently, we found increased plasma levels of GLP-1 in
mice supplemented with guar gum or cecally infused acetate or propionate (Figures 5 and 6),
but not with orally ingested SCFAs (Supplemental Figure 1C). GLP-1 has been shown to
increase peripheral glucose metabolism independently of hyperinsulinemia (290-292), which
is consistent with our results that show that guar gum mainly acts on peripheral tissues and
that orally ingested SCFAs did not affect basal glucose metabolism (Chapter 5). In addition, we
show that unlike acetate and propionate, butyrate does not induce GLP-1 expression when
infused directly into the cecum. This selective effect on GLP-1 is in agreement with the result
that SCFAs increase GLP-1 through Ffar2 activation (145), which has a preference for acetate
and propionate (109, 110).
Although we conclude here that the guar gum-induced effects are primarily mediated by
the SCFAs, it is possible that additional metabolites are involved in the response to other fibers.
The gut microbiota produces a wide range of other metabolites that have potential biological
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Figure 6. Cecal acetate and propionate increase GLP-1 expression. (A) Cecal SCFA concentrations after 6h
cecal SCFA infusion in mice fed a semi-synthetic diet without guar gum. (B) After 6h cecal SCFA infusion
cecal mRNA expression of Ffar2, PYY and GLP-1 were assed via qPCR. (C-D) Plasma PYY and GLP-1
concentrations after 6h cecal SCFA infusion. All values throughout the figure are presented as mean ± SEM
for n=6-8; *p<0.05, ***p<0.001.

functions in host energy metabolism (5). Various dietary modulations alter the composition of
the gut microbiota and, subsequently, the host metabolic phenotype and disease risk (293,
294). Overall, this study provides novel molecular insights into the beneficial effects of guar
gum on the metabolic syndrome and strengthens the potential role of guar gum as a dietaryfiber intervention.
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Supplemental figures

Figure S1. Dietary SCFA-supplementation does not affect GLP-1 expression. (A) Cecal SCFA concentrations
after 12 weeks of SCFA feeding. (B) Cecal mRNA expression of genes involved in SCFA transport (MCT-1
and SMCT-1), SCFA signaling (Ffar2 and Ffar3) and PYY and GLP-1 were assed via qPCR after 12 weeks of
SCFA feeding. (C) Plasma GLP-1 concentration after 12 weeks of SCFA feeding. All values throughout the
figure are presented as mean ± SEM for n=6-8.

122

Guar gum protects against the metabolic syndrome via PPARγ and GLP-1

6

123

Chapter

7

General discussion

Chapter 7

126

General discussion

The alarming increase in the prevalence of the metabolic syndrome in the Western world,
but also in developing countries, can be contributed to the change of dietary habits and lack
of exercise. Dietary intervention by increasing the fiber content of the diet is a potential
strategy in the prevention and treatment of the metabolic syndrome (171, 178, 179). Our
understanding of how fibers regulate these beneficial effects at the molecular level is limited.
The main products of intestinal fermentation of dietary fibers, the short-chain fatty acids
(SCFAs), have been suggested to play a key role in the beneficial effects of dietary fibers. As
discussed in chapter 1, the field is severely hampered by the lack of data on actual fluxes of
SCFAs and metabolic processes regulated by SCFAs. In this thesis we tried to find the answers
to the questions raised in chapter 1; what are the in vivo SCFA production and uptake fluxes
under different conditions? How do SCFAs affect glucose and lipid fluxes via their dual role as
substrates and regulators? At which timescales are different, apparently contradictory effects
working? Can we quantify the role of different tissues and hormones?

What are the in vivo SCFA production and uptake fluxes under different
conditions?

In chapter 2 we presented a novel method to determine in vivo SCFA fluxes under different
dietary conditions. We showed for the first time that in vivo SCFA fluxes rather than cecal
concentrations correlated in an inverse manner with biomarkers (i.e. body weight, glucose,
insulin and HOMA-IR) of the metabolic syndrome. While our data provided a correlation for
the effect of fiber dose on host physiology, they did not explain what caused the dose-dependent
SCFA uptake fluxes in the first place. Evidence for the involvement of one or more additional
molecular factors is the observation that a different fiber (fructooligosaccharide) gives rise to
a less steep correlation between flux and metabolic markers than guar gum (Figures 1A-D). In
addition, we cannot exclude that the concentration of another metabolite co-varies with the
uptake fluxes and takes part in the actual causal mechanism. Next to SCFAs, the gut microbiota
produces many metabolites, which are involved in the regulation of multiple host metabolic
pathways (5). In addition, meta-analysis studies also showed a wide variety in beneficial
effects of different dietary fibers (240-242). The complex structure of the different (classes of)
fibers, together with the prebiotic action of fibers on the gut microbiota composition,
complicates the supposedly beneficial effects of dietary fibers on host metabolism. Dietary
fiber behaves within the gastrointestinal tract as a polymer matrix with variable
physicochemical properties including susceptibility to bacterial fermentation, water-holding
capacity, cation exchange, and adsorptive functions (295). These properties determine the
physiological actions of fibers, but a clear association between the chemical composition and
structure of fibers and the physiological effects is still lacking (296, 297). Changes in dietary
fibers drive changes in the composition of gut microbiota. Although diet is a major determinant
of the colonic microbiome, the host genetic background and the colonic milieu also exert a
strong influence on the microbial composition in the large intestine (51, 53, 54, 201). The
microbial activity in turn also affects the colonic milieu. Together, this causes a multifactorial
steady state that result in strong variation of microbial populations between individuals. To
elucidate the causal relation between dietary fiber type, SCFA fluxes and attenuation of
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Figure 1. Correlation of in vivo acetate, propionate and butyrate host uptake fluxes with (A) body
weight, (B) glucose and (C) insulin concentrations and (D) HOMA-IR for the dietary fibers guar gum and
fructooligosaccharide (FOS) as described in chapter 2.

metabolic syndrome markers, more evidence should be gathered on the structural and
chemical effects of dietary fiber on the composition and activity of the gut microbiota. By
incubating defined gut microbiota with different types of fibers, or feeding mice with different
types of fibers, responses of the gut microbiota composition to specific properties of dietary
fibers can be studied using the Mouse Intestinal Tract Chip (MITChip) procedure (298). In
addition, alterations in microbial gene expression and activity can be determined using metatranscriptomics (299). Finally, the resulting changes in SCFA production and delivery to the
host due to altered gut microbiota activity, and the subsequent effects on host metabolism,
should be studied for a wide range of different dietary fiber types following the method
described in chapter 2.

How do SCFAs affect glucose and lipid fluxes via their dual role as
substrates and regulators?

In chapter 3 we infused labeled SCFAs into the cecum of the mice to gain insight into the
contributions of various biochemical pathways used by the different SCFAs. The results
revealed that cecal acetate and butyrate are important substrates for mammalian lipid
metabolism, whereas propionate strongly contributes to gluconeogenesis. Furthermore,
mitochondrial metabolism of acetate appears to be minimal, in contrast to butyrate. The
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regulatory role of SCFAs on glucose and lipid metabolism was studied in chapter 4 and 5.
Short-term cecal infusion with acetate and butyrate simultaneously increased hepatic
gluconeogenesis and decreased lipogenesis. Long-term supplementation of all three SCFAs
enhanced oxidative metabolism by increasing the lipid oxidation capacity in liver and adipose
tissue, while glucose metabolism was unaffected. Together these results showed that SCFAs
could act simultaneously as substrate and as regulators of glucose and lipid metabolism. On
the short-term the role of substrate and of regulator appeared to be important. On the longterm we only studied the regulatory role, which appeared to be dominant as indicated by the
protection against the metabolic syndrome while supplying a diet with a higher caloric content.
The dual role as substrates and regulators of energy metabolism is not unique for SCFAs but
known for multiple metabolites (300). Glucose signaling appears to require both extracellular
sensing by transmembrane proteins and intracellular sensing by G proteins (301). Ketone
bodies signal via extracellular and intracellular receptors and act as endogenous inhibitors of
histone deacetylases (302, 303), while fatty acids can act as secondary messengers by modifying
the activities of phospholipases, protein kinases, G-proteins, adenylate and guanylate cyclases
(304-306). Altogether, the results described in this thesis add to the growing body of evidence
that metabolites are not only static substrates, but also play an active role in coordinating
signal transduction.

At which timescales are different, apparently contradictory effects
working?

The different regulatory mechanisms for short- and long-term SCFA incubation raise questions
about underlying mechanisms. The short-term effects were mediated by the phosphorylation
of CREB by acetate and butyrate and resulted in an increase in gluconeogenesis via PGC-1α
and a decrease in lipogenesis via PPARγ (Chapter 4). Long-term supplementation of SCFAs
resulted in a decrease in lipogenesis and an increase in lipid oxidation via PPARγ, while no
effect was observed on glucose metabolism and PGC-1α (Chapter 5 and Figure 2A). In the longterm supplementation studies, however, we observed no effect on the phosphorylation level of
CREB (Figures 2B-C), which is in agreement with the finding that activation of phospho-CREB
was transient and dampened over time (235, 307). We found in our short-term incubations
with SCFAs no effect on AMPK phosphorylation (Chapter 4), whereas the AMP/ATP ratio and
phosphorylation of AMPK was enhanced in a PPARγ-dependent manner during long-term
SCFA incubation (Chapter 5). This time dependence of the SCFA-induced effects is supported
by the results of Tang et al. (217) who showed that upon addition of SCFAs to HCT116 cells
the intracellular ATP levels increased the first 15 hours, after which they started to decrease
accompanied by an increase of the AMP/ATP ratio and subsequent phosphorylation of AMPK.
We hypothesize that the long-term SCFA effects on PPARγ expression might be mediated
by epigenetic changes through histone deacetylase (HDAC) inhibition. HDAC inhibitors
selectively alter gene transcription, in part, by chromatin remodeling and by changes in the
structure of proteins in transcription factor complexes (308). Recently, it was shown that
PPARγ expression could also be regulated at the transcriptional level by distinct Activator
Protein (AP) 1 dimers, which thereby controlled steatohepatitis (309). The AP-1 dimers
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Figure 2. (A) mRNA expression of PGC-1α in livers of mice fed a high-fat diet supplemented with SCFAs for
12 weeks as described in chapter 5. Immunoblot of hepatic phospho-CREB and total-CREB for mice fed a
high-fat diet supplemented with (B) SCFAs or (C) guar gum for 12 weeks as described in chapters 5 and 6,
respectively. Relative phosphorylation levels were calculated by the ratio of phospho-CREB to total-CREB
and normalized for control.

c-Jun/Fra-1 and c-Jun/Fra-2 inhibited PPARγ expression, while the c-Fos/JunB, c-Fos/JunD
and c-Fos/c-Jun dimers promoted PPARγ expression. Interestingly, the HDACs have many
nonhistone proteins substrates such as AP-1 (309-312). It has been suggested that HDAC
inhibitors block the transcription of the AP-1 subunit c-Jun by inhibiting the recruitment of the
preinitiation complex to the c-Jun promoter (312). DNA methylation can repress transcription
via inhibition of transcription factor binding (313). Although we did not observe an increase
in PPARγ promoter methylation in SCFA-fed mice (Figure 3A), we observed decreased mRNA
expression of c-Jun and c-Fos in liver and adipose tissue of SCFA-fed mice (Figures 3B-C). It
is possible that SCFAs regulate PPARγ expression via methylation of the c-Jun gene through
the known SCFA-HDAC inhibition (314, 315). The rate of accumulation of DNA methylation
appeared to be slow in somatic cells (316-318), suggesting that possible SCFA-induced effects
on PPARγ expression should be a long-term effect. To investigate this methylation hypothesis
it would be interesting to introduce a short stimulation of SCFAs and study the long-term
effects on c-Jun methylation, PPARγ expression and the down-stream effects.
It is, however, also important to note that in the short-term and long-term cell experiments
different SCFA concentrations in the culture medium were used (0.5 mM and 3 mM,
respectively). However, we do not expect that the concentration difference plays a major role
in this range as it has been shown that SCFAs can increase the phosphorylation level of CREB
up to 10 mM (218, 234, 235) and that lower SCFA concentrations down to 0.1 mM were able to
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Figure 3. (A) PPARγ promoter methylation was assessed by pyrosequencing in liver and adipose tissue
of mice fed a high-fat diet supplemented with SCFAs for 12 weeks as described in chapter 5. mRNA
expression of AP1 subunits Fra-1, Fra-2, c-Jun, JunB, JunD and c-Fos in (B) liver and (C) adipose tissue
of mice fed a high-fat diet supplemented with SCFAs for 12 weeks as described in chapter 5. All values
throughout the figure are presented as mean ± SEM for n=6-8; *p<0.05 vs control.

induce AMPK phosphorylation (17, 137). It is also important to note that we depicted the
regulatory effects of SCFAs in chapter 4 and 5 as linear pathways, which are a simplification of
the cellular regulation network. CREB, PPARγ and AMPK are all involved in multiple nutrientsensing signaling networks in multiple tissues (226, 319, 320), making the effects on energy
metabolism via one of these modulators probably more a network based effect than a linear
one. The microarray data that is available for the livers of the short-term and long-term studies
offers a good opportunity to study the effects of SCFAs in a broader network. For example, the
method of Rossell et al. (321) could be used to predict actual metabolic states in a top-down
Systems Biology approach. In their method gene-expression measurements are integrated
with genome-scale models of metabolism to identify reactions that are likely to be active in
different metabolic states. These active reactions are then used to build condition-specific
metabolic models and to predict actual metabolic states. In this way, microarray data from the
short-term and long-term studies can be used to identify alternative metabolic flux distributions
and to elucidate the origin of the different metabolic states that we observed.
The short-term regulatory role is physiologically relevant because in humans plasma SCFA
concentrations vary significantly and peak after meal intake (219, 220). Different types of
meals or various dietary fiber concentrations led to different plasma SCFAs concentrations
(221). Together this implies that humans are not exposed to constantly high SCFA
concentrations for a long period but rather for short-term bursts. The long-term regulatory
role, however, can only be translated to humans when there is a high daily-intake of dietary
fiber or when SCFAs are taken as daily dietary-supplements. We showed in chapter 5 and 6
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Figure 4. (A) Relative mRNA expression of PPARγ and (B) ß-oxidation capacity in muscle of mice 12 weeks
on SCFA-supplemented diet as described in chapter 5. All values throughout the figure are presented as
mean ± SEM for n=6-8.

that both ways are beneficial in protecting against the metabolic syndrome. In humans, daily
dietary-fiber supplementation decreased body weight in both healthy and metabolic syndrome
patients (171, 178, 179). In addition, a 12-week dietary acetate administration to obese
Japanese subjects showed a decrease of body weight, body fat mass and serum triglycerides
levels compared to the placebo-controlled group (124). Together this indicates that the longterm effects of SCFAs can be beneficial when taken daily as supplements or when produced
from a high-fiber diet.
There are different signaling pathways involved for the short- and long-term effects of
SCFAs. This time dependence results in a complex interpretation of the effects of SCFAs but
also makes it a good example to solve with a Systems Biology approach. A dynamic network
model combined with quantitative time-dependent data may reveal unknown network
structures and clarify which molecular mediators and mechanisms contribute to the SCFAinduced effects, as has been shown previously for the mTOR signaling pathway (322, 323).

Can we quantify the role of different tissues and hormones?

SCFAs produced by the microbiota in the cecum and the colon can be found in hepatic, portal,
and peripheral blood (11). This already indicates that the effects of SCFAs are not limited to the
gastro-intestinal tract and liver. Indeed, we and others showed that SCFAs directly or indirectly
affect metabolism in the gut, liver, adipose, muscle, heart and brain tissue (17, 132, 183, 324,
325). In our short-term experiments we focused mainly on the liver, but also enrichments in
intermediates of central carbon metabolism and changes in plasma metabolites were
measured. The unexpected incorporation patterns in plasma organic acids and amino acids
(Chapter 3) and the transient changes in plasma metabolites (Chapter 4), suggests a complex
situation in which other organs besides the liver also play a significant role. In the long-term
study the contribution of liver and adipose PPARγ was quantified by using organ-specific
knock-out mice. Liver PPARγ mediated the SCFA-induced effects on liver steatosis, whereas
adipose PPARγ was responsible for the decrease in body weight and insulin resistance
(Chapter 5). Next to liver and adipose, muscle PPARγ also plays an important role in wholebody physiology (320). Muscle-specific PPARγ-deficient mice developed increased adiposity
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Figure 5. (A) Relative mRNA expression of PGC-1α and Fndc5 in differentiated C2C12 cells after 6h
incubation with 0.5 mM acetate, propionate or butyrate. (B) Irisin concentration in cell culture media
after 6h incubation with 0.5 mM acetate, propionate or butyrate. (C) Relative mRNA expression of PGC-1α
and Fndc5 in skeletal muscle of mice 12 weeks on SCFA-supplemented diet as described in chapter 5.
(D) Plasma irisin concentration of mice 12 weeks on SCFA-supplemented diet as described in chapter 5.

and insulin resistance (270, 326) and SCFAs have been shown to affect muscle metabolism
(17). In the SCFA-feeding study, however, SCFAs did not affect muscle PPARγ expression and
subsequently did not changed lipid oxidation capacity (Figures 4A-B). Interestingly, in contrast
to the decrease in PPARγ activation in liver and adipose tissue (Chapter 5), butyrate has been
shown to increase PPARγ activation in human colon adenocarcinoma cells whereas no effect
was observed in 3T3-L1 cells (327). In addition, PPAR-associated target genes were increased
in colon tissue of mice fed the dietary-fiber inulin (327). Studies with colon-specific PPARγdeficient mice would help to further understand the SCFA-PPARγ-axis in the colon and to
elucidate the tissue-specific activation of PPARγ (320).
SCFAs have been shown to increase PGC1-α expression in muscle (17) and we showed
similar results in liver (Chapter 4). In addition, we observed increased lipid oxidation capacity
in WAT in SCFA-fed mice (Chapter 5), possibly indicating a brown-fat-like development in
WAT (328). Enhanced PGC1-α expression in muscle stimulates an increase in expression of
Fndc5, a membrane protein that is cleaved and secreted as the recently identified hormone
irisin (329). Irisin acts on white adipose cells to induce a broad program of brown-fat-like
development. To investigate if SCFAs increased irisin expression and thereby activated brownfat-like development, we incubated differentiated C2C12 cells with SCFAs and studied the
expression of PGC1-α and Fndc5. Propionate and butyrate significantly increased PGC1-α
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expression whereas acetate had no effect (Figure 5A). In agreement, Fndc5 was slightly
increased upon propionate and butyrate stimulation (Figure 5A). Although mRNA expression
of Fndc5 was increased, the cleaved hormone irisin was not increased during propionate and
butyrate incubation (Figure 5B). In addition, in the long-term SCFA-supplementation study
where increased lipid oxidation capacity in WAT was observed (Chapter 5), there was no
effect on muscle mRNA expression of PGC1-α and Fndc5, and also no effect on plasma irisin
levels for all three SCFAs (Figures 5C-D). Together this indicates that SCFAs do not increase
lipid oxidation capacity in WAT by inducing brown-fat-like development of WAT through the
myokine irisin, but our results do not rule out irisin-independent changes in WAT metabolism.
In chapter 6 we suggested that guar gum enhanced peripheral glucose metabolism at
least partly through the SCFA-Ffar2-GLP-1 axis. Intracolonic infusions of SCFAs and intake
of fibers have been shown to increase plasma GLP-1 concentrations and glucose uptake by
adipose tissue (122, 147, 149-151). In addition, mice lacking Ffar2 exhibited reduced SCFAtriggered GLP-1 secretion in vitro and in vivo, and a parallel impairment of glucose tolerance
(145). Although we did not observed any effects of SCFAs on the gut hormone PYY, intracolonic
infusions of SCFAs in rats and pigs have been shown to increase blood concentrations of PYY
(146, 147). Enteroendocrine L cells containing PYY colocalized with Ffar2 and Ffar3 (83, 142,
143). In addition, Ffar2 and Ffar3 knockout mice showed reduced colonic PYY expression
(145). Possibly the oral-fed and cecal-infused SCFA models discussed in chapter 5 and 6 did
not deliver the SCFAs to the specific PYY-expressing L cells and thereby resulting in unaltered
levels of PYY.
In conclusion, SCFA-induced effects on glucose and lipid metabolism work through
hormone-dependent and independent mechanisms in a wide range of cells and organs. To
increase the understanding of the contributions of different cell types to SCFA-induced effects,
in vitro SCFA-stimulation studies should be performed in a wide range of cell types. Interesting
results can be further studied in vivo in organ-specific knockout mice to elucidate the wholebody role of specific organs and molecular mechanisms. Hormone-dependent and independent
mechanisms can be separated by using knockout mice or by using different administration
routes as illustrated in chapter 6.

Outlook

The key findings described in this thesis are that (i) the SCFA uptake fluxes inversely correlate
with metabolic syndrome markers, (ii) SCFAs regulate glucose and lipid metabolism in a
time-dependent manner, (iii) SCFAs can protect and treat dietary-induced obesity and insulin
resistance by enhancing oxidative metabolism and (iv) guar gum exerts a differential effect
on glucose metabolism than orally supplemented SCFAs. Unfortunately, as also discussed
in chapter 1, there is a lack of data for the effects of SCFAs in humans and not all results
obtained in rodents can be directly translated to humans. Interestingly, there are currently
two clinical trials initiated by the Top Institute Food and Nutrition (TiFN, project GH003)
that investigate the acute effects of SCFAs on human energy metabolism (ClinicalTrials.gov
Identifier NCT01826162 and NCT01983046). In these studies the acute metabolic effects of
rectally infused SCFAs are studied in healthy obese volunteers. It will be especially interesting
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to compare the results to our outcomes described in chapter 4, were we described strong
metabolic effects in a similar acute experiment in obese mice. For the long-term effects, a 12week dietary acetate administration to obese Japanese subjects showed a decrease of body
weight, body fat mass and serum triglycerides levels compared to the placebo-controlled
group (124), suggesting similar results as we showed in chapter 5. However, to use SCFAs as
nutritional supplements to prevent and treat the metabolic syndrome, these results require
confirmation in a large scale double blind randomized controlled clinical trial. Furthermore,
it is important to be aware that SCFAs also act on processes involved in autophagy, immune
response and the sympathetic nervous system (18, 245, 247, 248, 330). Our data, together
with the clinical trials in humans, hopefully paves the way to use the inexpensive SCFAs as
nutritional supplements to prevent and treat the metabolic syndrome in humans.
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Summary
The decrease in physical exercise and increase in energy intake, especially seen in the Western
world, disrupts the energy balance in humans and can lead to a complex of symptoms
collectively denoted as the metabolic syndrome. Due to the complex multifactorial etiology
of the metabolic syndrome, the exact mechanisms underlying the different comorbidities are
not yet completely known. Recently, dietary fibers have raised much interest, as they exert
beneficial effects on food intake, body weight, glucose homeostasis and insulin sensitivity.
Epidemiological studies show an association between a higher fiber intake and a reduced
risk of developing the metabolic syndrome. Humans lack the enzymes to degrade the bulk of
dietary fibers but our colonic gut microbiota ferments dietary fibers to short-chain fatty acids
(SCFAs), of which acetate, propionate and butyrate are the most abundant. SCFAs are taken up
by the host and can be used as substrates for glucose and lipid metabolism. In addition, SCFAs
have also been shown to act as regulators of glucose and lipid metabolism. In the last few
decades, it became apparent that SCFAs might play a key role in the prevention and treatment
of the metabolic syndrome. The molecular mechanisms by which SCFAs induce these effects
are an active field of research. The aim of this thesis was to provide more insight into the
substrate and regulator effects of SCFAs and their role in the prevention and treatment of the
metabolic syndrome.
So far, the effects of dietary fiber on the host have mostly been studied by looking at the fecal
or colonic SCFA concentrations and the host physiology. However, increased concentrations of
SCFAs do not always correlate to beneficial host effects. Moreover, SCFAs exert their effects not
only directly in the gut, but also via other organs like the liver and adipose tissue. For the latter
effect the colonic concentration is of less importance than the amount of SCFAs that is taken up
by the host. In chapter 2 we presented a novel method to determine in vivo SCFA fluxes in mice
fed a high-fat diet supplemented with 0%, 5%, 7.5% or 10% of the fiber guar gum. The method
was based on infusion of tracer amounts of 13C-labeled acetate, propionate or butyrate into
the cecum and the results of all three infusions were combined in a single steady-state isotope
model. We showed for the first time that in vivo SCFA fluxes rather than colonic concentrations
correlated in an inverse manner with biomarkers (i.e. body weight, glucose, insulin and HOMAIR) of the metabolic syndrome. Together this suggested that the SCFAs that are taken up by the
host play important roles in glucose and lipid metabolism.
In chapter 3, we studied the role of SCFAs as substrates in host energy metabolism by
infusing 13C-labeled SCFAs directly into the cecum, the natural production site in mice. The
results revealed that there is considerable microbial interconversion between acetate and
butyrate as well as between propionate and butyrate, compatible with microbial crossfeeding. In the host, cecal-derived acetate and butyrate were important substrates for lipid
and cholesterol metabolism, whereas propionate strongly contributed to gluconeogenesis.
Furthermore, hepatic mitochondrial metabolism of acetate appeared to be minimal, in
contrast to that of butyrate. Plasma metabolites revealed that next to the liver also other organs
contributed to whole-body SCFAs usage. These aspects are crucial if we aim to understand
their strong effects on mammalian carbon and energy metabolism.
Microarray analysis showed significant, yet small effects of the SCFA infusions on hepatic
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genes involved in glucose and lipid metabolism. To further investigate these short-term
regulatory effects, we incubated liver HepG2 cells for 6h with SCFAs and studied the effects
on glucose and lipid metabolism. The results described in chapter 4 show that acetate and
butyrate both increased gluconeogenesis and simultaneously decreased lipogenesis through
activation of the cAMP response element-binding protein signaling pathway, a pathway
that is normally induced during fasting. In contrast, propionate acted as a substrate for
gluconeogenesis only. Infusing SCFAs for 6h into the cecum of mice activated the same hepatic
regulation cascade as SCFA addition to HepG2 cells. Plasma parameters, indicators of wholebody metabolism, indicated that other organs besides the liver also contributed to the SCFAinduced effects on glucose and lipid metabolism, similarly as was observed in chapter 3.
The regulatory pathway described in chapter 4 is novel for SCFAs and we showed that it
did not involve the known SCFA regulation through AMP-activated protein kinase (AMPK). In
chapter 5 we describe that all three SCFAs activated AMPK as a long-term regulation pathway.
By activating AMPK, SCFAs shifted energy metabolism in the long run to a more oxidative
state and thereby protected mice against the metabolic syndrome. In addition, we showed
that this AMPK-mediated effect is peroxisome proliferator-activated receptor γ-dependent
and that it acted mainly in liver and adipose tissue. Maybe more relevant in today’s world, we
also showed that SCFA supplementation can treat the metabolic syndrome, suggesting that the
inexpensive SCFAs can be used as nutritional supplements not only to prevent, but also to treat
the metabolic syndrome.
In chapter 6 we went back to the dietary fiber guar gum and studied the molecular effects
that can explain the inverse correlation of the in vivo SCFA uptake fluxes and the metabolic
syndrome biomarkers. We showed that guar gum protect against the metabolic syndrome
through the same mechanism as the supplemented SCFAs described in chapter 5, indicating
SCFAs are the molecular mediators of the dietary fiber guar gum. In addition, guar gum feeding
resulted in improved glucose handling, which was at least associated with the gut hormone
glucagon-like peptide-1 (GLP-1). The increase in GLP-1 was only observed when SCFAs where
infused directly into the cecum or generated in vivo by microbial fermentation, but not when
they were given orally, indicating that SCFAs acted directly on GLP-1 expression in the colon.
This thesis adds to the current understanding of the substrate and regulator effects of
SCFAs and their role in the prevention and treatment of the metabolic syndrome. However,
the substrate and regulator effects, together with the time-dependency, results in a complex
network of SCFA-induced effects, which should benefit from a Systems Biology approach.
A dynamic network model combined with quantitative time-dependent data may reveal
unknown network structures and quantify the contribution of different molecules and
mechanisms to the overall SCFA-induced phenotype.
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Een verstoorde humane energiebalans kan leiden tot verscheidene symptomen die gezamenlijk
het metabool syndroom worden genoemd. Dit syndroom komt steeds meer voor, met name
in de Westerse wereld, vanwege een afname in beweging met daarbij een toename in de
inname van energie. Door de complexe, multifactoriële etiologie van het metabool syndroom
zijn de moleculaire mechanismes die het metabool syndroom veroorzaken nog grotendeels
onbekend. Veelbelovend in de strijd tegen het metabool syndroom zijn voedingsvezels,
aangezien deze positieve effecten hebben op voedselinname, lichaamsgewicht, glucosehomeostase en gevoeligheid voor insuline. Al deze factoren spelen een rol bij het in stand
houden van de humane energiebalans. Epidemiologische studies hebben aangetoond dat er
een associatie is tussen een hogere vezelinname en een verminderd risico op het ontwikkelen
van het metabool syndroom. Bij de mens ontbreken de enzymen om vezels af te breken, echter
onze darmbacteriën (in de mens voornamelijk in de dikke darm en in de muis in het cecum)
zijn wel in staat om vezels te fermenteren met als voornaamste eindproduct de korte-keten
vetzuren (short-chain fatty acids (SCFAs) in het Engels) acetaat, propionaat en butyraat. Het
grootste gedeelte van de SCFAs wordt vervolgens opgenomen door de gastheer en kan worden
gebruikt als substraat voor glucose en vetzuren. Daarnaast kunnen SCFAs het glucose- en
vetzuurmetabolisme reguleren. De laatste jaren is er steeds meer bewijs gekomen dat het vooral
de SCFAs zijn die een belangrijke rol spelen in de positieve effecten van voedingsvezels op het
metabool syndroom, echter de moleculaire mechanismes zijn nog grotendeels onbekend. Het
doel van dit proefschrift was om meer inzicht te krijgen in de substraat- en regulatiefunctie
van SCFAs en hun rol in de preventie en behandeling van het metabool syndroom.
De effecten van SCFAs op de gastheer worden meestal bestudeerd door het meten van de
fecale of darm concentraties van deze vetzuren en door deze te correleren met de parameters
betrokken bij het metabool syndroom. Het nadeel van deze methode is dat verhoogde
concentraties van SCFAs niet altijd correleren met positieve effecten voor de gastheer. Naast
de effecten die SCFAs hebben op de darm, hebben ze ook effect op andere organen zoals de
lever en vetweefsel. Voor dit effect is de hoeveelheid SCFAs die worden opgenomen door de
gastheer belangrijker dan de SCFA concentratie in de darm. In hoofdstuk 2 beschrijven wij
een nieuwe methode waarin we de opnamesnelheid van SCFAs hebben bepaald in muizen die
een hoog vet dieet te eten kregen met respectievelijk 0, 5, 7.5 of 10% van de voedingsvezel
guar gum. Deze methode is gebaseerd op de infusie van een kleine hoeveelheid 13C-gelabeld
acetaat, propionaat of butyraat direct in het cecum van de muis en de verrijkingsdata van
alle drie de infusies werden gecombineerd in één steady-state isotoop model. De resultaten
van dit model lieten zien dat de opnamesnelheden van SCFAs, en niet de concentraties in
de darm, omgekeerd evenredig correleerden met parameters betrokken bij het metabool
syndroom (namelijk lichaamsgewicht, glucose- en insulinewaarden en insulinegevoeligheid).
Blijkbaar spelen de opgenomen hoeveelheden SCFAs een belangrijke rol in het glucose- en
vetzuurmetabolisme van de gastheer.
In hoofdstuk 3 hebben we de substraatrol van SCFAs bestudeerd door 13C-gelabelde SCFAs
direct in het cecum van de muis te infunderen. De resultaten lieten zien dat de darmbacteriën
een groot deel van acetaat omzetten naar butyraat en een klein gedeelte van propionaat naar
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butyraat. Nadat acetaat en butyraat zijn opgenomen door de gastheer werden ze voornamelijk
gebruikt als substraten voor vetzuur- en cholesterolmetabolisme, terwijl propionaat
voornamelijk werd gebruikt voor glucosesynthese. Daarnaast toonden de resultaten aan dat
het mitochondrieel metabolisme van acetaat minimaal is, in tegenstelling tot dat van butyraat.
Gemeten verrijkingen van de metabolieten in het plasma van de gastheer suggereerden dat
naast de lever ook andere organen een rol spelen in het verbruik van SCFAs. Gezamenlijk zijn
deze aspecten zeer belangrijk als we de sterke effecten van SCFAs op het energiemetabolisme
van de gastheer willen begrijpen.
De microarray analyses die zijn uitgevoerd op de levers van muizen die kortstondig (6
uur) geïnfundeerd zijn met SCFAs lieten kleine, maar significante verschillen zien in genen
die te maken hebben met het glucose- en vetzuurmetabolisme (Hoofdstuk 3). Om deze korte
termijn regulerende effecten van SCFAs beter te bestuderen hebben wij lever HepG2 cellen
gedurende 6 uur met acetaat, propionaat en butyraat geïncubeerd en de effecten hiervan op het
glucose- en vetzuurmetabolisme bestudeerd. De resultaten die beschreven staan in hoofdstuk
4, laten zien dat zowel acetaat als butyraat door middel van activering van de cAMP response
element-binding protein signaleringsroute de productie van glucose verhogen en tegelijkertijd
de productie van vetzuren verlagen. Propionaat werd alleen gebruikt als substraat voor
de productie van glucose en had geen effect op de vetzuurproductie. Dezelfde regulerende
effecten werden geactiveerd in de lever wanneer de SCFAs direct werden geïnfundeerd in de
cecum van de muis. Daarnaast suggereerden de veranderingen in de metabolietconcentraties
in het plasma dat naast de lever, ook andere organen een rol spelen in de effecten van SCFAs
op het glucose- en vetzuurmetabolisme, wat overeenkomt met de observaties in hoofdstuk 3.
De korte-termijn regulatieroute die beschreven staat in hoofdstuk 4 is niet eerder
beschreven voor SCFAs en we laten zien dat deze route onafhankelijk is van de reeds bekende
activatie van AMP-activated protein kinase (AMPK) door SCFAs. Hoofdstuk 5 liet zien dat alle
drie de SCFAs op de lange termijn wel AMPK activeerden en dat dit vervolgens leidde tot een
verschuiving van het energiemetabolisme naar een meer oxidatieve toestand. Deze oxidatieve
toestand beschermde de muis tegen de ontwikkeling van het metabool syndroom. Door middel
van orgaan specifieke knock-out muizen werd aangetoond dat deze effecten afhankelijk zijn
van peroxisome proliferator-activated receptor γ in het vetweefsel en de lever. Bovendien
kunnen SCFAs, naast hun beschermende rol in het ontstaan ervan, ook de symptomen van
het metabool syndroom behandelen en omkeren. Gezamenlijk toonden de resultaten aan dat
SCFAs kunnen worden gebruikt als aanvulling op het dieet om zo het metabool syndroom te
voorkomen of te behandelen.
In hoofdstuk 6 zijn we teruggegaan naar de voedingsvezel guar gum uit hoofdstuk 2 om de
moleculaire effecten te bestuderen die de omgekeerde correlatie tussen de opnamesnelheden
van SCFAs en de symptomen van het metabool syndroom kunnen verklaren. Guar gum
beschermde tegen de ontwikkeling van het metabool syndroom via hetzelfde moleculaire
mechanisme als de toegevoegde SCFAs in het dieet zoals beschreven in hoofdstuk 5.
Daarnaast verlaagde guar gum de glucoseconcentratie in plasma door het verhogen van de
perifere opnamesnelheid van glucose, waarschijnlijk gemedieerd door de toename van het
in de darm geproduceerde hormoon glucagon-like peptide-1 (GLP-1). De toename van GLP162
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1 werd alleen waargenomen wanneer SCFAs direct in het cecum werden geïnfundeerd of
geproduceerd uit vezels en niet wanneer deze oraal werden gegeven. Gezamenlijk toonden
deze resultaten aan dat de positieve effecten van de voedingsvezel guar gum op het metabool
syndroom veroorzaakt worden door SCFAs die vrij komen in het cecum tijdens de bacteriële
fermentatie.
De resultaten die beschreven staan in dit proefschrift dragen bij aan het begrip van
de substraat- en regulatierol van SCFAs en hun rol in de preventie en behandeling van het
metabool syndroom, maar deze dubbelrol en de tijdsafhankelijke effecten van SCFAs maken de
interpretatie van de resultaten extra gecompliceerd. Geadviseerd wordt om het probleem aan
te pakken met een systeembiologische benadering. Met een dynamisch model gecombineerd
met kwantitatieve, tijdsafhankelijke data kunnen onbekende netwerkstructuren worden
ontdekt en kan worden opgehelderd in welke mate verschillende moleculen en mechanismes
bijdragen aan de SCFAs geïnduceerde effecten.
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