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Abstract:

Scope: High glycaemic sugars result in blood glucose spikes, while high doses of post-
prandial fructose inundate the liver, causing an imbalance in energy metabolism, both leading
to increased risk of metabolic malfunction and type 2 diabetes. Acarbose, used for diabetes
management, reduces post-prandial hyperglycaemia by delaying carbohydrate digestion.
Methods and results: Chamomile and green teas both inhibited digestive enzymes (

amylase and maltase) related to intestinal sugar release, as already established for acarbose.
However, acarbose had no effect on uptake of sugars using both differentiated human Caco-2
cell monolayers and Xenopus oocytes expressing human glucose transporter-2 (GLUT2) and
GLUTS. Both teas effectively inhibited transport of fructose and glucose through GLUT2
inhibition, while chamomile tea also inhibited GLUT5. Long term incubation of Caco-2/TC7
cells with chamomile tea for 16 h or 4 days did not enhance the observed effects, indicating
that inhibition is acute. Sucrase activity was directly inhibited by green tea and acarbose, but
not chamomile.

Conclusion: These findings show that chamomile and green teas are potential tools to
manage absorption and metabolism of sugars with efficacy against high sugar bolus stress,

inflicted, for example, by high fructose syrups, where the drug acarbose would be ineffective.



Abbreviations:

ACN: acetonitrile

AMPK: 5" adenosine monophosphate-activated protein kinase
CPM: counts per minute

DMEM: Dulbecco's Modified Eagle's Medium
DMSO: dimethylsulfoxide

FBS: foetal bovine serum

GLUT: glucose transporter

GLUT2: glucose transporter SLC2A2
GLUTS: glucose transporter SLC2A5

PBS: sodium phosphate buffer

ROS: reactive oxygen species

TBP: tata-box binding protein

TBS: transport buffer solution

TEER: trans-epithelial electrical resistance

TFA: trifluoroacetic acid



INTRODUCTION

Fructose has received extensive interest as a potential risk factor for developing type 2
diabetes, but the long-term metabolic complications of fructose consumption in humans are
controversial. Dietary fructose absorption is very efficient in the small intestine, mediated by
the GLUT2 and GLUTS5 transporters. Fructose transport by GLUTS is a major factor for
generation of fructose-induced hypertension, as demonstrated in glut5 -/- mice [1]. High
levels of post-prandial fructose lead to rapid influx into the liver from the small intestine; as it
bypasses hormonal signalling control, blood post-prandial fructose concentration does not
rise in the same way as evidenced for glucose. This precipitates an inundation effect that can
ultimately overload energy-related metabolic pathways. Fast processing of fructose by
hepatic fructokinase C generates ample substrates for de novo lipogenesis leading to rising
levels of uric acid and reactive oxygen species (ROS) [2], upregulated fructokinase
expression [3] and inhibition of 5' adenosine monophosphate-activated protein kinase
(AMPK) activity by elevated AMP [4]. However, epidemiological studies indicate that high
fructose diets per se are not associated with an increased risk of hyperuricemia [5], implying
that the stress from the rapid influx of fructose following repeated high bolus meals is a key
factor in setting the liver functions at increased risk. According to numerous studies, high
glycaemic index diets, even with equivalent total carbohydrate, lead to increased risk of
diabetes and cardiovascular risk [6, 7]. High post-prandial glucose long-term gives rise to
endothelial dysfunction, increased ROS production by complex I, and a plethora of changes
in cell signalling and gene expression [8, 9]. Dietary fructose is mostly consumed with
glucose, either in the form of sucrose or as high fructose corn syrups. Sucrose consists of
glucose linked to fructose, and in the intestine, the brush border enzyme sucrase-isomaltase
hydrolyses sucrose into its constituent sugars [10], which are then absorbed by GLUT

transporters as the free sugars. Acarbose is a drug routinely used to manage carbohydrate



digestion in diabetics, and acts by inhibiting the starch digesting enoya@ylase and

enterocyte brush borderglucosidases and sucrase [11]. Up to now it has not been clear if
acarbose can also directly act on intestinal sugar absorption or sugar transporters.

Foods, herbal medicines and plant extracts, often overlooked in the clinical setting, can delay
the need to resort to prescribed drugs by contributing to everyday health maintenance [12, 13]
or even more by eliciting complementary effects to prescribed drugs. Management and
blunting of fructose absorption, without modifying the total amount of absorbed dietary
fructose, could provide a route to preventing fructose-induced liver inundation post-

prandially and hence help to prevent some of the acute effects of fructose overload on liver
metabolic processes [14]. Limiting the supply of fructose-derived lipogenic intermediates to
the liver could restrict necessary substrates for excess AMP and uric acid production to below
threshold and hence delay the onset of associated disease manifestations. If the same foods or
beverages were able to attenuate starch digestion and glucose absorption, the potential
beneficial effect would be significantly magnified. Certain polyphenols have been suggested
to modify carbohydrate digestion and sugar absorption [15]. Chamomile (Matricaria recutita,
also “German chamomile”), traditionally used for its “digestive” properties, has been

reported to inhibit sucrase activity and decrease plasma glucose chronically in streptozotocin-
induced diabetic rats [16], to interact with PPARs and improve fatty liver in high fat-fed
C57BL/6 mice [17], and to decrease glycosylated haemoglobin, serum insulin, homeostatic
model assessment for insulin resistance, and serum malondialdehyde in type 2 diabetic
patients [18]. Green tea (Camellia sinensis) can also improve glucose tolerance in healthy
young men [19] and in rats fed a high-fat diet [20] while some of the constituent catechins

can inhibita-amylase [21]. We therefore directly compared the effects of chamomile and

green tea to acarbose and further examined their mechanism of action on fructose and glucose

intestinal absorption, using a combination of models: the well characterised differentiated



Caco-2 and Caco-2/TC7 cell monolayers, enzyme inhibition assays and oocyte-expressed
sugar transporters. The Caco-2 and Caco-2/TC7 cell models have been extensively
characterised, and have been utilised for studies on sugar transport as a model for the small
intestine, since the expression and membrane location of GLUTs and SGLT1 is well known
under a wide variety of conditions [22, 23]. In addition, the pathways for utilisation of
fructose are intact since fructose can be readily used as an energy source by Caco-2 cells
[24]. Here we demonstrate that chamomile and green teas have additional and

complementary activities on sugar transport not exhibited by acarbose.

MATERIALSAND METHODS

Radiolabelled sugars

2-[1%C(U)]-deoxy-D-glucose, DC(U)]-glucose andfC(U)]-sucrose were from Perkin
Elmer (Boston, USA), D¥C(U)]-fructose was from Hartmann Analytic (Braunschweig,
Germany), D-glucose and D-fructose were from Fisher Scientific Ltd (Leicestershire, UK),

and sucrose was from Sigma (Dorset, UK).

Analysis of the chamomile and green teas

Chamomile and green tea were supplied as standard dried extracts by PhytoLab & Co
(Vestenbergsgreuth, Germany). Matricaria reciti(@rman” chamomile) was extracted

with 60% ethanol and dried, and contained added maltodextrin (50% by weight) to enhance
dispersion and solubilisation. Camellia sinensis (green tea) was an agueous extract from
leaves, and dried with no additional components. Each extract was dissolved in transport
buffer solution (TBS; 5.4 mM potassium chloride, 0.441 mM potassium phosphate, 0.352
mM sodium phosphate dibasic, 4.2 mM sodium bicarbonate, 1.8 mM calcium chloride

dehydrate, 0.1 mM ascorbic acid and 137 mM sodium chloride, pH adjusted to 7.4 with 1M



HCI before sterile filtration) to make 10 mg/ml and centrifuged at 17,000 g for 5 min. The
final extract concentration was corrected for the maltodextrin content. In preliminary
experiments, we demonstrated that the relevant concentrations of maltodextrin did not
interfere in any of the transport assays, but affected the digestive enzyme assays, and it was

therefore removed chromatographically as described below, before testiagrglase and

a-glucosidase assays.

Compositional analysisof green tea

Analysis of the green tea was performed by reversed phase high performance liquid
chromatography (HPLC) on an Agilent 1200 series system (Agilent Technologies, Dorset,
UK). Samples (5 pl) were injected on an Eclipse plus C18 column (30 °C, 2.1 mm x 100 mm,
1.8 um; Agilent Technologies) and separation was achieved on a gradient of 0.1% formic

acid in MilliQ water (Solvent A) and 0.1% formic acid in acetonitrile (Solvent B). Elution
started at 10% B at a flow rate of 0.25 ml/min and increased to 15% after 9.5 min, and after
14.5 min to 95%. Standard curves were run with commercially available standards for all

compounds and used to determine concentrations, with taxifolin as the internal standard (10

pag/ml).

Compositional analysis of chamomile

Analysis of chamomile was carried out by liquid chromatography-mass spectrometry on a
Vanquish UHPLC-TSQ Quantiva triple quadrupole system (Thermo Scientific, Santa Clara,
USA) with an Accucore Vanquish C18+ column (2.1 mm x 100 mm, 1.5 pm; Thermo

Scientific) at a flow rate of 0.3 ml/min. Solvent A was MilliQ water containing 0.1% formic
acid and solvent B was acetonitrile containing 0.1% formic acid. All solvents were of mass

spectrometry grade (VWR, Leicestershire, UK). Compounds were eluted with the following



gradient: 0 min: 5% B, 0-5.5 min linear from to 50% B, 5.5-6 min linear from to 95% B, 6-7
min isocratic at 95% B, 7-7.1 min linear to 5% B and 7.1-9 min isocratic at 5% B.
Fragmentor voltages and collision energies were optimised for each compound using pure

standards obtained from PhytoLab & Co (Vestenbergsgreuth, Germany).

Preparation of maltodextrin-free chamomile.

For enzyme inhibition studies, the maltodextrin in the chamomile preparation was removed
using an AKTA Purifier System (GE Healthcare, Fairfield, CT, USA) controlled by a PC
running GE Unicorn software (5.11) equipped with a pRPC C2/C18 ST semi-preparative
column (4.6x100 mm I.D., 5 um; GE Healthcare, Fairfield, CT, USA). Chamomile prepared
in MilliQ water was loaded manually using a syringe through a sample loop of 0.1 ml and
eluted using MilliQ water containing 0.1% TFA (solvent A) and ACN (Solvent B) at a flow
rate of 0.75 ml/min as follows: 0-3 min linear gradient from 5 to 24% B; 3-6 min isocratic at
24% B; 6-18 min linear gradient to 40% B; 18-24 min isocratic at 40%B, 24-30 min linear
gradient to 100% B: 30-35 min isocratic at 100% B, 35-38 min linear gradient to 5% B, 38-41
min isocratic at 5% B . The elution was followed at 280 nm and the polyphenol maltodextrin-
free fraction was collected. Combined fractions from multiple runs were freeze-dried and

stored at -20 °C.

Cdll culture

The Caco-2 cell line (HTB-37) was obtained from the American Type Culture Collection
(LGC Promochem, Middlesex, UK). Cells were routinely cultured in normal glucose
Dulbecco’s Modified Eagle’s Medium (5.5 mM, DMEM) supplemented with 15% (v/v) Fetal

Bovine Serum (FBS), 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.25 pg/ml



amphotericin B at 37°C with 10% G@ a humidified atmosphere. All cell culture reagents

were from Sigma (Sigma Aldrich, Gillingham, UK) unless otherwise stated.

Radiolabelled sugar transport experiments

For transport experiments, cells were seeded on 6-well Transwell plates (Corning 3412,
Appleton Woods, Birmingham, UK) at a density of 6.43 & ddlIs/cnt until full

differentiation of the monolayer (21 - 23 days). A minimum of four to six replicate wells

were allocated per treatment per experiment. Cells were washed with TBS and growth
medium was replaced withrl of TBS in both apical and basolateral compartments and

cells were incubated for 30 min (37 °C, 10%AM™onolayer integrity was assessed by
measurement of the trans-epithelial electrical resistance (TEER) with a Millicell ERS
voltohmmeter (Merck Millipore UK). Wells with a resistance exceeding a blank membrane
by 300 Q were used for experiments. Fresh TBS solution containing the test sugar and 0.045
uCi/ml “C-labelled sugar with or without the test substance (pH adjusted to 7.4) was added
to the apical or basolateral compartment and cell monolayers were further incubated; 25 min
for glucose, 60 min for fructose and sucrose transport experiments. TEER values were
measured again and solutions from apical and basolateral compartments were mixed with 5
ml of scintillation liquid (Gold Star, Meridian Biotechnologies, Surrey, UK) for radioactivity
measurements with a Packard 1900 TR Liquid Scintillation Analyser. A calibration curve of
radioactivity as a function of known amounts YfC]-sugar was prepared from the same test
solution(s). Cell suspensions were also collected in 1 M NaOH and neutralised before
radioactivity measurements. To assess the long-term effect of chamomile on sugar transport,
cells were pre-incubated for 12 h or 96 h and the assay was repeated as described above

(between 21-23 days).



Inhibition of sugar transport using differentiated Caco-2/T C7monolayers

To further study the inhibition of GLUT2 transport by chamomile extract, the Caco-2/TC7
clone was used. Caco-2/TC7 cells were a kind gift from Prof. Monique Rousset, (INSERM,
France). Cells were grown and maintained in the same medium as described above with 25
mM glucose which favours higher apical baseline levels of GLUT2 [25, 26]. For
experiments, cells were seeded at a density of 6.25 cellé/cnt in 12-well Transwell

plates (Corning 3401, Appleton Woods) and cultured for 21-23 days as above. After 7 days,
cells on the apical side were maintained in the same medium without FBS for the rest of the
differentiation period. Glucose transport experiments were carried out as described above and
0.5 ml of TBS containing glucose and 0.15 pCi/ml with and without chamomile extract was
added to the apical side and 1 ml TBS in the basal compartment. The glucose transport
experiments were repeated where stated undefriia conditions to delineate the

involvement of SGLT1.

Estimation of a-amylase and a-glucosidase activities

For inhibition assays, maltodextrin-free stock solutions of chamomile were reconstituted in
DMSO. The maximum DMSO concentration (5%) in the assay did not affect the enzyme
activity as assessed in control incubations. Inhibition of human sativanyylasewas tested

as previously described [27]. Maltase, sucrase and isomaltase assays were conducted as before
[28] with some modifications. An acetone extract from rat small intestine was used as the
enzyme source and the assays were optimised for linearity in terms of enzyme and substrate
concentration. The reaction mixture contained 200 pL of enzyme solution (4 mg/ml in 0.01 M
phosphate buffer, pH 7 for maltase and 20 mg/mL for sucrase and isomaltase), 200 ul of
substrate (final 3 mM maltose, 16 mM sucrose and 6 mM isomaltose), 50 pl of test inhibitor

(various concentrations) and 50 ul of 0.01 M, pH 7, phosphate buffer (PBS). The enzyme

10



solution and the assay mixture containing the maltose, inhibitor and PBS were pre-incubated
(37 °C, 10 min) and the reaction started by addition of the enzyme. The reaction (20 min) was
stopped by placing the assay mixture in a boiling water bath (100 °C, 10 min) before cooling
to room temperature and removing the test inhibitors by solid phase extraction (Oasis MAX,
Waters, Elstree, UK) as described for a-amylase [27]. The glucose produced was determined

by the hexokinase assay. Briefly, 10 puL of the reaction mixture were transferred to a 96 well
plate (Greiner UV-star M3812, Sigma) followed by the addition of 250 pL of hexokinase
reagent. Following incubation (15 min, 30 °C) the absorbance was recorded at 340 nm on a
PHERAstar FS microplate reader (BMG LABTECH, Germany). For assays of human sucrase,
Caco-2/TC7 cell lysates were used as the enzyme source. Caco-2/TC7 cells were routinely
cultured as described above in DMEM medium without glucose (Gibco 11966, Life
Technologies Thermo Fisher Scientific, Paisley, UK), supplemented with 25 mM sucrose and
20% (v/v) FBS. 75 ciculture flasks were seeded, and cells allowed to differentiate for 21
days with medium replaced every other day. Cells were washed three times with cold PBS and
scraped in 1 ml of PBS containing protease inhibitors (P8340, Sigma, UK). Cell lysates stored
at -80°C were thawed on the day of the assay, vortexed and passed 10-15 times though a 21G
needle syringe. The protein content was determined by the Bradford Assay in a well plate
format (23200, Thermo Fisher Scientific, UK). The assay was optimised for incubation time
(10 min), linearity in terms of enzyme (160 ug of total protein) and substrate concentration (10
mM sucrose), and was performed as described above. Rates were calculated relative to controls

with no substrate and no enzyme.

Expression of GLUTS5 in oocytes
The GLUT5 gene-containing region was extracted from SLC2A5 in pANT7_cGST plasmid

(DNASU Plasmid Repository, Arizona State University, USA) employing PCR reactions

11



with specific primers. The product was inserted into a linear pBF plasmid, an amphibian
expression vector, using In-Fusion cloning kits (638909 Clontech, Temple, AZ, USA).
Linearization of the pBF plasmid was carried out with Xbal (RG181 Promega, Madison, WI,
USA). Specific forward and reverse primers with homologous ends to GLUT5 containing
sequence as well as ends of linear pBF plasmid were 5-GGT TAA CTA GTC CGA ACC
ACG GGG ACG TG-3'and 5'-CGATGA ATT CTATCACAACTG TTC CGA AG- 3
(Sigma, UK). The resulting plasmids were transformed into Stellar™ Competent Cells (E.

coli HSTO08 strain) and incubated on agar plates (37 °C, 16-18 h) containing ampicillin.
Plasmids containing GLUTS were linearized with Mlul (RG381 Promega, Madison, WI,
USA) and transcribed in vitro using SP6 polymerase mMMESSAGE mMACHINE® (AM1340
Ambion, Applied Biosystems, Warrington, UK). Final mRNA concentration was determined
with a Nanodrop ND100 spectrophotometer (Labtech, Thermo Fisher) and 1 pl of RNA
product was run on 1.5%, 2.2 M formaldehyde gel to verify the size of the product. X laevis
oocytes were isolated and microinjected as previously described [29]. Ovary from adult
females was purchased from the European Xenopus Resource Centre (University of
Portsmouth, UK) and a quarter of the ovary was incubated in 5 ml calcium-containing OR2
solution with 1 mg/ml collagenase A (10103578001 Roche, Burgess Hill, UK) at room
temperature for 90 min or until fully digested. The digest was washed and kept in OR2 plus
antibiotics medium at 18 °C until microinjection. Stage V oocytes were microinjected with
50 nl of mMRNA or water, to serve as controls, using an air pressure injector and incubated in
OR2 medium with antibiotics at 18 °C for 24 h before experiments. Sugar uptake
experiments were executed with 6 replicates of three oocytes in 6 mM-fructose containing 0.5
uCi D-[**C(U)] fructose, at 37 °C for 15 min, or in 100 uM fructose solution containing 0.5
pCi at 25 °C for 5 min. To stop the reaction, oocytes were washed with ice cold fructose of

the same concentration as in the incubation step. Three oocytes per replicate were then

12



homogenised together in 0.3 M sucrose containing 10 mM sodium phosphate (pH 7.4) and
protease inhibitors. Nuclei and debris were pelleted from homogenized samples by
centrifugation at 3,000 x g (15 min, 4 °C). The supernatant was centrifuged at 48,000 x g (1 h
at 4 °C) to pellet the membranes, which were re-suspended in 0.3 M sucrose containing 10
mM sodium phosphate and protease inhibitors. The supernatant from the second
centrifugation step was transferred to a scintillation vial and mixed with 5 ml of scintillation
liquid (Gold Star, Meridian Biotechnologies). Radioactivity was measured on a Packard Tri-
Carb 1900 TR Liquid Scintillation Counter. Glut5 protein expression was confirmed in the
oocyte membrane fraction with ProteinSimple WES (ProteinSimple, Bio-Techne, UK)
according to manufacturer’s instructions. Samples were denatured at 37 °C for 15 min and

primary antibody incubation time was 30 min. The GLUTS5 antibody (sc271055 Santa Cruz
Biotechnology, Dallas, TX, USA) was used at a dilution of 1:50 and the secondary antibody
(mouse, ProteinSimple) was used neat as supplied. Optimal loading concentration for GLUT5

microinjected oocyte membrane samples was 0.2 mg protein/ml.

Expression of GLUT2 in oocytes

Expression of GLUT2 in oocytes followed a similar protocol to that described above for
GLUTS5. GLUT2 gene containing region was extracted from pcDNA3.2/v5-DEST hGlut2
plasmid (Addgene, Cambridge, MA, USA) and inserted into linear pBF. Specific forward and
reverse primers sequences used were 5'-CCG GGT TAA CTA GTC CCACTG CTT ACT
GGC TTATC-3"and 5 -TAT CGATGAATT CTATCAGGG TTC CTT CCG GTATTG
TC- 3, respectively. GLUT2 containing plasmids were linearized with Pmll (R05325 New
England Biolabs, Hitchin, UK) and in vitro transcribed. Following microinjection, oocytes
were incubatedh OR2 medium with antibiotics at 18 °C for 48 h before experiments were

performed. All sugar uptake experiments were conducted with 6 replicates of three oocytes in

13



100 uM glucose solution containing 0.5 pCi of Bg(U)]-glucose at 25 °C for 5 min.
Protein detection was confirmed with ProteinSimple WES using a GLUT2 antibody
(ab95256 Abcam Cambridge, UK) at 1:50 dilution. The optimal loading concentration of

GLUTZ2 microinjected oocyte membrane samples was 0.4 mg/ml.

Quantitation of GLUT5 mRNA and protein in CaCo-2 and CaCo-2/TC7 cells

For GLUT5 mRNA and protein expression analysis, CaCo-2 and CaCo-2/TC7 cells were
seeded on solid supports at a density of 6.43*xcéls/cnt and maintained for 23 d before
harvesting. RNA isolation was performed using the RNAqueous-4PCR kit (AM1912, Ambion,
Life Technologies, Thermo Fisher Scientific, Paisley, UK) and RNA concentration and quality
was determined with a Nanodrop 1000ND spectrophotometer (Labtech, Thermo Fisher
Scientific). 1 pg of RNA was reverse transcribed to cDNA using a High Capacity RNA-to
cDNA master mix kit (Life Technologies).

Quantitative gene expression was carried out by droplet digital PCR on a QX100 system (Bio-
Rad, Watford, UK). Briefly, 20 pL of sample containing 8 pL of diluted cDNA (21.5 ng) with
RNAse, DNAse free Milli-Q water, 1 puL of GLUT5 FAM-labelled TagMan primer
(Hs01086390_m1, Life Technologies), 1 pL of VIC-labelled TagMan primer of TBP (TATA-
Box Binding Protein, Hs00427620_m1, Life Technologies) and 10 uL of droplet digital PCR
Supermix for Probes (no dUTP, Bio-Rad) were introduced in the sample well for droplet
generation. TBP was used as a reference for the same group of samples to compare performance
between ddP CRins. Droplets were generated according to the manufacturer’s procedure with

the QX100 Droplet generator (Bio-Rad) and transferred to a C1000 PCR (Bio-Rad). The
average number of accepted droplets was 14781 = 981. The data was analyzed with the

QuantaSoft software (Kosice, Slovakia).

14



For analysis of GLUT5 protein, the ProteinSimple WES system was used as described above,
but the incubation time for the primary antibody was 1 h and for the secondary 30 min.
Different concentrations of cell lysates were tested to determine linearity of GLUT5 and
Claudin-1 (mouse, monoclonal, 2H10D10, Invitrogen, Thermo Fisher Scientific), and both
antibodies were used at a dilution of 1:50 for detection in the same capillary. A separate
standard curve was constructed for each cell line. Optimal loading concentration of cell
samples was determined as 0.1 and 0.05 mg/ml for CaCo-2 and CaCo-2/TC7 cellvedgpecti
Quantification of peak areas and ¢igle image reconstruction was carried out using the

ProteinSimple Compass software.

Data analysis

IBM SPSS Statistics v.24 was used for analysis of the data either by one-way ANOVA or
independent samples t-test with additional details where necessary as noted in legends.
Values shown represent the average between independent experiments and error bars indicate

standard deviation (SD) unless otherwise stated.
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RESULTS

Establishing optimum conditionsfor estimating fructose, glucose and sucr ose transport
across differentiated Caco-2 cell monolayers.

D-[*C(U)]-fructose transport from the apical to basolateral compartment (Figure 1A) and
cellular uptake (Figure 1B) was assessed using differentiated Caco-2 cell monolayers. D-
[}4C(U)]-glucose transport (Figure 1C) and cellular uptake (Figure 1D) were also studied in
the apical to basolateral direction. The rate off(U)]-glucose transport (linear with time

for 2 60 min) was 1.8 nmol/min per well (surface area = 1.13,and the dependence on
glucose concentration followed clear Michaelis Menten kinetics with appasent3kl mM
glucose and Max= 0.09 umol substrate transported/min. Cellular uptake 3fQW])]-

glucose was characterised by a rapid uptake over the first 2 min. Sucrose is hydrolysed by
brush border sucrase and the resulting products, fructose and glucose, are transported across
the enterocytes. After incubation witH€(U)]-sucrose, thé&*C-label was transported

apically to basolaterally (Figure 1E). The apical to basolateral transport was about 2-fold

higher than in the reverse direction (Figure 1F).

Effect of acarbose on sugar transport across differentiated Caco-2 monolayers

Acarbose did not inhibit either glucose or fructose transport across differentiated Caco-2 cell
monolayers using the optimised conditions described above. However, acarbose inhibited
cellular sucrose transport efficiently in our model with ag Malue of~7 uM (Table 1),

owing to its ability to inhibit the brush border enzyme sucrase as previously reported (see

below).

Effect of chamomile and green teas on sugar transport and uptake by differentiated

Caco-2 cell monolayers

16



Several food and beverage extracts were screened (data not shown), and the two most active
on inhibition of sugar transport, chamomile tea (German chamomile, Matricaria recutita) and
green tea (Camellia sinensis) were selected. Chamomile inhibited the transport of D-
[14C(U)]-fructose from the apical to basolateral compartment (Figure 2A), and the dose-
dependence of the effect (Figure 2B) allowed estimation of tevélue for transport,

which is shown in Table 1. Chamomile also dose-dependently inhibited the apical to
basolateral transport of B4C(U)]-glucose (Figure 2C) with a significants01) decrease

in the cellular uptake of D¥C(U)]-glucose by ~30 % (Table 1}*C(U)]-sucrose transport

was dose-dependently inhibited by chamomile (Figure 2D), both in differentiated Caco-2 cell
monolayers and also in Caco-2/TC7 cells (Table 1), which express higher levels of sucrase
activity [22]. During the transport experiments, tight junction integrity, assessed by TEER,
was not modified by chamomile. Green tea extract also inhibited fructose, glucose and
sucrose transport, the latter in both Caco-2 and Caco-2/TC7 cells (Table 1). Green tea also

increased the tight junction integrity as shown by a ~20%.increase in TEER values.

Analysis of the main components of chamomile and green tea

We analysed the extracts to determine the profile of compounds present. Analysis of green
tea by HPLC-UV DAD revealed that it contained (-)-epigallocatechin gallate (240 mg/g
extract), (-)-epigallocatechin (70 mg/g extract), (-)-epicatechin (40 mg/g extract) and (+)-
catechin (17 mg/g extract), consistent with published data. Analysis of the chamomile extract
was considered essential given the different profiles of bioactives reported for chamomile
before. LC-MS analysis was carried out based on specific MRM transitions as guided by a
compilation of published literature on chamomile composition. A chromatogram showing
traces of major identified components is shown in Figure 3 and their concentration based on

standard curves with commercially available standards is shown in Table 2. Apigenin-7-O-
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glucoside (12.3% dry weight) was found to be the most abundant compound followed by
apigenin (0.28%). The compound(s) tentatively termed as phenolic glucoside(s) have not yet

been conclusively identified in the literature.

M echanism of action of chamomile on inhibition of glucose transport

Both chamomile and green tea decreased the transport (Figure 4A) and uptake (Figure 4B) of
2-[1%C(U)]-deoxy-D-glucose, a non-metabolisable derivative of glucose, indicating that a
major part of the effect is on glucose transport directly rather than effects on metabolism.
Caco-2 and Caco-2/TC7 cells express the sugar transporters GLUT2 (for glucose and
fructose), GLUT5 (for fructose) and the sodium-dependent transporter SGLT1 (for glucose).
In order to first examine the relative inhibition of SGLT1 compared to GLUT2, experiments
were conducted on glucose transport usingfikee conditions. Both phloridzin and phloretin
inhibited D-[“C(U)]-glucose transport in differentiated Caco-2/TC7 cell monolayers in the
presence of Na(Figure 5A). Phloridzin is a well-established SGLT1 inhibitor, while

phloretin inhibits GLUT2 [29-31] (Figure 5B). In the absence of, daicose transport was
decreased by 35% (Figure 5C), implying that SGLT1 in Caco-2/TC7 cells is responsible for
~ 35 % of the total D¥'C(U)]-glucose transported. This is corroborated by two observations;
phloridzin showed no inhibition of D{C(U)]-glucose transport under Néree conditions

(Figure 5C) and D}'C(U)]-glucose transport was dose-dependently affected by phloretin
(ICs0 = 63£8 uM) (Figure 5A). Both findings also attest to the role of GLUT2 as the main
glucose transporter in Caco-2/TC7 cells. Chamomile dose-dependently inhibit&e( D)]-
glucose transport both in the presence and absence ¢Figare 5D). Under Nafree

conditions, a reduction of 50 % of thelCsovalue and an increase ©20% of the maximum

inhibition were observed (Figure 5D). These data suggest that SGLT1 is a minor component
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in inhibition of glucose transport by chamomile, with most of the inhibitory effect linked to

GLUT?2.

M echanism of action of chamomile on inhibition of fructose transport

Fructose transport is sodium independent as it is through GLUT2 and GLUT5, but not
through SGLT1. Inhibition of}fC(U)]-fructose transport by chamomile was ~50 % lower in
Caco-2/TC7 cell monolayers compared to Caco-2 cells. To dissect the mechanism further, we
guantified and compared the expression of GLUTS5 in the two clones. GLUT5 protein was
measured by automated capillary Western blotting. A standard curve was constructed for
differentiated Caco-2 (Figure 6A) and Caco-2/TC7 (Figure 6B) cell samples relating the
amount of total cellular protein against the specific peak area of the chemiluminescent signal
based on antibody mass detection. A linear response was evident for both GLUTS5 protein and
the multiplexed internal control, Claudin-1, with amount of protein applied. Comparison of

the amount of GLUT5 and Claudin-1 in each cell line is shown as an electropherogram view
(Figure 6C) and as a reconstructed lane view (Figure 6D). Results obtained showed that
GLUTS protein was ~2.0-fold higher£p.01) in the Caco-2/TC7 line (Figure 6E).

Consistently, GLUT5 mRNA expression (Figure 6F) was also higher (~ 2.5-&0d) ).

This characterization is consistent with the transport experiments, showing that chamomile is
more effective at inhibiting fructose transport by interacting with GLUT2 compared to

GLUTS.

Inhibition of GLUT5 and GLUT 2 expressed in Xenopus oocytes
To establish further the mechanism of action, we expressed GLUT2 and GLUT5 in Xenopus
oocytes and examined the inhibition by chamomile, green tea and acarbose. For GLUTS5, L-

sorboseBn-0OZ0 used as a positive control at 6 mM [32] strongly inhibited*D¢U)]-
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fructose uptake into oocytes (Figure 7A). Acarbose did not inhibit@©Q)]-fructose uptake

by GLUTS in Xenopus oocytes up to the maximum concentration tested, at either high or low
fructose concentrations (Figure 7B). Green tea did not inhibit uptake of fructose by GLUT5
(Figure 7C), whereas chamomile inhibited ¥cj(U)]-fructose uptake by GLUTS5 at the

lower concentration of DYC(U)]-fructose (Figure 7D and E). On the other hand, uptake of
D-[*C(U)]-glucose by Xenopus oocytes expressing GLUT2 was strongly inhibited by both
chamomile (Figure 7F) and green tea (Figure 7C), but strikingly no inhibition was observed
for acarbose (Figure 7C) even at the highest concentrations tested. Data are summarized in

Table 3.

Effect of pre-incubation with chamomile on glucose, fructose and sucrose transport

To investigate if chamomile could exert an additional chronic effect on sugar transport on top
of the acute effects observed, we tested a longer term incubation under several conditions
(Figure 8). Incubation with chamomile for 16 h did not affect the transport or uptake of
glucose or fructose, but led to a small but significant decrease in sucrose trarp6g)(p
compared to the control (Figure 8A and B). Longer term incubation with chamomile for 96 h

did not affect glucose transport (Figure 8C).

Inhibition of digestive enzymes

Acarbose was a potent inhibitor of brush border sucrase and of starch-digesting enzyme
activities as expected; although it was found to be a much weaker inhibitor of brush border
isomaltase activity. Chamomile and green tea extracts inhibited human sahaarylase

and rat maltase activities, but only green tea inhibited rat isomaltase, rat sucrase and human

sucrase activities (Table 3).
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DISCUSSION

A chronic excess of dietary fructose leads to an increased risk of metabolic dysfunction. This
is partly due to post-prandial pulses of fructose in the liver which cause immediate and
substantial changes in ATP levels, giving rise to other metabolic changes including increased
uric acid and ROS production [2, 33]. The drug acarbose is prescribed for diabetics, and is
well established to act on carbohydrate digestion by inhibithagnylase and.-glucosidase
activities [34]. In rats, acarbose did not modify expression of SGLT1 nor GLUTZ2, the major
glucose transporters in the small intestine, but modulated GLUT1 expression. However, these
changes did not modify overall glucose transport [35], and furthermore, acarbose did not
inhibit monosaccharide transport in rats [36]. We show here that acarbose does not directly
interact with human glucose and fructose transporters, GLUT2 and GLUT5, and does not
inhibit glucose or fructose transport in differentiated Caco-2 cell monolayers. Acarbose

would therefore be ineffective against fructose and glucose absorption from, for example,
high fructose corn syrups, which contain ~50% glucose and ~50% fructose. On the other
hand, acarbose would be effective in attenuating sucrose digestion as it inhibits sucrase
activity as expected [36] and indirectly slows the rate of transport of the products across the
brush border through diminished substrate concentration. Chamomile and green teas, owing
to their ability to inhibit both glucose and fructose transport, could be particularly beneficial

for reducing liver inundation by fructose at the gastrointestinal level in addition to blunting
blood glucose spikes. We propose that this can present a new and effective means to manage
fructose absorption, which is increased in diabetes, partly due to increased expression of
gastrointestinal GLUTSs. Evidence presented here shows that the effect of chamomile is acute,
since no changes in glucose or fructose transport were observed after longer term treatment
with chamomile. This means that an effect on glycaemia would only be possible when the

chamomile or green tea were consumed at the same time as the carbohydrate. A very small
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but statistically significant reduction was observed for sucrose transport following chronic
incubation with chamomile. Since the enzyme sucrase catalyses the conversion of sucrose
into glucose and fructose before transport, then it is possible that chamomile treatment
produces a small reduction in expression of sucrase, even though chamomile was not an acute

direct inhibitor of the enzyme.

The concentrations reported here as necessary for inhibition are comparable to that obtained
from drinking a cup of brewed chamomile tea. If 3 g of flowers are typically added to ~100

ml boiling water, then the concentration of extracted matter in the drink would be about 3
mg/ml assuming 10% extraction. This is several-fold higher than the necessary concentration
for 50% inhibition. Clearly in the case of supplements, the concentrations can be substantially
higher depending on the type of supplement consumed and the dose. For green tea, the
number of available products and brewing methods are vast, but if 2 g of tea is added to 100
ml water, then the concentrations required for inhibition would be readily obtained by

drinking tea, and again, much higher concentrations could be achieved by taking

supplements.

The proposed mechanism of inhibition is summarised in Figure 9 for chamomile and for
acarbose. Acarbose strongly inhibitsamylase and.-glucosidase enzymes while no effect
was evident on glucose or fructose transport, presumably because the tetrasaccharide
structure of acarbose is too large to fit into the active site of monosaccharide transporters.
Chamomile attenuates fructose transport across Caco-2 cells in a dose-dependent manner
primarily through GLUTZ2 inhibition, but with some effect on GLUT5. The mild inhibition of
GLUTS accounts for the lack of total inhibition of fructose transport across the Caco-2 cells

by chamomile, which does not reach 100%. The other main sugar transporter, SGLT1, does
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not transport fructose [37]. For glucose transport, we propose that inhibition of transport by
chamomile is mostly a result of GLUTZ2inhibition based on data from GLUT2 expression in
Xenopus oocytes, and in Caco-2/TC7 cells where the GLUT2 transport component was
strongly inhibited by both phloretin (a known GLUT2-specific inhibitor [29]) and

chamomile. Paracellular transport would not be affected by any of the tested compounds or
extracts, and since paracellular transport of glucose is negligible [38], this would allow
glucose transport to be effectively inhibited. Indeed, in some cases inhibition of glucose
transport at high concentrations of chamomile or green tea reached ~90%. When deoxy-D-
glucose was used as the test substrate, substantial inhibition was observed, since this substrate
is not metabolized further after entry into the cell, and is transported by SGLT1 and GLUTZ2,
but not GLUTS5 [39-41]. In our models we confirmed that the drug acarbose does not inhibit
any of the transport components tested, which supports the hypothesis that it could act
synergistically with the chamomile or green tea on carbohydrate digestive processes in vivo

(Figure 9), and the work presented here opens the door to further in vivo studies.

Very few compounds have been shown to directly inhibit GLUT5. Although eucalyptus leaf
extract inhibited fructose absorption in rats and suppressed sucrose-induced adiposity [42], in
our hands eucalyptus extract showed no inhibition of human GLUTS5 in oocytes (data not
shown). GLUTS5 is only weakly inhibited by chamomile and, given its involvement in

fructose transport, only partial and not total inhibition of fructose absorption in the intestine

can be anticipated. This implies that the effect reported here would not lead to fructose
malabsorption, as fructose is not fully inhibited even with very strong chamomile tea or green
tea. Instead, any attenuation in vivo would allow time for the liver to process fructose, prevent
the inundation, and suppress dramatic changes in ATP levels that can activate lipogenesis and

overwhelm mitochondrial circuits. Thus chamomile and green teas, which consist of a
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multitude of bioactive agents, could attenuate fructose absorption, which the drugecarbos
cannot achieve. These results can help in the development of combined interventions
enabling diabetics to manage their condition, as well as providing preventative dietary

strategies to curtail hyperglycaemic stress.
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Figurelegends:

Figure 1. Sugar transport across differentiated Caco-2 monolayers. Panel A shows the

time course of transport of 5 mM B (U)]-fructose from the apical to basolateral side of
differentiated Caco-2 monolayers. Panel B shows the amount of intracellUt4E [DH]-
fructoseafter treatment of cells with 5 mM B4C(U)]-fructose. Panel C shows the time
course of transport of 1 mM B4C(U)]-glucose from the apical to basolateral side of
differentiated Caco-2 monolayers. Panel D shows the amount of intracellUf4E [@)]-
glucoseafter treatment of cells with 1 mM B4C(U)]-glucose. Panel E show the time course
of transport of 5 mMY¥'C(U)]-sucrose from the apical to basolateral side of differentiated
Caco-2 monolayers. Panel F shows the transport of different applied concentrations of
[14C(U)]-sucrose from apical to basolatens),(and from basolateral to apical (o)

compartments of differentiated Caco-2 monolayers. Different letters denote statistical
differences between data points@u1). Stars denote significant differences between the
compared data points (**40.001). Where not visible, error bars are smaller than the size of
the data point; values are mean + SD (n=6 independent determinations). Transport of glucose

is comparable to previously published data [43].

Figure 2. Inhibition of sugar transport across differentiated Caco-2 monolayers. Panel A
shows the effect of chamomile (1 mg/ml) onBE[(U)]-fructose transport across
differentiated Caco-2 cell monolayers at different applied fructose concentrations. Stars
indicate significant differences between chamomileand control ) (***p <0.001), and
letters indicate significant differences between the applied concentrations of fructose (p
<0.01). The effect of chamomile oHC]-labelled-sugar transport across differentiated Caco-
2 cell monolayers from apical to basolateral compartments is shown in panel B (1 mM D-

[*C(U)]-glucose), in panel C (5 mM D4 (U)]-fructose) and in panel D (5 mMC(U)]-
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sucrose). From this data, thes¢@alues were calculated and shown in Table 1. For panels B-
D, letters denote differences between data points at the level of significance indicated in the
panel. Where not visible, error bars are smaller than the size of the data point, wieeim is

+ SD (n=4-6 independent determinations).

Figure 3. Analysis of chamomileby LC-MS/MS. Top panel shows the UV traces of
chamomile (0.1 mg/ml) at 280 and 340 nm and subsequent overlaid SRM traces of major

individual components and transitions used for quantification according to Table 3.

Figure 4. Deoxy-D-glucose transport across, and uptake into, differentiated Caco-2
monolayers. Effect of extracts (1 mg/ml) on 24C(U)]-deoxy-D-glucose (1 mM) transport
(panel A) and cellular uptake (panel B). Values are shown as mean + SD (n=6). Letters

denote significant differences between groug®(@1). GT, green tea; Cham, chamomile.

Figure5. Inhibition of glucose transport across differentiated Caco-2/T C7 monolayers.
Panel A shows dose-dependent inhibition offf{U)]-glucose transport by phloridzim)

and phloretin ¢) in TBS containing Na differences between phloridzin and phloretin
indicated by * £0.05; ** p<0.01. Panel B shows chemical structures of phloridzin (top
structure) and phloretin (lower structure). Panel C showS@{))]-glucose transport under
Na* (black bars) and Ndree conditions (light grey bars) in the presence of 200
phloridzin (dark grey bars), *39.05. Panel D shows dose-dependent inhibition of D-
[}C(U)]-glucose transport by chamomile under* ldad N&-free conditions by phloridzin

(m) and phloretin ¢); differences between Nagainst Nafree indicated by * §0.05; **
p<0.01. All data shown are mean + SD (n=6). When not visible, the error bars are smaller

than the data point.
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Figure6. GLUT5 expression in differentiated Caco-2 and Caco-2/TC7 cell monolayers.
Standard curves for multiplexed GLUT5 and Claudin-1 using different concentrations of total
cell lysate from Caco-2 (panel A) and Caco-2/TC7 cells (panel B) were obtained using
guantitative capillary Western blotting (WE&Jectropherogram view (panel C) and gel-like
reconstructed image (D) for representative samples are shown using equivalent
concentrations of cell lysate (0.1 mg/ml). Panel E shows GLUT5 protein expression in Caco-
2 and Caco-2/TC7 cells for 2 seeding experiments repeated with three biological replicates
and analysed in triplicate. *0.05, ** p<0.01. Given the large difference in protein

expression of Claudin-1 between the two cell lines (13-fold), we have presented the peak
areas of GLUTS5 in CaCo-2 and CaCo-2/ TC7 cells without normalization to Claudin-1, but
normalized instead to total protein. Panel F sh@kET5 mRNA in differentiated Caco-2

and Caco-2/TC7 cell monolayers measured using digital droplet PCR.

Figure 7. Effect of compounds on sugar uptake by Xenopus oocytes expressing GLUT2

or GLUTS5. Panel A shows the effect of L-sorbd8e-OZ0 on uptake of 5 mM DC(U)]-
fructose by Xenopus oocytes expressing GLUT5. Panel B shows that acarbose has no
significant effect on uptake of B4C(U)]-glucose or DJ*C(U)]-fructose by Xenopus

oocytes expressing GLUT2 with 0.1 mM glucose (black bars), or on GLUT5 with 0.1 mM
(dark grey bars) or 5 mM fructose (light grey bars). Panel C shows the effect of green tea
(GT) on uptake of D¥'C(U)]-fructose or D-}*C(U)]-glucose by Xenopus oocytes expressing
GLUTS5 with 0.1 mM fructose (black bars) or GLUT2 with 0.1 mM glucose (grey bars).
Panel D shows the effect of chamomile on 0.1 mM{U)]-fructose uptake into Xenopus
oocytes expressing human GLUT5 one day post cDNA microinjection compared to water

injected controls. Each data point represents >6 independent replicates of 3 oocytes per data
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point showing the mean + SD. Panel E shows the effect of chamomile on 5 rifka(D)]-

fructose uptake into Xenopus oocytes expressing human GLUT5 one day post cDNA
microinjection compared to water injected controls. Each data point represents 3 independent
replicates of 3 oocytes per data point showing mean = SD. Panel F shows the effect of
chamomile on 0.1 mM{C]-labelled-glucose uptake into Xenopus oocytes expressing human
GLUT2 two days post cDNA microinjection compared to water injected controls. Each data
point represents >6 independent replicates of 3 oocytes per data point showing the mean +

SD.

Figure 8: Effect of acute and chronic chamomile treatments on sugar transport across

and into differentiated Caco-2 monolayers. Cells were treated with chamomile (1 mg/ml)
for 16 h and at the end of this period, the medium was replaced wiic]]-glucose (1

mM), D-[**C(U)]-fructose (5 mM) or*C(U)]-sucrose (5 mM) sugar as indicated, with and
without chamomile for the duration of the transport experiment using. Apical to basolateral
transport (panel A) and intracellular content (panel B) was measured by scintillation
counting. Cells were similarly treated with chamomile for 96 h, and apical to basolateral

transport measured in the absence of chamomile (panel G0.0%

Figure 9. Summary of the proposed mechanism for chamomile (Cham) and acar bose

(Acar). Sites of observed inhibition are indicated by white rectangles; chamomile inhibition

of maltase activity is weak and not included.
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Tables:

Table 1. Effect of acarbose and herbal extractson transport and uptake of glucose (1

mM), fructose (5 mM) and sucrose (5 mM) acr oss differentiated Caco-2 cell monolayers.

Tested D-[“C(U)]- D-[“C(U)]- D-[“C(U)]- D-[*C(U)]- [“CU)]-  [*CU)I-
compound glucose glucose fructose fructose sucrose sucrose

or extract transport  uptake transport uptake transport  transport?
Chamomile 0.32+0.05 0.52+0.12 1.0+0.12 2.0+0.17 1.12+0.17 0.56 +0.035
Green tea 0.26 £0.04 0.55+0.17 0.8+0.09 0.7 £0.08 0.98+0.12 0.32+0.05

Acarbose NI - NI

- 7.0+3

lin Caco-2/TC7 cells, which express higher levels of brush border sucrase.

NI = no inhibition observed up to 0.5 mM. Data shownl@eg values in mg extract/ml

medium for plant extracts and in UM for acarbose.
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Table 2. Analysis of chamomile extract used for most abundant phenolic components

_ [M-H]" MS? concentration
RT (min)
(m/iz)  (m/z) (% dry weight}
3-CQA 1.84 353 191 0.01
5-CQA 2.17 353 179 0.07
phenolic glucoside($) 2.44 355 193 _
phenolic glucoside(3) 2.85 355 149 _
luteolin-7-O-glucoside 2.99 447 285 0.13
umbelliferone 3.09 161 133, 89 0.09
di-CQAs 3.10; 3.19;3.31 515 353,179 0.13
apigenin-7-O-glucoside 3.27 431 268, 269 12.3
luteolin 4.00 285 133, 107 0.01
apigenin 4.44 269 117, 107 0.28

lexcluding maltodextrin content.

’No available standards for phenolic glucosides, which have not been conclusively identified

in the literature. CQA, caffeoylquinic acid.
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Table 3: Summary of inhibition of a-amylase, maltase, isomaltase, sucrase, GLUT2 and GLUTS5 activities.

Substrate for

. Inhibition Rat intestinal _— Human enzyme _—
human salivary (ICs0) enzymé Inhibition (I1Cso) or transportér Inhibition
o-amylase
NI at [F] = 5 mM
0
amylopectin %Q/Bmil 0.038 maltase r2n8 /im1|.8 % atl grbgt-gie) IC50=0.73 £ 0.18 mg/ml
g g at [F] = 0.1 mM
Chamomile amylose ?nglgmi; 0.05 isomaltase  NI® sucrase NI
ICs0=0.54 £ 0.24 mg/ml
sucrase NI® GLUT2 at[G] =5 mM
(glucose)
, 9.23+0.75 GLUT5 _
amylopectin M maltase 0.42 £ 0.01uM (fructose) NI at [F]= 0.1 and 5 mM
Acarbose 3.45+0.18 isomaltase 440 + 79uM Sucrase 5711 % at 10 pM
amylose uM = K S H
GLUT2 _
sucrase 6.7 £ 1.5uM (glucose) NIat[G] =5mM
amylopectin 0.022 +0.001 maltase 0.44 +0.09 GLUTS Nl at [F] = 0.1 and 5 mM
mg/ml mg/ml (fructose)
0 -
Greentea  amylose 0.0093 + 0.003 isomaltase 0.690.15 sucrase 32 £ 7% at 0.5-5 mg/ml
mg/ml (plateau)
mg/ml
0.95+0.12 GLUT2 ICs0= C_).13 1+ 0.02 mg/ml
sucrase at[G]=5mM
mg/ml (glucose)
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10

11

12

13

NI=no inhibition; an G value is the concentration required for 50% inhibition; [F] and [G] are fructose and glucose substrate concentrations

respectively; substrate for sucrase is sucrose.

For the protein extract from rat intestine, apparenvilues were 3.4, 5.7 and 18 mM for maltose, isomaltose and sucrose respectively. All

inhibition assays were performed in the linear part of the time and dose curves.
Human GLUT2 and GLUTS5 expressed in Xenopus oocytes; sucrase as a cell-free extract from Caco-2 TC7 cells.
3Maximum concentration of extract tested was 1 mg/ml

For sucrase inhibition: acarbose, 4 experiments in triplicate (n=12); green tea, 2 experiments in triplicate (n = 6). For GLUT2 and GLUT5
expressed in Xenopus oocytes, 6 replicates of 3 oocytes for each data pairdnidase inhibition, 3 independent experiments with 3

technical replicates (n = 9).
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