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INTRODUCTION

Scope of this Review

This review considers polyols as bulk sweeteners, i.e. substances used to
replace sucrose in food manufacture and in the household setting to provide
sweetness and body or bulk to foods and beverages. Although numerous
polyols have been examined, only the six in which commercial interest is the
greatest are considered here in detail: the monosaccharide polyols sorbitol,
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mannitol, and xylitol; the disaccharide polyols maltitol and lactitol; and an
equimolar mixture of two disaccharide polyols, D-glucosyl-a(1-1)-p-mannitol
and D-glucosyl-a-(1-6)-p-glucitol, that is denoted Palatinit®. Maltitol is the
major component of two additional products discussed along with maltitol:
Malbit® (79.9-88.4% maltitol) and Lycasin® (53.8% maltitol); these products
also contain sorbitol, maltotriitol, and other minor components. The interest
in alternatives to sucrose has resulted in extensive research on the polyols in
recent years (9, 12-14, 53, 87, 101, 104, 107, 108, 148, 169, 180). For
aspects covered in other appropriate reviews, the reader is referred to those
reviews and given capsule summaries here. In general, clinical uses of the
polyols are not discussed.

The reasons for the great interest in the polyol sweeteners follow:

1. Their intrinsic sweetness is of the same order of magnitude as that of
sucrose. This point is discussed below.

2. They are easily manufactured, as discussed in earlier reviews.

3. Sugar consumption has a number of real and perceived side effects (see
review 54). In this regard, three potential advantages of the polyols have been
noted (e.g. 180):

a. For a large portion of the general population, the use of polyols may
potentially reduce the incidence of dental caries. This topic has been reviewed
in detail for xylitol (13, 104, 107, 108) and to a lesser extent for the other
polyols (107, 180).

b. Some polyols have reduced caloric content, a quality of potential
interest in the management of obesity. The basis of this reduced caloric
content differs for various polyols and is discussed below. Also considered
below is that this reduced caloric content may be more apparent than real
when the relative sweetness is also considered.

c. The polyols in general yield glucose at a slower rate than dietary glucose
or sucrose, which results in flattened blood glucose curves. This point is of
interest and perhaps value to diabetics. The particular applications involving
the use of polyols as sucrose substitutes for diabetics are not discussed in this
review; interested readers are referred to reviews on this specific topic and to
earlier reviews on the polyols.

Current Regulatory Status

Sorbitol is a direct food substance generally regarded as safe (GRAS). If
consumption of a sorbitol-containing food is likely to result in a daily inges-
tion of more than 50 g, the label must contain the statement “Excess consump-
tion may have a laxative effect.” Mannitol is a food additive permitted on an
interim basis pending further study. The same label noted above for sorbitol
must be applied to any mannitol-containing food that could conceivably result
in the ingestion of 20 g or more of mannitol in a single day. Both mannitol and
sorbitol are widely used in food manufacture in the US.
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Xylitol is a food additive permitted for special dietary or nutritional uses
provided that the amount used is not in excess of that needed to produce the
intended effect. A proposed revocation was never finalized and is still pend-
ing. A select panel of experts was recently convened by the Life Sciences
Research Office (LSRO) of the Federation of American Societies for Ex-
perimental Biology under contract to the FDA to consider the scientific
evidence regarding xylitol (see review 101). The present use of xylitol in the
United States is limited.

Lactitol, maltitol, and the maltitol-containing product Lycasin are the
subjects of GRAS petitions received and filed by the FDA. The same panel of
experts noted above for xylitol also considered lactitol in their deliberations
(101). A petition concerning Palatinit has also been received by the FDA but
had not been filed as of winter, 1989.

National food laws and regulations differ from country to country and so,
too, does the status and use of individual polyols (see 12 regarding xylitol for
example). No attempt is made here to summarize the status of polyols as food
additives in countries other than the US. It appears that each of the polyols
discussed heréin is either utilized or has at least been petitioned for specific
commercial applications in some European nations.

Comparative Sweetness of the Polyols

The majority of simple sugars and polyols elicit a taste response characterized
as “sweet.” Because of the interest in sucrose substitutes, a wide variety of
compounds have been subjected to tests of comparative sweetness. The values
reported for the sweetness of all compounds, including sucrose and the
polyols, are based on subjective assay methods, and results vary with assay
conditions. Slopes of the sweetness-concentration lines differ for different
sweeteners, and the relationships are not always linear as can be seen in the
report by Hoppe & Gassmann (78) for a wide variety of sweeteners, including
several polyols. Furthermore, sweetness values for different compounds are
differentially influenced by temperature, as seen, for example, in the results
of Hyvonen et al (82) in a detailed study of the sweetness of fructose, glucose,
and xylitol. Nevertheless the results reported by different groups in com-
parative sweetness studies on the polyols are- quite consistent (38, 78, 113,
180). On the basis of sweetness per gram;-
considered here is xylitol, which is generally reported as being “isosweet”
with sucrose. Sorbitol, mannitol, and maltitol and the maltitol products were
somewhat less sweet, with values ranging from 45 to 90% of the sweetness of
sucrose. Lactitol and Palatinit were the least sweet, with sweetness values
reported from 25 to 50%.

Of greater potential interest with regard to the use of polyols as bulk
sweeteners are the sweetness values as expressed per kilocalorie of available
metabolic energy. Values for kcal/g vary depending on the dosage and
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experimental animal used, and few comparative studies are available. Results
are probably best reviewed by Ziesenitz & Siebert (180). In humans, sorbitol
and xylitol are reported as having caloric contents similar to that of sucrose,
although high doses will most certainly result in decreased caloric values
because these polyols are incompletely absorbed at higher dietary levels.
Other polyols have reduced caloric values ranging from 40 to 70% of those
reported for sucrose. For mannitol the reduced value probably reflects the
incomplete metabolism of mannitol by L-iditol dehydrogenase and the in-
complete reabsorption of mannitol by the kidney (for review see 169). For the
disaccharide polyols, the low caloric values reflect slow rates of hydrolysis in
the digestive tract and the involvement of intestinal microflora, as discussed
below and in the review by Ziesenitz & Siebert (180). In any case, the polyols
with reduced caloric contents tend to be those with reduced sweetness com-
pared with sucrose, so that when sweetness is expressed per kcal, the six
polyols are actually quite similar.

ABSORPTION AND METABOLISM OF THE POLYOLS

Monosaccharide Polyols

The absorption and metabolism of the monosaccharide polyols are thoroughly
reviewed elsewhere and only summarized here. Sorbitol, mannitol, and xyli-
tol are all absorbed from the digestive tract by passive diffusion and therefore
enter the circulation less rapidly than do glucose or fructose. A portion of the
ingested polyol, particularly at high doses, reaches the lower digestive tract,
with the resulting involvement of the intestinal flora. In laboratory animals
and humans, large doses result in diarrhea, although adaptation involving
changes in intestinal flora frequently occurs over time. Some investigations
have reported that xylitol is better tolerated than are the hexitols. In mice and
rats, high levels of dietary monosaccharide polyol are associated with the
cecal enlargement characteristic of any slowly absorbed carbohydrate, and in
humans there are the increases in breath hydrogen or methane characteristic of
colonic microfloral involvement.

The first step in the metabolism of all three monosaccharide polyols
involves oxidation by the hepatic L-iditol dehydrogenase to the corresponding
2-ketose, D-fructose for sorbitol and mannitol and to D-xylulose for xylitol.
For sorbitol and xylitol this oxidation is extensive, and only small quantities
of polyol are excreted in the urine. Mannitol is a poor substrate for the
enzyme, and significant portions of ingested mannitol are excreted. Most of
the fructose and xylulose thus formed are phosphorylated by fructokinase and
xylulokinase, respectively. The subsequent metabolism of the resulting phos-
phate esters by the fructose and pentose shunt pathways, respectively, is well
documented. For xylitol a minor pathway has been proposed (19, 84) that
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involves the phosphorylation of p-xylulose to xylulose-1-phosphate by fructo-
kinase. This pathway does not play a major role in the overall metabolism of
xylitol but may play a role in the relationship between xylitol and oxalate and
is thus discussed below (see “Xylitol and Oxalate”).

Disaccharide Polyols

Disaccharide polyols are mostly digested to hexoses and monosaccharide
polyols, which are then absorbed. Traces of the intact disaccharide polyols are
absorbed as evidenced by the small but measurable quantities of each recov-
ered in the urine of rats and humans following ingestion (Table 1). In this
regard Hosoya (79) demonstrated the transport of labelled maltitol in everted
sacs of rat intestine.

Hydrolysis of the disaccharide polyols by the saccharidases of the intestine
and other tissues has been studied extensively. Early studies performed with
human salivary a-amylase and a-glucosidase from the small intestine of
humans (172) and rats (173, 179) demonstrated that maltitol was a poor
substrate and a weak inhibitor for these enzymes. Similar results were re-
ported for the intestinal a-glucosidase and the two polyols of Palatinit (57).
These results with maltitol have been confirmed and extended with highly
purified preparations of the enzyme from rats (134). The relative maximal
rates of hydrolysis for sucrose, maltose, maltitol, glucosyl-(1-1)mannitol,
glucosyl-(1-6)glucitol, Palatinit, and Malbit were 280, 900, 112, 32, 67, 35,
and 250-310 nmol/min/mg protein, respectively (57, 179). Tsuji et al (162)
observed that the relative rates of hydrolysis of several of these compounds
corresponded to their bioavailability as measured by the transmural potential
differences produced by the Na*-dependent glucose transport in rat everted
jejunal sac preparations. Most recently the rates of hydrolysis of disaccharides
and dissaccharide polyols were compared using human intestinal biopsies.
Average rates of hydrolysis for maltose, sucrose, lactose, maltitol, Palatinit,
and lactitol were 172, 42.9,20.2, 19.1, 2.5, and 0.34 wmol/min/g respective-
ly at 37°C. Furthermore, maltitol and Palatinit but not lactitol inhibited
glucose release approximately 25% from maltose when present at the same
concentration as the disaccharide (116).

The saccharidase hydrolysis products can be either absorbed directly or
metabolized subsequently by the intestinal flora. Absorption of the hexitol
products was discussed above and is apparent from the free hexitols measured
in the urine (Table 1) and the blood (147) following disaccharide polyol
ingestion. The glucose formed from maltitol or Palatinit and the galactose
formed from lactitol are rapidly absorbed into the blood stream, as evidenced
in the small but detectable rises in blood glucose in rats consuming Palatinit
(114) and in humans consuming maltitol (94, 147) or Palatinit (150, 157) and
by the rise in blood galactose in humans ingesting lactitol (175).
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Table 1 Excretion of the disaccharide polyols in rats and humans

Polyol excreted in®

Urine Feces

Polyol (Ref.) Subject Dose? unchanged hexitol unchanged hexitol
Palatinit (178) rat 5% diet 0.11 0.09 6.0 8.3

rat 10% diet 0.04 0.04 7.8 9.4

rat, germ-free 5% diet 89 0.94 50 2.0

rat, germ-free 10% diet 114 3.42 275 1.4
Palatinit (114) rat 5% diet n.r. n.r. 18.7 21.3
Maltitol (94) rat 1.0g ~25 <5 ~50 ~15

rat, germ-free 1.0 g ~210 ~15 ~90 ~20
Maltitol (98) rat 1.0g 8 0.6 5 3

rat 20 g 15 2 144 180

rat 20 g 18.9 0.08 46.6 10.0

rat, germ-free 20¢g 211.6 10.4 86.5 13.1
Lactitol (95) rat 2 mg 0.0 0.23 0.0 0.14
Palatinit (150) human S0 g n.r. n.r. n.r. 78

human 100 g n.r. n.r. n.r. 94
Maltitol (147) human 3x10 g 350-400 422 33 21
Lactitol (175) human S0g n.r. n.r. n.r. 33 mg/dL

*Single doses were administered by stomach tube.

®In mg/24 h unless indicated. The notation n.r. indicates that data were not reported.
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The importance of the intestinal flora in the metabolism of the disaccharide
polyols is supported by several lines of evidence. First, the excretion patterns
for disaccharide polyols and their hexitol products in normal and germ-free
rats (Table 1) strongly support intestinal flora involvement. For maltitol and
Palatinit, significantly more mono- and disaccharide polyol occurs in urine
and feces of the germ-free animals than in comparable normal animals when
fed the disaccharide polyols. Second, in rodents lactitol (135, 167), maltitol
(79), and Palatinit (114, 178) cause cecal enlargement attributable to slowly
absorbed carbohydrate. Third, the formation of hydrogen gas in humans has
been studied with Palatinit (47) and with lactitol (56, 166). This gas formation
is usually considered to indicate colonic involvement in metabolism. Fourth,
a significant conversion of maltitol into fatty acids was observed in rat and
human feces, which indicates that this polyol was fermented in the gastroin-
testinal tract (125). Last, the caloric values for lactitol (23, 45, 166), maltitol
(79, 92, 125), and Palatinit (57, 94, 114, 157) were less than those for sucrose
in animals and humans (see also 180 and references therein), probably a
reflection of the microfloral utilization. In this regard Ziesenitz (177) has
performed some interesting experiments with the carbohydrate-deficient diet
assay system of Karimzadegan et al (89), which allows one to evaluate how a
particular dietary component is available as carbohydrate. Mannitol, sorbitol,
D-glucosyl-a(1-1)-pD-mannitol, and D-glucosyl-a(1-6)-p-glucitol were metab-
olized to the extent of 6, 20, 39, and 42% as carbohydrate, respectively. The
differences between these values and the percentage utilization values will
ultimately be useful in evaluating the availability of fatty acids formed during
cecal fermentation.

The major saccharide absorption products from the disaccharide polyols
appear to be hexitol, hexose, and unchanged disaccharide polyol (Table 1).
The metabolism of the hexitol portions was discussed briefly above, and the
metabolic pathways for galactose (from lactitol) and glucose (from maltitol
and Palatinit) are well known and need not be discussed here. The di-
saccharides are nearly inert as judged by their excretion in the urine following
injection (92, 150) and by the fact that they are non- or poor substrates for
L-iditol dehydrogenase (114) or aldose reductase (41).

POLYOL SWEETENERS AND DENTAL CARIES

Recent reviews describe the extensive work done on the relationship of
polyols, especially xylitol, and dental caries (13, 104, 107, 108, 180). The
most recent material is summarized below.

Dental caries is mediated by bacteria that accumulate in large masses and
contribute to dental plaque. Accumulation of these bacteria is facilitated by
the extracellular biosynthesis of insoluble glucans that increase cellular
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adhesive properties and serve as a matrix for plaque formation. Fermentation
of common dietary carbohydrate by plaque bacteria acidifies the plaque
milieu, dissolves calcium and phosphate from the tooth enamel, and eventual-
ly forns a cavity. Dietary sucrose is believed to play a major role in caries
formation (see reviews 54, 142). Polyol sweeteners can help prevent dental
caries by inhibiting the fermentation of dietary carbohydrate and the forma-
tion of insoluble glucan. In general, all of the polyol sweeteners are signifi-
cantly less cariogenic than sucrose, and xylitol may actually be cariostatic or
anticariogenic.

Sorbitol and Mannitol

There is particular interest in sorbitol, as it has long been used as a humectant
and binding agent to enhance the texture and shelf-life of dentifrice products
(110). Sorbitol and mannitol are slowly fermented by oral microorganisms,
and this decreases the acidification of the plaque. Long-term use of sorbitol
may lead to metabolic adaptation by the oral microflora, and even traces of
glucose have been reported to repress sorbitol metabolism. Formation of the
soluble and insoluble polysaccharides of Streptococcus mutans was consider-
ably less with sorbitol than with sucrose or fructose, and decreased adhesive-
ness of the microbial cells to glass surfaces has been observed.

In studies of rats under various conditions, dietary sorbitol and mannitol
showed significantly less cariogenic activity than sucrose. In humans, the low
cariogenicity of sorbitol appears to be supported by the beneficial results of
good oral hygiene, which frequently involves a dentifrice containing sorbitol
(e.g. 110).

Xylitol

Xylitol is fermented only very slowly by oral bacteria and is generally not
catabolized into acid products. Oral microflora do not appear able to acquire
the ability to utilize xylitol.

Animal studies have shown that rats fed xylitol had a low incidence of
caries, significantly below that of rats fed other polyols, which was in turn
below that of rats fed sucrose. The question as to whether xylitol was merely
noncariogenic or was actively anticariogenic was studied in several labora-
tories. In general the results showed that under certain conditions xylitol
significantly reduces the cariogenic potential of sucrose. In humans much
work has been done with xylitol and is reported in the reviews cited earlier. In
general the conclusions reached in the extensive Turku sugar studies (145)
concerning xylitol’s cariostatic or anticariogenic properties were confirmed in
more recent studies in Thailand (16), Hungary (143, 144), and French
Polynesia (16, 88).
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MECHANISMS OF THE CARIOSTATIC EFFECTS OF XYLITOL The cariostatic
or anticariogenic effects of xylitol are quite complex. It appears that more
than one mechanism exists. It is not known at this time which of the effects
noted below are clinically relevant. Much of this material can be found in the
earlier review by Miékinen & Scheinen (108) and other more recent reviews
(13, 107).

On the microbial level, xylitol may produce its anticariogenic effects by
several processes. In addition to being slowly fermented by oral bacteria,
xylitol inhibits the acid formation from glucose in S. mutans much more
effectively than any other polyol (180). In S. mutans and other oral bacteria
the first metabolic step in the utilization of many polyols involves a phos-
phoenolpyruvate-dependent phosphorylation step linked to polyol or sugar
uptake rather than a dehydrogenation reaction (124, 127). These phosphoryla-
tion-uptake systems involve several proteins, and the transport protein com-
ponents are responsible for the substrate specificity of the process (124, 127).
Quite probably, polyols exert some of their inhibitory effects on acid produc-
tion in this phosphorylation-uptake process. In addition certain oral bacteria
apparently may convert xylitol to a toxic metabolite, namely xylitol-5-
phosphate (4, 73, 159, 161). Adaptation to xylitol leads to xylitol-resistant
strains of bacteria, however (50, 160), even though cariostatic effects remain
(20, 110).

Xylitol also inhibits the formation of the insoluble polysaccharides of S.
mutans, although the synthesis of the soluble polysaccharides is increased by
xylitol (154). The changes in polysaccharide synthesis in the presence of
xylitol resulted in a decrease in the adhesive properties of the bacteria. The
synthesis of the insoluble polysaccharides by S. mutans appears to involve
multiple extracellular glucosyl transferases (59). Some of these enzymes are
inhibited by polyols (G. Siebert and F. Frosthuber, unpublished observations
cited in 180), although xylitol exerted only slight inhibitory effects in their
system (G. Siebert, personal communication).

Most recently, Beckers (20) studied the growth and metabolism of xylitol-
sensitive and xylitol-resistant mutants of S. mutans. While differences in
colony establishment time in vivo and growth rate in vitro could be observed,
the formation of fissure caries lesions was inhibited by xylitol regardless of
whether the xylitol-resistant or xylitol-sensitive strain was used. This result
suggests that some of the anticariogenic properties of xylitol may be in-
dependent of oral microflora. Specific changes in salivary parameters occur in
response to xylitol and may play a role in the natural defenses against dental
caries. Many were observed during the original Turku sugar studies (145) and
are noted extensively in review articles (13, 104, 107, 108). Among the
changes observed in saliva are increases (a) in volume produced by sweeten-
ers and more specifically in glycine and the basic amino acids, (b) in total
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salivary protein, (c) in the activities of saccharidases and other enzymes, and
(d) in the level of thiocyanate ion—all of which may play a role in the natural
defense against caries. More recently an increase in ammonia has also been
noted to occur concomitantly with the decrease in lactic acid formation (105,
1595).

Last, the physical chemical properties of xylitol may be involved. Polyols
in general protect proteins from denaturation (see review in 105), a factor that
may play a role in changes in the salivary environment noted above. Xylitol
and other polyols also form strong calcium complexes (105, 109) that prevent
the precipitation of calcium phosphate. Xylitol did not enhance the reharden-
ing of surface-softened enamel under conditions favoring rehardening (152).
On the other hand, high xylitol concentrations prevented the demineralization
of enamel in vitro (2). In vivo the same effect was observed on surface enamel
but not in fissures (153). This latter effect was attributed to the absence of
plaque on the enamel surface.

Disaccharide Polyols

Only recently have the disaccharide polyols been considered sweeteners; as a
result they have not been subject to the same scrutiny as have the monosac-
charide polyols. The disaccharide polyols all appear to be less cariogenic than
sucrose and possibly also less than the hexitols (see reviews 107, 180). In
bacterial studies they are fermented slowly by oral microflora (22, 43, 52,
163). They reduced the incidence of caries in laboratory animals (51, 52, 55,
74, 90, 91, 164, 165) and, in the few studies performed thus far, in humans
(24). With regard to the mechanisms of their effects, the disaccharide polyols,
besides being slowly fermented by oral bacteria, appear to inhibit acid
production from glucose (180 and references therein).

PHYSIOLOGIC AND TOXICOLOGIC EFFECTS OF THE
POLYOLS

Numerous studies have been performed with the polyols in animals and
humans. The sections below discuss new information obtained in certain areas
and recent work on the reported occurrence of tumors in laboratory animals
consuming polyol-containing diets. For the purpose of discussion, the effects
are divided into those reported for many if not all of the polyols in question
and those unique to individual polyols. Note that in general polyols have low
toxicities and mutagenicities as discussed in earlier reviews.

Effects Common to Many of the Polyols

EFFECTS OF POLYOLS ON MINERAL METABOLISM When 20% dietary
xylitol, mannitol, or galactitol are included in rat diets, urinary calcium
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excretion increases (46, 65, 140). Similarly, the presence of 10% sorbitol in
mouse diets results in an increase in the levels of blood calcium and in
calcium excretion (103). This increased calcium excretion stemmed from
increased dietary calcium absorption and not loss of skeletal calcium (67).
Similar effects were observed with lactitol (1, 9, 101). Earlier investigations
had reported that other slowly absorbed carbohydrates such as lactose (21, 42,
77, 96) and the modified starches (37, 77, 93; see review 100), but not the
nonabsorbable carbohydrates found in fiber (see review 99), also increased
calcium absorption in rats. The effects of lactose on calcium absorption have
also been noted in humans (34, 176), although the effects are considerably
smaller than in rats.

The absorption of other minerals is enhanced by polyols in the diet. In rats
fed diets with high polyol levels, an increase in iron absorption has been
observed (62, 63, 65, 75). With sorbitol, a similar effect was reported in
humans (58, 102). In the rat the increase in iron absorption was accompanied
by an increase in duodenal xanthine oxidase and ferroxidase (64). Also,
dietary xylitol increases the absorption of dietary lead in female mice but not
in male mice or cockerels (115). Last, in mice but not rats, dietary xylitol
increased the intestinal absorption and urinary excretion of oral oxalate (136,
139).

For purposes of discussion the effects are treated here as if similar mech-
anisms operate for each of the metal ions and as if the effects produced by
lactose, starches, and the polyols are the same. Most of the mechanistic work
has been performed with calcium, for which there are two independent uptake
processes: a physiologically regulated, vitamin-D-regulated transcellular pro-
cess and a nonsaturable, vitamin-D-independent process (30, 171). A variety
of evidence supports the statement that slowly absorbed carbohydrates affect
the nonsaturable process. First, the lactose effect was observed to occur in the
ileum (96), where calcium is absorbed only by the nonsaturable process
(122). Second, the xylitol (67) and lactose (112) effects are vitamin D
independent. Third, the levels of carbohydrate needed to produce the effect
are high enough to cause the cecal enlargement in rodents that occurs when
unabsorbed carbohydrate is present in the lower intestine (see references
above and 121).

Outside of this conclusion, the mechanisms by which the polyol-lactose
effects are produced are not clear. Several possible mechanisms for the effects
of polyols and lactose on mineral absorption have been reviewed (101,
128-130); they include complex formation involving the mineral in question
and the polyol or sugar (32, 61, 109), the removal of an energy barrier to
calcium movement (70), changes in the transport potential of the intestine
(111), changes in luminal calcium concentrations due to water absorption
(117, 174), the mechanical extension of the intestine by the hyperosmolar
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polyol solution in the intestinal lumen (101), and the acidification of the
intestinal contents (1). Any and all of these mechanisms may eventually be
found to play a role in the polyol-induced increases in mineral uptake. Any
discussion of mechanism must ultimately consider the following information,
some of which was discussed above.

First, the effect requires absorbable carbohydrate or polyol in the intestine.
Glucose, which normally does not reach the lower gastrointestinal tract, does
enhance calcium absorption in ligated loops (123) and in vivo if introduced by
perfusion (174). Non- or poorly metabolized but absorbable substances like
xylose (123) and mannitol (65, 117) were also effective. Note that these latter
substances are metabolized by intestinal flora and absorbed from the intestine.

Second, the lactose effect’s dependence on lactase (34) suggests that the
carbohydrate needs to be in monosaccharide form or in the form in which it
will be absorbed.

Third, those minerals that formed complexes of intermediate strength with
the polyols were those with enhanced absorption, while those with stronger or
weaker interactions were unaffected (28, 61). There is no evidence for
cotransport, however, and the lactose effect in rat gut sacs required only
preincubation with lactose and was not produced by the simultaneous pres-
ence of lactose (3).

POLYOLS AND THE RAT ADRENAL GLAND One of the observations of the
so-called Huntingdon studies was the incidence of adrenal medullary hyper-
plasias associated with xylitol feeding in rats (48, 49, 80). More recently,
long-term feeding studies have noted an increased incidence of adrenal
medullary hyperplasia and pheochromocytoma in rats fed polyol-containing
diets (5, 9, 128-130, 151). These lesions have not been seen in any other
species.

The mechanisms linking the hyperplastic changes observed in rats to the
polyols in their diets are not known but appear to be linked to the changes in
calcium metabolism discussed above. In general, high levels of dietary polyol
or lactose are associated with increased catecholamine levels (14, 25, 26, 66,
106), but controversy exists as to the effect on actual catecholamine synthesis
and as to whether the effects observed are primary or secondary to other
homeostatic changes. Bir has reported that decreasing the concentration of
calcium in the diets of rats fed 20% xylitol reverses the increases in calcium
excretion noted above and simultaneously decreases the catecholamine levels
in adrenal glands of rats and the incidence of proliferative changes (5, 14; also
see review 101). Whether the polyol- or lactose-produced effects on the
adrenal medulla are mediated by calcium itself or are mediated by
accompanying changes in the calcium homeostatic hormones is not known.
Indirect evidence linking calcium to adrenal function in rats has been reported
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(see review 14). Vitamin D deficiency reportedly lowers catecholamine levels
(8, 29), and hypercalcemia has been observed to increase blood catechol-
aminc levels (156).

Also, high levels of dietary xylitol resulted in changes in the adrenal cortex
as reflected in reduced aldosterone levels (66). This effect was suggested to be
secondary to changes in the electrolyte or acid-base balance.

With regard to the possible significance of this lesion to humans, several
factors must be considered: First, rats are more susceptible to adrenal medul-
lary hyperplasia than are other species, including humans, and some scientists
consider the lesion in rats to be irrelevant to humans (14, 27, 33, 101,
128-130). Second, the effects observed in the adrenal medulla in rats appear
to be related in some way to the changes in calcium homeostasis. This link has
not been observed in any other species, notably not in mice or humans. Third,
the enhancing effects of slowly absorbed carbohydrates on calcium absorption
are much more pronounced in rodents than in humans although, as noted
above, the effects are observed in humans.

As a result the consensus is that the adrenal tumors in rats fed diets high in
polyol or lactose have little or no significance for humans. Nevertheless, until
the mechanism linking the polyol diets to adrenal medullary hyperplasia has
been elucidated, the mechanism cannot definitively be ruled out in other
species (see reviews 101). It should be noted, however, that the lesion has not
been reported in any other species (including humans) at this time.

Effects Unique to One Polyol

EFFECT OF XYLITOL ON GASTRIC EMPTYING Several investigations have
considered the effects of xylitol on gastric emptying and intestinal motility
with regard to possible beneficial effects of xylitol on food intake. Whether
other polyol sweeteners share these effects has not been determined, although
the slowly absorbed sugar lactose has been noted to have similar effects (86,
97).

Salminen et al (141) showed that oral xylitol produced no change in the
secretion of the gastric inhibitory polypeptide in rats, whether or not the
animals had been adapted to xylitol. This effect was also observed in humans
(141). Another study with rats showed that adaptation to xylitol resulted in a
decrease in the rate of gastric emptying but that no change in the levels of the
gastric inhibitory polypeptide was involved (137). Subsequently Shafer et al
(149) observed that ingestion of 25 g of xylitol by humans led to decreased
rates of gastric emptying and food intake during a subsequent meal, an effect
not observed with glucose or fructose. Salminen et al (138) have since
reported an increase in motilin secretion accompanying the increase in in-
testinal transit and the delay in gastric emptying.
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XYLITOL AND OXALATE Interest in the metabolic interrelationships be-
tween xylitol and oxalate arises from clinical observations of oxalate deposi-
tion in certain tissues of some patients infused with xylitol (36, 44, 146, 158)
and reports of oxalate stones in laboratory rodents fed diets with highlevels of
xylitol (48, 49, 81). Subsequent investigations have noted oxalate formation
during infusions or injections of xylitol in rats (68, 72, 131, 133) and humans
(36, 118). The effect was not observed in similar studies with rabbits (120,
168) nor in all studies with humans (31, 36, 71, 169) or rats (70), although in
some instances increases in other two-carbon acids were observed (31, 68,
70, 71, 133). Feeding studies have also given variable results. Some studies
in rats (60, 140) and mice (17) showed no increases in oxalate. On the other
hand, Bir showed increases in oxalate and glycolate excretion in mice fed
xylitol-containing diets (10). In humans, slight increases in urinary glycolate
but only~occasional marginally significant increases in urinary oxalate oc-
curred in response to xylitol (17); both compounds were labelled in the urine
of individuals consuming labelled xylitol but not labelled glucose (15). The
'sS}nthesis of oxalate in isolated liver cells (119, 132, 133) and liver tissue (69)
was also observed, although the effect was not always specific for xylitol, and
oxalate was also formed from other carbohydrates or polyols (119, 132). The
most interesting observations in this regard were reported by Hauschildt &
Brand (69), who did not observe oxalate synthesis- from either glucose or
xylitol under normal conditions but did observe oxalate formation in liver
homogenates from both when substrate oxidation was enhanced. Under these
conditions xylitol was 1.6 times as effective as glucose.

Initially, investigators of the metabolic relationship between xylitol and
oxalate proposed the formation of glycolaldehyde, an oxalate precursor, by
the release of “active glycolaldehyde” from the transketolase reaction (31, 72,
158). More recently, a direct pathway for the formation of oxalate from
xylitol was proposed and investigated- simultaneously by two independent
laboratories (19, 84). This pathway involves the phosphorylation of the first
metabolic product of xylitol oxidation, p-xylulose, by fructokinase to give
xylulose-1-phosphate rather than by xylulokinase to give xylulose-5-
phosphate. The xylulose-1-phosphate is subsequently cleaved by aldolase to
give dihydroxyacetone-phosphate and oxalate precursor glycolaldehyde. Gly-
colaldehyde is converted to oxalate by way of glycolate and glyoxalate
sequentially. Barngrover et al (19) devised enzymatic assays for xylulose-
1-phosphate and glycolaldehyde and demonstrated the formation of both
compounds in rat hepatocytes treated with p-xylulose. At the same time
James et al (84) demonstrated the formation of xylulose-1-phosphate and
glycolaldehyde in a reconstructed system using human liver fructokinase
and aldolase.
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Subsequent studies in both laboratories have been aimed at quantifying this
pathway and evaluating what factors might influence the formation and
subsequent metabolism of the glycolaldehyde produced. Barngrover & Dills
substantiated the role of fructokinase in the formation of xylulose-1-phosphate
and glycolaldehyde in xylulose-treated hepatocytes but could not measure the
formation of either compound in xylitol-treated hepatocytes, probably be-
cause of the insensitivity of the assay method devised (18). Similar difficulties
were encountered in similar studies with labelled xylitols of high specific
activities (40), although the authors did postulate an upper limit to the flux
through the xylulose-1-phosphate pathway. They proposed that under their
incubation conditions the flux of xylitol through the minor pathway as out-
lined could not exceed 5% of that of the overall rate of xylitol metabolism,
corresponding to a conversion of less than 2% of the xylitol-carbon to
two-carbon fragments (40).

James et al (85) extended their earlier studies to include fructokinase and
aldolase from various tissues in several species and commented on the
potentialities of the xylulose-1-phosphate pathway in several animal models.
Bais et al (6) purified thc human liver fructokinase to homogeneity and
discussed its relationship to oxalate formation in human liver. They concluded
that the flux through this pathway is generally minor but that it may contribute
to oxalate formation. They subsequently reported extensive studies on in-
hibitory effects of various substances, including intermediates of oxalate
metabolism on aldolase and fructokinase (7).

Dills & Audet (39) recently used a kinetic computer model to simulate flux
through the metabolic pathways involving the two xylulose phosphates. To
this end they purified and studied the xylulokinase from bovine liver to
determine the kinetic parameters of its interaction with p-xylulose. Using
these and other literature kinetic and enzyme level data concerning L-iditol
dehydrogenase, fructokinase, xylulokinase, and aldolase, they calculated the
potential fluxes and evaluated the factors influencing these fluxes. The forma-
tion of both xylulose-1-phosphate and glycolaldehyde was found to be po-
tentiated by factors that increase the flux through the dehydrogenase step,
notably any increase in the NAD*/NADH ratio, and by any decrease in
xylulokinase activity or any increase in fructokinase activity (39). The in-
crease in the potential for glycolaldehyde formation with regard to an increase
in xylitol oxidation is particularly interesting when considered with the pre-
viously mentioned differential stimulation of oxalate formation from xylitol
by substrate oxidation increases reported by Hauschildt & Brand (69).

The significance of the minor pathway in humans remains unclear. Evi-
dence for its existence is indirect and consists of the observation that urinary
glycolate and oxalate excretion increase in volunteers consuming xylitol (11)
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and that labelled xylitol but not labelled glucose is converted to labelled
glycolate and oxalate (15). At the most, the net conversion of xylitol carbon to
oxalate appears to be about 0.5% experimentally (36) and less than 5% in the
most unfavorable circumstances, i.e. when low levels of xylulokinase are
assumed for humans, predicted by the kinetic computer model (39). The
major metabolic precursors of oxalate, glycolate, and glyoxalate are known to
have several metabolic precursors besides xylitol and several metabolic fates
besides oxalate (see reviews 7, 76, 126). It has been suggested that the
conversion of xylitol to oxalate is regulated primarily at the level of glyoxalate
or glycolate metabolism (7, 15). Further work on the kinetics of the conver-
sion of xylitol carbon to oxalate are needed, particularly with regard to the
kinetics of human xylulokinase and alternative metabolic fates of glycolal-
dehyde, glycolate, and glyoxalate.

BLADDER STONES, BLADDER TUMORS, AND XYLITOL Mice consuming
diets with high levels of xylitol exhibited an increased incidence of bladder
calculi and an increased incidence of hyperplastic and neoplastic changes in
the bladder (47, 48, 81). Evidence indicates that urinary stone formation is a
reasonable explanation for the occurrence of bladder tumors in mice fed
xylitol (see review 101). In mice (10, 101 and references therein) but not rats
(140), xylitol increases oxalate excretion as noted above, whether by way of
xylitol metabolism, increased oxalate absorption, or both, and it increases
excretion of calcium in rodents. In mice, the consumption of xylitol therefore
increases two of the urinary parameters that are linked to possible stone
formation.

As noted above humans fed xylitol do show slightly higher-than-average
oxalate excretions (10, 15); far greater changes are noted in glycolate excre-
tion, however (10). In this regard, Conyers et al (35) examined the kinetics of
oxalate formation from xylitol using a one-compartment model; they con-
cluded that even small conversions, 0.5% in their model, may at times be
significant during infusions. Their model can be extended to dietary xylitol if
one assumes that the highest doses of xylitol consumed during the Turku
sugar studies (145) were consumed over a 12-hour period in any given day.
The largest long-term dosage of 100 g/day for 100 days and the largest
one-time dosage of 400 g would be the equivalent of infusions of 0.80 and
3.20 mmol/h/kg body wt for an average subject weighing 70 kg. These levels
would not raise levels of oxalate above the 0.10 mM level suggested to be the
threshold for crystallization (35). This model does not, however, take into
account any differences in enzyme or effector levels or any other sources of
oxalate besides xylitol, whether they be metabolic or dietary. The polyol-
induced increases in calcium absorption in humans (34, 176) are also not
considered. With regard to the significance of the lesions noted in mice to



Annu. Rev. Nutr. 1989.9:161-186. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/05/12. For personal use only.

POLYOLS AS SWEETENERS 177

humans, it should be noted that the occurrence of bladder or kidney stones in
humans consuming xylitol has not been reported, despite numerous closely
monitored, long-term studies (see previous sections and reviews). Neverthe-
less, certain subgroups still may exist within the general population, in-
dividuals susceptible to calcium oxalate stone formation for instance, who
may be at risk if consuming large amounts of xylitol.

LACTITOL AND LEYDIG CELL TUMORS IN RATS Male rats fed diets con-
taining high levels of lactitol or lactose were reported to have an increased
incidence of Leydig cell tumors (151). These tumors are fairly common in the
rat unlike in mice or humans (see review 101). In contrast, many earlier
studies with lactose and a few with lactitol never demonstrated an increase in
rat Leydig cell tumors. There is no ready mechanistic explanation as to why
both lactose and lactitol would result in such tumors. A mechanism would
almost certainly have to involve a common metabolite, galactose for instance,
or a common physiologic change, such as the calcium absorption discussed
previously. Neither of these has been reported associated with Leydig cell
tumors. Considering the high consumption of lactose by humans and the
extremely low incidence of human Leydig cell tumors, the results, even if
reproducible, are of questionable significance for humans.

SUMMARY AND CONCLUSIONS

The polyols are a family of bulk sweeteners, some of which are currently used
in the United States and in other nations. The use of these compounds is likely
to increase in the future.

The greatest advantage of polyols as sweeteners is their reduced cariogenic-
ity compared with sucrose, fructose, or glucose. This reduced cariogenicity
has been observed with all of the polyols considered in this review. Further-
more, evidence suggests that one of these polyols, xylitol, may have cariostat-
ic properties. More research is needed to clarify the mechanism of this
cariostatic effect.

Evidence suggests that moderate usage of the polyols in human diets over
long periods is not likely to produce many toxic effects. This conclusion is
supported by the facts that (a) both sorbitol and mannitol have been used as
sweeteners for some time without apparent side effects, and (b) extensive
long-term studies with dietary xylitol in Europe have not yielded any reports
of toxicity. At this point there is no reason to believe that the disaccharide
polyols differ significantly in a qualitative sense from sorbitol or mannitol
with regard to their effects in humans.

There are some research needs with regard to the inclusion of the polyol
sweeteners in human diets:
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1. All of the polyols can cause osmotic diarrhea in humans if higher levels
are consumed. This fact is noted in the labelling of products containing
mannitol and sorbitol in the United States (see “Current Regulatory Status”).
If the disaccharide polyols are to be used as bulk sweeteners, further studies of
the dose levels that can cause diarrhea may be needed.

2. The polyols, like other slowly absorbed carbohydrates, enhance the
absorption of certain minerals, particularly divalent cations. More com-
parative and mechanistic studies of this effect are needed.

3. All of the polyols, lactose, and other slowly absorbed carbohydrates
appear to cause adrenal medullary hyperplasia at high doses in laboratory rats.
Evidence suggests that these lesions are linked in some way to the lactose or
polyol-induced changes in calcium homeostasis. Despite long-term use of
lactose, sorbitol, and mannitol in human diets, similar lesions in humans have
not been reported and some investigators have concluded that the lesion in rats
has no relevance to humans. Nevertheless further studies are needed to
elucidate the mechanisms of the dietary lactose and polyol-induced adrenal
hyperplasias in rats to ascertain definitively if they also operate in other
species.

4. For xylitol alone among the polyols, the occurrence of calcium oxalate
bladder stones and accompanying neoplastic lesions was noted in mice. While
the available evidence strongly suggests that dietary xylitol will not be a major
risk factor for stone formation in the general population, certain questions
remain. A minor metabolic pathway exists that can give rise to the metabolic
production of oxalate from xylitol. Further work is needed on this pathway
and on the metabolism of oxalate precursors in general. In addition the
possibility that subpopulations of humans might face an increased risk of
calcium oxalate stone formation by high levels of dietary xylitol needs to be
addressed.

5. A single study that reported an increased incidence of Leydig cell
tumors in male rats fed high levels of lactitol or lactose needs to be repeated.
If the effect were reproduced, additional studies on the mechanism would be
in order. The probable significance of the effect with respect to humans is
unknown but is likely to be important.
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