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m Abstract The health benefits of pre- and probiotics have been the subject of
increased research interests. These food supplements have been demonstrated to alte
the pre-existing intestinal flora so as to provide an advantage to the host. This review
focuses on the scientific evidence both for and against their role in promoting health and
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metabolism, cancer prevention, diarrhidalicobacter pylorjnecrotizing enterocolitis,
allergy, and inflammatory bowel disease.

CONTENTS
INTRODUCTION ..ot e e e e 108
PROBIOTICS ... e e e e 109
Specific Probiotic Bacteria. . ............. . 110
HEALTH PROMOTING EFFECTS OF PROBIOTICS. .......... ..., .. 111
Immunomodulation. . ......... ... 111
Cholesterol Levels. . .. ... 112
Cancer Prevention . ... i 113
PROBIOTICS AND DISEASE. . . . ..ot 116
Diarrhea . .. ... 116
Helicobacter pylori . ... ... 119
Necrotizing Enterocolitis. . . .. ... 119
ABIgY .o 120

*Abbreviations: AC, aberrant crypts; ACF, aberrant crypt foci; AOM, azoxymethane; DMH,
1,2 dimethylhydrazine; FDA, Food and Drug Administration; FOS, fructooligosaccharide;
IBD, inflammatory bowel disease; IFN, interferon; LGGactobacillus caseGG; NEC,
necrotozing enterocolitis.

0199-9885/02/0715-0107$14.00 107



Annu. Rev. Nutr. 2002.22:107-138. Downloaded from www.annualreviews.org

by Fordham University on 01/04/12. For personal use only.

108

TEITELBAUM ® WALKER

Inflammatory Bowel Disease. . ...ttt 122

PREBIOTICS. .. o 123

Mineral ADSOrption . . ... ... 125

Cancer Prevention . ... ...t 127

SYNBIOTICS . e e 127

CONCLUSION . oot e e e e e e 128
INTRODUCTION

The mammalian intestinal tract contains a complex, dynamic, and diverse society
of nonpathologic bacteria. Indeed, the number of bacteria that colonize the human
body is so large that researchers have estimated that the human body contains
10 cells, only 10% of which are not bacteria and belong to the human body
proper (143). The majority of research to date has focused on the mechanisms
by which pathogenic bacteria achieve their detrimental effects. However, more
recently attention has turned to the indigenous nonpathogenic microorganisms
and the ways in which they benefit the host. This is particularly relevant given the
increasing incidence of bacterial resistance to antibiotics and the need to investigate
alternative treatments for gastrointestinal diseases.

The normal colonization of the sterile newborn intestine is a complex process.
Initial colonization is achieved with maternal vaginal and fecal bacterial flora.
The first colonizers have a high reductive potential and include species such as
enterobacter, streptococcus, and staphylococcus. These metabolize oxygen, thus
encouraging the growth of anaerobic bacteria including lactobacilli and bifidobac-
teria. The microflora environment is regulated by the immune system with B cells
secreting IgA to help control its volume and composition. In cesarean deliveries
the normal contact the child would have with maternal flora is avoided and results
in delayed colonization by typical flora such as lactobacilli and bifidobacteria by
10 days and one month, respectively (57). Similar delays are seen with the early
use of antibiotics and sterile environments such as incubators. Studies have shown
that early colonization of the intestinal tract is needed to activate the efferent limb
of the mucosal immune response (69).

Further understanding of the beneficial effects of developing a normal bacterial
flora is achieved by the analysis of germ free animal models. Germ free mice have
small intestines that weigh less than their normal counterparts. This is at least in
part due to the fact that the lymphoid constituents are underdeveloped and there
are decreased numbers of immune cells. Specifically, plasma cells are lacking in
the lamina propria and Peyer’s patches, and subsequently there is little or no IgA
expression. These changes “normalize” within 28 days of exposure to bacteria
(106). Furthermore, antigen transport across the intestinal barrier increases in the
absence of intestinal microflora (64).

A greater interest in understanding the importance of nonpathologic, or “good
bacteria,” has resulted in increased research efforts in this area. Accordingly, this
has led to the concepts of probiotics and prebiotics as mediators of human health.
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This paper discusses these entities and specifically reviews the literature that argues
for and against their roles in the prevention and treatment of diartredobac-

ter pyloriinfection, cancer, necrotizing enterocolitis, intestinal immunity, allergy,
inflammatory bowel disease, lipid metabolism, and mineral absorption.

PROBIOTICS

Documentation of the health benefits of bacteria in food dates back to as early as
the Persian version of the Old Testament (Genesis 18:8), which states “Abraham
owed his longevity to the consumption of sour milk.” Plinius, a Roman historian
in 76 BC, recommended the use of fermented milk products for the treatment of
gastroenteritis (149). In 1908 Nobel Prize—winning Russian scientist Elie Metch-
nikoff suggested that the ingestion of lactobacillus-containing yogurt decreases
the number of toxin-producing bacteria in the intestine and thus contributes to the
longevity of Bulgarian peasants (142).

It was these observations that led to the concept of a “probiotic,” derived from
the Greek, meaning “for life.” The term was first used in 1965 in contrast to
the word antibiotic and defined as “substances secreted by one microorganism,
which stimulates the growth of another” (149). Since then the meaning of the
word has evolved to apply to those bacteria that “contribute to intestinal balance.”
A more complete definition would be “a preparation of or a product containing
viable, defined microorganisms in sufficient numbers, which alter the microflora
(by implantation or colonization) in a compartment of the host and by that exert
beneficial health effects on the host” (149). Current criteria for defining probiotics
are found in Table 1.

Although probiotics are typically considered benign and without pathologic
potential, there is a case report of a 1-year-old immunocompetent patient treated
with Sacchromyces boulardar gastroenteritis. Following bowel decontamination

TABLE 1 Defining criteria of microorganisms that can
be considered probiotics

A probiotic should:

Be of human origin

Be nonpathogenic in nature

Be resistant to destruction by technical processing

Be resistant to destruction by gastric acid and bile

Adhere to intestinal epithelial tissue

Be able to colonize the gastrointestinal tract, if
even for a short time

Produce antimicrobial substances

Modulate immune responses

Influence human metabolic activities (i.e., cholesterol
assimilation, vitamin production, etc.)
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with antibiotics, she had clinical evidence of septicemia and was found to be
fungemic withS. boulardii(129). The Mayo Clinic reported eight patients who
were immunocompromised after liver transplant who were found to have positive
blood cultures for lactobacilli (123). The Food and Drug Administration (FDA)
has no authority to establish a formal regulatory category for functional foods that
include either probiotics or prebiotics (137). As such, there is variability among
products, and some studies have found that certain preparations contain no viable
bacteria (61).

Specific Probiotic Bacteria

Various bacteria have been identified as meeting the diagnostic criteria for probi-
otics; the more common ones are briefly discussed below.

Bifidobacteriums a major group of saccharolytic bacteria in the large intestine.
It accounts for up to 25% of the bacteria in the adult colon and 95% of that in the
breastfed newborn. They do not form aliphatic amines, hydrogen sulfide, or nitrites.
They produce vitamins, mainly B group, as well as digestive enzymes such as
casein phosphatase and lysozyme (50). Bifidobacteria produce acids as metabolic
end products such as acetate and lactate to lower the pH in the local environment,
which provides antibacterial effects. One study showed that the supplementation
of bottle-fed infants with bifidobacteria successfully lowered the fecal pH to 5.38,
which was identical to that of breast-fed infants, yet significantly lower than bottle-
fed infants whose fecal pH was 6.38 (121). The survivability of the bifidospecies in
various conditions has been investigated to determine if it can truly survive passage
through the gastrointestinal system. The in vitro studies reveal that survivability
depends on numerous factors, including the degree of stomach acidity, length of
exposure to the acid, concentration and length of exposure to bile salts, and the
level of bile salt hydrolase activity (14). Determination of survivability found that
on average, approximately 30% of ingest&€idobacterium bifidumand 10%
of Lactobacillus acidophilluzan be recovered from the cecum (103). Fujiwara
et al. identified a 1,000,000-kDa protein expressed by bifidobacteria that appears
to inhibit adhesion of pathogenigscherichia coli(45).

Lactobacillus casei GE-GG) was originally selected because of its resistance
to gastric acid and bile digestion, as well its ability to colonize human colon. Lacto-
bacillihave no plasmids (thus, antibiotic resistance is stable) and make only L-lactic
acid (not the D-isomer) (171). LGG expresses adhesive factors that permit inter-
action with human entrerocytes. Similarly, acidophilluswas found to bind to a
human enterocyte cell line (Caco-2) in a calcium independent fashion. The adhe-
sion is thought to occur via an extracellular proteinaceous component. It inhibits
other anaerobic bacteria in vitro includirgjostridium Bacteroides Bifidoac-
terium, PseudomonasStaphylococcysStreptococcusand Enterobacteriaceas
(154).L. acidophillushas also been shown to inhibit the growth of pathogenic bac-
teria includingYersinea enterocoliticaBacillus cereusE. coli, Listeria monocy-
togenesandSalmonellg155). Lactobacilli generate hydrogen peroxide, decrease
both intraluminal pH and oxygen concentration, and produce bacteriocins that can
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inhibit the growth of pathologic bacteria (75). In general, colonization only lasts
as long as the supplement is consumed. A study found that when LGG supple-
mentation was stopped, the LGG disappeared from the feces in 67% of volunteers
within 7 days (54).

S. boulardiiis a patented yeast preparation that has been shown to inhibit the
growth of pathogenic bacteria both in vivo and in vitro. It lives at an optimum
temperature of 3TC, and has been shown to resist digestion and thus reach the
colon in a viable stateS. boulardiiappears to be unaffected by antibiotic therapy.
However, once therapy is completed, they are rapidly eliminated (136).

HEALTH PROMOTING EFFECTS OF PROBIOTICS

Immunomodulation

In newborns the Th2 cytokine profile dominates over the Th1 cytokine profile,
thus favoring allergic inflammation. Th2 cytokines include IL-4, which stimulates
B cell differentiation into IgE producing cells, and IL-5, which plays an important
role in the function of eosinophils. Intestinal bacteria help counterbalance this Th2
activity by promoting the Th1 subset and help downregulate IgE responses. This
effect is multifactorial but thought to be significantly influenced by the CpG motif
of certain bacterial DNA. The CpG motif is a six-base sequence which induces
poly-clonal B cell activation and secretion of Thl cytokines such as IL-6, IL-12,
and interferon (IFN) (85). Intestinal bacteria may also modulate allergic inflam-
mation via modification of antigen uptake (74), presentation (32), and degradation
(160, 161).

Both human and rodent studies have documented an augmentation of slgA
production during probiotic treatment. Indeed, such an increase was previously
discussed in relation to the use of probiotics in rotavirus diarrhea. Intestinal IgA is
a dimer that binds antigens and thus prevents their interaction with the epithelial
cell (41). Perdigon et al. demonstrated thataseiandL. acidophilusenhanced
IgA production from plasma cells in a dose-dependent fashion (125asei
was further shown to decrease IgE production by spleen cells and serum IgE to
ovalbumin upon re-exposure to that protein (105).

Marin et al. investigated the effect 8treptococcus thermophilas cytokine
production utilizing both a macrophage and T-helper cell lines. The effects on
the various cytokines appeared to be dose related. IL-6 production from the
macrophage cell line was significantly increased (102). Conflicting studies in vivo
found no effect of various probiotics on basal cytokine mRNA expression within
mouse Peyer’s patches, spleen, or lymph nodes after 14 days of exposure (163).
However, a separate study of human circulating mononuclear cells found that ex-
posure to lactobacilli resulted in increased expression of IL-1B, IL-6, and tumor
necrosis factor (TNF) mRNA expression and cytokine excretion (109). Neumann
et al. isolated.. acidophilusfrom a newborn human and inoculated it into germ
free mice. After 7 days of colonization, there was improved macrophage phago-
cytic capacity as demonstrated by improved clearance of intravenously injected
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E. coli(115). FurthermoreB. bifidumandL. acidophilusalso doubled the number

of white blood cells with phagocytic activity in 14 volunteers supplemented for
3 weeks (144, 145). However, Spanhaak et al. investigated the effdctisadei

on the immune system in 20 healthy volunteers. In a placebo controlled trial the
probiotic had no effect on natural killer cell activity, phagocytosis, or cytokine
production (156).

The ability of probiotics to affect the host’s immune system remains ill defined.
Good evidence exists for alterations in the humoral system, most notably IgA.
However, effects on the cellular immune system and the production of cytokines
warrants further investigation. Further evidence of their effect on the immune
system is described below in reference to individuals with atopic disease.

Cholesterol Levels

The Maasai people of Africa consume large amounts meat, blood, and milk. De-
spite this atherogenic diet, the incidence of cardiovascular disease is low. It has
been hypothesized that it is their consumption of milk that offers protection against
disease. A study of these people (initially intended to investigate the role of sur-
factant) found that when one group consumed higher amounts of milk (up to an
average of 8.3 liters/day) there was a decrease in cholesterol concentrations despite
an increase in body weight. It was hypothesized that the milk inhibited cholesterol
synthesis (101). A study of rats randomized to receive yogurt with or without bifi-
dobacteria found that the total cholesterol of all rats fed yogurt decreased. The pro-
biotic group had a notable increase in high density lipoprotein (HDL) cholesterol
and a lowering of the low density lipoprotein (LDL) cholesterol by 21-27% com-
pared with those rats fed whole milk (12). Gilliland et al. studied pigs on high-
cholesterol diets and found that supplementation Withcidophilusresulted in
a smaller increase in total cholesterol compared with the unsupplemented group.
The authors speculated that the bacteria modified the cholesterol within the lumen
of the intestine, making it unavailable for absorption (51). Akalin et al., in a study
of rats fed water, yogurt, dr. acidophilusyogurt, found that the probiotic group
had lower total cholesterol concentration by day 28 of feeding, with levels 22%
lower than those of controls. By day 56 the difference was 31%, with HDL and
triacyglycerol being unaffected. Colonization of the animals with the acidophilus
was documented by fecal culture (4). Finally, a group compared the cholesterol-
lowering effects of a group of bacteria including bacilli, lactobacilli, streptococci,
C. butyrium Sacchromyces cerevisiaandCandida utiliswith those ofl.. acido-
philus, or Streptococcus faecali§he group receiving the mixture had a greater
reduction in cholesterol concentration than did those receiving a single supplement
(46). This concept of a “probiotic cocktail” in which multiple bacteria are used
to complement each other’s health promoting qualities has proven useful in other
disease states as well (i.e., inflammatory bowel disease) and warrants future study.
Thompson et al. sought to investigate the cholesterol-lowering effects in healthy
volunteers. Sixty-eight subjects were enrolled in a 10-week study that divided the
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subjects into six groups. The groups included controls and others that were given
various probiotic supplements. No differences were found in the cholesterol levels
at the conclusion of the study. This was thought to be due to the fact that the sub-
jects were healthy, with cholesterol concentrations less than 5.0 mmol/liter (164).
This finding was supported by de Roos, who also found no change with supple-
mentation in subjects with normal to borderline high cholesterol concentrations
(35). Another study utilizing subjects with cholesterol concentrations between
5 and 6.5 mmol/liter randomized them to placebd=aterococcus faeciusup-
plementation. The supplemented group did have a 6% decrease in total cholesterol
and a 10% decrease in LDL cholesterol at 6 weeks. A similar study found an
8% decrease in LDL in women supplemented with probiotic at one month. By
6 months, however, there were similar reductions in LDL concentrations among
men provided placebo and probiotic. Other conflicting studies are those conducted
by Lin et al., who using acidophilus found a decrease in serum cholesterol in one
placebo controlled study but found no difference in a second study with more
subjects (93).

The mechanism by which probiotics might lower serum cholesterol levels re-
mains unclear. Observations thathydroxy-8-methylglutaryl-Coenzyme A re-
ductase in the liver decreased significantly with the consumption of probiotics
points towards a decrease in cholesterol synthesis. Further, increases in the amounts
of fecal bile acids suggest that there is a compensatory increased conversion of
cholesterol to bile acids (46). Wolever et al. found that rectal infusion of short chain
fatty acid fermentation products, acetate or propionate, are absorbed into the blood.
Acetate increased total cholesterol and decreased fatty acids, whereas propionate
increased blood glucose and lowered the hypercholesterolemic response of acetate
(174). It was thus suggested that the role of probiotics was to alter the proportion
of these breakdown products produced during fermentation so as to have an effect
on cholesterol. The cholesterol-lowering effect seen in culture media is thought
to be secondary to precipitation of cholesterol with free bile acids formed by bac-
terial bile salt hydrolase (34). A final mechanism by which probiotics may have
an effect is via hydrolysis of bile salts. Those bacteria that hydrolyze efficiently
would lead to a faster rate of cholesterol conversion to bile acids and thus lower
the serum cholesterol concentration. Studies that demonstrate that bile acids are
eliminated faster in normally nourished rats than in germ free rats support these
findings (42).

Although data on probiotics and serum cholesterol are somewhat mixed, there
does appear to be a possible beneficial effect to the host. Thus, further studies
are needed to define the role of probiotics and their mechanism of action in this
regard.

Cancer Prevention

Numerous epidemiologic studies have been performed to determine risk factors for
various forms of cancer, particularly those such as diet that can be easily altered.
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Some of these studies have pointed to areas in which probiotics may play a role.
Monique et al. (112) found an inverse relationship between frequency of yogurt
ingestion and breast cancer in France. van't Veer et al. had similar results in the
Netherlands (172), but this relationship was not seen by Kampman et al. (82). One
study showed that supplementation withcaseiShirota did decrease the rate of
superficial bladder cancer (10). In this open labeled study 48 Japanese patients
were enrolled after removal of one or more bladder tumors. They toalasei

for one year or until recurrence. Recurrence was documented in 83% of historical
nonplacebo controls vs. 57% of the study group. When this study was repeated
using 125 patients and a placebo control, overall there was no postponement of
tumor recurrence. However, if the 47 patients who had more than one recurrent
tumor were excluded, the tumor-free period was 79% with the probiotic and 55%
without (11). Moore & Moore (114) studied the fecal flora in patients at high and
low risk for cancer and found that the high-risk group had more bacteroides and bi-
fidobacterium, whereas the low-risk group had more lactobacillEarnzhcterium
aerofaciensPeters et al. found yogurt to be a protective factor in a case controlled
study of colon cancer (127).

Colon cancer is thought to arise as the end result of multiple initiating and acti-
vating steps that remain incompletely understood. Morphologically early changes
begin as cell overgrowth within the colonic crypts, which are termed aberrant crypts
(AC). These are considered preneoplastic structures. They are histologically iden-
tified as being enlarged and elevated when compared with normal crypts. Small
fractions then progress to polyps and eventually tumors. Early studies investigated
the role of fermented milk in tumor prevention. Takano et al. (162) found that
fermented milk reduced the number of tumors caused by 1,2-dimethylhydrazine
(DMH) in rats. Shackleford et al. (151) further studied these effects by examining
placebo versus milk fermented Byreptococcus thermophitis Lactobacillus bul-
garicusin the same model of DMH colonic tumors. They found that although the
numbers of colonic tumors was not different among the three groups, the survival
time was greater for the rats given fermented milk. Abdelali et al. (1) examined
the number of AC found in placebo versus bifidobacterium fed rats. The probiotic
reduced the incidence of AC by nearly 50%. Cecal pH remained unchanged, but
there was a reduction if-glucuronidase activity. Tsuda et al. (167) found that
Bifidobacterium longundecreased AC foci. Koo & Rao (87) provided mice with
both B. pseudolongurand a prebiotic fructooligosaccharide (FOS) and demon-
strated a near 50% reduction in AC in DMH-treated mice at 8 and 38 weeks. At
the end, the number of bifidobacterium colonizing the study group was greater that
that of the control.

Kulkarni & Reddy (90) fed bifidobacteria to 10-week-old rats 5 weeks prior
to the induction of tumors with azoxymethane (AOM). AC development was
approximately half in the study groups, and feaglucuronidase was also de-
creased. Reddy further reported in 1998 that various markers of cell proliferation
decreased in rats giveh longum These included the colonic labeling index, or-
nithine decarboxylase activity, anaks-p21 oncogene activity (133). Gallaher et al.
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(48) supported these findings by showing that bifidobacteria and FOS decreased
AC by almost 50% in DMH-treated rats. However, a subsequent study using milk-
fed animals as a control group found no change in AC numbers. Challa et al. (26)
examined AOM-induced AC in rats consumiBglongumwith or without lactu-

lose. Alone or in combination, the numbers of AC were reduced. Rowland et al.
showed that bifidobacteria with or without a prebiotic inhibited AOM-induced
AC and resulted in a decrease in cegaglucosidase (138). Arimochi et al. (8)
studied AOM-induced AC and found that bifidobacterium had no effect, whereas
L. acidophilusand Clostridium perfringendecreased AC. The culture super-
natants mediated the effect, and the authors speculated that butyrate was the
metabolically active product.

The mechanism by which probiotics exert this anticancer effect is unclear. In-
vestigators hypothesize that lactobacilli may bind to mutagenic compounds, and
thus their excretion in urine would be diminished. Indeed, excretion of urinary
mutagens after consumption of a hamburger, if supplemented wéttidophilus
decreased about 50% (92). However, fecal excretion of mutagens was not sig-
nificantly reduced. A similar study using LGG did not alter fecal mutagen ex-
cretion, but urinary excretion was not determined (88). A final study using pa-
tients as their own controls again showed reduction of urinary mutagens by 50%
(62).

Another theory of the mechanism of cancer prevention is based on the ability of
“bad bacteria” to convert procarcinogens into carcinogens using various enzymes
such as3-glucuronidase, nitroreductase, and choloylglycine hydrolase. LGG has
been shown to decrease fegablucuronidase (54, 95), nitroreductase (95), and
choloylglycine hydrolase (94, 95). Consumption of milk withcaseiShirota for
4 weeks temporarily decreasgeglucuronidase ang-glucosidase in 10 healthy
subjects compared with 10 healthy controls (136). Bifidobacterium decreased
B-glucuronidase activity from baseline but not nitroreductase after 12 days (18).
Another study using. acidophilusB. bifidum S. lactis andStreptococcus cremo-
ris for 3 weeks demonstrated reduction of nitroreductase buyssgticuronidase
(104).

A final theory relating to the cancer protective effects of probiotics involves a
deactivation of carcinogenk. bulgaricusprevented DMH-induced DNA breaks
in rats in vivo, whereaStreptococcus thermophild& not. However, both strains
prevented DNA damage in vitro when rats were exposed to N-methyl-N-nitro-N-
nitrosoguanidine. Indeed extracts from Bethermophilusvere also effective in
deactivating the N-methyl-N-nitro-N-nitrosoguanidine (175). The authors hypoth-
esized it is thiol-containing breakdown products of proteins created by bacterial
proteases that deactivate various colonic mutagens. In these experiments DNA
damage was determined by the Comet assay, which detects damage via a microgel
electrophoresis assay using plated colon cells.

Although many animal models of cancer described above do seem to offer
encouraging results, long-term well-controlled studies of probiotics are needed to
determine if these changes can be replicated in humans.
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PROBIOTICS AND DISEASE

Diarrhea

Potential mechanism by which probiotics prevent or ameliorate diarrhea may be
through stimulation of the immune system, competition for binding sites on intesti-
nal epithelial cells (38, 39, 125), or through the elaboration of bacteriocins such as
nisin (76). These and other mechanisms are thought to be dependent on the type
of diarrhea being investigated, and therefore may differ between viral diarrhea,
antibiotic-associated diarrhea, or traveler’s diarrhea.

VIRAL DIARRHEA The effect ofLactobacillus GG(LGG) on the shortening of
rotavirus diarrhea has been well documented. On average, the duration of diarrhea
was shortened by one day in both hospitalized children (72,73, 79, 80, 100, 122,
152) and in those treated at home (59). A multi-center European study investigated
the use of LGG in acute diarrhea regardless of cause. There were 140 children in
the placebo group and 147 in the LGG group. Supplementation with LGG was
initiated during the rehydration phase. Overall LGG appears to shorten the duration
of diarrhea from an average of 71.9 to 58.3 h, and with rotavirus (32—38% of those
affected) from 76.6 to 56.2 h; here too the number of watery stools was decreased.
Those with entero-invasive bacteria showed no difference. Prolonged diarrhea,
defined as lasting longer than 7 days, was less common in the LGG group (2.7%)
than the placebo group (10.7%). This resulted in shorter hospital stays for the LGG
group (58).

As to why LGG appears to be effective for viral but not bacterial diarrhea,
the authors speculate that this is due to LGG enhancement of the expression of
the elaboration of intestinal mucins. These glycoproteins appear to be protective
during intestinal infections. However, the protective qualities are overcome by
mucinase-producing bacteria (97). A study of the use of LGG in acute diarrhea
(82% rotavirus) in 71 well-nourished children found that the duration of diarrhea
was shortened from 2.4 to 1.4 days (72). Saavedra et al. examined chronically
hospitalized children and demonstrated that supplementation with a combination
of B. bifidumandS. thermophiluseduced the incidence of diarrhea and shortened
the duration of rotavirus shedding (140).caseiwas used in a placebo-controlled
manner in 42 children with acute rotavirus diarrhea. Eighty-three percent of the
study group shed the probiotic bacteria in their stool. Supplementation occurred
after the initial rehydration phase. Duration of diarrhea was reduced from 2.3to 1.5
days. The placebo group had an increase in urease-producing bacteria not seen in
the control group. The authors thus hypothesized that rotavirus causes a biphasic
diarrhea, the first phase being osmotic, and the second phase owing to overgrowth
of urease-producing bacteria. This latter phase is prevented by the probiotic (73).

Other investigators studied the immune-modulating effects of probiotics as a
means of decreasing diarrhea. Majamaa et al. studied 49 children with acute rota-
virus diarrhea. They were randomized to receive LGG;aseisubsp rhamnosus
(lactophilus) or a combination db. thermophilusand Lactobacillus delbruckii
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(Yalacta). The mean duration of diarrhea was 1.8 days for children in the LGG
group, 2.8 in the lactophilus group, and 2.6 in the Yalacta group. Only LGG
was shown to have significantly increased the number of rotavirus-specific IgA
secreting cells and serum IgA in the convalescent stage (100). Similarly Kaila et al.
assigned 39 children with acute rotavirus infection to either placebo or LGG. The
LGG group had a shorter duration of illness, 1.1 days compared with 2.5 days for
the placebo group. Also, the acute phase revealed greater numbers of immunoglo-
bulin secreting cells in the circulation of the LGG group, and in convalescence
a greater number of these patients had IgA-specific secreting cells to rotavirus
(90% vs. 46%) (80). Two other studies support this finding of a significantincrease
in serum IgA specific to rotavirus (79, 128), suggesting that the humoral immune
system plays a significant role in the probiotics’ effect.

A study compared the efficacy of heat-inactivated LGG compared with viable
bacteria in the treatment of rotavirus. The two seemed equally efficacious clinically
in reducing the duration of diarrhea; however, the heat-inactivated strains did not
result in an elevated IgA response at convalescence (100). Probiotics’ role in
immune modulation is extended to an improved immunologic response to live oral
rotavirus immunization in children supplemented with LGG (71). Other studies
demonstrated the role of probiotics in enhancing the immune response to enteric
viruses. The ingestion of formula supplemented vgifidobacterium lactidor
20 days significantly increased the levels of fecal total IgA and anti—polio-specific
IgA in children between the ages of 15 and 31 months (47).

Another probiotic studied wak. faecium Patients with acute diarrhea were
assigned either this probiotic or placebo, and the study group was found to have a
shorter duration of illness (176). A large study of 211 adults with acute diarrhea
also demonstrated a shortened diarrheal phase, from 2.8 to 1.7 days in those taking
Streptococcus faeciur@F68 (23). Studies with. acidophilushave not shown
similar effects. A study by Bin on 50 Chinese children with acute diarrhea failed
to demonstrate an effect af acidophilusin enhancing recovery (16). Boulloche
et al. studied 103 children with acute diarrhea and randomized them to either
L. acidophilus loperimide, or placebo. No significant difference in recovery time
was demonstrated (19).

From these numerous studies it is clear that probiotics do have a therapeutic
role in viral diarrhea. However, the exact mechanism of action is not clear and is
likely multifactorial. Finally, it appears as though not all strains of probiotics are
equally effective in treating viral diarrhea.

ANTIBIOTIC-ASSOCIATED DIARRHEA The incidence of antibiotic-associated diar-
rhea is between 5 and 30%. The success of probiotics in reducing or preventing
such diarrhea has been convincing and includes various probiotics, as well as
various antibiotics. A study of 16 healthy volunteers taking erythromycin for one
week found that co-administration of LGG yogurt reduced the number of days
with diarrhea from 8 to 2, as well as decreasing associated side effects such as
abdominal pain from 39% to 23%. Documentation of intestinal colonization via
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collection of bacteria in the feces was seen in 75% (153). Arvola et al. studied 119
children with a respiratory illness requiring antibiotics and randomized them to
receive either LGG or placebo. LGG resulted in a significant decrease in the inci-
dence of diarrhea compared with placebo (5% verses 16%) (9). In a double-blind
placebo controlled study Surawicz et al. (159) assigned 180 hospitalized patients
on antibiotics to placebo @. boulardi Twenty-two percent of the placebo group
and 9% of the probiotic group developed diarrhea. Large studies by Adam et al.
(2) and McFarland et al. (96) using the same organism found similar results, with
decreases in the incidence of diarrhea in the study and placebo groups of 13% and
7.2%, respectively. A multi-center study (176) looked at the same question using
E. faeciumor placebo for patients receiving antibiotics. The difference in inci-
dence of diarrhea was 9% versus 27%, respectively. In a trial using a combination
of L. acidophilusandL. bulgarisby Gotz et al. in 1979 (56), on 79 hospitalized
patients on ampicillin, 14% of the placebo group had diarrhea compared with none
in the probiotic group. Finally, 188 children taking a 10-day course of antibiotics
were enrolled in a double-blind placebo controlled study using LGG. The LGG
decreased the incidence of diarrhea from 26% to 8%, as well as the duration of
diarrhea from 5.88 days to 4.7 days. Furthermore, the consistency of the stool was
noted to be looser in the placebo group as determined by a visual scoring sys-
tem. Colonization was not documented &idstridium difficilewas not checked,
although the authors argue that the diarrhea was of rapid onset (171).

The use of probiotics for the treatment®f difficile diarrhea is a logical step,
particularly given the historical use of fecal enemas in the treatment of relapsing
C. difficile (20, 150). Indeed this is supported by an early case report of four
children with relapsingC. difficile that responded to supplement with LGG (15).

C. difficile toxins A and B are cytotoxins, but toxin A has enterotoxic effects in
rodent intestine. Toxin A in the ileum of rats increases intestinal fluid secretion,
permeability, histologic damage, and mediators of inflammation. Toxin B can cause
tissue damages. boulardiiinhibits toxin A and B enteritis by releasing a 54-kDa
protease that cleaves these toxins and their receptor for the brush border membrane
(25). S. boulardiiwas used in conjunction with standard antimicrobial treatment
in a placebo controlled study of 124 adult patients withdifficile. Sixty-four
patients were suffering from their initial presentation with this bacteria, whereas
60 had a prior episode of disease. Those with the initial episode had no difference
in recurrence rate, but the probiotic significantly inhibited further recurrence in
those patients with prid€. difficile disease (107).

BACTERIAL DIARRHEA, INCLUDING TRAVELER’S DIARRHEA ~Many studies have inves-
tigated the efficacy of LGG in preventing traveler’s diarrhea. In one, 820 travelers
to 2 resorts in Turkey failed to show an overall effect of the use of LGG as preven-
tative, as 43% of the controls and 38% of the treatment group developed diarrhea.
However, when the data from one resort was examined separately, the difference in
diarrhea was 40% for controls and 24% for the treatment group (120). In a second
study travelers were monitored through a hospital-based travel and immunization
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center. The destinations were varied and compliance with the study drug (placebo
or LGG) was good in 245 participants. Overall the LGG reduced the incidence of
traveler’s diarrhea to an average of 7.4%/day for the placebo group and 3.9%/day
for the probiotic group (65). Tourists in Egypt givéh thermophilusL. bulga-

ricus, L. acidophilus andB. bifidumalso had a lower incidence of diarrhea, de-
creased from 71% to 43% (17).

Whereas the above studies offer encouraging results, studies of traveler’s di-
arrhea found no effect fdr. acidophilusor E. faeciumin Austrian tourists (86).
Studies ofL. acidophilusandLactobacillus fermenturahowed no effect in pre-
venting traveler’s diarrhea (83). Furthermore, healthy volunteers showed no benefit
when given lactobacilli when exposed to enterotoxigéhicoli (28). The effects
of probiotics in decreasing the incidence of diarrhea caused by other pathogenic
bacteria also appear to be mixed. A study of 183 Bangladeshi adults with acute di-
arrhea caused byibrio cholerg enterotoxicE. coli, or unknown organisms failed
to demonstrate a positive effect of supplementation &Eitfaecium(111). Other
studies of patients with infective bloody diarrhea do not demonstrate a benefit
from probiotics (122, 131, 152). However, some studies witacidophilushave
shown an effect against bacterial causes of enteritis (6,55, 177). Also, there is a
guestionable benefit witBifidobacterium brevagainstCampylobactef165).

Overall the studies investigating probiotics for treatment or prevention of bac-
terial diarrhea, other tha@. difficile, appear mixed. Indeed cost-benefit analysis
studies need to be performed to investigate whether the marginal reduction in
traveler's diarrhea warrants treatment of all travelers.

Helicobacter pylori

Although numerous studies exist to demonstrate probiotics’ ability to alter the
colonic bacterial flora, there is a paucity of data examining their role in affecting
bacteria that can colonize the stomach. Some studies support the fact that certain
probiatics can prevent the growthldf pylori in vitro (3, 78, 108). Aiba et al. used

an in vitro model and found that. salivariusbut notL. caseior L. acidophilus
inhibited the growth oH. pylori in a mixed culture. It was thought that the un-
successful organisms were unable to produce enough lactic acid to completely
inhibit H. pylori growth. This finding was reproduced in vivo usingtdnpylori—
infected gnobiotic murine model (3). A recent study by Sakamoto et al. looked at
31 humans infected withl. pylori. They were provided yogurt withactobacil-

lus gasseriA [(13)C]urea breath test subsequently documented a suppression of
H. pylori urease activity (141). Future research and well-controlled studies will
need to be done to determine the true value of probiotics with respect to this
organism.

Annu. Rev. Nutr. 2002.22:107-138. Downloaded from www.annualreviews.org
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Necrotizing Enterocolitis

Although necrotizing enterocolitis (NEC) accounts for a great deal of morbi-
dity and mortality among premature infants, the mechanism of injury is still
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incompletely understood. It is hypothesized that the intestinal injury is the re-
sult of synergy among the three major risk factors of NEC: prematurity, enteral
feeding, and bacterial colonization. Together these factors result in an exaggerated
inflammatory response that leads to ischemic bowel necrosis (27). Indeed one in-
vestigator described a case of 3-day-old twins in which one was mainly colonized
with bifidobacteria and the other witBlostridiumspecies. This latter child de-
veloped NEC (22). Such a finding was replicated in animal models; specifically a
guail model exists in which exposure of the germ free quail to clostridia results in
cecitis. In this model preexposure to bifidobacteria appears to be protective through
inhibiting the growth of the clostridial species (22). Furthermore, after feeding the
fecal flora of patients with NEC to germ free pups, one observes subsequent bowel
injury (91). In another animal model of NEC using a combination of formula feed-
ing and asphyxia in neonatal rats, Caplan et al. demonstrated that supplementation
of bifidobacteria and subsequent colonization significantly reduced the incidence
of NEC as compared with rats supplemented Mttcoli (24). The injury caused

by some NEC associated bacteria suck asoli can be abrogated by coinfection
with gram-positive organisms from non-NEC infants. In vitro studies using Caco-2
monolayers supportthis, as one sees a reduction in the transcytBstifacross

the monolayer wheik. faeciumis introduced (33). Other studies also support a
link between enteric bacteria and NEC (13, 44, 66, 157). These studies demon-
strate that a single pathogenic stain of bacteria sughedssiellg Enterobacteyor

E. coliundergoes rapid growth prior to the clinical manifestations of NEC.

Based on the promising results of animal models demonstrating a protective
effect of bifidobacteria in preventing NEC, Hoyos studied 1237 newborns in a
neonatal intensive care unit in Columbia. Newborns were provided with 250 mil-
lion live L. acidophilusand 250 million liveBifidobacterium infantisand their
outcome was compared with historical controls from one year earlier. The historic
control group had 85 newborns that developed NEC, and the probiotics group had
only 34. There were 35 prior fatalities from NEC compared with 14 in the probiotic
group (67). Clinical studies such as this are certainly encouraging and will no doubt
become the basis for future studies in the use of probiotics in the prevention of NEC.

Allergy

Although the exact pathophysiology of allergic disease isincompletely understood,

it is thought to represent the end result of disordered function of the immune sys-
tem. One thought is that the abnormal immune response is due in part to increased
permeability of the intestinal barrier. A study of suckling rats documented that
prolonged cow milk challenge results in increased gut permeability to intact pro-
teins as demonstrated by absorption of horseradish peroxidase. This is abrogated
by the introduction of LGG. The authors suggest that an observed increase in
the secretion of antibodies directed agaifdactoglobulin, a major antigen of

the cow milk protein, contributes to the stabilization of the mucosal barrier (74).
Another study analyzed the fecal flora from healthy and allergic infants. The
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allergic infants were found to have high levels of the adult tggfedobacterium
adolescentiss compared with the healthy infants, who had greater numbers of
B. bifidum Comparison of the adhesive properties of these two strains found that
B. bifidum’sadhesive abilities were significantly higher. These results suggest that
the greater adhesive qualities may help to stabilize the mucosal barrier and prevent
absorption of antigenic proteins (63).

Oral tolerance to food antigens is underdeveloped in infancy and is thought to
require bacterial colonization to develop properly. A recent study found that the
anaerobic intestinal flora of milk-hypersensitive adults resembles that of healthy
adults (7). Despite this, clinical studies do support the use of probiotics in the treat-
ment of atopic disease. A study by Majamaa & Isolauri investigating cow’s milk—
sensitive infants with atopic dermatitis assessed their response to a hydrolyzed
whey formula alone or in combination with LGG. At the end of one month the
probiotic group had a significantly greater improvement in the extent and intensity
of their eczema. Furthermore, the amount of fecal alpha-1-antitrypsin, a marker of
intestinal inflammation, was significantly lowered in the study group, as was the
concentration of fecal TNF. Fecal eosinophilic cationic protein was unchanged.
The authors speculated that the LGG generated enzymes that can act as a sup-
pressor of lymphocyte proliferation and that the LGG also helped to generate
protein breakdown products that result in IL-4 downregulation. Furthermore, the
LGG-stimulated increase in sIgA helps increase antigen elimination. All this taken
together results in the observed downregulation of hypersensitivity reactions (99).
The same authors further studied this by investigating a group of 27 exclusively
breast-fed infants with atopic dermatitis at an average age of 4.6 months. This group
was weaned to a hydrolyzed whey formula alone, with supplem8ntalktisor
with LGG. The children’s eczema was scored in a blinded fashion using a SCO-
RAD grading system. After 2 months the skin condition of the probiotic group was
significantly improved to nearly normal. This improvement was paralleled by a re-
duction in the concentration of soluble CD4 in the serum and eosinophilic protein
X in the urine. This reflects downregulation of the T-cell mediated inflammatory
state and eosinophilic inflammatory activity, respectively. After 6 months all three
groups had resolution of their eczema (70). A recent study by Kalliomaki et al.
provided LGG in a double-blind placebo controlled fashion to pregnant mothers
with a first degree relative that is atopic. The newborn infants were then treated
postnatally for 6 months. At 2 years of age 23% of the LGG group and 46% of the
placebo group were found to have atopic eczema (81).

Other studies have also examined alterations of the cytokine profile. LGG
has immunomodulatory effects and has been demonstrated to stimulate in vitro
mononuclear cells, thus generating proinflammatory cytokines such as IL-6, IL-12,
IFN, TNF, and the antiinflammatory IL-10 (110). IL-10 is produced by monocytes,
activated B cells, macrophages, mast cells, keratinocytes, and dendritic cells (113).
It inhibits the production of IL-2, IL-4, IL-6, IL-12, TNF, and IFN (36, 113). It
upregulates the growth of mast cells and B cells and downregulates IgE synthesis
by promoting the switch to IgG4 synthesis (77, 113). In atopy IL-10 is thought to
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have antiinflammatory effects via downregulation of IL-4 (126). LGG was given
for 4 weeks to nine children with atopic dermatitis and cow’s milk allergy while
on an elimination diet. Eight weeks following supplementation there was a tran-
sient increase in IL-10 in seven out of the nine patients. At 2 weeks there was an
increase in IFN and a subsequent decline in IL-4. There was no change in fecal
slgA. No mention was made of the clinical effect the supplementation had on
the children, but the authors proclaimed that the induction of IL-10 by the LGG
justified continued study of this probiotic for the treatment of atopic disease.

Inflammatory Bowel Disease

It has long been conjectured that bacteria or other infectious agents play a role
in the pathogenesis of inflammatory bowel disease (IBD). Some hypothesize that
IBD is due to an abnormal T cell response to commensal microflora, whereas
others speculate that pathogenic organisms such as an atypical mycobacteria or
co-infection with viral particles such as mumps and measles are causative. Indeed,
it is well accepted that antibiotics are effective in the treatment of Crohn’s disease,
and certain animal models of colitis only have phenotypic manifestations when
exposed to bacteria. Epidemiologic studies have found that bifidobacterium colony
counts are decreased in numbers in the feces of patients with Crohn’s disease (168).
A recent study of patients with Crohn’s disease found them to have decreased
amounts of beta-galactosidase in their feces during periods of active disease. This
decrease correlates with a decrease in bifidobacteria, which is thought to be the
source of the beta-galactosidase (43). Similar findings can be found in animal
models in which a study of the intestinal flora of IL-10 knockout mice revealed that
as colitis develops between 2 and 8 weeks of age there is a decrease in the numbers
of lactobacilli. Indeed, by repopulating the mice with supplemental lactobacillus
the histologic severity of colitis can be attenuated. This also decreases the amount
of mucosal adherence and invasion by aerobic bacteria (98). A separate strain of
lactobacillus,L. salvirius has been shown in that same model to diminish the
progression of inflammation to dysplasia and to subsequent cancer (29).

Clinical studies of affected patients have demonstrated the efficacy of other
probiotics, most notably certain strains Bf coli, in maintaining remission in
ulcerative colitis at a rate equivalent to mesalamine. A study of 116 patients
with active ulcerative colitis were randomized to receive either standard treat-
ment with mesalamine or treatment with a nonpathologic straia. ali. Both
groups achieved remission at similar rates, 75% and 68% for the mesalamine
andE. coli groups, respectively. The mean time to remission was 44 days and
42 days for the two groups and relapse occurred during the 1-year study in 73%
and 67%, respectively. The authors concluded that the probiotic has an equiva-
lent effect to mesalamine in achieving and maintaining remission (134). A sim-
ilar study examining 120 ulcerative colitis patients in remission found similar
relapse rates for the mesalamine &doligroups at the end of 12 weeks, 11.3%
and 16%, respectively (89). A study designed to investigate the effectiveness of



Annu. Rev. Nutr. 2002.22:107-138. Downloaded from www.annualreviews.org
by Fordham University on 01/04/12. For personal use only

NUTRITIONAL IMPACT OF PRE- AND PROBIOTICS 123

probiotics in maintaining remission in Crohn’s disease randomized 32 patients
in clinical remission to receive either mesalamine alone or in conjunction with
Saccharomyces boulardiThe control group experienced clinical relapse at a rate

of 37.5%, whereas only 6.25% of the supplemented group relapsed (60). Various
probiotic bacteria have also been shown to be useful in the maintenance treatment
of chronic pouchitis includinggifidobacteriumLactobacillus andStreptococcus

(52). Despite this, a study of another probiotiactobacillus plantarunfailed to
reduce the severity of trinitrobenzenesulfonic acid/ethanol) colitis or improve gut
permeability (84).

IL-10 has been the center of much attention owing to its role in downregulating
inflammatory cascades; indeed the IL-10 knockout mouse is a commonly used an-
imal model in IBD research. Without the antiinflammatory effects of IL-10, a Thl
profile predominates with increased concentrations of IFN and IL-12 (98). This
model emphasizes the importance of microflora in the pathogenesis of IBD in that
when reared in a sterile environment, the IL-10—deficient mice are asymptomatic,
yet when colonized with typical bacteria, they develop colitis. Researchers used
two mice models of IBD to demonstrate the therapeutic effects of IL-10 in reduc-
ing the mucosal inflammation of IBD. IL-10 has previously been investigated for
its potential role in the treatment of IBD; however, owing to presumed difficulty
in mechanisms of delivery, clinical trials have been less encouraging. These re-
searchers applied the concepts of probiotics, most notably their ability to escape
digestion and colonize the intestine, and developed recombinant strdiastof
bacillus lactisthat were genetically engineered to produce IL-10. When introduced
into a chronic colitis model induced by 5% dextran sulfate sodium, it reduced the
degree of histologic colitis by nearly 50% as compared to control mice provided
with wild typeL. lactis, better than the results seen with anti-TNF antibody therapy.

It also virtually prevented the onset of colitis in the IL-10 knockout model (158).
This approach, although clearly not attributable to the effects of the wild-type
bacteria, does advance the concept of probiotics to a new level. The use of enteric
bacteria as a mode of local delivery of drugs is novel and encouraging but not
without concern. Clearly we must consider the potential effects of contamination
of normal hosts as well as dosing issues before such ideas are applied clinically.

The use of probiotics in IBD clearly will not provide a panacea, but it does
offer hope as an adjuvant form of therapy, specifically in maintaining a state of
remission. In addition it sheds further light on the pathophysiology of the disease.
Finally it illustrates an exciting new direction in which the theories of probiotics
can be applied as a means by which one can achieve local drug delivery.

PREBIOTICS

Evidence of the beneficial effects of certain nonpathologic enteric bacteria, pro-
biotics, gave birth to the concept of prebotics. Gibson & Roberfroid defined a
prebiotic in 1995 as a “nondigestible food ingredient which beneficially affects
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the host by selectively stimulating the growth of and/or activating the metabolism
of one or a limited number of health promoting bacteria in the intestinal tract, thus
improving the host’s intestinal balance” (50). Because this concept has only been
recently defined, there is not as much data to support prebiotics’ health promoting
effects. Examples of prebiotics include the fructooligosaccharides and complex
oligosaccharides in human milk. Each of these satisfies the defining criteria of
prebiotics as outlined in Table 2.

Fructooligosaccharides (FOS) are short and medium chaigdofructans in
which fructosyl units are bound bym2-1 osidic linkage. The FOS are classified
based on the number of osyl units, which defines their degree of polymerization.
Accordingly, oligofructose has a degree of polymerizatidh (average 4.8) and
inulin has a degree of polymerizatien60 (average 12). Inulin-producing plant
species include several monocotyledonous and dicotyledonous families such as
Liliaceae, Amaryllidaceae, Gramineae, and Compositae. Commercially inulin is
the product of hot water extraction from chicory roo®ghorium intybu¥ and
oligofructose is prepared by the partial hydrolysis of inulin under controlled con-
ditions. They are also contained in a number of common foods including garlic,
onion, artichoke, and asparagus (50).

The g 2-1 osidic bond of FOS, including the first glucose-fructose bond, is
not readily hydrolyzed by mammalian digestive systems. However, bifidobacteria
possesg-fructosidases that allow them to digest these compounds (50). Studies
in volunteers with ileostomies have shown that when they are fed either inulin
or oligofructose, the average recovery of the fed prebiotic at the terminal ileum
is 86—89%. Further proof of their indigestibility rests in the fact that there is no
observed increase in serum glucose after they are ingested (31).

The ability of prebiotics such as oligofructose to selectively stimulate the growth
of bifidobacteria has been supported by numerous studies (155). Gibson et al.
provided male volunteers with oligofructose or inulin. Subsequent analysis of

TABLE 2  Defining criteria to classify a food
ingredient as a prebiotic

A prebiotic should:

Neither be hydrolyzed or absorbed in the upper
part of the gastrointestinal tract.

Be a selective substrate for one or more potentially
beneficial commensal bacteria in the large intestine.
As such, it should stimulate that bacteria to divide,
become metabolically active, or both.

Alter the colonic microenvironment toward a
healthier composition.

Induce luminal or systemic effects that are
advantageous to the host.
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their feces revealed an increase in bifidobacteria 840X °cells, whereas other
bacteria remained unaffected (49). Several studies also support the finding that
the selective growth advantage can be at the expense of other bacteria such as
bacteroides, clostridia, or other coliforms (173). The mechanism for this is thought
to be in part due to the resultant lowering of the pH in the local milieu, but this

is likely not the only mechanism. Several studies have shown that lactobacilli are
also able to degrade inulin, but a documented stimulation by these substances
that supports a selective growth advantage has not been as well established (155).
A study by Alles et al. with 40 subjects found no change in fecal flora after
supplementation with trans-galactosylated oligosaccharides (5). The effects of
prebiotics appear to be limited to the time during which they are being consumed, so
that when supplementation is stopped, their beneficial effect is lost (155). Despite
the effects prebiotics have in manipulating the bacterial flora, they have not been
shown to have health promoting effects to the same degree as probiotics.

Human milk is unique in the quantity of complex oligosaccharides it contains
(5-8 glliter). Only elephant milk has as many complex fucosylated oligosaccha-
rides (53). In vitro studies exposed these compounds to human salivary amylase,
porcine pancreatic amylase, and brush boarder membrane vesicles at various pHs.
Overall less than 5% of human milk oligosaccharides were digested, supporting
the fact that these compounds are not digested by the human intestinal tract (53).

Although health benefits are attributed to these compounds, as is summarized
below, they do have potential side effects. When inulin was given at a dose of
14 g/day, women reported an increase in flatulence, borborygmi, abdominal cramp-
ing, and bloating (124). There also appears to be a laxative effect by which these
compounds have been shown to increase the daily stool output from 136 g/day to
154 g/day (49).

Mineral Absorption

Evidence suggests that prebiotics improve the bioavailability of minerals such
as calcium, magnesium, and iron for absorption. This increase has been thought
to be clinically relevant in the treatment and/or prevention of diseases such as
osteoporosis and anemia.

In a study by Scholz-Ahrens et al. an increase in calcium absorption was seen
through 16 weeks of probiotic supplementation despite increased calcium excre-
tion in the urine (146). Ohta et al. also demonstrated increased calcium absorption
in young growing rats fed oligofructose (118). When ovariectomized rats, an an-
imal model of postmenopausal women, were supplemented with oligofructose,
femur calcium was significantly higher (147). However, bone density and stability
are dependent on the trabecular network, and not necessarily correlated with min-
eral content. Therefore, the trabecular network of the distal tibia was analyzed by
microradiography with computer supported image analysis. Such analysis found
that oligofructose prevented ovariectomy-induced loss of trabecular bone (148).
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The effect of prebiotics on calcium absorption appears to be most pronounced
when the amount of dietary calcium is high (146). In general the duration of these
effects appears to be short-lived, with statistical affects being seen only in the
first few weeks. It is unclear if this is merely due to the fact that prebiotics them-
selves can create a transient effect, or if the changes in bacterial flora that they
create are lost over time. Others have observed that the duration of effect on bone
mineralization is dependent on the part of the skeleton that is studied. In the femur
the effect of prevention of demineralization was most pronounced at 8 weeks but
lost significance by 16 weeks. In the vertebrae this effect continued to be more
evident with increased time of supplementation (146).

Human studies include that by Van den Heuvel, who investigated the effect of
lactulose on calcium absorption in 12 healthy postmenopausal women. Intestinal
calcium absorption was measured by dual calcium labeling. In a crossover design
it was found that 10 g of lactulose did significantly result in increased calcium
absorption above the nonsupplemented group (169). Another study by the same
investigator asked 12 adolescent volunteers to consume oligofructose daily for one
week. Calcium absorption increased significantly compared with placebo (170).
Coudray etal., in a study of healthy male volunteers, documented increased calcium
absorption with inulin (30).

Increased calcium absorption is most likely mediated by its increased solubility
within the colon owing to fermentation of the prebiotic and the subsequent decrease
inintraluminal pH. Indeed, Ellegard et al. found that when patients with ileostomies
took inulin and oligofructose, there was no effect on calcium, magnesium, zinc, or
iron (40). However, given that the effects on animals appear to be more pronounced
than those found in humans, investigators have postulated that the effectis mediated
through fermentation of fecal products to short chain fatty acids. This is particularly
relevant given that such fermentation occurs at a significantly higher rate within
animal models compared with humans (146). Indeed, one study found that the
presence of short chain fatty acids is a prerequisite for stimulation of calcium
resorption (166). Finally, some authors suggest that prebiotic-stimulated calcium
absorption is mediated by an increased expression of calcium binding proteins
such as calbindin-D9k (117).

Two studies have investigated the absorption of phosphorus with supplementa-
tion of prebiotics and neither showed effect (116, 146). However, there does appear
to be a positive effect on magnesium absorption in both normal and deficient rats
(116, 119, 146). This absorption, like that of calcium, occurred in the large intestine
(118). Similar improvement in iron absorption was seen in both growing rats (37)
and anemic rats (119). There does appear to be a limited dose-related effect of
prebiotics to mineral absorption; however, it is unclear if this effect is directly
related to increased numbers of bifidobacterium (146).

The effects of prebiotics on mineral absorption are encouraging, particularly
in reference to calcium. However, the human studies have been of short duration
and therefore have not addressed the more important question of effect on bone
mineralization.
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Cancer Prevention

Reddy et al. in 1997 (132) fed 10% oligofructose or inulin to rats given azoxy-
methane (AOM), a substance known to produce preneoplastic aberrant crypt foci
(ACF) in the rat colon. At 7 weeks after the last dose of AOM there were fewer
ACF in the study groups (inulin, 78 ACF; oligofructose, 92 ACF) compared with
the placebo group (120 ACF). Similar studies support this finding (130, 133, 138).
It was speculated that the result was due to the fact that bifidobacteria contain arel-
ative paucity of enzymes such Agylucuronidase, azoreductase, nitro, and nitrate
reductase that can convert precancerous substances into carcinogens (68). Indeed
trans-galactosylated oligosaccharides and oligofructose were found to suppress
fecal activities of carcinogen-metabolizing enzymes in humans and rats (21, 139).
However, Bouhnik et al. fed healthy volunteers FOS (12.5 g/d) and found no
change in their total fecal anaerobes, pH, nitroredyctase activity, azoreductase,
B-glucuronidase, bile acids, or neutral sterols compared with controls after 12
days. The authors questioned if the duration of the study was too short to demon-
strate an effect (18).

Prolonged feeding of a high-fat, low-fiber Western diet markedly reduces the
number of colonic apoptotic cells and is associated with tumorgenesis (135). In a
study by Hughes & Rowland, rats were fed either a high-fat diet alone, with
oligofructans, or with inulin for 3 weeks. They were then exposed to 1,2-dimethyl-
hydrazine, and it was found that the mean number of apoptotic bodies was higher
in the oligofructans and inulin groups than control. No change was seen in fecal
B-glucuronidase, ammonia, or glucosidase. Itis speculated that the bulking effects
of these prebiotics contribute to their antineoplastic effect by decreasing exposure
to carcinogens (68).

These findings, especially when combined with those findings of anticancer
effects of the probiotics whose growth prebiotics support, contribute to validation
of these compounds as potential anticancer therapies. Future studies need to more
clearly delineate prebiotics’ role either separately or in conjunction with probiotics.

SYNBIOTICS

Annu. Rev. Nutr. 2002.22:107-138. Downloaded from www.annualreviews.org
by Fordham University on 01/04/12. For personal use only

When Gibson introduced the concept of prebiotics he also speculated as to the
additional benefits one might see if prebiotics were combined with probiotics
to form what he called a synbiotic. He defined this as “a mixture of probiotics
and prebiotics that beneficially effects the host by improving the survival and
implantation of live microbial dietary supplements in the gastrointestinal tract by
selectively stimulating the growth and/or by activating the metabolism of one or a
limited number of health-promoting bacteria, and thus improving host wealthfare”
(50). The name implies that the prebiotic should offer a selective advantage for
the growth of the probiotic it is combined with to provide a synergistic effect.
To date, there has been a limited amount of scientific research into this form of
supplementation, and it is thus unclear whether this theoretical entity will provide
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any additional health-promoting effects beyond those afforded by the prebiotic or
probiotic alone.

CONCLUSION

Although pre- and probiotics might not be the “fountain of youth” that Metchnikoff
had hoped, they do appear to have definable roles in the prevention and treatment
of various disease entities and promotion of “health.” Clearly we need more well-
controlled studies to more firmly establish what these roles are. The studies need to
be rigorous in their scientific approach, containing a placebo arm and documenting
colonization by the various bacteria thought to afford a beneficial effect. The studies
must also be of an appropriate duration to determine if the beneficial effects are
sustained. More care must be taken to assure the viability of the bacteria provided,
prior to ingestion. For the consumer, one would hope that the FDA continues their
efforts to regulate these biologically active compounds to assure uniformity and
safety. Itis only by fulfilling these goals that this once “nontraditional” therapy can
be accepted into the armamentarium of the more “traditional” practice of medicine.
Finally, one can consider the recent use of probiotic theory and their use as novel
means of delivering IL-10 locally, as to what the future might hold for this mode
of therapy.

The Annual Review of Nutritionis online at http://nutr.annualreviews.org
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