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Prebiotics and Lipid Metabolism

EFFECT OF PREBIOTICS ON FATTY ACID
METABOLISM

Triacylglycerols {TAG) have important physiological
roles, and abnormalities in their metabolism are impli-
cated in major pathologies such as obesity, insulin resis-
tance, type 2 diabetes, dyslipidemia, and atherosclerosis.
The main sites of endogenous TAG synthesis from glycerol-
3-phosphate and fatty acids are the liver and adipose tis-
sue. Most of the fatty acids used for this synthesis are
provided by breaking down other TAG, whereas de novo
lipogenesis, the synthesis of new molecules of fatty acids
from nonlipid substrates, is a minor pathway. In rats fed
a lipid-rich diet containing 10% fructans, a decrease in
triglyceridemia occurs without any protective effect on
hepatic TAG accumulation and lipogenesis, suggest-
ing a possible peripheral mode of action {Roberfroid
and Delzenne, 1998). In contrast, in ohese Zucker rats,
dietary supplementation with fructans reduces hepatic
steatosis, with no effect on postprandial triglyceridemia.
This effect is likely to result mainly from a lower avail-
ability of nonesterified fatty acids coming from adipose
tissue, since fat mass and body weight are decreased by
the treatment {Daubioul et al., 2000).

A decrease in hepatic and serum TAG is observed
when inulin-type fructans (Delzenne and Kok, 2001),
fermented resistant rice starch (Cheng and Lai, 2000),
or raw potato or high-amylose corn starch (Lopez et al.,
2001) is added for several weeks to the standard diet
of rats or hamsters—which is rich in carbohydrates.
The doses required to obtain such an effect are rela-
tively high (3 to 20% [wt/wt] in the diet}, and depending
on the model, the effect appears to be dose dependent
(Tokunaga et al., 1986; Hokfelt et al., 1999). The TAG-
lowering effect is also found in beagle dogs receiving 5%
of a short-chain inulin-type fructan associated with 10%
sugar beet fiber (Diez et al., 1997). The TAG-lowering
effect of inulin type fructans has also been shown in apo-
lipoprotein E (apo-E}-deficient mice. In this model, the
inhibition of plaque formation was more pronounced
with long-chain inulin than with shorter ones {Rault-
Nania et al., 2006}, A decrease in serum TAG is even
more pronounced in animal models in which the diet
is enriched with dietary fructose (Kok et al.,, 1996;
Busserolles et al., 2003).

Short-chain fructo-oligosaccharides also decrease
hepatic TAG accumulation (steatosis) in models in which

Nathalie M. Delzenne, Patrice D. Cani, and Audrey M. Neyrinck, Université Catholique de Louvain, School of Pharmacy, MD/FARM/PMINT

7369 UCL, 73 Avenue Mounier, B-1200 Brussels, Belgium.

183




184

TAG synthesis in the liver is promoted, either induced
by a fructose-rich diet in rats or due to leptin receptor
defect (Delzenne and Kok, 1998; Daubioul et al., 2000,
2002; Busserolles et al., 2003). They also protect rats
fed a high-sucrose/high-fat diet against hepatic steato-
sis, and in this model, they decrease susceptibility to the
hepatotoxic effect of phenobarbital treatment (Sugatani
etal,, 2006).

In most studies involving animals (rats and mice), the
decrease in triglyceridemia and/or in hepatic TAG level
due to feeding of fructans is accompanied by a decrease
in fat mass development, observed after 2 to 4 weeks of
treatment in mice or rats {depending on the model), and
a lower body weight after a prolonged treatment (more
than 4 weeks in rats). Subcutaneous and visceral fat mass
are both decreased by prebiotics.

It has been reported that chronic resistant starch (RS)
feeding in rats causes a decrease in adipocyte cell size, a
decrease in fatty acid synthase expression, and reduced
whole-body weight gain relative to digestible starch
feeding (Lerer-Metzger et al,, 1996). On a whole-body
level, this attenuation of far deposition in white adipose
tissue in response to an RS diet could be significant for
the prevention of weight gain in the long term (Higgins
et al., 2006), The decrease in fat mass development is
clearly linked to a decrease in energy intake. Besides this
effect on fat mass development, no effect on serum non-
esterified fatty acids is observed in the animals receiving
prebiotics. :

The decrease in serum TAG due to prebiotics such as
fructans results mainly from a decrease in very low den-
sity lipoproteins as shown in rats or hamsters (Fiordaliso
et al,, 1995; Trautwein et al., 1998), In animals, the
reduced triglyceridemia observed after fructans feeding
is often linked to a decrease in de novo lipogenesis in the
liver, but not in adipose tissue (Delzenne and Kok, 2001).
The activities and mRNA levels of key enzymes involved
in fatty acid synthesis (acetyl coenzyme A carboxylase
[ACC], glucose-6-phosphate dehydrogenase, ATP citrate
lyase, and fatty acid synthase [FAS]) are lower in ani-
mals fed fructans, suggesting that a lower lipogenic gene
expression is involved in the decreased lipogenic capacity
after supplementation with fructans (Kok et al., 1996),
This effect on hepatic de novo lipogenesis was also shown
in rats fed RS (Takase et al., 1994). Moreover, following
an overnight fast, male Wistar rats ingesting a meal with
an RS content of 2 or 30% of total carbohydrate exhib-
ited a lower rate of lipogenesis in white adipose tissue
{Higgins et al., 2006).

The decrease in glycemia and/or insulinemia observed
in animals fed synthetic (from saccharose) or chicory
root-derived inulin has been proposed as a mechanism
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explaining the lower de novo lipogenesis (Delzenne and
Williams, 2002; Sugatani et al., 2006). In fact, glucose
and insulin promote lipogenesis through the activation
of several key peptides or nuclear factor {activation of
sterol response element binding protein [SREBP-1C] and
phosphorylation ‘of AMP kinase) (Ferre and Foufelle,
2007). No data have been published to date to support a
relationship between a lower SREBP-1C or AMP kinase
in the antilipogenic effect of inulin-type fructans and
other nondigestible carbohydrates.

Levan from Zymomtonas mobilis, which is largely fer-
mented in the cecocolon by bifidobacteria, also reduces
the expression of genes coding FAS and ACC in the liver
{(but not in the adipose tissue) of rats fed a high-fat/high-
sucrose diet; this phenomenon correlates with a decrease
in the insulin level (Kang et al., 2006), The authors, in
view of their experimental results, suggested that, in addi-
tion to the lower glucose-induced lipogenesis, prebiotics
could also promote fatty acid oxidation via an activa-
tion of hepatic peroxisome prolierator-activated receptor
alpha (PPARq). Some recent data obtained in our labora-
tory support a role for PPAR« in oligofructose effects,
since PPARa KO (—/—) nrice treated with oligofructose
had the same hepatic and serum TA G level as the one mea-
sured in the controls (P. D. Cani, E. Dewulf, A, Neyrinck,
and N. Delzenne, personal communication, 2007).

EFFECT ON CHOLESTEROL HOMEQOSTASIS

Cholesterol is an important constituent of cell mem-
branes, where it is implicated in the control of impor-
tant cellular functions. There are two sources of the
compound at the whole-body level: dietary intake and
endogenous synthesis, the latter being quantitatively the
most important in humans, Type 2 (high-amylose) RS
(200 g/kg of food) lowers the cholesterol content in total
serum and triglyceride-rich lipoprotein in rats (Lopez
et al., 2001). This fact is in accordance with the lower
cholesterol absorption observed in rats fed with soluble
corn bran arabinoxylans or fermentable starch (Lopez
et al.,, 1999, 2001). Increased low-density lipoprotein
{LDL) receptor mRNA content could also contribute to
the decrease in serum total cholesterol occurring in rats
receiving bean RS in their diet for 4 weeks (Fukushima
et al., 2001). Other fermentable soluble dietary fibers,
such as pectin, low-viscosity guar gum, and beta-glucan
from oat bran, have been shown to lower serum choles-
terol in rats (Delzenne and Williams, 1999; Slavin, 2005;
Queenan et al., 2007),

Several studies have also reported a decrease in total
serum cholesterol after dietary supplementation with inu-
lin {10%) in mice or rats (Levrat et al., 1991; Fiordaliso
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etal,, 1995; Delzenne et al., 2002; Mortensen et al,, 2002;
Fava et al., 2006; Rault-Nania et al., 2006). Experiments
with apo-E-deficient mice support the fact that dietary
inulin {mainly long-chain inulin) significantly lowers the
total cholesterol level by about one-third. This is accom-
panied by a significant decrease in the hepatic cholesterol
content, The authors suggest that the decrease in serum
cholesterol could reflect a decrease in TAG-rich lipopro-
teins, which are also rich in cholesterol in apo-E-deficient
animals {Rault-Nania et al., 2006).

With regard to the hypocholesterolemic effect of prebi-
otics, several mechanisms have been proposed which are
often related to a modulation of the intestinal metabolism
of bile acids, but other properties (e.g., steroid-binding

properties) may be involved, which are independent of

the fermentation of the prebiotic in the lower intestinal
tract {Trautwein et al., 1999; Delzenne and Williams,
1999; Adam et al., 2001; Lopez et al., 2001),

ROLE OF SHORT-CHAIN FATTY ACIDS IN
THE MODULATION OF LIPID METABOLISM
BY PREBIOTICS

Gut fermentation of prebiotics leads to the production
of short-chain fatty acids, mostly acetate, propionate,
and butyrate, which are almost completely absorbed
along the digestive tract. Whereas butyrate is widely
metabolized by enterocytes, propionate and acetate
reach the liver through the portal vein (Demigne et al,,
1999). When acetate enters the hepatocyte, it is activated
mainly by the cytosolic acetyl coenzyme A synthetase 2
and then enters the cholesterogenesis and lipogenesis
pathways. This effect has been proposed as a rationale
for the hypercholesterolemic effect of those nondigest-
ible carbohydrates such as lactulose whose fermentation
in the colon results in enhanced acetate, but not pro-
pionate, production. Conversely, propionate is a com-
petitive inhibitor of the protein controlling the entrance
of acetate into liver cells (N, M. Delzenne, N. Kok, A,
Neyrinck, and C. Daubioul, unpublished results), a
phenomenon which contributes to a decrease in lipo-
genesis and cholesterogenesis, at least in vitro in rat
hepatocytes. The production of a high concentration of
propionate, through fermentation, has been proposed
as a mechanism to explain the reduction in serum and
hepatic cholesterol in rats fed RS or fructans {Levrat
et al,, 1994; Demigne et al., 1995; Jenkins et al., 1998;
Cheng and Lai, 2000; Lopez et al., 2001; Delzenne and
Kok, 2001). It thus appears that the pattern of fermen-
tation of prebiotics, and mostly the ratio of acetate to
propionate reaching the liver through the portal vein,
is a putative intermediate marker that could be used
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to predict the potential lipid-lowering properties of
prebiotics and other nondigestible fermentable carbo-
hydrates. Oligofructose fermentation by human fecal
bacteria can increase butyrate production in vitro (Mor-
rison et al., 2006). However, oligofructose appears to be
fermented by mainly acetate- and lactate-producing bac-
teria rather than butyrate-producing bacteria (Morrison
et al., 2006). As bacterial acetate conversion to butyrate
and lactate conversion to acetate, propionate, and buty-
rate were observed, carbohydrates with similar proper
ties represent a refinement of the prebiotic definition,
termed butyrogenic prebiotics, because of their addi-
tional functionality.

Interestingly, acetate, when supplied in the diet of dia-
betic mice at a dose of 0.5% for 8 weeks, activates AMP
kinase in the liver, a phenomenon that is related to the
inhibition of de novo lipogenesis {Sakakibara eral., 2006).
The incubation-of rat hepatocytes with acetate (0.2 mM)
activates AMP kinase and decreases SREBP-1c expression,
two factors clearly implicated in the regulation of lipogen-
esis. Therefore, the classical deleterious role attributed to

~acetate as a precursor of lipogenesis might be modulated,

taking into account its regulatory effect on key molecular
factors involved in fatty acid synthesis in the liver,

In humans, key experimental data are lacking, with
regard to the quantitative contribution of acetate and
propionate, produced in the colon through prebiotic fer-
mentation, in the regulation of lipid synthesis in vivo,

IMPLICATION OF ENERGY INTAKE AND
ENERGY EXPENDITURE IN THE FAT-
REDUCING EFFECT OF PREBIOTICS

The analysis of food intake behavior reveals that feeding
of fructans decreases the total energy intake by about
5 t0 10% throughout the period of treatment {Delzenne
et al., 2007). This effect explains the relevance of these
prebiotics to the control of fat mass development in
different animal models, The “satietogenic” effect of
nondigestible carbohydrates results from the overpro-
duction of anorexigenic gut peptides (GLP-1 and PYY)
and a decrease in orexigenic peptides (ghrelin) (Cani
et al., 2004), We have shown, in high-fat-fed mice, that
the antiobesity effect of fructans is clearly dependent on
the higher production of GLP-1 by L cellsin the colon and
requires a functional GLP-1 receptor (Cani et al., 2006;
Delmée et al., 2006; Cani et al,, 2007b). In mice exhibi-
ting a functional GLP-1 receptor, the following benefi-
cial effects of oligofructose were observed: (i} a decrease
in food intake, fat mass, and body weight gain; (ii) an
improved glhicose tolerance during oral glucose tolerance
testing; and (iil) an improved hepatic insulin resistance.
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The disruption of GLP-1R function, by chronic infu-
sion of exendin 9-39, prevented the majority of those
beneficial effects observed following oligofructose treat-
ment. The importance of GLP-1R-dependent pathways
was confirmed using GLP-1R "~ mice fed a high-fat diet:
no beneficial effects of oligofructose treatment were
observed in GLP-1R " mice. Moreover, in some specific
experimental models, oligofructose did not have any
effect on body weight and glucose homeostasis: those
models were also characterized by a lack of effect of oli-
gofructose on GLP-1 production in the colon (Delmée
et al., 2006) or were characterized by a lack of GLP-1.
Leptin is another peptide known to control food
intake. The acute administration of propionate has been
shown to increase circulating leptin in mice, through the
interaction with the orphan G protein-coupled receptor
GRP41 (Xiong et al., 2004). However, the administra-
tion of oligofructose in rats receiving a diet rich in fruc-
tose led to a decrease in serum leptin (Busserolles et al.,
2003). The administration of levan, which is largely fer-
mented by bifidobacteria in the colon, also decreases, in
a dose-dependent manner, the level of serum leptin in rats
fed a high-fat diet for 4 weeks {Kang et al., 2006). This
decrease in leptin correlated with a decrease in serum
insulin. Although few data are available, it would appear
that feeding of prebiotics lowers serum leptin, probably
as a consequence of the decrease in fat mass observed in
prebiotic-fed animals. Leptin is thus not involved in the
control of food intake by prebiotics; in accordance with
this hypothesis, several studies with mice or rats lacking
leptin (receptor) expression or functionality showed that
these animals’ intake of energy was less throughout the
treatment with nondigestible prebiotic carbohydrates,
such as fructans, than that of control animals receiving
the corresponding control diet {Daubioul et al., 2002).

THE ROLE OF THE INTESTINAL
MICROBIOTA IN THE CONTROL OF LIPID
HOMEQOSTASIS BY PREBIOTICS

The gut microbiota may affect hepatic lipid metabo-
lism involved in energy homeostasis. Germfree mice
colonized with the gut microbiota derived from con-
ventionally reared mice have a higher expression of fac-
tors/fenzymes promoting de novo lipogenesis in the liver
(increase in SREBP-1c and carbohydrate response ele-
ment binding protein, ACC, and FAS) (Backhed et al.,
2004). These data suggest that the gut microbiota may
affect the pathophysiology of obesity. In fact, recent data
have been published showing that the composition of
the gut microbiota is different in obese and nonobese
individuals (Ley et al,, 2006). In humans, the relative
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proportionof Bacteroidetes versus Firmicutesisdecreased
in obese people in comparison with lean people, and this
proportion increases with weight loss on two types of
low-calorie diet (low-carbohydrate or low-fat diet). In
obese mice (leptin-deficient ob/ob mice), the propor-
tion of Bacteroidetes is also decreased compared to their
lean siblings (Ley et al.,, 2005). These changes in bacte-
rial composition—observed both in obese humans and
animals—were division-wide, whereas bacterial diversity
remained constant over time; no blooms or extinctions
of specific bacterial species were observed in obese versus
lean individuals, or after dietary {low-calorie) interven-
tion (Ley et al., 2006). The composition of the microbiota
has an impact on calorie sparing from food and on fat
mass development. The ingestion of the same quantity
of food allows ob/ob mice to harvest more calories than
the corresponding lean animals: the “energy sparing”
phenomenon is transmissible to germfree recipients
when they are colonized with an “obese microbiota,”
suggesting that the microbiota composition seems rel-
evant to explain this difference. It is important to note
that this colonization results also in a greater increase
in total body fat than the colonization with a “lean
microbiota” (Turnbaugh et al,, 2006). In contrast to
mice with a gut microbiota, germfree animals are pro-
tected against the obesity that develops after consuming
a high-fat/high-sugar diet (Backhed et al., 2007}, There-
fore, the presence of the gut microbiota itself controls the
metabolic response to energy-dense food. This protec-
tion against fat mass development in germfree mice is
attributable to a higher level of fasting-induced adipo-
cyte factor {FIAF), which both inhibits lipoprotein lipase
(and therefore limits fat storage of dietary fatty acids)
and promotes fatty acid oxidation in muscles by induc-
ing peroxisomal proliferator-activared receptor coacti-
vator (PGC-1a). FIAF expression may be modulated by
specific microbial determinants: when germfree mice
are colonized by saccharolytic and methanogenic species
(Bacteroides thetaiotaomicron and Methanobrevibacter
smithii), intestinal FIAF expression is suppressed and
de novo lipogenesis and host adiposity increase (Backhed
et al,, 2004; Rawls et al., 2006). Moreover, germfree
animals exhibit a higher AMP kinase activity in the liver
and in muscles, which promotes fatty acid B-oxidation
(carnitine palmitoyltransferase [ activity) and favors the
inhibition of anabolism via inhibition of key enzymes
controlling fatty acid and glycogen synthesis; those
events are independent of FIAF expression (Backhed
et al., 2007).

We have recently shown that specific modulation
of the gut microbiota by prebiotics influences fat mass
development and lipid metabolic disorders associated
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with obesity (Cani et al., 2007c), We reported that high-
fat feeding was associated with a higher endotoxemia
and a lower Bifidobacterium spp. cecal content in mice
{Cani et al., 2007a). Therefore, we tested whether resto-
ration of the number of cecal Bifidobacterium spp. could
modulate metabolic endotoxemia, the inflammatory
tone, and the development of diabetes. Since bifidobac-
teria have been reported to reduce intestinal endotoxin
levels and improve mucosal-barrier function {Griffiths
et al., 2004; Wang et al., 2004, 2006), we specifically
increased the gut bifidobacterial content of high-fat-diet-
fed mice through the use of a prebiotic (oligofructose).
We demonstrated that high-fat feeding significantly
reduced intestinal gram-negative and gram-positive
bacteria including levels of bifidobacteria, a dominant
member of the intestinal microbiota which is regarded as
physiologically positive, compared to normal-chow-fed
mice. As expected, in prebiotics-fed mice the numbers of
bifidobacteria were completely restored. High-fat feed-
ing significantly increased endotoxemia, which was nor-
malized to normal-chow-fed mice in prebiotics-treated
mice. Multiple-correlation analyses showed that endo-
toxemia significantly and negatively correlated with the
number of Bifidobacterium spp. in prebiotics-treated
mice; Bifidobacterium spp. significantly and positively
correlated with improved glucose tolerance, glucose-
induced insulin secretion, and normalized inflammatory
tone (decreased endotoxemia and plasma and adipose-
tissue proinflammatory cytokines}. Together, these find-
ings suggest that the gut microbiota contributes towards
the pathophysiological regulation of endotoxemia and
sets the tone of inflammation for the occurrence of dia-
betes/obesity. Thus, it would be useful to develop specific
strategies for modifying the gut microbiota in favor of
bifidobacteria to prevent the deleterious effect of high-
fat-diet-induced metabolic diseases.

COULD AN EFFECT BE MEDIATED BY
PROBIOTICS THEMSELVES THROUGH
THE MODIFICATION OF THE INTESTINAL
MICROBIOTA?

Most prebiotics promote lactic acid-producing bacteria.
The possibility that modification of the intestinal micro-
biota may have beneficial effects on lipid metabolism
is equivocally supported by studies using lactic acid-
producing probiotics (live microbial feed supplements,
e.g., fermented dairy products) (Taylor and Williams,
1998; 5t Onge et al., 2000; Whelan et al., 2001; Anders-
son et al, 2001; McNaught and MacFie, 2001). The
influence of probiotics on TAG homeostasis is only poorly
documented. An interesting review suggests a moderate
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cholesterol-lowering effect associated with the consump-
tion of dairy products fermented with specific strains of
Lactobacillus and/or Bifidobacterium (Fava et al,, 2006).
The regular consumption of both probiotic and conven-
tional yogurt for 4 weeks exerted a positive effect on the
lipid profile (increase in high-density lipoproteins [HDL}/
LDL ratio) in the plasma of healthy women (Fabian and
Elmadfa, 2006).

In animals, a cholesterol-lowering action of certain
fermented dairy producis indicates that the bacterial
content, and more precisely the combination of differ-
ent types of bacteria such as Lactobacillus acidophilus,
Lactobacillus casei, and Bifidobacteritsn bifidum, is
responsible for the cholesterol-lowering action of dairy
products (Andersson et al., 2001). Bifidobacterial pro-
liferation does not seem to play an exclusive role in the
hypocholesterolemic effect of prebiotics, since levan 3-2-
6, which is not bifidogenic, decreases serum cholesterol
in rats (Yamamoto et al., 1999). An enhanced bile acid
deconjugation and the subsequent enhanced fecal bile
acid excretion have been implicated in the cholesterol
reduction associated with certain probiotics and prebi-
otics (St Onge et al., 2000). Another hypothesis is that
cholesterol from the growth medium of the fermented
product is incorporated into the bacterial cell membrane
and thus escapes digestion (Fava et al., 2006). The intes-
tinal colonization potency of the probiotics, which is
strongly dependent on the strain, seems a crucial factor
in determining a hypocholesterolemic effect (Usman and
Hosono, 2000). This may explain why a combination of
probiotics {lactobacillus} and prebiotics (fructans) pro-
motes a decrease in cholesterolemia (—0.23 mol/liter)
in healthy people (Schaafsma et al., 1998). The posi-
tive effects of an altered intestinal microbiota have also
been reported in studies in which no probiotic addition
is given: in a four-phase randomized crossover study in
healthy people, a higher HDL cholesterol level and a
lower LDL cholesterol level were correlated with lower
fecal output of fusobacteria and bacteroides, due to RS
treatment (Jenkins et al., 1999).

EFFECT OF PREBIOTICS ON LIPID
METABOLISM IN HUMANS

A small number of well-designed human studies have
reported some positive outcomes with regard to the
effects of prebiotics on blood lipids (Delzenne and Wil-
liams, 1999; Daubioul et al., 2000; Williams and Jack-
son, 2002; Daubiow! et al., 2005; Beylot, 2005; Fava
et al,, 2006), Relevant studies reported in the literature
with inulin-type fructans are presented in Table 1; the
authors have investigated the response of blood lipids
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Table 1 Bffects of inulin-type fructans on lipid metabolism in humans?
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Duration
Reference Prebiotic Dose {g/day) (weeks) Effect on blood lipids
Yamashita et al., 1984 OFS 8 2 4 'F-Chol, 4 LDL-Chol
Hidaka et al., 1991 OFS$ 8 5 1 T-Chol
Luo et al., 1996 OFs 20 4 NS
Pedersen et al., 1997 Inulin 14 4 NS
Davidson et al., 1998 Tnulin 18 6 4 LDL-Chol, | T-Chol
Jackson et al., 1999 Inulin 10 3 JTAG
Brighenti et al., 1999 Inulin 9 4 4 TAG, | LDL-Chol
Alles et al., 1999 OFS 15 3 NS
Havenaar et al., 1992 Inulin, OF$ 15 3 NS
Luo et al,, 2000 OFs 20 4 N§
Causey et al., 2000 Inulin 20 3 LTAG
Balcazar-Munoz et al,, 2003 Inulin 7 4 J TAG, L 'T-Chol
Letexier et al., 2003 Inulin 10 3 L TAG
Giacca et al,, 2004 OFS 10.6 8 NS
Daubioul et al., 2005 OF§ 16 8 NS
Forcheron and Beylot, 2007 Inulin, OFS 10 24 NS

“0FS5, oligofructose; T-Chol, total cholesterol; LDL-Chol, LDL cholesterol; NS, no significant effect; |, decrease.

(usually total and LDL cholesterol and TAG) to prebiotic
supplementation in human volunteers.

Studies have been conducted with both normal and
moderately hyperlipidemic subjects, Inulin-type fructans
tended to decrease TAG and cholesterol levels. No clear
conclusion can be drawn concerning the influence of the
duration of the treatment and the efficacy of prebiotics to
lower blood lipids (Delzenne and Williams, 1999, 2002).
However, in human studies performed with inulin-type
fructans, lower doses (from 7 to 10 g/day) seem more
efficacious than higher doses (15 to 20 g) in decreasing
blood lipids (Beylot, 2005).

Some studies have shown that dietary supplementa-
tion with 15 or 20 g of fructo-oligosaccharides per day
for 4 weeks had no effect on serum cholesterol or trigly-
cerides in type 2 diabetic patients (Alles et al., 1999; Luo
et al., 2000), whereas positive outcomes have tended to
be observed more frequently in those studies conducted
with subjects with moderate hyperlipidemia. In men
with hypercholesterolemia, daily intake of 20 g of inu-
lin significantly reduces serum triglycerides by 40 mg/dl
(Causey et al., 2000}, as previously shown in moderate
hyperlipidemic patients receiving 9 g of inulin per day
(Jackson et al., 1999). Subjects with a serum cholesterol
above 250 mg/d] tended to have the greatest reduction
of cholesterol after inulin supplementation. The effect of
fructan (long-chain inulin) supplementation on hepatic
lipogenesis and cholesterogenesis has been analyzed
(deuterated water incorporation into lipids) in healthy
subjects in a double-blind, placebo-controlled crossover

study (Letexier et al., 2003; Forcheron and Beylot, 2007).
It confirms the experimental data obtained with animals,
namely that hepatic de novo lipogenesis is reduced by
teeding fructans at a moderate dose (10 g of inulin per
day for 3 weeks). However, there is no significant modi-
fication of cholesterol synthesis (Letexier et al., 2003).
The analysis of mRNA concentrations from genes cod-
ing key enzymes or proteins involved in the regulation of
lipid synthesis (FAS, ACC, and SREBP1c) in the adipose
tissue revealed no differences between the placebo and
inulin groups. This supports the fact that, at least for
inulin-type prebiotics, the hypolipidemic effect is linked
to modulation of liver rather than adipose-tissue metab-
olism. Contrary to what was observed in short-term
studies, no significant beneficial effect of a long-term
(6-month) administration of inulin-type fructans on
plasma lipids was observed in healthy human subjects
(Forcheron and Beylot, 2007).

In a pilot study performed with patients present-
ing nonalcoholic steatohepatitis, 16 g of oligofructose
per day for 8 weeks led to a decrease in serum amino-
transferases, thus suggesting a hepatoprotective effect
of prebiotic treatment in that context; a slight decrease
in serum TAG was observed, but it was not significant
(Daubioul et al., 2005).

Other nondigestible fermentable carbohydrates with
prebiotic properties have been studied. Glucomannans
are prone to decrease TAG and cholesterol (LDL choles-
terol) levels; these effects could be linked to their influ-
ence on fecal steroid excretion (Gallaher et al., 2002).
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Theeffect of RS on lipid homeostasis in humans is contro-
versial, Certain classes of RS (called type 1 RS) have been
associated in humans with reduced postprandial insulin
and higher HDL cholesterol levels, but these effects are
more related to the sustained release of carbohydrate
within the small intestine, rather than to an effect linked
to fermentation (Jenkins and Kendall, 2000). A lack of
effect of low doses of B-glucan (3 g/day for 8 weeks) on
total and LDL cholesterol and triglyceridemia in volun-
teers with mild-to-moderate hyperlipidemia was also
recently reported—a negative result—which is in con-
trast to some other previous positive studies that have
employed higher daily doses of B-glucan {Lovegrove
et al., 2000). The fact that higher doses of B-glucan are
required to induce an effect on lipidemia is supported
by a recent single-blind crossover study showing a sig-
nificant lowering of serum LDL cholestero! (reduced by
9%) in hyperlipidemic subjects consuming 7 g of oat
B-glucans incorporated in various foods for 3 weeks
{(Pomeroy et al., 2001). .

In humans, data show that a decrease in plasma glu-
cose after a meal containing B-glucan is not related to a
decrease in de novo lipogenesis (Battilana et al,, 2001),
Lactulose is also able to decrease serum TAG (Vogt et al.,
2006). In overweight subjects, a shore-term decrease in
free fatty acids level and glycerol turnover after lactutose
ingestion corresponded to a decrease of lipolysis which
was closely related to an increase in acetate production
{Ferchaud-Roucher et al,, 2005).

CONCLUSION

Several oligosaccharides which strictly corfrespond to
the definition of prebiotics exhibit interesting effects on

lipid metabolism., The resulting changes in the intesti-

nal microbiota composition or fermentation activity
could be implicated in the modulation of fatty acid and
cholesterol metabolism. There is not a single biochemi-
cal locus through which prebiotics modulate serum,
hepatic, and whole-body lipid content in animals. The
effects observed depend on the pathophysiological and
nutritional conditions. This may help to explain why in
humans, where such conditions cannot be so rigorously
controlled (namely, in terms of nutrient intake), the
reported effects of prebiotics on circulating blood lipids
are much more variable.

Most of the data described to date have been obtained
in animal studies; the relevance of such observations
on obesity and cardiovascular disease risk in humans
remains a key question also addressed in this chapter.

Fundamental research devoted to understanding the bio-

chemical and physiological events {on glucose and lipid
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homeostasis, on gut hormone secretion, on satiety, etc.),
as well as clinical research focusing on the target popu-
lation, is required to achieve progress in the new area
of the nutritional management of metabolic syndromes,
based on modulation of the gut microbiota and intesti-
nal function by specific food components.
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