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Propionate as a health-promoting microbial metabolite
in the human gut

Elham Hosseini, Charlotte Grootaert, Willy Verstraete, and Tom Van de Wiele

Propionate is a major microbial fermentation metabolite in the human gut with
putative health effects that extend beyond the gut epithelium. Propionate is thought
to lower lipogenesis, serum cholesterol levels, and carcinogenesis in other tissues.
Steering microbial propionate production through diet could therefore be a potent
strategy to increase health effects from microbial carbohydrate fermentation. The
present review first discusses the two main propionate-production pathways and
provides an extended gene-based list of microorganisms with the potential to
produce propionate. Second, it evaluates the promising potential of arabinoxylan,
polydextrose, and L-rhamnose to act as substrates to increase microbial propionate.
Third, given the complexity of the gut microbiota, propionate production is
approached from a microbial-ecological perspective that includes interaction
processes such as cross-feeding mechanisms. Finally, it introduces the development
of functional gene-based analytical tools to detect and characterize
propionate-producing microorganisms in a complex community. The information in
this review may be helpful for designing functional food strategies that aim to

promote propionate-associated health benefits.
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INTRODUCTION

The microbial community in the human gastrointestinal
tract plays a substantial role in health and disease.! This
intestinal microbiota elicits a beneficial relationship with
the human host by modulating immunological functions’
and by affecting the growth and functioning of host cells.'
On the other hand, the gut microbiota may negatively
affect the host through increased obesity,’ inflammatory
bowel diseases,' and colorectal cancer.*

Short-chain fatty acids (SCFAs) are the major prod-
ucts of colonic bacterial fermentation of dietary carbohy-
drates. The main compounds are acetic, propionic, and
n-butyric acid, occurring roughly in molar ratios of
60:20:20 in the colon.” These anions play a crucial role in
both intestinal morphology and function.® Butyrate has
received much attention as an energy source for colono-
cytes.” Furthermore, it has been described as an anticarci-

nogenic agent preventing growth® and stimulating
differentiation'® of the colon epithelial cells. Acetate is used
as a substrate for liver cholesterol and fatty acid synthe-
sis,'""> increases colonic blood flow and oxygen uptake,
and enhances ileal motility by affecting ileal contractions.®
The present review focuses on the potential health
effects of just one SCFA - propionate. Although propi-
onate is less frequently studied compared to other micro-
bial metabolites, such as butyrate, it has some distinct
health-promoting properties. The objective of this review
is therefore to focus on the potential health effects of
propionate and provide more insight into the propionate
production mechanism in the gut and how one can
modulate propionate production with dietary substrates.
Possible microbial interactions between propionate
producers and other intestinal microorganisms are
discussed, as are some current and new strategies for the
detection and identification of propionate producers.
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POTENTIAL HEALTH EFFECTS ATTRIBUTED
TO PROPIONATE

Excess propionate and an inability for it to convert to
methylmalonyl CoA through propionyl-CoA causes pro-
pionic acidemia. Propionic acidemia, as the most fre-
quent disorder of organic acid metabolism in humans, is
an inborn error of metabolism caused by the genetic defi-
ciency of propionyl-CoA carboxylase.”” Despite this tox-
icity aspect, propionic acid has been shown to have
antilipogenic and cholesterol-lowering effects." It also
elicits strong effects towards weight control and feeding
behavior."”™” Furthermore, there is evidence that propi-
onate exerts, just as butyrate, an antiproliferative effect
towards colon cancer cells.'"™® It must be stressed that
knowledge of in vivo colonic propionate concentrations
or SCFA concentrations in general is insufficient to
deduce health effects. Comparison of portal blood with
colon content shows that colonocyte sorption of SCFA is
highly efficient, with portal blood concentrations being a
minor fraction of the colonic concentrations. Yet, unlike
butyrate, which is used by the colonocytes as an energy
source, propionate is found in higher concentrations in
the circulation.” For propionate, the effects of which in
the colonocyte are less known, physiological concentra-
tions are still found to have health effects in both human
and animal cell cultures.'>® Therefore, the biological
activity of propionate may not be restricted to the colon

Table 1 Health effects attributed to propionate.

itself, but extend to other parts of the human body. The
specific health effects of propionate are summarized in
Table 1.

Propionate influences lipid synthesis by hepatocytes

Lipid synthesis by the liver includes the conversion of
diet-derived fatty acids and glycerol into cholesterol and
triglycerides with different fatty acid compositions. These
hepatic lipid molecules are then incorporated into lipo-
proteins, to allow distribution to various tissues through
the circulation. Interestingly, lipid synthesis in hepato-
cytes is strongly affected by the amounts and types of
SCFAs produced through fiber fermentation in the
gut.'>" Propionate, in particular, has been determined
to play a substantial role in some of these processes;
however, debate remains about the exact mechanism of
its cholesterol-lowering and antilipogenic effects.

Early observations of dietary modulation of hepatic
lipid synthesis revealed a strong correlation with dietary
fiber intake. There is extensive in vivo information on the
correlation between plant fiber ingestion and the synthe-
sis of cholesterol and triglycerides in experimental
animals as well as in humans.”** These studies have
shown that oral administration of soluble fibers, such as
pectin or guar gum, significantly decreased serum choles-
terol concentrations. This effect was partially explained
by the following: 1) increased fecal excretion of choles-

Study Effect

Reference

Lipogenesis in hepatocytes
In vivo study with inulin-fed rats
In vitro study with isolated rat hepatocytes
In vivo study with inulin-fed rats
In vivo rat study

Decreased serum cholesterol levels
Inhibition of fatty acid synthesis
Decreased liver lipogenesis
Decreased hepatic and plasma

lllman et al. (1988)%
Nishina and Freedland (1990)"?
Delzenne and Williams (2002)™
Adam et al. (2001)*

cholesterol levels

Satiety
In vivo rodent study
In vivo rat study

Upregulation of GLP-1 and PYY
Increased levels of GLP-1 and PYY in

Zhou et al. (2008)"
Delzenne et al. (2005)%

cecal pool, proximal colon, and portal
serum, decreased levels of ghrelin

In vivo study with lactating dairy cows
In vivo human study
In vivo mice study

In vitro mice study

In vitro study with human visceral
adipose tissue

Cancer

In vitro study with colon cancer cell lines
In vitro study with colorectal carcinoma
cells

Decreased energy intake and meal size,
increased intermeal interval

Greater feeling of fullness, less hungry,
and reduced desire to eat

Doubled plasma levels of leptin

Stimulated leptin expression in both a
mouse adipocyte cell line and mouse
adipocyte tissue in primary cultures

Induced leptin production in both mRNA
and protein levels

Antiproliferative effect
Induction of apoptosis

Oba and Allen (2001)*
Ruijschop et al. (2008)'
Xiong et al. (2004)*
Xiong et al. (2004)*

Lahham et al. (2008)*

Scheppach et al. (1995)*
Jan et al. (2002)'®
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terol and bile acids from the gut; 2) higher hepatic
conversion rate of cholesterol into bile acids; and 3) opti-
mized peripheral metabolism of lipoproteins by decreas-
ing the chylomicron size and lowering the incorporation
of cholesterol into chylomicrons.”'

Further analysis of dietary fiber experiments pointed
to a specific role of SCFAs, as end products of microbial
carbohydrate fermentation, in hepatic lipid synthesis.'>"
Yet, the effect of SCFAs on fat synthesis and cholesterol
levels should be viewed in terms of the type of SCFA
produced. More specifically, propionate as a product of
intestinal fiber fermentation has been shown to reduce
serum cholesterol levels when fed to rats.” In vitro
research with isolated rat hepatocytes showed an inhibi-
tory effect of propionate on fatty acid synthesis, but not
on cholesterol synthesis, although propionate decreased
the incorporation of [1-'*CJacetate into sterols by 90%."
In addition, propionate has been identified as a molecule
that decreases liver lipogenesis in inulin-fed rats."* Other
rat experiments demonstrated that inclusion of whole-
flour diets decreased both hepatic and plasma cholesterol
levels, as well as cholesterol in plasma triglycerides,
whereas hepatic triglycerides were not affected. Besides
several mechanisms proposed in this study, the authors
also mentioned the effect of increased propionate con-
centration in the portal vein, associated with whole-fiber
diets, on cholesterol and fatty acid synthesis.**

The mechanism of propionate-induced inhibition of
lipid synthesis has been investigated by Lin et al'! using
rat hepatocytes and [“Clacetate. The researchers
observed a 50% inhibition in cholesterol and triglyceride
synthesis in the presence of a propionate concentration of
0.1 mmol/L. Using 10-100-fold higher levels of labeled
acetate, they rejected the possibility that propionate com-
peted with labeled acetate and decreased cholesterol and
fatty acid synthesis due to the dilution of the precursor
pool. It was therefore suggested that propionate may
affect the activity of a common key enzyme, such as
acetyl-CoA synthetase.'” Indeed, when acetate enters the
hepatocytes, it is mainly converted to acetyl-CoA by
acetyl-CoA synthetase and then enters the cholesterol
and fatty acid synthesis cycle. Propionate also has a com-
petitive effect towards the protein that is allocated at the
entry of acetate into liver cells. This inhibition would
thereby contribute to a decrease in cholesterol and fatty
acid synthesis."*

Despite the convincing results of these studies, it
was not always possible for other studies to confirm an
inhibitory effect of propionate on lipid metabolism. For
example, a daily dietary supplementation of 9.9 g sodium
propionate in bread did not change lipid metabolism in
six healthy volunteers and even resulted in increased
triglyceride concentrations in five of the subjects.”® In
another study, the effect of propionate towards lipid
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metabolism was compared between human and rat hepa-
tocytes.'” An inhibitory effect of propionate was found, at
a concentration of 0.1 mmol/L, on lipid synthesis from
acetate in rats. However, in human hepatocytes, a higher
concentration of propionate, of about 10-20 mmol/L,
was required to obtain the same inhibitory effect. This
value is 100-200-fold higher than the concentration of
propionate in portal blood, indicating that the rat models
cannot be completely extrapolated to the human situa-
tion.”” In some other studies, the administration of pro-
pionate in the cecum of pigs, or perfusion of propionate
to the human colon, did not affect serum cholesterol
at all.?*%

Propionate as a molecule influencing satiety

In addition to having cholesterol-lowering and anti-
lipogenic effects, propionate may be involved in weight
control by stimulating satiety. The roles of SCFAs (acetic
acid, propionic acid, butyric acid) as satiety-inducing trig-
gers have been claimed in previous studies.'”*® There is
evidence that bacterial regulation of gut peptides such as
glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) is
mediated by SCFAs produced from indigestible sub-
strates, such as inulin and oligofructose.” In addition,
physiological concentrations of acetate, propionate, and
butyrate, but also a pH decrease from 7.5 to 6.0, signifi-
cantly increased proglucagon and PYY in the enteroen-
docrine colon cell line STC-1."” GLP-1 and PYY are
satiety-stimulating hormones that are released in
response to nutrient intake by L-cells, mainly in the ileum
and colon. GLP-1 promotes insulin secretion and prolif-
eration of pancreatic B-cells in addition to controlling
glycogen synthesis in muscle cells,” while PYY slows
down gastric emptying. In contrast, ghrelin stimulates
appetite and is mainly produced by P/D1 cells in the
stomach.” Non-digestible carbohydrates, such as oligo-
fructose,” lactitol,”® and resistant starch,'” are effective for
inducing satiety by modulating production of the gut
peptides GLP-1, PYY, and ghrelin through a mechanism
that also involves modulation of the intestinal microbial
community.*

Among SCFAs, propionate, in particular, has been
investigated as a satiety-inducing agent with strong
effects on energy intake and feeding behavior. Human
and animal trials have shown that propionate administra-
tion (in a range of 130-930 mmol/L in vivo and 0.01-
10 mmol/L in vitro) results in a significantly greater
feeling of fullness and lower desire to eat.'>™7*

One of the satiety signals triggered by propionate, in
particular, is leptin, a potent anorexigenic hormone that
suppresses food intake through receptors expressed in
the central nervous system. Xiong et al.** demonstrated
that the administration of sodium propionate at a dose of
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500 umol/day almost doubled the plasma concentration
of leptin in mice. Furthermore, SCFAs, and propionate in
particular, stimulated leptin expression in both a mouse
adipocyte cell line and mouse adipose tissue in primary
culture.” In another study, propionate at a concentration
of 3mmol/L induced leptin production in human
visceral adipose tissue on both the mRNA and protein
levels.” These data suggest that the modulating effect of
gut microbiota towards obesity may be partially mediated
by SCFAs, particularly propionic acid, which is derived
from microbial carbohydrate fermentation.

Potential role of propionate in cancer development

The effect of SCFAs on cancer, more specifically colon
cancer, has been investigated extensively.'*'®* Butyrate is
able to modulate gene expression and has an impact on
the key regulators of apoptosis and cell cycle. Several
mechanisms contribute to the regulatory effect of
butyrate on gene expression. These include hyperacetyla-
tion of histones and non-histone proteins as well as
alteration of DNA methylation, resulting in enhanced
accessibility of transcription factors to nucleosomal
DNA.* In another study by Jan et al.,'”® propionate and
acetate (at levels of 26-40 and 9-16 mmol/L, respectively)
induced typical signs of apoptosis in human colorectal
carcinoma cell lines. This effect included a loss of mito-
chondrial trans-membrane potential, the generation
of reactive oxygen species, caspase-3-processing, and
nuclear chromatin condensation.

SCFAs have paradoxical effects on colonic epithelial
cell proliferation. While these anions stimulate prolifera-
tion of normal crypt cells, n-butyrate, and to a lesser
extent propionate, they inhibit growth in colon cancer cell
lines.** Butyrate and propionate are also the most potent
fatty acids to induce differentiation®® and apoptosis.”’
They are therefore protective against cancer development
in general'™ and against colorectal cancer in particu-
lar.’®*” Although butyrate is more effective than propi-
onate,” it is mainly taken up by the colonocytes as an
energy source.® In contrast, propionate and acetate each
reach the circulation in a much higher concentration than
butyrate, and they are significantly taken up by the liver
(about 60%)."” Because of the high concentrations of
these anions in the liver, it is not unlikely that they affect
liver cancer cells as well as other typical cancer cells
known to cause metastasis in the liver, such as breast and
colon cancer.” Further uptake of SCFAs occurs in periph-
eral tissues, resulting in a 47% decrease of SCFAs in
peripheral venous blood. Yet, a study on sudden death
victims has shown that the amounts of SCFAs in periph-
eral blood are still quantifiable.'” Therefore, the anticarci-
nogenic effect of this circulating propionate, along with
acetate and butyrate, would be a matter of interest to
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investigate; for example, to what extent might the effect
extend beyond the small or large intestine and the liver
and thus affect different tissues?

SUBSTRATES AFFECTING PROPIONATE PRODUCTION

Non-digestible carbohydrates resistant to enzymatic
digestion in the small intestine are further broken down
by the intestinal bacteria. Prebiotics are defined as indi-
gestible carbohydrates that beneficially affect host health
through selectively stimulating the growth and/or the
activity of one or a limited number of bacteria in the
colon.*” Although the effect of substrates on SCFA pro-
duction in the distal gut has been denied in some stud-
ies,""** many studies have demonstrated their SCFA-
increasing properties. Some actual and potential prebiotic
compounds influencing propionate production are
described in detail in the following section. Due to differ-
ences in the experimental setup, compound structure and
concentration, and intestinal microbial community of the
studies, the variability in the propionate modulatory
effects of these compounds is high and performing com-
parisons among different substrates is difficult. Impor-
tantly, a direct link between propionate production and
luminal propionate concentration can only be made in an
in vitro context in the absence of intestinal absorption. A
summary of the main substrates inducing propionate
production is given in Table 2.

L-rhamnose

L-rhamnose or 6-deoxy-L-mannose is a naturally occur-
ring deoxy sugar. It is found in several animal, plant, and
bacterial polysaccharides. Commercially available rham-
nose is produced by chemical hydrolysis of arabic and
karaya gums, or from rutin or citrus fruits that contain,
by weight, 10-30% rhamnose. In short-term in vitro
experiments, L-rhamnose has been shown to increase
propionate production by four times the amount pro-
duced by lactulose.” Similar results were obtained in a
human in vivo study in which subjects were given 25 g of
L-rhamnose, lactulose, or D-glucose on three different
occasions. Serum propionic acid was measured 24 h
after ingestion and was significantly higher after
L-rhamnose than after lactulose or D-glucose.** The
propionate-inducing effect of L-rhamnose has also been
confirmed in one longer-term study in which ingestion
of 25 g of sugar significantly increased serum propionate
in humans over 28 days as compared to ingestion of
D-glucose as a control.”

D-tagatose

D-tagatose is a stereoisomer of D-fructose, which is nor-
mally used as an alternative to sucrose because of its low

Nutrition Reviews® Vol. 69(5):245-258
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energy content.* The indigestibility of this carbohydrate
in the small intestine and its high fermentability in the
large intestine of pigs was studied by Laerke and Jensen.*
Besides some other metabolic effects, such as lower pH
levels and higher ATP concentrations in the cecum
and proximal colon, significant increases of up to
34.5 mmol/L of propionate were observed in the cecum
and in several segments of the large intestines of the pigs
that were fed D-tagatose (100 g/kg diet) compared to a
sucrose-fed control group.

Resistant starch

Resistant starch consists of a large number of glucose
units linked together by o-(1,4) or o-(1,6) glycosidic
bonds and is resistant to amylase degradation. Depending
on the origin of the starch, it is fermented to butyrate®® or
propionate.”” In particular, resistant starch from rice is
associated with increased propionate production. Fer-
mentation of this compound in different proportions was
investigated in rats by Cheng and Lai.* Hepatic triglycer-
ide and total cholesterol concentrations in rats fed rice
starch (630 g/kg feed) were found to be significantly
lower (1.5 fold) than in the control group without starch.
This was in parallel with a significant increase in serum
propionate concentration.

This oligosaccharide belongs to the fructan family and
mainly consists of B-(2,1)-linked fructosyl-fructose. It
naturally occurs in flowering plants such as chicory and
Jerusalem artichoke as storage carbohydrate. As a prebi-
otic, inulin has been demonstrated to be very effective for
increasing both butyrate and propionate production. The
propionate-increasing effect of inulin has been investi-
gated in vitro using the simulator of human intestinal
microbial ecosystem (SHIME). A metabolic shift for
SCFA production was observed after 1 week of inulin
supplementation (5 g/d). The higher concentration of
SCFAs originated from increased production of propi-
onate and butyrate.’® When administered to the same
SHIME reactor, oligofructose and inulin with different
degrees of polymerization (DP) (2-20 and 3-60 for oli-
gofructose and inulin, respectively), resulted in 2 times
greater propionate production for inulin compared to the
start-up period.”’ An in vivo study with rats fed with
inulin (10%) also resulted in a considerable increase in
propionate production of up to 58.4 mmol/L.*

Polydextrose

Polydextrose is a branched, randomly polymerized
polysaccharide (DP, 6-32), which is synthesized mainly
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from dextrose and is not digested in the upper part of the
gastrointestinal tract. Modulation of the colon microbial
composition and metabolic activity by this substrate was
investigated using a four-stage colon simulator.”® A sig-
nificant increase in SCFA production was observed, espe-
cially for propionate (22.9 mmol/L) compared to the
control sugar xylitol (8.3 mmol/L).

Arabinoxylans and arabinoxylan oligosaccharides

Arabinoxylans are the main non-starch polysaccharides
found in many cereals and are part of dietary fiber. Arabi-
noxylans consist of B-(1,4)-linked D-xylopyranosyl resi-
dues to which a-L-arabinofuranose units are linked as side
chains. Some arabinoses can be substituted with ferulic
acid. In the in vivo study by Lopez et al.,>* rats fed with a
control diet (containing 710 g/kg wheat),an arabinoxylan-
supplemented diet (610 g/kg wheat starch plus 100 g/kg
maize arabinoxylan),and a cholesterol-supplemented diet
(without or with 2 g/kg cholesterol) were compared. The
cecal pHlevel dropped from 7 to 6 due to the accumulation
of SCFAs, especially propionic acid (>45% in molar
percentage). The butyrate production, however, was
unaffected.

Arabinoxylan oligosaccharides are derived from
hydrolysis of highly polymerized arabinoxylans. They are
characterized by their DP and the average degree of ara-
binose substitution (DS).” In a study by Grootaert et al.”®
the prebiotic potential of arabinoxylan oligosaccharides
was compared with inulin in two SHIME reactors.
Arabinoxylan oligosaccharides and inulin degradation
mostly occurred in the transverse and ascending com-
partment of the reactor, respectively. Lactate levels
(5.5 mM/L) increased in the ascending colon during
supplementation with arabinoxylan oligosaccharides,
while propionate levels (5.1 mM/L) increased signifi-
cantly in the transverse colon. The concomitant decrease
in lactate in the transverse colon suggested that propi-
onate was partially formed over the acrylate pathway.
Inulin treatment had moderate effects on lactate, propi-
onate, and butyrate levels.

Psyllium or ispaghula is a source of soluble fiber
providing polysaccharides comparable to wheat bran ara-
binoxylans but with a higher variability in side-chain
composition and linkage.”” In an in vivo rat study, the
effect of ispaghula (5%) on cecal and colon fermentation
was compared with that of wheat bran (10%). It was
noticed that is paghula fermentation resulted in higher
SCFA production, particularly more propionic acid in the
cecum and in all the colon fragments.*®

Mannooligosaccharides

Mannan is one of the water-insoluble hemicelluloses
comprised of linear or branched polymers derived from
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sugars such as D-mannose, D-galactose, and D-glucose.”
Mannooligosaccharides (MOSs) are fractionated through
thermal hydrolysis of mannan. These carbohydrates are
resistant to human salivary o-amylase, artificial gastric
juice, porcine pancreatic enzymes, and rat intestinal
mucous enzymes.” Using in vitro digestion methods,
MOS (10%) fermentation by human fecal bacteria was
examined. A significantly higher level of propionate was
found to be produced from MOSs compared to fructo-
oligosaccharides and [-1,4-mannobiose.”’ Similar results
for coffee MOSs were obtained in an in vivo rat study.®'
The addition of 5% MOSs to the diet for 28 days resulted
in a proportional increase of up to 36.5 mmol/L of pro-
pionate in the cecum.

Others

Laminarans are a group of water-soluble B-(1,3)-D-
glucan polysaccharides with low molecular weight
isolated from seaweeds. The biological activities and fer-
mentation characteristics of oligosaccharides obtained
from laminarans were examined by Michel et al.** Oligo-
laminarans (as a potential prebiotic) induced propionate
production and demonstrated an antiproliferative effect
on colorectal cancer (Caco-2), monocytic (THP1), and
lymphocytic T (Jurkat) cell lines.®

MECHANISMS OF PROPIONATE FORMATION

Propionate produced as a result of microbial fermenta-
tion of indigestible carbohydrates in the gut is the major
source of propionate available in the body. Numerous
studies have focused on this metabolite as a product of
intestinal fermentation”*>*°2%6%*  rather than from
dietary intake.'*” Therefore, the next section of this
review includes a detailed discussion of the two major
pathways of propionate production in the intestine and
the main microbial species involved in these specific
pathways. Interactions between bacteria in the propi-
onate pathways and new and current strategies to detect
and identify propionate-producing bacteria are also
illustrated.

Succinate or randomizing pathway

The first pathway suggests that propionate is formed
through decarboxylation of the symmetrical compound,
succinate. First, oxaloacetate is formed by pyruvate car-
boxylase from pyruvate. Then, oxaloacetate is reduced to
malate by malate dehydrogenase followed by dehydration
of malate to fumarate by fumarate hydratase. Fumarate is
then reduced to succinate by the action of succinate dehy-
drogenase. It is hypothesized that further metabolism of
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Fermentable
carbohydrate

2NAD
2NADH
co, ~
Oxaloacetate @
NADH
ATP

NAD

Malate
Propionyl-CoA
o co,
Fumarate
NADH S-methylmalonyl-CoA
aL @
Succinate Succinyl-CoA R-methylmalonyl-CoA

Figure 1 Propionate formation through succinate or
randomizing pathway based on Macy et al.®® Enzymes
involved in the above reactions: 1) pyruvate carboxylase,
2) malate dehydrogenase, 3) fumarate hydratase,
4) succinate dehydrogenase, 5) succinyl-CoA synthetase,
6) methylmalonyl-CoA mutase, 7) methylmalonyl-CoA epi-
merase, 8) methyl malonyl-CoA decarboxylase, 9) propi-
onate CoA-transferase.

succinate to propionate occurs through the decarboxyla-
tion of methylmalonyl-CoA, which is converted to
propionyl-CoA by methylmalonyl-CoA mutase activity
(Figure 1).

Pathways of succinate and propionate production
were extensively examined in Bacteroides fragilis, an
important anaerobe in the human intestine. Normally,
between 10' and 10" cells of this species are found per
gram of feces.® For Bacteroides fragilis,a CO,-dependent
mechanism for propionate production was suggested by
Macy et al.®® Enzyme assays performed with Bacteroides
fragilis revealed that oxaloacetate formation is catalyzed
by phosphoenolpyruvate carboxykinase (PEP carboxyki-
nase) and is energy independent. Therefore, the high
energy of the phosphate bond in PEP is conserved in the
form of ATP during the CO,-dependent formation of
oxaloacetate. This is in contrast with other species such
as Propionibacterium shermanii and Veillonella spp. in
which oxaloacetate formation is catalyzed by transcar-
boxylase and pyruvate kinase (both ATP-dependent
enzymes), respectively. In culture, succinate dehydroge-
nase activity (Figure 1, enzyme 4) was dependent on the
presence of hemin, an iron-containing compound essen-
tial for the growth of Bacteroides spp.**

Propionibacterium spp. is another common propi-
onate producer that uses the succinate pathway. Decar-
boxylation of succinate is the main method of propionate
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Glucose

l H,
Pyruvate Lactate@. Lactyl-CoA @. Acrylyl-CoA %j‘ Propionyl-CoA
“H,0

Coh,

ADP ATP 3

Propionate .ﬁ Propionyl-P

Figure 2 Acrylate pathway in Clostridium neopropionicum X4 based on Tholozan et al.”’ Enzymes involved in the above
reactions: 1) L-lactate dehydrogenase, 2) propionate CoA-transferase, 3) lactoyl-CoA dehydratase, 4) acyl-CoA dehydrogenase,

5) phosphate acetyltransferase, 6) propionate kinase.

production in Propionibacteria, since the amount of pro-
pionic acid formed depends on the concentration of CO,
in the medium. Higher ratios of propionate:acetate due to
increased CO, concentration was explained by bacterial
secretion of succinic acid at pH values above 6.5, but until
the pH drops below that level, cellular uptake is impos-
sible. In the case of increasing CO, concentrations, more
succinic acid is formed, with the excess being released
into the medium, and decarboxylated only when the pH
decreases with glucose as substrate, resulting in a higher
propionate:acetate ratio.”

The mechanism of propionate formation in Propi-
onibacterium pentosaecum was investigated by Del-
wiche.® In this study, propionate production from
succinate was higher than that from pyruvate, and
equimolar amounts of CO, and propionate were formed.
In the same study, at the presence of 0.3 mol/L malonate,
propionate production was inhibited by 90%. Con-
sidering these observations, it becomes evident that
Propionibacterium pentosaecum possesses a succinate
decarboxylase system sufficiently effective to be consid-
ered as the main factor for propionate production.

Decarboxylation of succinate is found in cell-free
extracts of Micrococcus lactilyticus in the presence of
specific cofactors, such as biotin and adenylic acid.
Micrococcus lactilyticus or Veillonella gazogenes are
strictly anaerobic bacterium producing acetic acid,
propionic acid, CO,, and H, through the fermentation of
lactate. They fail to ferment glucose, fructose, arabinose,
and some other sugars, which might be due to a lack
of the enzyme necessary to carry out the primary phos-
phorylation of the glucose in this species.”” However,
washed suspensions of this microorganism grown on
lactate were able to convert pyruvate, oxaloacetate,
L-malate, fumarate, and succinate under anaerobic
conditions.

Acrylate pathway

Although the succinate pathway is well described for
some of the most prevalent bacteria in the gut, it was
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suggested that the differences observed in labeled carbon
distribution patterns are the result of another fermenta-
tion mechanism that is different from the succinate path-
way.”® This pathway is defined as the acrylate pathway and
is presented in Figure 2. Unlike the pathway of propionate
formation in Propionibacterium shermanii and Veillonella
spp., where fumarate and succinate are symmetrical inter-
mediates, none of the intermediates of the acrylate
pathway are symmetrical.” In the acrylate pathway, pyru-
vate is reduced to lactate by lactate dehydrogenase.
Lactate is converted to lactyl-CoA, which is then dehy-
drated to acrylyl-CoA by 1-CoA dehydratase. Acrylyl-
CoA is reduced to propionyl-CoA by acyl-CoA
dehydrogenase. Phosphorylation of propionyl-CoA by
phosphate acetyltransferase results in propionyl-
phosphate, which is eventually converted to propionate
by propionate kinase.

Live Clostridium neopropionicum X4 is able to
ferment [1-"*Clethanol and CO, to [2-"C]propionate,
[1-"*Clacetate and [2-"*C]propanol. Because the labeled
positions did not change and the molecular skeleton was
preserved through the synthesis of propionate, it was sug-
gested that propionate was not formed by the succinate or
randomizing pathway, but by the acrylate or non-
randomizing pathway.”

The same pathway was also used by Megasphaera
elsdenii (cluster IX of Clostridia). The latter is an impor-
tant obligatory anaerobic bacterium of the rumen of
cattle and sheep,” accounting for 21% of lactate con-
sumption by rumen bacteria; it is also found in the
human intestine.” Megasphaera elsdenii utilized lactate in
preference to glucose when these two substrates were
present for propionate production.”

MICROBIAL INTERACTIONS

In a complex mixed microbial community, cooperation
between different microorganisms to produce a certain
end product is not uncommon. For instance, Falony
etal.”” demonstrated that substantial cooperation exists
between Bifidobacteria and Roseburia species for the fer-
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mentation of inulin to butyrate. This cooperation is
accomplished by means of cross-feeding, in which one
species metabolizes the products of another species. The
following examples suggest similar cooperation between
rumen bacteria accounts for propionate production. In
the rumen, several bacterial species are found to be
capable of performing all of the steps in the propionate
pathways, using carbohydrates as a substrate for propi-
onate formation. Examples include Megasphaera elsdenii
and Selenomonas ruminantium, which produce propi-
onate from carbohydrates and lactate through the acry-
late and the succinate pathway, respectively.”*”® On the
other hand, several rumen bacterial species, such as
Ruminococcus flavefaciens and Bacteroides succinogenes,
only produce succinate as a major fermentation end
product when cultivated in pure culture. With such
species, it was seen that succinate did not accumulate in
the rumen, but was decarboxylated to propionate. There-
fore, it was suggested that succinate produced by a species
like Bacteroides succinogenes was converted to propionate
by succinate-consuming species, such as Selenomonas
ruminantivm.®*

Another example of microbial interaction between
two species was provided by Hino et al.’”* When grown
separately in a glucose-containing medium, a monocul-
ture of Streptococcus bovis grew faster than Megasphaera
elsdenii, but the final cell yield was lower for Streptococcus
bovis than for Megasphaera elsdenii. However, when these
two species were cultured together, the growth rate and
cell concentration of Streptococcus bovis were higher than
those of Megasphaera elsdenii. Significant propionate
production in this co-culture indicated that Megasphaera
elsdenii consumed the lactate produced by Streptococcus
bovis. The stronger growth of Streptococcus bovis sug-
gested that glucose was mostly fermented by this species
and that Megasphaera utilized little glucose when lactate
was available. This implies that the growth and propi-
onate production in Megasphaera elsdenii is highly
affected by glucose fermentation and lactate production
of Streptococcus bovis.

Competition for an essential nutrient is one of the
negative interactions that occur between microorganisms
in a mixed community. Hydrogen (H,) is a major inter-
mediate in intestinal fermentation. It is utilized by hydro-
genotrophic microorganisms belonging mainly to the
methanogens, acetogens, and sulphate-reducing bacteria.
These microorganisms therefore compete for H, and
influence each other’s growth and activity. Methanogens
utilize hydrogen to reduce CO, and produce methane
(CH,). The latter is considered as energy loss for the host
and a contributor to global warming.”” Using bacterial
interactions has already been a strategy for reducing
methanogenesis in in vitro as well as in vivo studies. One
way to decrease methanogenesis is to induce the pathways
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of fermentation in which H, is utilized by other microor-
ganisms. Acetogenesis seems to be a possible alternative
to reduce CH, production by methanogens. In a study by
Morvan etal.,’® in vitro interactions between a rumen
H,-producing microorganism, Ruminococcus flavefa-
ciens, and a H,-utilizing bacteria belonging to the cluster
XIV of Clostridia, resulted in higher acetate production
by Clostridium in the coculture media. This indicated an
interspecies H, transfer resulting in less H, availability for
methanogens. The second possibility for CH, reduction is
through propionate formation. Some propionate produc-
ers form propionate through the succinate pathway, in
which intermediates such as malate and fumarate are
involved. In a study of Lopez et al.,” it was demonstrated
that an addition of sodium fumarate (6.25 mmol/d) to the
fermentation media with rumen microbiota significantly
decreased, by 6%, the amount of CH, produced. The
decrease corresponded well to the fraction of fumarate
that was converted to propionate. More evidence for an
inverse relationship between propionate production and
methanogenesis, as well as some strategies for methane
mitigation in rumen, are reviewed by Boadi etal.”’
However, the main information about the effect of pro-
pionate on methanogenesis appears to be provided by
animal studies and mostly in rumen. Therefore, it would
be interesting to investigate this effect in the human intes-
tine as well.

Sulfate-reducing bacteria utilize H, to reduce sulfur
from unabsorbed amino acids and dietary sulfate. Sulfide
is mainly detoxified in the colon and red blood cells
through methylation by thiol methyl transferase.* Yet, an
important role for colonic sulfide in the pathogenesis of
ulcerative colitis (UC) has been found. Higher production
of hydrogen sulfide and growth characteristics of sulfate-
reducing bacteria is noticed in patients with UC com-
pared to control subjects.” This is due to selectively
impaired oxidation of butyrate, which has an essential
role in maintaining the health of the colonic epithelial cell
barrier. So far, strategies for reducing hydrogen sulfide
include antibiotics against sulfate-reducing bacteria,
methyl donors, dietary reduction of sulfide intake, and
promotion of colonic methanogenesis.* Besides these
strategies, the potential effect of propionate on hydrogen
sulfide mitigation through dietary management would be
a matter of interest to investigate.

MOLECULAR MONITORING OF
PROPIONATE-PRODUCING BACTERIA

More than 90% of bacteria annotated in the human intes-
tine are unculturable.’ Molecular techniques using 16S
ribosomal RNA-targeted probes® or polymerase chain
reaction primers® have been used as powerful culture-
independent techniques to detect predominant bacterial
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Table 3 PCR primers for detection of propionate-producing bacteria.

Candidate Primer sequence Product  Annealing Reference
size (bp)  temperature (°C)
Bacteroides fragilis ATACGGAGGATCCGAGCGTTA 293 65 Vanhoutte et al. (2006)%
subgroup CTGTTTGATACCCACACT
Bacteroides fragilis group  ATAGCCTTTCGAAAGRAAGAT 501 50 Matsuki et al. (2002)%
CCAGTATCAACTGCAATTTTA
Prevotella ruminicola GGTTATCTTGAGTT 485 53 Tajima et al. (2001)%
CTGATGGCAACTAAAGAA
Prevotella ruminicola 23 GAAAGTCGGATTAATGCTCTATGTTG 74 53 Stevens and Weimer
CATCCTATAGCGGTAAACCTTTGG (2007)%8
Selenomonas CAATAAGCATTCCGCCTGGG 138 56 Stevens and Weimer
ruminantium D TTCACTCAATGTCAAGCCCTGG (2007)%
Megasphaera elsdenii AGATGGGGACAACAGCTGGA 95 54 Stevens and Weimer
781 CGAAAGCTCCGAAGAGCCT (2007)%8
Bacteroides vulgatus GCATCATGAGTCCGCATGTTC 287 50 Wang et al. (1996)%
TCCATACCCGACTTTATTCCTT
Escherichia coli GACCTCGGTTTAGTTCACAGA 585 50 Wang et al. (1996)%°
CACACGCTGACGCTGACCA
Propionibacterium CTTTCATCCATGACGAAGCGCAAG 867 69 Rossi et al. (1999)®°
freudenreichii TGGGGTCGAGTTGCAGACCCCAAT
Propionibacterium GACGAAGGCATTCTTTTAGGGTGT 868 68 Rossi et al. (1999)®
acidipropionici TGGGGTCGAGTTGCAGACCCCAAT

groups present in the human intestine. For propionate
producers as well as other bacterial groups, the 16S ribo-
somal RNA gene has mainly been used to design gene-
targeted species-specific primers. An overview of primers
that are suitable to detect several known propionate pro-
ducers are listed in Table 3. More recently, genes involved
in the metabolic pathways, such as the production of
SCFAs by bacteria, have become new targets in molecular
analysis. To exemplify this point, a study of Louis et al.**
reported the design of polymerase chain reaction primers
using genes encoding the final enzymes of butyrate syn-
thesis in the human large intestine. Genes encoding
butyrate kinase, phosphotransbutyrylase, and butyryl-
CoA:acetate CoA-transferase were used to assess the
potency of bacteria to produce enzymes involved in
butyrate production. In addition, the predominant route
for butyrate formation in the gut could be examined.

Using a similar approach, Asanuma and Hino*
elucidated the regulatory mechanism for propionate pro-
duction in Selenomonas ruminantium by targeting phos-
phoenolpyruvate carboxykinase and pyruvate kinase
genes, which are both involved in the early steps of pro-
pionate synthesis. Such a research strategy may also
apply to the detection of other propionate-producing
bacteria. In addition, the final enzymes in the pathways
of propionate formation (Figures 1 and 2) may be used
to 1) screen for a wider range of phylogenetically diverse
propionate-producing bacteria from the human large
intestine and 2) determine the extent to which the path-
ways of propionate production are employed in this
ecosystem.
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Further research is needed to expand the primer set
for detecting genes encoding for the enzymes that are
involved in the propionate production pathways, and
for determining and quantifying propionate-producing
microorganisms. To aid in the development of such a
molecular analytical strategy, an overview of the enzymes
involved in either the succinate or acrylate pathways of
propionate production is provided here. One can query
these enzymes in the Gene Bank DNA sequence database
from the National Center for Biotechnology Information
(NCBI) to look for coding genes. To illustrate, a search
was performed based on the enzyme commission
number (EC number) and with exclusion of archaea.
Except for one enzyme that is involved in the acrylate
pathway, lactoyl-CoA dehydratase, the query for the dif-
ferent enzymes resulted in a large number of species pos-
sessing genes, including putative genes, expressing these
enzymes (Table 4). Interestingly, the number of bacterial
species possessing specific enzymes was highly variable.
For the enzymes involved in the succinate pathway, an
increasing number of species that possess the enzymes
involved in the electron transport chain was observed
(Table 4; Figure 1, enzymes 1, 2, 3, 4, and 5). Further
downstream, a decreasing number of species would have
the potency to produce enzymes involved in the last steps
of propionate formation (Table 4; Figure 1, enzymes 6, 7,
8, and 9). One possible explanation for this trend is
an information gap concerning the bacterial species
involved in the initial or final steps of propionate produc-
tion. Alternatively, it is probable that only a limited
number of bacterial species are capable of performing the
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Table 4 Results of NCBI search for enzymes involved in pathways of propionate production.

Enzyme EC number No. of bacterial
species

Succinate pathway
1. Pyruvate carboxylase 6.4.1.1 243
2. Malate dehydrogenase 1.1.1.37 656
3. Fumarate hydratase 42.1.2 834
4. Succinate dehydrogenase 1.3.99.1 1,443
5. Succinyl-CoA synthetase 6.2.1.5 1,133
6. Methylmalonyl-CoA mutase 5.4.99.2 466
7. Methylmalonyl-CoA epimerase 5.1.99.1 99
8. Methyl malonyl-CoA decarboxylase 4.1.1.41 47
9. Propionate CoA-transferase 2.83.1 25

Acrylate pathway
1. L-lactate dehydrogenase 1.1.1.27 245
2. Propionate CoA-transferase 2.8.3.1 25
3. Lactoyl-CoA dehydratase - -
4. Acyl-CoA dehydrogenase 1.3.99.3 424
5. Phosphate acetyltransferase 2318 625
6. Propionate kinase 2.7.2.15 34

final metabolic steps in the propionate production
pathway. In contrast, no such trend was observed for the
enzymes involved in the acrylate pathway. As for the suc-
cinate pathway, information on the number of species
that possess the relevant enzymes may be incomplete.

In addition to performing the search, the bacterial
genera were ranked based on the total number of enzymes
that can be linked to either the succinate or the acrylate
pathway. This provides a better view of the particular
bacterial genera that have a higher probability of produc-
ing propionate. All of the bacterial genera that possess
enzymes for the succinate and the acrylate pathways are
presented as Tables S1 and S2,which are available online as
Supporting Information. The entire categorized list of
bacterial genera with the total number of enzymes can be
consulted in those tables. In addition, the supporting tables
present the number of species for each specific enzyme.
Repetitions of the same bacterial genus and species do
occur, due to the presence of several strains of the same
species, or due to the presence of a different nomenclature
for the same gene within one species. Some of these genera
are well known to be present in the human intestine, such
as, Veilonella, Lactobacillus, Bacteroides, and Propionibac-
terium. However, many other genera exist for which the
functional genes are determined but further investigation
is needed to elucidate whether the species can be detected
in the human intestine.

CONCLUSION
Propionate of gut microbial origin is known to possess

biological activity at the level of the intestine and intes-
tinal epithelium. Yet, due to its efficient transport across
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the gut epithelium, it may affect other organs and tissues
in addition to the intestinal epithelium. This opens up
the potential for the health effects of this metabolite to
be modulated through the gut. The selective changes in
serum propionate concentration are obtained by feeding
specific fermentable substrates. These changes reflect dif-
ferences in colonic production and microbial composi-
tion. Therefore, selective alteration of the colonic
fermentation pattern using functional foods could yield
a new strategy for modulating propionate-derived health
effects. Although many prebiotic compounds have been
reported to promote propionate production by gut
microorganisms, the mechanisms behind propionate
production need to be elucidated further. Due to the
large inter-individual differences in the composition and
associated metabolism of the gut microbial community,
knowledge of carbohydrate structure is insufficient to
predict whether propionate will be a major fermentation
metabolite following prebiotic consumption. It is there-
fore proposed that research be directed towards the
study of the microbial metabolic pathways that result in
propionate production. Cross-feeding reactions between
gut microorganisms must be fully uncovered and the
importance of the succinate pathway and/or acrylate
pathway for propionate production in a microbial con-
sortium must be assessed. These goals can be obtained
by applying novel molecular tools that are based on
species-specific primers. In addition, a functional gene
approach to the detection and quantification of
propionate-producing microbiota in the complexity of
the gut environment is a challenging but promising step
when validating the potential of novel functional foods
(probiotics and prebiotics) to increase gut propionate
production.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Table S1 Bacterial ranking based on the total number of
encoding genes for the enzymes involved in the succi-
nate pathway. Numbers of species possessing the
enzymes for each genus are presented.

Table S2 Bacterial ranking based on the total number of
enzymes involved in acrylate pathway. Numbers of
species possessing the enzymes for each genus are
presented.
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