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Thymol a-D-glucopyranoside (TaG) and thymol b-D-glucopyranoside (TbG) are believed to have different
kinetic behaviours in the porcine gut than its parent aglycon thymol. However, recently, it was shown
that concentrations of both glucosides decreased rapidly in the stomach and proximal small intestine fol-
lowing oral supplementation to piglets as did thymol. Yet, the stability of thymol glucosides in gut con-
tents and their absorption route remains obscure. Therefore, a series of in vitro incubations were
performed, simulating the impact of pH, digestive enzymes, bacterial activity and mucosal extracts on
stability of these glucosides. Their absorption mechanisms were investigated using the Ussing chamber
model in the presence or the absence of inhibitors of sodium-dependent glucose linked transporter 1 and
lactase phlorizin hydrolase. Both glucosides remained intact at physiological pH levels in the presence of
digestive enzymes. Recoveries from TaG and TbG were below 90% when incubated with small intestinal
homogenates from the distal jejunum or from all sampled sites, respectively. However, no aglycon could
be detected in these samples. Bacterial inoculum of the small intestine, on the other hand, hydrolysed
TbG quickly with up to 44% of free aglycon appearing. TaG proved more resistant to porcine gastro-
intestinal bacterial glucosidases with only trace amounts (<1%) of free thymol at the end of the incuba-
tions. Electrophysiological measurements in Ussing chambers did not suggest active transport of the glu-
cosides. Mucosal TaG and TbG concentrations were unchanged between start and end of the absorption
measurements. Additionally, no TaG and only a very limited amount of TbG were retrieved from the ser-
osal side. Tissue associated concentrations, although marginal (<1% of luminal concentration), were
mainly as intact glucoside or as aglycon for TaG and TbG, respectively. Addition of both inhibitors signif-
icantly increased the amount of intact glucosides retrieved from the mucosal tissues as compared to con-
trols. In conclusion, bacterial hydrolysis was identified as the most important source of TbG loss, whereas
TaG seemed less prone to degradation or absorption in these in vitro and ex vivo models.
� 2021 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

Animal producers are searching for feed additives that can help
maintaining animal health and welfare without the use of antibi-
otics. We aimed at protecting one particular antimicrobial essential
oil compound, thymol, from fast absorption in the upper gastro-
intestinal tract in order to deliver sufficiently high concentrations
to the distal small intestine for antimicrobial effects, by means of
glucosylation. Not only thymol b-D-glucopyranoside, which as
such occurs in nature, but also its newly synthetised anomer, thy-
mol a-D-glucopyranoside, was studied in in vitro and ex vivo mod-
els to elucidate their kinetic behaviour. These examples of
additives with added functionality may give an avenue to the
design of new effective feed additives in swine nutrition.
Introduction

In commercial pig production, piglets are mostly weaned
between 2.5 and 4 weeks of age and exposed to nutritional, envi-
ronmental, immunological and social stressors leading to low feed
intake, reduced weight gain, nutrient malabsorption, and increased
occurrence of diarrhoea. Antibiotics and heavy metals like Cu and
Zn have been used widely to limit the impact of the weaning
induced growth-check on animal health. Nevertheless, feeding
these antimicrobials to farm animals may be responsible for the
spreading of bacteria that are resistant to such antimicrobials
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and others (e.g. Cavaco et al., 2011; EFSA, 2014; Fard et al., 2011),
consequently, limitations and bans and recommendations for pru-
dent use are imposed worldwide (e.g. CVM, 2013; EC, 2003; EMA,
2017). Thymol is a monoterpenoid found in the essential oil
extracted from sources such as thyme leaves that has known
antimicrobial, anti-oxidative and anti-inflammatory properties
(Meeran et al., 2017). In this respect, it may be suitable to use in
animal feeds, however, Yang et al. (2015) identified some chal-
lenges with its application. It may appear that dosages within com-
mercially available products are far below what may be required
for substantial inhibitory action against intestinal microbial
growth (e.g. Michiels et al., 2009). Michiels et al. (2008) also
demonstrated that this compound was nearly completely absorbed
in the pig stomach and small intestine, likely caused by its lipophi-
lic nature. This may prevent significant release to the lower gut.
Increasing the dosage in feeds may be limited for cost reasons
(Yang et al., 2015), altered palatability (Jugl-Chizzola et al., 2006)
and potential toxic effects (Dušan et al., 2006). In this study, we
investigated an alternative protection method, i.e. glyco-
conjugation. Glyco-conjugation results in higher water solubility.
However, glyco-conjugates are not antimicrobial as such, they
need hydrolysis to release the active aglycon, which in turn acts
as bioactive. For example, Van Noten et al. (2020b) demonstrated
that the porcine gut harbours rising a- and b-glucosidase activity
in the trajectory from stomach to ileum, suggesting that respective
glucosides might be increasingly hydrolysed towards the lower gut
rendering the aglycon, assuming that they are not absorbed in
upper gut.

Petrujkić et al. (2013) use the everted sac model with porcine
jejunal segments and found that thymol b-D-glucopyranoside
(TbG) was less easily absorbed than thymol, the aglycon. However,
in a previous experiment, we found that conjugation of thymol to
one D-glucose unit could not protect its aglycon from fast disap-
pearance in the gut lumen of piglets (Van Noten et al., 2020c). In
fact, after oral administration of TbG, the sum of conjugated and
free thymol, thus total thymol, in stomach was lower than the
amount of thymol in stomach when pigs were given pure thymol,
suggesting even faster disappearance if b-glucosylated. For thymol
a-D-glucopyranoside (TaG), intermediate total thymol levels were
found, equally suggesting faster removal from stomach. Addition-
ally, 34% of TaG and 37% of TbG were present as their aglycon in
stomach contents and no detectable levels of thymol, TaG or TbG
could be retrieved from small intestinal contents (Van Noten
et al., 2020c). The observation of Petrujkić et al. (2013) is that
TbG is less absorbed than pure thymol in everted sacs from pig
jejunum contrasts with our findings in vivo. Furthermore, in
another recent study, we did not observe any beneficial effects
on performance and gut health in weaners whilst fed TaG for
two weeks (Van Noten et al., 2020a), casting more doubts on the
kinetics of these glucosides in the porcine gut. To date, little is
known about the stability of thymol glucosides in gut contents
and their absorption route. Therefore, the aim of the current study
was to explore the stability of TaG and TbG in simulations of the
porcine gastric and small intestinal environment, while discerning
the influence of pH, digestive enzymes, bacterial activity and
mucosal extracts upon hydrolysis. Next, it was investigated in Uss-
ing chambers (ex vivo) (Michiels et al., 2010) to what extent and via
which mechanisms mono-glucoside absorption may occur, using
electrophysiological measurements and specific inhibitors.
Material and methods

These studies were conducted in accordance with the ethical
standards and recommendations for accommodation and care of
2

laboratory animals covered by the European Directive 2010/63/
EU on the protection of animals used for scientific purposes and
the Belgian royal decree KB29.05.13 on the use of animals for
experimental studies.

Chemicals

Thymol (99.5% purity) was obtained from Sigma-Aldrich (Bor-
nem, Belgium). TaG (97% purity, 0.8% free thymol) was enzymati-
cally synthesised according to the procedure described in De
Winter et al. (2015) from a reaction mixture containing thymol
(5 g/L), sucrose (1 mol/L) and facilitated by the R134A mutant of
Thermoanaerobacterium thermosaccharolyticum sucrose phosphory-
lase (4 UmL). TbG (99.4% purity) was purchased from Glentham
Life Sciences Ltd. (Corsham, UK). Phlorizin dihydrate was pur-
chased from Sigma-Aldrich and N-(n-butyl) deoxygalactonojir-
imycin (NB-DGJ) from Merck Chemicals (Overijse, Belgium).
Following enzymes were used for in vitro digestion (all purchased
from Sigma-Aldrich): a-amylase from hog pancreas, pepsin from
porcine gastric mucosa and pancreatin from porcine pancreas.

Stability of thymol glucosides in vitro

Simulation of the porcine gastro-intestinal tract
In order to test the stability of thymol glucosides under the

physiological conditions prevailing in the gastro-intestinal tract
of pigs, in vitro batch incubation experiments were performed
according to Michiels et al. (2009), with modifications. In short,
incubations simulating conditions in saliva, stomach (pH 2 and
3), duodenum, jejunum and ileum with thymol, TaG or TbG were
performed (Table 1). The incubation media were composed of 2 g
artificial substrate (Supplementary Table S1), 15 mL buffer, 50 mL
of pure ethanol (blank) or a stock solution of thymol, TaG or TbG
in absolute ethanol, resulting in a low (0.67 mmol/L) or a high con-
centration (2.67 mmol/L) of the test compounds, and 1 mL of solu-
tion depending on series (Table 2). All incubations were performed
under aerobic conditions in glass vessels covered with aluminium
foil in an incubator at 37 �C with continuous shaking with duration
depending on the gastro-intestinal section (Table 1). Samples
(1 mL) were taken after addition of the test compounds and at
the end of the incubation period, and instantly stored at �80 �C
until analysis. In the first series, the effect of the pure buffer solu-
tions at physiological pH levels on stability of thymol and its glu-
cosides was investigated (Table 1). For these incubations, water
was added. Four pH levels were tested: pH 2, 3, 5, and 7. In the sec-
ond series, enzymatic digestions were simulated by adding the
endogenous enzymes a-amylase (saliva), pepsin (stomach pH 3)
and pancreatin (jejunum and ileum) to the incubation media
(Table 1). In the third series, the influence of bacterial fermentation
was tested by adding fresh inoculum of donor pigs (Table 1). For
the preparation of inoculum, four male donor piglets (Danbred
hybrid � Piétrain) fed a barley-wheat-soy based diet (Supplemen-
tary Table S2) were used. These piglets were sampled on days 17–
18 postweaning (9.1 ± 0.65 kg). After euthanasia (overdose pento-
barbital and followed by exsanguination), the entire gastro-
intestinal tract was removed. The small intestine was divided into
three sections: 0–25% (SI1), 25–75% (SI2) and 75–100% (SI3) of
small intestinal length. Digesta from each section were centrifuged
(10 min at 1 500g, 4 �C), supernatants were pooled (two piglets)
and used as fresh inoculum. Inoculum of SI1, SI2 and SI3 was used
to simulate gastric, jejunal and ileal fermentations, respectively.
Small intestinal bacteria was used as inoculum for gastric fermen-
tations because of the ease of collection and isolation, and since it
was demonstrated that the dominant luminal bacterial groups at



Table 1
Schematic overview of the performed incubations and their conditions for simulations of the porcine gut.

Item Saliva Stomach pH 2 Stomach pH 3 Duodenum Jejunum Ileum

Conditions Aerobic at 37�C,
Continuous shaking (per cycle: 5 min at 100 rpm, 20 s at 130 rpm and 10 s at 150 rpm)

Duration 10 min 3 h 3 h 4 h 4 h 4 h
Substrate
Amount 2 g
Type Substrate 1 Substrate

1
Substrate 1 Substrate 2 Substrate 2 Substrate 2

Buffer
Amount 15 mL
pH 7 2 3 5 5 7
Type (all 0.1 mol/L) Phosphate Glycine Glycine Acetate Acetate Phosphate

Test compounds
Amount of solution 50 mL

Thymol, TaG1 or TbG1

(mmol/L)
0 0.67 2.67 0 0.67 2.67 0 0.67 2.67 0 0.67 2.67 0 0.67 2.67 0 0.67 2.67

Series
Amount of solution 1 mL
1. Control (n = 2) / Water Water / Water Water
2. Enzymatic
digestion (n = 2)

a-amylase (75
U/mL)

/ Pepsin (2 000
U/mL)

/ Pancreatin (1 mg/
mL)

Pancreatin (1 mg/
mL)

3. Bacterial
fermentation (n = 4)

/ / Inoculum SI12 / Inoculum SI22 Inoculum SI32

4. Mucosal digestion
(n = 2)

/ / / Homogenate
duodenum

Homogenate
proximal jejunum

Homogenate distal
jejunum

1 Thymol a-D-glucopyranoside, TaG; TbG, thymol a-D-glucopyranoside.
2 SI1, SI2 and SI3: incubations with fresh inoculum obtained from segments 0–25%, 25–75% and 75–100% of small intestinal length, respectively.
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Table 2
Recoveries (%) of the original test compound at the end of different in vitro incubations after addition of a low (0.67 mmol/L) or high (2.67 mmol/L) concentration of thymol,
thymol a-D-glucopyranoside (TaG) or thymol b-D-glucopyranoside (TbG) in simulations of the porcine gut.1

Item 1. Control (n = 2) 2. Enzymatic digestion
(n = 2)

3. Bacterial
fermentation (n = 4)

4. Mucosal digestion
(n = 2)

Low High Low High Low High Low High

Saliva
Thymol – – 95.9 91.5 – – – –
TaG – – 102.1 101.2 – – – –
TbG – – 98.7 101.4 – – – –

Stomach pH 2
Thymol 71.4 75.7 – – – – – –
TaG 94.6 95.0 – – – – – –
TbG 95.0 96.0 – – – – – –

Stomach pH 3
Thymol 56.3 74.8 102.6 91.1 66.0 75.0 – –
TaG 95.4 93.8 115.9 100.8 93.8 93.6 – –
TbG 98.7 95.3 113.0 104.0 92.7 96.4 – –

Duodenum
Thymol – – – – – 55.8 74.1
TaG – – – – – 93.0 91.1
TbG – – – – – 89.2 85.4

Jejunum
Thymol 68.9 95.7 74.3 103.2 82.7 101.6 89.6 96.7
TaG 94.8 94.9 96.3 97.7 92.8 100.1 91.0 90.1
TbG 95.7 98.2 100.3 100.0 46.7 56.2 85.4 86.2

Ileum
Thymol 78.3 89.2 105.0 102.8 82.8 83.6 79.2 97.1
TaG 100.7 99.2 102.9 102.1 88.2 87.1 84.2 85.6
TbG 97.1 103.7 102.6 102.4 44.2 35.6 82.0 84.5

1 No statistical analysis was performed here due to the low number of replications.
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both stomach and proximal small intestine are the same (e.g.
Vervaeke et al., 1979). We pooled inocula to reduce variation
among replicate runs and most importantly to cover as much as
possible bacterial glycolytic activity, as this was the aim of this ser-
ies. During the fourth series, mucosal digestion in duodenum, jeju-
num and ileum was achieved by adding mucosal homogenates of
duodenum, proximal and distal jejunum, respectively, originating
from the same donor pigs (Table 1). Mucosal homogenate from dis-
tal jejunum was chosen for ileal simulations, rather than ileal tis-
sue as to avoid the presence of continuous Peyer’s patches. All
incubations were performed in duplicate (n = 2); however, the bac-
terial fermentations were replicated four times (n = 4).
Sample analysis
Upon analysis, samples that were taken after addition of the

test compounds and at the end of the incubation period were
defrosted and centrifuged (2 000g for 5 min). The supernatant
was filtered with a cellulose syringe filter (Chromofil RC20/25, pore
size 0.2 mm) and subsequently analysed on reversed phase HPLC
for their thymol, TaG and TbG concentrations. The HPLC protocol
was identical to the procedure described in Van Noten et al.
(2020c).
Statistical analysis
The recovery of the original test compounds (concentration of

test compounds at the end of the incubation period relative to con-
centration after addition of the test compounds) was calculated as
a measure for degradation and expressed as percentage. No statis-
tical analysis was performed on the recoveries of either of the
in vitro incubation series, because of the low number of replicates.
However, differences in total thymol concentration (sum of glu-
coside and aglycon, in mmol/L) between start and end of the bac-
terial fermentation were estimated by one-way ANOVA (n = 4).
These statistical analyses were performed with SPSS statistics
25.0 program (SPSS Inc., Chicago, USA).
4

Ex vivo absorption of thymol glucosides

Donor pigs
After removal from the sow (25d of age, 5.40 ± 0.27 kg), six pig-

lets (Danbred hybrid � Piétrain), both male and female, were
housed in two pens (2.10 m2/pen) on full slatted floors. Animals
had ad libitum access to feed (Supplementary Table S2). Piglets
were euthanised on days 14–15 postweaning by electronarcosis
followed by exsanguination. The entire gastro-intestinal tract
was removed and the small intestine was obtained and its length
measured. A segment of 50 cm of the proximal jejunum, at 25%
of small intestinal length, was excised. This location was chosen
because the jejunum is the major site of absorption. Next, the seg-
ment was rinsed with saline and placed in an oxygenated Ringer’s
buffer solution (pH 7.4) containing (in mmol/L): 115 NaCl, 25
NaHCO3, 0.4 NaH2PO4�H2O, 2.4 Na2HPO4�2H2O, 5 KCl, 1.2 CaCl2-
�2H2O, MgCl2�6H2O and 12 D-glucose. Subsequently, the smooth
muscle layers were stripped off the small intestinal segment and
the jejunal mucosa was mounted in Ussing chambers within
15 min after euthanasia.
Electrophysiological assays
Immediately after mounting the tissues in the Ussing chambers

(Easy Mount CSYS-6, Physiologic Instruments, San Diego, USA; four
chambers per pig; exposed tissue area of 1.00 cm2), both half-
chambers were filled with the Ringer’s buffer solution, however,
at the mucosal side of the epithelium, the 12 mmol/L D-glucose
in buffer was replaced by an equimolar amount of mannitol. Two
sets of Ag/AgCl electrodes were connected to the half-chambers
by 3 mmol/L KCl-agar bridges. One pair was used to record the
potential differences between the half-chambers, while an external
current ran through the other pair. After correction for solution
resistance, the trans-epithelial potential difference was clamped
to 0 mV by applying an external short-circuit current (Isc). Clamp-
ing was performed approximately 10 min after mounting the tis-
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sues. Test protocols were started after an equilibration period of
10 min to stabilise basal Isc values after clamping (T20). Fifty
microliters of a stock solution of D-glucose (in Ringer’s buffer), thy-
mol, TaG or TbG (in dimethyl sulfoxide) was added to the mucosal
half-chamber to obtain a final concentration of 6 mmol/L. Simulta-
neously, 6 mmol/L mannitol was added to the serosal side in all
chambers. The change in Isc compared to basal values (DIsc, lA/
cm2) was recorded and assumed to be an indirect measure of net
transcellular electrolyte movement. Forty (T40) and 60 min (T60)
after mounting the tissues, D-glucose at 6 mmol/L and 12 mmol/
L, respectively, were added to the mucosal side, compensated by
an equimolar amount of mannitol on the serosal side, to investi-
gate if thymol and its’ glucosides affect subsequent D-glucose
absorption. Again, changes in Isc were calculated between peak
Isc as provoked by the addition of D-glucose and basal values ante
addition (DIsc, lA/cm2). For piglets 4–6, the test protocol of the D-
glucose chambers was slightly adjusted, in the sense that the first
addition of 6 mmol/L D-glucose (T20) was skipped. In piglets 1–3,
we understood that TaG and TbG had minimal effect on the Isc and
that the peak Isc for T40 was smaller than peak Isc for T20 when
adding D-glucose on both these time points. Therefore, it was bet-
ter to compare DIsc in response to D-glucose on T40 without prior
addition of D-glucose in the D-glucose chambers.

Absorption assays
The obtained tissues of each of six piglets were mounted in 12

other Ussing chambers (Andreas Mund Scientific Instruments, Sim-
merath, Germany) as flat sheets with an exposed tissue area of
1.07 cm2 and filled with buffer as described above. After 5 min of
equilibration, tissue samples were exposed to the sodium-
dependent glucose linked transporter 1 (SGLT1) inhibitor phlorizin
(0.5 mmol/L) or the lactase phlorizin hydrolase (LPH) inhibitor NB-
DGJ (0.25 mmol/L) (Supplementary Fig. S1) on the mucosal side,
while unexposed tissues served as controls. Ten minutes later,
the test compounds TaG or TbG were added at 6 mmol/L in the
mucosal half-chamber. Samples were obtained immediately after
addition of the test compounds (T0) and after 60 min of incubation
(Te) by simultaneously taking 0.5 mL from the mucosal and serosal
half-chamber. At the end of the experiment, the exposed tissues
were excised. All samples were snap frozen in liquid N and stored
at �80 �C until analysis of the test compound concentrations.

Sample analysis from absorption assays
Mucosal and serosal Ussing chamber samples were processed

and analysed on HPLC to obtain their thymol, TaG and TbG concen-
trations similarly as described above. The excised tissues were pre-
pared according to the protocol in Van Noten et al. (2020b) with
minor modifications. Briefly, the excised tissue was mixed with
0.5 mL extraction solvent and 50 mL of isopropylphenol and p-
nitrophenyl a-D-glucopyranoside internal standards. The epithe-
lial cells were disrupted with a tissue ruptor (Qiagen). After cen-
trifugation, the supernatant was evaporated to dryness under
nitrogen gas, reconstituted in 0.5 mL of a mixture of water and ace-
tonitrile (65:35; v/v), filtered and analysed on HPLC.

Statistical analysis
The electrophysiological data (DIsc-values) were analysed with

the one-way ANOVA procedure to test for the effect of addition of
test compound (control, no compound added, and addition of TaG
or TbG) on DIsc after addition of glucose at T40. Concentrations of
thymol, TaG and TbG in mucosal and serosal samples of the
absorption measurements (means of two replicate chambers per
treatment and pig) were statistically tested for effects of inhibitor,
glucoside isomer and sampling time (T0 and Te) by separate one-
way ANOVA’s. Similarly, one-way ANOVA was used to test the con-
centrations of thymol, TaG and TbG in tissues for the effect of glu-
5

coside isomer. In all cases, and if model was significant, the Tukey
HSD test was employed to discriminate treatment means. Analyses
were done with SPSS statistics 25.0 program (SPSS Inc., Chicago,
USA.).
Results

In vitro experiment

First, it was investigated whether thymol glucosides are stable
under the physiological pH levels found in the stomach (pH 2
and 3), duodenum, jejunum, and ileum (Table 2). At the end of
the incubations, between 93.8–100.7% and 95.0–103.7% of TaG
and TbG were recovered, respectively, without the formation of
free thymol in these vessels. Recoveries of pure thymol ranged
between 56.3 and 95.7%. Values were especially low when a low
concentration of thymol (0.67 mmol/L) was added to the incuba-
tion medium. Next, the contribution of endogenous enzymes to
the hydrolysis of thymol glucosides was investigated (Table 2).
The recoveries of TaG and TbG remained high (>95%). No free thy-
mol was recovered in TaG or TbG flasks. Subsequently, the conver-
sion of thymol glucosides by intestinal bacteria was investigated
by adding fresh inoculum of different small intestinal sites to the
incubation media (Table 2). In the gastric simulations, the recover-
ies of both glucosides were comparable to the respective controls
and no aglycon could be detected in the incubation media. In the
ileal bacterial fermentations (both low and high concentrations),
on the other hand, recoveries of TaG were about 12% lower than
in controls. In these incubation media, free thymol could be
detected in trace amounts immediately after the start of the incu-
bation (6.4 and 17.5 nmol/L for low and high concentration,
respectively) and at the end (5.0 and 13.3 nmol/L). On the contrary,
when TbG was added to jejunal and ileal incubation media con-
taining fresh inoculum, hydrolysis occurred instantly (Fig. 1).
Immediately after the addition of jejunal inoculum, 35 and 28%
of the low and high TbG concentrations, respectively, were hydrol-
ysed to free thymol. De-glucosylation was even more pronounced
in ileal simulations with aglycon levels up 44 and 42% of the
respective original TbG concentrations. After 4 h of incubation, this
resulted in TbG recoveries in the range 35.6–56.2%. Moreover, after
addition of the low TbG concentration, the final total thymol con-
centrations (sum of glucoside and aglycon) were reduced by 21
and 22% in jejunum and ileum (both P < 0.05; Fig. 1), respectively,
as compared to initial concentrations. These losses added up to
respectively 15 and 37% when a high amount was added (Fig. 1).
Lastly, small intestinal tissue homogenates were added to the incu-
bation media to test their influence on glucoside stability (Table 2).
Recoveries of TbG at high concentrations were roughly 10% lower
when incubated with duodenal (85.4%) and jejunal (86.2%) mucosa
as compared to controls at pH 5 (98.2%). Incubations with ileal
mucosa also reduced the recoveries of TaG (84.2 and 85.6%) and
TbG (82.0 and 84.5%, for low and high concentration, respectively)
as compared to controls. However, again no free thymol could be
detected in these samples.
Electrophysiological measurements

To investigate whether active transport is involved in the
absorption of thymol glucosides, the effect of TaG and TbG addi-
tion on Isc was examined in the Ussing chamber model (Supple-
mentary Fig. S2). As expected, a first addition of 6 mmol/L pure
D-glucose increased the Isc with a mean value of 48 mA/cm2

(T20, Table 3). Addition of free thymol induced a mean increase
in Isc of 7 mA/cm2. On the contrary, TaG and TbG addition was fol-
lowed by a moderate decrease in mean Isc of �8 and �5 mA/cm2,



Fig. 1. Concentration of intact glucoside and free thymol in jejunal (a) or ileal simulations (b) in series 3 after addition of a low or high amount of thymol b-D-
glucopyranoside, determined at the start (T0) and end (Te) of the incubation (n = 4) simulating the porcine gut. a,b indicate significant differences in total thymol
concentration (sum of glucoside and aglycon, in mmol/L) between start and end within level of thymol b-D-glucopyranoside in the medium and type of simulation, P < 0.05.

Table 3
Changes in short-circuit current (DIsc) after addition of D-glucose, thymol, thymol a-
D-glucopyranoside (TaG) or thymol b-D-glucopyranoside (TbG) at 20 min (T20)
followed by D-glucose at 40 min (T40) after mounting porcine jejunal tissues in the
Ussing chambers (n = 6, unless stated otherwise) 1. No effect of addition of test
compound (control, no compound added, and addition of TaG or TbG) on DIsc after
addition of glucose at T40.

T20 T40

Test compound DIsc (mA/cm2) Test compound DIsc (mA/cm2)

– D-glucose2 43 ± 19
D-glucose2 48 ± 5 D-glucose2 18 ± 5
Thymol 7 ± 2 –
TaG �8 ± 3 D-glucose 29 ± 7
TbG �5 ± 2 D-glucose 19 ± 4

1 Data are presented as means ± SE.
2 n = 3.

Table 4
The effect of addition of inhibitors on the thymol concentration recovered as intact glucosid
60 min incubation of thymol a-D-glucopyranoside or thymol b-D-glucopyranoside with p

Item Control Phlorizin

Thymol a-D-glucopyranoside
Mucosal side (mmol/L)

Glucoside 5.42 5.36
Thymol 0.04 0.03
Total 5.46 5.39

Tissue (pmol/cm2)
Glucoside 32b 86a

Thymol 18 17
Total 50b 102a

Serosal side (mmol/L)
Glucoside ND2 ND
Thymol ND ND
Total ND ND

Thymol b-D-glucopyranoside
Mucosal side (mmol/L)

Glucoside 3.89 4.30
Thymol 0.17a 0.09b

Total 4.06 4.39
Tissue (pmol/cm2)

Glucoside 15b 35a

Thymol 103 124
Total 117 159

Serosal side (mmol/L)
Glucoside 0.005 0.004
Thymol 0.012 0.010
Total 0.014 0.015

1 NB-DGJ: N-(n-butyl)-deoxygalactonojirimycin.
2 ND: not detected.

a,b Values without common superscript within a row are significantly different, P < 0.0
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6

respectively. Next, the effect of prior addition of the test com-
pounds on the active absorption of D-glucose was inspected. The
addition of 6 mmol/L D-glucose at T40 induced a lower response
than the first time (18 vs 48 mA/cm2). Thereafter, the addition of
12 mmol/L D-glucose at T60 had virtually no more effect, probably
due to saturation, so this step was not further considered and not
shown in Table 3. Following prior administration of thymol, there
was a continuous decrease in Isc and nearly no effect of D-glucose
addition, which might be due to tissue degeneration after such a
high dose. When 6 mmol/L D-glucose was administered on T40
for the first time, the DIsc was 43 mA/cm2, thus comparable to D-
glucose administration on T20 (Table 3). Prior incubation with
TaG and TbG yielded numerically reduced D-glucose responses
(29 and 19 mA/cm2, respectively) as compared to pure D-glucose
addition on T40 only (P > 0.05).
e, free thymol or the sum of both in different compartments of Ussing chambers after
orcine jejunal tissues (n = 6).

NB-DGJ1 SEM P-Value

4.72 0.23 0.398
0.04 0.003 0.645
4.76 0.23 0.399

74a 7 0.004
17 1 0.932
90a 7 0.008

ND
ND
ND

3.72 0.20 0.493
0.12ab 0.01 0.049
3.84 0.20 0.558

36a 3 0.005
113 7 0.461
149 8 0.064

0.005 0.001 0.937
0.010 0.001 0.396
0.015 0.001 0.905

5.
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Absorption measurements

The absorption of TaG and TbG was studied in Ussing chambers
after their addition to the mucosal side with or without the inclu-
sion of the inhibitors phlorizin and NB-DGJ. The retrieved concen-
trations of intact glucosides and aglycon in both half-chambers and
in the exposed tissue after 60 min incubation are presented in
Table 4. When TaG was added, there was no effect of inhibitor
on the measured concentrations on the mucosal side. Moreover,
no detectable concentrations of TaG or thymol could be retrieved
on the serosal side, irrespective of the treatment. However, the tis-
sues contained more than twice the amount of TaG after incuba-
tion with phlorizin (86 pmol/cm2) or NB-DGJ (74 pmol/cm2) as
compared to controls (32 pmol/cm2; P < 0.05). As the thymol con-
centrations in the tissues remained unaltered, also the total thymol
concentrations retrieved from the epithelium were significantly
higher in chambers with inhibitors. However, a simple calculation
shows that the total amount of thymol associated with the tissue is
�0.32% of the original molar amount of added TaG in the mucosal
half-chamber. Following TbG addition, mucosal concentrations of
free thymol were significantly reduced by the presence of phlorizin
(0.09 mmol/L), but not NB-DGJ (0.12 mmol/L) as compared to con-
trols (0.17 mmol/L). Similar to TaG, incubation with inhibitors
doubled the amount of TbG extracted from the tissues (35 and
36 pmol/cm2 for phlorizin and NB-DGJ, respectively) in comparison
with untreated chambers (15 pmol/cm2). The presence of inhibi-
tors did not affect the serosal concentrations after TbG administra-
Fig. 2. Concentration of thymol glucoside (horizontally striped), free thymol (vertically st
of incubation of thymol a-D-glucopyranoside (blue) or thymol b-D-glucopyranoside (tur
deoxygalactonojirimycin (c) (n = 6) simulating the porcine gut. a,b values without commo
the same compound (glucoside, free, total) and time (0, 60 min), P < 0.05. * represents s
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tion. It should, however, be noted that the total thymol
concentrations found on the serosal side and in the tissues are only
a small fraction (<0.5% and <1%, respectively) of the administered
dose on the mucosal side. When considering the mucosal half-
chambers, the only significant differences between start and end
of incubations were in the levels of free thymol, and this irrespec-
tive of the treatment (Fig. 2). Indeed, the mucosal thymol concen-
trations increased between 84 and 121% and between 242 and
403% for TaG and TbG, respectively. The lack of significant
decreases in mucosal TaG or TbG concentrations between start
and end, however, implies that no measurable absorption of the
glucosides occurred. The analytically verified initial TaG and TbG
concentrations (grand means 5.12 and 3.74 mmol/L) were substan-
tially lower than the intended concentration (6 mmol/L) and they
were significantly different from each other in the control and
NB-DGJ treated chambers (Fig. 2). These differences persisted in
time. Nonetheless, after 60 min, the mucosal concentrations of free
thymol were 3–5 times higher in chambers incubated with TbG
than with TaG. Likewise, free thymol concentrations in the epithe-
lial tissues were 5–8 times higher after TbG administration (Fig. 3).
Discussion

Understanding the stability and absorption of dietary TaG and
TbG in the gastro-intestinal tract is crucial for ascertaining their
biological activity, as the degree of hydrolysis and absorption will
riped) and total thymol (checked) in the mucosal half-chamber at beginning and end
quoise) in treatments: without inhibitor (a), with phlorizin (b) or with N-(n-butyl)-
n superscript indicate significant differences between administered isomers within
ignificant time effect on one compound, P < 0.05.



Fig. 3. Effect of administered isomer, i.e. thymol a-D-glucopyranoside (blue) or thymol b-D-glucopyranoside (turquoise), on concentration of thymol glucoside (horizontally
striped), free thymol (vertically striped) and total thymol (checked) in exposed porcine small intestinal tissue at the end of incubation treated with or without inhibitors
(n = 6). NB-DGJ: (N-(n-butyl)-deoxygalactonojirimycin. a,b values without common superscript indicate significant differences between administered isomers within the same
compound (glucoside, free, total) and inhibitor (control, phlorizin, NB-DGJ), P < 0.05.
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affect the availability of the active aglycon at target sites. The sta-
bility of the glucosides was assessed in different in vitro incuba-
tions and the Ussing chamber technique was used to evaluate
their absorption and mechanism.

Stability of thymol glucosides in vitro

Both glucosides were found to be stable at physiological pH
levels occurring along the gastro-intestinal tract (range pH 2–7).
Remarkable was the high variation in recoveries of pure thymol
(56.3–95.7%) in control incubations. Reduced recoveries were par-
ticularly found at the low concentration level in gastric simula-
tions. The water solubility of thymol at neutral pH (59.9 mmol/L
at 37 �C) is higher than the concentrations applied in the incuba-
tions (max. 2.67 mmol/L). However, thymol dissolves better in
alkaline solutions due to deprotonation of phenol (Meeran et al.,
2017). Therefore, the low recoveries in stomach simulations might
be partially explained by a reduced solubility of thymol in acid
environments. Additionally, in some of the incubation flasks, fat
droplets, probably containing the lipophilic thymol, occurred on
top of the incubation medium. Despite the contents were well
mixed before taking the sample, a complete homogeneous incuba-
tion medium might not have been guaranteed and also some
volatilisation at 37 �C cannot be excluded. Moreover, Si et al.
(2006) hypothesised that EO compounds might bind to fats and
other hydrophobic materials in diets, which would also negatively
affect the recovery in our samples, as they were not extracted
before analysis, but only filtered to remove coarse particles.

In simulations of the digestive processes in saliva, stomach and
small intestine with endogenous enzymes, no decomposition of
TaG or TbG was observed. Indeed, the proteolytic activity of pep-
sine (stomach) and (chymo)trypsin (small intestine) and the
lipolytic activity of lipases (small intestine) are not very likely to
contribute to glucoside degradation. Glucoside hydrolysing activity
present in the saliva and small intestinal simulations is derived
from a-amylase, which catalyses the hydrolysis of a-D-glucosidic
bonds. Although TaG is an a-glucoside, it is unlikely to be hydrol-
ysed by a-amylase, because the enzyme is from the endo-type,
working on glucose chains with three or more units (CAZy,
2020). Likewise, Veličković et al. (2012) demonstrated that their
novel a-D-glucopyranoside from vanillyl alcohol was not subject
to hydrolysis in simulated gastric and pancreatic digestions. Fur-
ther, it is not surprising that TbG remained unaltered during our
enzymatic incubations, as mammalian salivary glands and pan-
creas do not contain b-glucosidases. Likewise, a variety of querce-
tin b-glycosides was found to be stable in simulated gastric and
small intestinal digestions performed by Gee et al. (1998). How-
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ever, Walle et al. (2000) demonstrated the hydrolysis of phlorizin,
genistin and quercetin-b-glucosides in fresh human saliva. How-
ever, the required glucosidase activity might originate from oral
bacteria and shedded epithelial cells (Walle et al., 2000), which
were obviously not present in our saliva simulations.

Intestinal mucosal cells harbour different glycoside hydrolysing
activities. When TbG was incubated with these intestinal homoge-
nates, recoveries (values between 82 and 89.2%) were roughly 10%
lower than in control observations at all small intestinal sites,
while for TaG, this was only the case with homogenates from distal
jejunum. Hydrolysis of the a-D-glucopyranoside from vanillyl alco-
hol by rat intestinal mucosa was illustrated by Veličković et al.
(2012), and human intestinal homogenates deconjugated b-
arbutin to hydroquinone (Blaut et al., 2006). Yet, in the current
study, free thymol could not be detected at the end of the incuba-
tions with either of the isomers. It remains unclear what then
caused the reduced recoveries in these incubation vessels. One
might suggest that the glucosides could be metabolised by the
intestinal cell extracts to e.g. glucuronides or sulphates (Ader
et al., 2000). Indeed, in the chromatograms of HPLC analysis of
samples taken at the end of these incubations, a peak appeared
with a retention time close to that of thymol-glucuronide. How-
ever, this peak should be further identified and quantified before
glucuronidation can be confirmed. Another possibility is that the
glucosides were indeed hydrolysed, but that we failed to properly
detect the free thymol for the reasons suggested above.

From the simulated fermentations, it was shown that TaG was
quite resistant to bacterial glucosidases, while hydrolysis of TbG
occurred immediately and substantially after addition of the fresh
bacterial inoculum of the small intestine. For both stereoisomers,
recoveries in stomach remained higher than 90% and no free agly-
con was detected. Certain bacterial groups possessing glycosidase
activities, like Lactobacilli and Bifidobacteria, are able to thrive in
the porcine stomach despite the lower pH levels (Hawksworth
et al., 1971). Since the dominant bacteria in the gastric and proxi-
mal small intestinal lumen are similar, we preferred to use bacte-
rial suspension from the first 25% of the small intestine as
inoculum for gastric simulations, mainly because of the ease of col-
lection and amount of supernatants that can be retrieved from it.
Significant losses of TaG (�12%) were demonstrated in ileal fer-
mentations at both low and high concentrations and this coincided
with the emergence of aglycon trace amounts. However, these free
thymol concentrations accounted for less than 1% of the original
TaG concentrations and thus cannot be the sole origin of the
observed recovery loss. Similarly, the total thymol concentrations
were 15–37% lower at the end of jejunal and ileal fermentations
with TbG than at the start. The hydrolysis took place instantly upon
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contact with bacterial hydrolases. However, the absolute amount
of free thymol did not increase between this first contact and the
end of the incubation. On the contrary, aglycon concentrations
remained constant (jejunum) or decreased (ileum) with time. This
might indicate that the bacteria are able to further metabolise thy-
mol. However, recoveries of pure thymol were at least as high in
gastric and small intestinal fermentation simulations as in con-
trols, which is in agreement with the findings of Michiels et al.
(2008) and Mosele et al. (2014). The fast hydrolysis of the b-
glucosidic bond by intestinal microbiota has been demonstrated
manifold in literature with b-glucosides of different aglycons.
Quercetin and p-nitrophenyl-glucosides were hydrolysed by
human ileostomy fluid (Knaup et al. 2007). Human faecal slurries
were found to deconjugate quercetin glycosides (Aura et al.,
2002) and arbutin (Blaut et al., 2006), and anthocyanidins were
converted into their aglycons by pig caecal inoculum (Keppler
and Humpf, 2005). However, to the best of our knowledge, no data
are available about the bacterial hydrolysis of phenolic a-
glucosides, mainly because dietary glycosides are generally b-
isomers. Yet, intestinal microbiota have been shown to exhibit
both a-glucosidase and b-glucosidase activities (Hawksworth
et al., 1971; Englyst et al., 1987). Taken together, it can be argued
that considering the absence of major hydrolysis of the glucosides
by endogenous enzymes, mucosal homogenates, and gastric, jeju-
nal (not for TbG) and ileal (not for TbG) fermentation, substantial
degradation in the full porcine gastro-intestinal tract would only
occur for TbG starting from the jejunum.
Fig. 4. Schematic overview of potential absorption routes of thymol glucosides (Thym-
lower enterocyte) in the porcine gut. SGLT1: sodium-dependent glucose linked transporte
independent glucose transporter 2; NKCC: Na-K-Cl co-transporter.
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Absorption of thymol glucosides does not involve active transport

Active glucose uptake in the small intestine is mediated by
SGLT1, which transfers one glucose molecule over the apical mem-
brane together with two sodium molecules (Fig. 4). This is driven
by active removal of sodium on the basolateral side by the
sodium/potassium-ATPase, thus enabling glucose uptake against
the intracellular concentration gradient. The removal of three
sodium molecules from the enterocyte by the Na+/K+-pump coin-
cides with the import of two potassium molecules, resulting in a
transient positive charge at the basolateral side (Harada and
Inagaki, 2012). This net sodium absorptive flux results in an
increased Isc as measured in Ussing chambers, which was also
demonstrated in the current experiment when D-glucose was
added to the mucosal half-chamber. We could confirm the finding
of Michiels et al. (2010) and Boudry and Perrier (2008) that thymol
addition also results in an Isc peak. Conversely, this increased cur-
rent is not caused by an interaction with SGLT1, but due to the
thymol-induced secretion of the anions Cl- and HCO3

– (Boudry
and Perrier, 2008). Indeed, one of the major drawbacks of the elec-
trophysiological measurements is that the observed current is the
sum of the magnitudes and directions of all individual anion and
cation currents from both mucosal and serosal sides, if present in
the medium. Therefore, inhibitors or buffers devoid of certain ions
should be used to identify a specific current. Next to inducing
anion secretion, thymol has also been shown to reduce the active
uptake of glucose, presumably by inhibiting the Na+/K+-ATPase
Gluc; upper enterocyte) and electrophysiology of active glucose absorption (Gluc;
r 1; LPH: lactase phlorizin hydrolase; CBG: cytosolic b-glucosidase; GLUT2: sodium-
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(Michiels et al., 2010). In our experiments, the tissue became virtu-
ally insensible for D-glucose after incubation with thymol. How-
ever, from the detrimental and continuous decrease in Isc after
the thymol peak, one might suspect degeneration of the tissue
causing ion leakage. The applied dose (6 mmol/L) was indeed quite
high as compared to the doses applied by Michiels et al. (2010) and
Boudry and Perrier (2008) (range 10–1000 mmol/L) and might have
been cytotoxic (Dušan et al., 2006). Indeed, the latter authors found
that 1 h incubation of Caco-2 cells with 0.8 mmol/L thymol caused
markedly increased necrotic and apoptotic cells but not at
0.17 mmol/L, underlining its toxicity at a dose below our applied
dose but higher or equal than Michiels et al. (2010) and Boudry
and Perrier (2008).

Flavonoid glucosides (e.g. quercetin-3-O-glucoside or iso-
quercitrin, and quercetin-40-O-glucoside) and several phenyl glu-
cosides (e.g. arbutin, p-nitrophenyl-b-glucoside) have been
shown to interact with SGLT1 (Lostao et al., 1994; Cermak et al.,
2004). In fact, it was suggested that some of these glucosides are
transported by SGLT1 to a certain extent themselves (Day et al.,
2003; Cermak et al., 2004). Therefore, we investigated whether
TaG and TbG absorption involves active transport via SGLT1 and
if these glucosides attenuate D-glucose absorption. Yet, no evi-
dence for active transport of either of the thymol glucosides could
be demonstrated since addition of these glucosides did not result
in an increased Isc. Accordingly, Kottra and Daniel (2007) demon-
strated that no significant transport currents were generated by
glycosylated derivatives of quercetin, luteolin, daidzein and gen-
estein or by their aglycons in Xenopus oocytes expressing human
SGLT1. Even more, in the current study, TaG and TbG supplemen-
tation induced a moderate Isc fall. Such an opposite change in Isc
has also been found after the addition of SGLT1 inhibitors like
phlorizin (Lostao et al., 1994). These findings might suggest that
TaG and TbG reduce the leakage current of the co-transporter,
which is defined as the ionic current evoked by the transporter
in the absence of a substrate, in this case glucose. It is thought to
originate from the glucose-independent steps of the co-transport
mechanism: Na+ binding in the extracellular space, a slow reorien-
tation of the loaded co-transporter to release Na+ in the epithelial
cell and return of the Na+ binding site to the extracellular-facing
configuration (Longpré et al., 2010). Although more research is
needed to confirm the interaction of TaG and TbGwith this leakage
current, it is clear that the monoglucosides are not actively trans-
ported across the apical membrane. Actually, it was shown by
Lostao et al. (1994) that the nature of the functional groups
attached to the phenolic ring and their position relative to the glu-
cose molecule determine whether the compound acts as a sub-
strate, an inhibitor or a non-interacting glucoside for SGLT1.

Thymol glucosides are poorly absorbed in Ussing chambers

In a study with everted porcine jejunal segments, Petrujkić et al.
(2013) revealed that TbG was absorbed to a lesser extent than free
thymol, based on concentration changes inside and outside the
everted sac. Nonetheless, it should be noted that there was a large
difference in the volumes between the mucosal (80 mL) and baso-
lateral (5 mL) sides. Recalculation by taking this dissimilarity into
account indicates that only about 1.1–1.5% of the thymol and 0.65–
0.73% of the TbGwere absorbed after the addition of 1 and 3 mmol/
L, respectively, in that study (Petrujkić et al., 2013). In line with
this, we retrieved only trace amounts of total thymol (<0.5%) in
the serosal solutions of the TbG chambers of which the majority
was present as aglycon. Yet, nothing was detected on the serosal
side of the TaG chambers. Mizuma et al. (1993) compared the
absorption of p-nitrophenyl-a-glucoside and p-nitrophenyl-b-
glucoside (250 mmol/L) in rat everted jejunal segments. While the
absorbed amounts were similar, the b-form was mainly retrieved
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as intact glucoside, whereas the a-isomer appeared as aglycon on
the serosal side (Mizuma et al., 1993), which is in contrast to our
findings. Absorption of isoquercitrin and quercetin-40-O-glucoside
(100 mmol/L) in rat everted jejunum yielded <1% of the adminis-
tered dose on the serosal side, all in the form of quercetin conju-
gates (glucuronides and sulphates) (Day et al., 2003). Otherwise,
Wolffram et al. (2002) detected neither glucoside, aglycon, conju-
gated forms nor metabolites of isoquercitrin (100 mmol/L) on the
serosal side of rat small intestine in Ussing chambers. The above-
mentioned studies differ from our experimental setup in that tis-
sues were not stripped of their serosal and muscle layers, which
might hinder the diffusion into the basolateral solutions
(Wolffram et al. (2002)).

In order to unravel the contribution of SGLT1 and LPH to the
absorption of thymol glucosides, the effect of two inhibitors was
tested. Phlorizin has widely been used to inhibit SGLT1 (Lostao
et al., 1994; Wollfram et al., 2002) and NB-DGJ is shown to specif-
ically interfere with the lactase domain of LPH (Day et al., 2003)
(Supplementary Fig. S1). In the current study, phlorizin addition
significantly reduced the amount of free thymol retrieved from
the mucosal side in TbG chambers, while NB-DGJ only evoked a
numerical decrease. Additionally, both inhibitors significantly
increased the amount of intact TaG and TbG retrieved from the
mucosal tissues as compared to controls. Although the inhibitors
were chosen to restrain two distinct processes, they appeared to
have similar effects. Actually, phlorizin might not only inhibit
SGLT1, but it has been reported to inhibit the lactase-active site
of LPH as well, with a Ki of 180 mmol/L (Ramaswamy and
Radhakrishnan, 1975) (Supplementary Fig. S1). Note that the con-
centration used here (500 mmol/L) was much higher than this Ki, so
LPH inhibition cannot be excluded. Moreover, phlorizin is a sub-
strate for the phlorizin domain of LPH (Day et al., 2003). Therefore,
it was partly hydrolysed to its aglycon phloretin during the incuba-
tion, as was obvious from the chromatograms (data not shown).
Together with the lack of proof for active transport from the elec-
trophysiological measurements, this suggests that the observed
effects are not SGLT1-related, but mainly due to inhibition of LPH
activity and thus lower rate of brush border hydrolysis of the
glucosides.

Regardless of the treatment, TaG associated with the tissues
was found mainly as intact glucoside, while the aglycon was the
principal form of TbG present in epithelial cells. However, the tis-
sue associated concentrations in the current study were only mar-
ginal compared to the added amounts on the mucosal side (<1%).
Quercetin and its metabolites were also retrieved from tissues dur-
ing absorption experiments with quercetin glucosides (Day et al.,
2003). Moreover, accumulation of thymol on pig colonic tissue
ex vivo and in jejunal mucosa after oral thymol administration
has also been demonstrated by Rassu et al. (2014) and Nieddu
et al. (2014), respectively. These observations indicate that a small
part of the absorbed thymol does not cross the basolateral mem-
brane and remains associated to the mucosa, at least in ex vivo
models. However, more research is warranted to discern whether
these molecules reside intracellularly or accumulate on the epithe-
lial surface, as this could not be discerned with the current method.

If thymol glucosides are not transported via SGLT1, then the
question remains how the low levels of intact glucosides reach
the enterocyte and basolateral side. Actually, an alternative,
sodium-independent pathway for glucose absorption has been
suggested more recently (Fig. 4, Supplementary Fig. S1). It is
hypothesised that at low luminal concentrations, glucose is
absorbed by the low-capacity, high-affinity SGLT1 transporter
and exits the enterocyte across the basolateral membrane through
the facilitative sodium-independent glucose transporter 2 (GLUT2).
At high luminal concentrations, however, the high-capacity, low-
affinity GLUT2 is transiently recruited to the apical membrane,
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where it becomes the major source of glucose absorption (Kellett
and Brot-Laroche, 2005). Although this concept has not been con-
firmed in pigs, Cottrell et al. (2006) were able to demonstrate the
presence of GLUT2 in the apical membrane of pig jejunum and
ileum. The activation of GLUT2 might also explain the lack of
increase in Isc in the current study when applying a high dose of
luminal glucose (12 mmol/L) after two doses of 6 mmol/L. Thus,
possibly GLUT2 might also play a role in the absorption of thymol
glucosides, but further research is warranted to investigate this
hypothesis.

Taken together, our data indicate that TaG and TbG are stable in
the gut lumen in absence of intestinal contents. In contrast, the
clearance of the glucosides from the gut was mainly attributed to
bacterial breakdown. Particularly, TbG proved to be very prone to
bacterial hydrolysis in the small intestine. Mucosal glucosidases
had only a very limited contribution to glucoside hydrolysis
in vitro, although the increased luminal thymol concentrations at
the end of the ex vivo experiments might indicate the involvement
of LPH in the hydrolysis of glucosides and subsequent absorption of
the aglycon. Neither of the thymol glucosides were absorbed by
active transport via SGLT1. Additionally, no TaG and only a very
limited amount of TbG were found to cross the epithelial barrier
to the serosal side, while tissue associated concentrations were
mainly as intact glucoside or as aglycon for TaG and TbG, respec-
tively. It can be suggested that the main absorption route of TbG
involves prior hydrolysis by luminal microbiota and LPH, while
TaG absorption primarily occurs as intact glucoside by a mecha-
nism which is still unclear.
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