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A review of the role of gut microbiota in the metabolism of the steviol glycosides, stevioside and rebau-
dioside A, indicates that they are not absorbed intact but undergo hydrolysis by the intestinal microflora
to steviol. Steviol is not metabolized by the intestinal flora and is absorbed from the intestine. The rate of
hydrolysis for stevioside is greater than for rebaudioside A. Recent studies using mass spectrometry have
shown that steviol-16,17-epoxide is not a microbial metabolite of steviol glycosides. Bacteroides species
are primarily responsible for hydrolysis via their b-glucosidase activity. Fecal incubation studies with
both human and animal mixed flora provide similar results, and this indicates that the rat is an appropri-
ate model for studies on steviol glycosides. Given the similarity in the microbial metabolism of stevioside
and rebaudioside A with the formation of steviol as the single hydrolysis product that is absorbed from
the intestinal tract, the toxicological data on stevioside are relevant to the risk assessment of rebaudio-
side A.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction by the intestinal microbiota and the rates and extents of formation
Stevia glycosides are a group of intensely sweet compounds
that includes stevioside and rebaudioside A. Stevioside has been
subject to extensive safety studies that have been evaluated by na-
tional and international regulatory agencies. In 2005, the Joint
FAO/WHO Expert Committee on Food Additives (JECFA) (JECFA,
2005) assessed the toxicology data on stevioside and allocated a
temporary acceptable daily intake (ADI) for steviol glycosides of
0–2 mg/kg body weight expressed in terms of steviol equivalents.
The ADI was expressed as steviol equivalents since this is the com-
mon potentially toxic metabolite of the different glycosides, which
can exist in different proportions in different stevioside
preparations.

In principle, the JECFA temporary ADI expressed as steviol
equivalents applies to rebaudioside A providing that the safety
data on stevioside can be extrapolated to this structurally-related
glycoside. The comparative metabolism of stevioside and rebau-
dioside A to steviol is therefore critical to the use of data for stevi-
oside in the safety assessment of rebaudioside A. This paper
reviews the published data on the metabolism of these glycosides
ll rights reserved.
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of steviol.

2. The role of the gut microbiota in the metabolism of stevioside
and rebaudioside A

2.1. Inherent enzyme activities in the intestinal microbiota

The intestinal microbiota represent an important site of possi-
ble metabolism for compounds which are poorly absorbed form
the gut, or which are excreted into the gut via the bile. The compo-
sition of the intestinal microflora shows differences between host
species, both in the numbers of organisms present, their distribu-
tion along the gastrointestinal tract and their metabolic potential.
In addition, the composition and metabolic activity of the gut mic-
robiota can be influenced by the nature of the diet.

Rowland et al. (1986) compared the metabolic activity of the
hind gut contents of experimental animals and humans for a range
of substrates and metabolic reactions, and concluded that it may
not be valid to extrapolate the results of bacterial metabolism
studies across host species. Their work clearly showed that no sin-
gle mammalian species showed a quantitatively similar overall
pattern of metabolism to that found with human feces. However,
Rowland et al. (1986) found similar b-glucosidase activity in the
cecal contents/feces of rats, mice and humans. This is not surpris-
ing because b-glucosidase activity has been reported for most of
the major groups of intestinal organisms (Hawksworth and Hill,
1971) such as enterococci, lactobacilli, clostridia, bacteroides
and bifidobacteria. These organisms represent the major types of
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bacteria in the gastrointestinal tract of most species (Hawksworth
and Hill, 1971) and although there are species differences in the
numbers of bacteria in different parts of the intestine, there are
similar numbers of enterococci, lactobacilli, bacteroides and bifido-
bacteria in the large intestine of rats, mice and humans. Not all
strains of a particular type of bacterium show the same activity
(Hawksworth and Hill, 1971); for example, only two out of nine
strains of bifidobacteria studied were able to hydrolyze sennoside
B (Akao et al., 1994). Both a- and b-glucosidase activities were
higher than b-glucuronidase for all types of intestinal bacteria,
apart from enterobacteria, and these activities would be even more
uniform across species than b-glucuronidase, which is recognized
as a common intestinal hydrolytic reaction. In consequence, the
basic intestinal metabolic activity towards glucosides would be
similar in rats, mice and humans, and data from the two rodent
species would be relevant to humans. This conclusion is supported
by the studies of Tamura et al. (1980) who showed that there were
similar glycosidase activities towards a variety of xenobiotic glyco-
sides present in enzyme preparations from human feces (fecalase)
and rat cecum (cecalase) (these preparations were being proposed
for in vitro bioactivation of chemicals to mutagens comparable to a
S9 mix, which is a cell-free system prepared from the livers of rats
pre-treated with enzyme inducers).

2.2. Hydrolysis of stevioside and rebaudioside A by the intestinal
microbiota

Wingard et al. (1980) showed that the glycosidic sweeteners
stevioside and rebaudioside A are degraded to the diterpenoid
aglycone steviol by rat intestinal microflora in vitro. The aglycone,
steviol, was virtually completely absorbed from the lower bowel of
the rat after oral or intracecal administration, and is eliminated by
biliary excretion. Stevioside was completely transformed into stev-
iol within 2 days on incubation with whole-cell suspensions, while
similar conversion of rebaudioside A required 6 days. Hydrolysis by
cell-free extracts was much slower with steviol being generated
from stevioside and rebaudioside A in yields of only 50% and 2%,
respectively, after 7 days. These results indicate that both stevio-
side and rebaudioside A are degraded to steviol by microbial action
in the mammalian lower bowel. The rebaudioside A to steviol deg-
radation rate is in the range of 0.4–0.8 mg converted/h/g cecal con-
tents. The flora of the rat cecum and the lower human bowel are
quantitatively and qualitatively similar, and the metabolic fate in
humans can be predicted to be similar to that in rats. The human
large bowel contains about 1012 organisms/g fresh weight and
has an average total weight of 1 kg (Steer et al., 2000). From these
data, it was estimated that in vivo, the human bowel could hydro-
lyze over 0.4 g rebaudioside A to steviol per h (Wingard et al.,
1980).

In vitro work by Hutapea et al. (1997) and Ishii-Iwamoto and
Brache (1995) demonstrated that the digestive enzymes a-amy-
lase, pepsin and pancreatin, and hepatic tissue from isolated
perfused rat liver were unable to hydrolyze stevioside or
rebaudioside A. In contrast, these glycosides were hydrolyzed to
their aglycone steviol by rat intestinal microflora (Hutapea et al.,
1997; Wingard et al., 1980). Unlike other studies, Hutapea et al.
(1997) reported that stevioside was metabolized to steviol (89%)
and also to steviol-16,17-epoxide (13.5%) after 48-h incubation,
and that the steviol-16,17-epoxide was reduced to steviol by hu-
man intestinal microflora after 96 h of incubation under anaerobic
conditions. The formation of an epoxide by the anaerobic intestinal
microflora is an unlikely reaction, while the time course for its for-
mation and subsequent loss would require that nearly all stevio-
side is initially converted to the epoxide, which is then reduced
more slowly to steviol. This reported reaction is discussed further
below.
The most comprehensive study on the hydrolysis of steviol gly-
cosides by the human intestinal microbiota was conducted by Gar-
dana et al. (2003) who investigated (i) the in vitro transformation
of stevioside and rebaudioside A after incubation with human
microflora, (ii) the identity of organisms able to metabolize stevio-
side and rebaudioside A, and (iii) the influence of these sweeteners
on the human fecal microflora.

The experiments were carried out under strict anaerobic condi-
tions in batch cultures inoculated with mixed fecal bacteria from
11 healthy human volunteers (six men and five women), ages
20–50 years. Feces from five subjects were tested with stevioside
or glucose, and feces from six subjects were tested with rebaudio-
side A or glucose. Forty milligrams of stevioside or rebaudioside A
were added to 40 mL of the fecal suspensions under agitation, and
in order to supply the same sugar quantity derived from these two
compounds, 27 or 30 mg of glucose were also incubated under
anaerobic conditions for 72 h. At fixed intervals (1 h) and for
48 h, 0.5 mL of fecal suspensions from both the test compounds
and glucose controls were transferred into 0.5 mL of methanol to
stop microbial action and then analyzed by HPLC coupled to pho-
todiode array and mass spectrometric detectors. Stevioside was
completely degraded to its aglycone steviol after 10 h incubation
with human intestinal microflora. Hydrolysis proceeded via forma-
tion of steviolbioside, the concentration of which peaked after 2–
4 h of incubation, and then decreased rapidly to zero. Steviol was
detected only after 3–4 h of incubation, and subsequently, its con-
centration increased rapidly. Initial hydrolysis to steviolbioside
suggests that the j3 1:19 bond is hydrolyzed more rapidly than
the a 1:13 linkage. Rebaudioside A was also completely metabo-
lized to steviol by human microflora, but a longer time was re-
quired (24 h): steviolbioside was detected after an initial lag
phase of 6–7 h, reached a peak concentration at 12–15 h, and
was then rapidly converted to steviol. Steviol, the final microbial
metabolite of stevioside and rebaudioside A, remained unchanged
during 72 h incubation with human microflora, indicating that bac-
terial enzymes are not able to cleave the steviol structure.

Hydrolysis studies have also been performed on a mixture of
stevia glycosides extracted from the leaves of Stevia rebaudiana
Bertoni, consisting mainly of stevioside and rebaudioside A (Koy-
ama et al., 2003). The study used LC/MS/ESI to investigate the in vi-
tro metabolism by the human intestinal microflora of stevia
mixture, enzymatically modified stevia, stevioside, rebaudioside
A, x-monoglucosylstevioside, x-monoglucosylrebaudioside A and
the aglycone, steviol. The compounds were incubated under anaer-
obic conditions for 0, 8 and 24 h with pooled human fecal homog-
enates obtained from five healthy volunteers. Stevia mixture,
stevioside and rebaudioside A (0.2 mg/mL) were completely hydro-
lyzed to steviol within 24 h, whereas no degradation of steviol
(0.08 and 0.2 mg/mL) occurred during the incubation period. The
hydrolysis of rebaudioside A by human fecal homogenates tended
to be slower in the presence of other components (stevioside,
rebaudioside C) than in their absence, suggesting competition for
the same enzyme(s). The metabolism of rebaudioside C (which
has a (1 > 2)-linked rhamnose on the 13-position) was more rapid
than that of rebaudioside A (which has (1 > 2)-linked glucose at 13-
position) when both compounds were present in a stevia mixture.
Therefore, there is similar metabolism of steviol glycosides by hu-
man and rat gut microflora.

Epoxide formation reported by Hutapea et al. (1997) was not
detected by either Gardana et al. (2003) or Koyama et al. (2003),
and the latter study provided two possible explanations. Firstly,
it is possible that the experimental protocol of Hutapea et al.
(1997) was not sufficiently anaerobic, allowing oxidation of the
steviol to occur: some aerobic organisms, especially soil organisms,
can oxidize organic compounds, but usually when the compound is
present as the sole source of carbon. A second, and more likely



Table 1
Stevioside (n = 5) or rebaudioside A (n = 6) hydrolysis by isolated human fecal bacterial groups

Sample Incubation time
(h)

Stevioside incubation (% present) Rebaudioside A incubation (% present)

Sta Sva Sba Raa Sva Sba

Blankb 24 100.0 ± 0.7 0.0 0.0 102.1 ± 0.8 0.0 0.0
48 100.1 ± 0.2 0.0 0.0 99.9 ± 1.0 0.0 0.0

Bacteroidaceae 24 60.9 ± 2.5 14.5 ± 1.9 9.5 ± 3.1 82.6 ± 6.6 16.8 ± 4.4 6.2 ± 2.7
48 26.0 ± 3.9 61.6 ± 6.8 18.0 ± 4.3 0.0 73.4 ± 4.9 30.9 ± 3.2

Bifidobacteria, clostridia coliforms enterococci
lactobacilli

24 99–105 0.0 0.0 97–103 0.0 0.0

48 91–104 0.0 0.0 100–104 0.0 0.0

Data adapted from Gardana et al., 2003. Stevioside or rebaudioside A were studied at added concentrations of 40 mg in 40 mL of fecal suspension.
a St, stevioside; Sv, steviol; Sb, steviolbioside; Ra, rebaudioside A.
b Blank: media + St or Ra. St: n = 5. Ra: n = 6.
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explanation, is that HPLC-UV as used by Hutapea et al. (1997) is not
highly specific, so that another HPLC peak produced after incuba-
tion, possibly not even a metabolite of stevioside, might have been
erroneously reported as steviol-16,17-epoxide.

2.3. Hydrolysis of stevioside and rebaudioside A by different groups
of intestinal bacteria

b-Glucosidases are produced by most of the common types of
intestinal bacteria of both animals and humans (Hawksworth
and Hill, 1971). Quantitative, but not qualitative differences have
been reported in different host species and following dietary
manipulation, however, these are generally minor in extent. b-Glu-
cosidases are constitutive enzymes in the lower gastrointestinal
tract of animals and humans, and there have been no reports of
the induction of unique glucosidases which are not expressed
constitutively.

To evaluate which microbial groups were involved in the
metabolism of stevioside and rebaudioside A, bacterial colonies
grown on different selective media were separated and suspended
in the incubation medium with added stevioside and rebaudioside
A (1 mg/mL) (Gardana et al., 2003). The cultures of selected micro-
bial groups, obtained after 24 and 48 h of anaerobic incubation,
were analyzed by LC–DAD-MS to monitor the biotransformation
of stevioside and rebaudioside A. Colonies of bacteroides, bifido-
bacteria, clostridia, coliforms, enterococci, and lactobacilli were
isolated, cultured and incubated with stevioside and rebaudioside
A. Only the bacteroides (the most prevalent of the intestinal bacte-
ria) were able to hydrolyze either glycoside, and the extents of
hydrolysis of rebaudioside A and stevioside were similar under
the incubation conditions (Table 1). Only limited inter-subject var-
iation in hydrolysis in humans would be expected in vivo, because
bacteroides are by far the most numerous bacterial species present
in the human bowel.

3. The potential for metabolic adaptation on continuous intake
of steviol glycosides

Microbial adaptation caused by prior treatment with a potential
substrate could be in the form of a change in the numbers of rele-
vant bacterial species or a change in enzyme activity without
change in bacterial numbers (or a mixture of both). This issue re-
volves around three important questions.

3.1 Would there be a metabolic advantage to the metabolizing
organism (bacteroides) that would create a stimulus for
adaptation?

3.2 Can b-glucosidases be induced by dietary manipulation?
3.3 Does stevioside or rebaudioside A alter the composition of

the microbiota?
3.1. Would there be a metabolic advantage to the metabolizing
organism (bacteroides) that would create a stimulus for adaptation?

Metabolic adaptation by the gut microbiota has been shown fol-
lowing the chronic administration of high dietary concentrations of
cyclamate (Renwick 1985, 1986) or of monosaccharides such as
sorbitol, xylitol, and xylose (Krishnan et al., 1980). The induced
metabolism results in the formation of sulphur from cyclamate,
which is then available to the bacteria, while monosaccharide
hydrolysis provides increased availability of energy. The data for
cyclamate differ from those for the monosaccharides, because
there was no detectable cyclamate hydrolysis by the gut flora from
untreated animals (Drasar et al., 1972; Renwick and Williams,
1972). Administration of up to 20% of the monosaccharides in
the diet caused up to a 40-fold increase in monosaccharide metab-
olism by the cecal flora above the activity which was inherent in
the microflora of untreated animals.

The sennoside hydrolyzing glucosidase produced by Bifidobac-
terium SEN (Akao et al., 1994) is suppressed in vitro by glucose
and induced in vitro by the substrate (Yang et al., 1996); which
indicates that the enzyme is expressed in order to take advantage
of an available carbon source. However, this is unlikely to be of sig-
nificance in vivo because (i) bacteriodes rather than bifidobacteria
show high hydrolyzing activity with stevioside and rebaudioside A,
(ii) the extensive hydrolysis of stevioside and rebaudioside A by
mixed fecal and cecal cultures means that the carbohydrate units
are rapidly released in the lower bowel via a mechanism not
dependent on enzyme induction and (iii) the availability of various
carbon sources in the lower bowel means that there would not be a
large metabolic advantage to the inducing organism.

It is therefore theoretically possible that the rate of hydrolysis of
either stevioside or rebaudioside A might increase during chronic
administration. This would be most likely in animal studies where
the amount of monosaccharide released from the test compound
could represent a significant source of carbon within the lower bo-
wel. Increased hydrolysis could result in higher peak concentra-
tions of steviol for the same total amount released in the lower
gut. In reality, a greater rate of hydrolysis of either stevioside or
rebaudioside A would probably not be of major consequence in a
sub-chronic or chronic toxicity test.

3.2. Can b-glucosidases be induced by dietary manipulation?

There has been considerable research on the effects of diet on
the human gut microbiota, largely in relation to the causes of colon
cancer. These have shown that the composition of the adult gut
flora is relatively stable in terms of the numbers of the major gen-
era such as bacteriodes present.

The enzymes involved in the degradation of polysaccharides by
bacteroides isolated from human feces were all inducible when the



Table 2
Quali-quantitative values (log10 colony-forming units per g of feces (dried weight) of some isolated fecal bacterial strains grown in the presence or absence of stevioside (n = 5) or
rebaudioside A (n = 6)

Fecal bacteria t0
a Blankb Rebaudioside Ac t0

a Blankb Steviosidec

Total aerobes 7.8 ± 0.8 8.4 ± 0.7 7.7d,e ± 0.9 8.8 ± 1.8 8.7 ± 1.9 8.2 ± 2.1
Total anaerobes 10.1 ± 0.6 10.4 ± 0.5 10.2 ± 0.8 10.4 ± 0.4 10.2 ± 0.4 9.1d,e ± 0.6
Bacteroidaceae 10.6 ± 0.3 10.6 ± 0.1 10.5 ± 0.2 10.9 ± 0.4 10.6 ± 0.3 10.1d,e ± 0.3
Bifidobacteria 8.4 ± 2.0 8.4 ± 2.0 8.3d,e ± 1.7 9.1 ± 0.7 8.8 ± 0.8 8.8 ± 0.5
Clostridia 8.0 ± 0.2 7.9 ± 0.7 7.9 ± 0.8 7.0 ± 1.1 6.9 ± 1.0 6.9 ± 0.7
Coliforms 7.8 ± 0.6 8.2 ± 0.5 7.5e ± 0.9 7.4 ± 1.4 8.4 ± 1.8 7.3 ± 1.6
Enterococci 6.8 ± 0.6 6.5 ± 0.8 6.2d ± 0.8 7.3 ± 1.6 7.2 ± 1.5 6.9 ± 1.5
Lactobacilli 6.6 ± 2.0 6.4 ± 2.0 5.9 ± 1.9 7.1 ± 1.3 6.7 ± 1.4 6.3d ± 1.4

Data adapted from Gardana et al., 2003. Stevioside or rebaudioside were studied at added concentrations of 1 mg/mL of the incubation medium.
a t0 h = microflora at time zero.
b Blank: (media + fecal suspension) after 24 h of incubation time.
c Rebaudioside A or stevioside: (media + fecal suspension + rebaudioside A or stevioside) after 24 h of incubation time. Repeated-measures ANOVA with treatment as an

independent factor found that some of the differences to be statistically significant.
d p < 0.05 for rebaudioside A or stevioside vs. t0 h.
e p < 0.05 for rebaudioside A or stevioside vs. blank.
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bacteria were grown in vitro on specific substrates, indicating that
the activity for polysaccharide hydrolysis in vivo will depend on
the substrates available within the lower bowel (Salyers et al.,
1978). Similarly, b-glucosidases can be induced in soil organisms
when they are grown on cellobiose as the sole source of carbon
(Busto et al., 1995).

The effects of dietary manipulation on the b-glucosidase activity
of the intestinal contents of experimental animals have been re-
ported in a number of studies. The b-glucosidase activity of the
rat intestinal contents was increased by guar gum and locust bean
gum (Mallett et al., 1984a) and by plant cell–wall constituents
(Rowland et al., 1983), but decreased by feeding carrageenan
(50 g/kg diet) (Mallett et al., 1985), high dietary fats (Mallett et
al., 1984b) and apple pectin (Ohkami et al., 1995). Other enzymes
such as b-glucuronidase and nitroreductase have shown small
changes arising from quite major changes in diet composition (Gol-
din et al., 1978). The reported changes in activity have been quan-
titatively minor and not qualitative in nature.

3.3. Does stevioside or rebaudioside A alter the composition of the
microbiota?

The influence of stevioside and rebaudioside A on intestinal
microflora was tested under anaerobic conditions in batch cultures
inoculated with fecal samples from healthy human subjects (Gar-
dana et al., 2003). Bacterial groups that represented the predomi-
nant populations in the human colon were investigated by quali-
quantitative microbiological analyses of the influence of the stevi-
oside, rebaudioside A, and glucose on the human fecal microbial
community. Bacterial counts were recorded at 0 and 24 h after
incubation for control cultures (the medium plus fecal suspension)
and the test cultures (the medium containing stevioside, rebaudio-
side A or glucose plus fecal suspension). The results are presented
in Table 2. High inter-individual variability was observed in the
counts of the subdominant microbial groups (total aerobes, clos-
tridia, coliforms, enterococci, and lactobacilli); however, these data
are in agreement with those previously reported (Finegold et al.,
1971). In control cultures, the counts of the tested microbial groups
after 24 h of anaerobic incubation were maintained at the initial le-
vel; this indicates that the incubation medium was effective in
maintaining the fecal microbial balance and that it did not signifi-
cantly stimulate the growth of any microbial group. The results on
the fecal microbial composition on incubation in the presence of
stevioside or rebaudioside A were substantially similar to those re-
corded in the control and glucose cultures. The data (Table 2) sug-
gest that stevioside exerted a weak inhibition against anaerobic
bacteria, whereas rebaudioside A showed a weak inhibitory activ-
ity on aerobic bacteria. These effects became significant (p < 0.05)
when data from 24 h incubations of rebaudioside A and glucose
were compared.
4. Conclusions

There is an extensive database on the microbial hydrolysis of
stevioside and rebaudioside A, which allows confidence in several
conclusions. Both stevioside and rebaudioside A undergo hydroly-
sis by mixed intestinal flora to steviol and the rate of hydrolysis of
stevioside is slightly greater than that of rebaudioside A (Wingard
et al., 1980; Koyama et al., 2003). Hydrolysis proceeds via initial
formation of steviolbioside with steviol as the final product of
hydrolysis. Of importance, steviol-16,17-epoxide has not been de-
tected using specific and sensitive analytical methods.

The bacteroides are primarily responsible for the hydrolysis of
either stevioside or rebaudioside A, as negligible activity was
found in other major bacterial groups. Incubation of fecal sam-
ples with either stevioside or rebaudioside A did not result in
biologically significant changes in the bacterial populations. Rats
represent a suitable model for human metabolism of stevioside
and rebaudioside A because of the overall similarities in the bac-
terial composition of rats and humans with respect to the impor-
tance of bacteroides and the extensive in vitro hydrolysis of
stevioside and rebaudioside A by fecal/cecal samples from both
species.

Finally, data on the toxicological effects of stevioside can be
extrapolated to rebaudioside A because of the overall similarities
in the metabolic fates of stevioside and rebaudioside A on incuba-
tion with the intestinal microflora with essentially quantitative
formation of steviol, the comparable rates of hydrolysis, and the
negligible changes in flora produced by prolonged incubation with
these glycosides. Although the rate of release of steviol from stevi-
oside appears to exceed that from rebaudioside A, suggesting that
stevioside might show greater toxicity than rebaudioside A, the
lack of any adverse pathological findings from sub-chronic or
chronic studies of stevioside indicate that this is not of toxicologi-
cal significance (Toyoda et al., 1997; Xili et al., 1992; Yamada et al.,
1985).
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