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In Vitro and In Vivo Inhibition of Intestinal Glucose
Transport by Guava (Psidium Guajava) Extracts

Ulrike Müller, Flora Stübl, Bettina Schwarzinger, Georg Sandner, Marcus Iken,
Markus Himmelsbach, Clemens Schwarzinger, Nicole Ollinger, Verena Stadlbauer,
Otmar Höglinger, Tobias Kühne, Peter Lanzerstorfer,* and Julian Weghuber*

Scope: Known pharmacological activities of guava (Psidium guajava) include
modulation of blood glucose levels. However, mechanistic details remain
unclear in many cases.
Methods and results: This study investigated the effects of different guava
leaf and fruit extracts on intestinal glucose transport in vitro and on
postprandial glucose levels in vivo. Substantial dose- and time-dependent
glucose transport inhibition (up to 80%) was observed for both guava fruit
and leaf extracts, at conceivable physiological concentrations in Caco-2 cells.
Using sodium-containing (both glucose transporters, sodium-dependent
glucose transporter 1 [SGLT1] and glucose transporter 2 [GLUT2], are active)
and sodium-free (only GLUT2 is active) conditions, we show that inhibition of
GLUT2 was greater than that of SGLT1. Inhibitory properties of guava extracts
also remained stable after digestive juice treatment, indicating a good
chemical stability of the active substances. Furthermore, we could
unequivocally show that guava extracts significantly reduced blood glucose
levels (�fourfold reduction) in a time-dependent manner in vivo (C57BL/6N
mice). Extracts were characterized with respect to their main putative
bioactive compounds (polyphenols) using HPLC and LC-MS.
Conclusion: The data demonstrated that guava leaf and fruit extracts can
potentially contribute to the regulation of blood glucose levels.

1. Introduction

Diabetes mellitus is a chronic disease that ultimately leads to hy-
perglycemia. In this context, people with type 2 diabetes mellitus
(T2DM) constitute the majority of people (>90%) with diabetes
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Stadlbauer, Dr. O. Höglinger, Dr. P. Lanzerstorfer, Dr. J. Weghuber
University of Applied Sciences Upper Austria
4600 Wels, Austria
E-mail: peter.lanzerstorfer@fh-wels.at; julian.weghuber@fh-wels.at

C© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/mnfr.201701012

around the world.[1] T2DM is a global
public health crisis threatening the
economies of all nations. According to
WHO, the global prevalence of diabetes
among adults over 18 years of age has
risen from 4.7% (108 million people)
in 1980 to 8.5% (422 million people) in
2014.
Hyperglycemia, insulin resistance,

and obesity are typical features of T2DM.
T2DM has been frequently reported to
also be associated with hyperlipidemia
and hypertension. The combination of
these circumstances is also known as
metabolic syndrome, which is a high
risk factor for cardiovascular diseases.[2,3]

Therefore, developing new strategies for
treatment and prevention of these health
problems is of great importance. One
possible strategy is the direct manipula-
tion of blood glucose levels via insulin
mimetic substances and enhanced glu-
cose transporter 4 (GLUT4) activities.[4,5]

We have recently developed an in
ovo model to test the efficacy of such
compounds also in a living organism.[6,7]

Other options are based on strategies to lower nutrient absorp-
tion. Specifically, inhibited or delayed intestinal glucose absorp-
tion may have a tremendous impact on managing diabetes and
obesity.
Intestinal glucose absorption is predominantly facilitated by

sodium-dependent glucose transporter 1 (SGLT1),[8,9] whereas
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glucose efflux from enterocytes into the blood is mediated by
glucose transporter 2 (GLUT2).[10] Nevertheless, it has been re-
cently shown that GLUT2 can be recruited into the apical mem-
brane under high luminal glucose concentrations, leading to bulk
absorption of glucose by facilitated diffusion.[11–14] Therefore,
GLUT2-mediated glucose absorption represents a high-potential
target for effective regulation of the blood glucose level.
Convincing evidence suggests that selected phytochemicals

can directly affect intestinal glucose uptake by competitive inhi-
bition of certain sugar transporters. Bioactive compounds such
as polyphenols, phenolic acids, and tannins are of particular im-
portance in this context and have been reported to interact with
SGLT1 and GLUT2.[15–21]

Guava (Psidium guajava) is an important food crop and medic-
inal plant in tropical and subtropical countries. Relevant phyto-
chemicals include phenols, polyphenols, and carotenoids, as well
as triterpenes and terpenoids. Several pharmacological studies
report on antioxidative, antiallergic, antimicrobial, and antidia-
betic effects of guava leaf and fruit extracts.[22] However, knowl-
edge of the pharmacological mechanism of action is limited. Fur-
thermore, the effects of guava extracts on blood glucose levels are
controversial. Some in vitro and in vivo studies have indicated hy-
poglycemic effects of guava leaves and their extracts via enhanced
insulin secretion[23,24] and elevated hepatic glucose uptake,[25] re-
spectively. The antihyperglycemic properties of guava leaf extract
(GLE) are also supported by two previous studies.[26,27] In con-
trast, Sungawa and colleagues did not support this evidence and
even found a blood glucose-increasing effect of guava leaves in
a long-term study in rats.[28] Furthermore, there is little under-
standing of guava fruit extracts in this context.[29]

Here, we tested the effects of different guava extracts (com-
mercially available as well as homemade leaf and fruit extracts)
on intestinal glucose transport in vitro and in vivo. In human
intestinal Caco-2 cells, our data indicate that guava extracts at
physiological concentrations are potential inhibitors of SGLT1
and GLUT2. The inhibitory effect was also confirmed after diges-
tive juice treatment, which implies chemical stability of bioactive
components. Moreover, antihyperglycemic properties of guava
extracts, via reducing the postprandial glucose response, were
proved in vivo (C57BL/6N mice). Taken together, these results
indicate that consumption of guava extracts may contribute to
moderate regulation of blood glucose levels by direct inhibition
of intestinal glucose transport.

2. Experimental Section

2.1. Reagents

MEM with Earle’s salts, DMEM, fetal bovine serum (FBS),
trypsin-EDTA, and antibiotics were purchased from Biochrom
GmbH (Berlin, Germany). Entero-STIM Intestinal Epithelium
Differentiation Medium and MITO+ Serum Extender were
purchased from Corning (Wiesbaden, Germany). Hesperetin,
peltatoside, hyperoside, kaempferol, ellagic acid, isoquercitrin,
quercitrin, phloretin, (−)-epicatechin, epigallocatechin, epicate-
chin gallate, procyanidin B1, procyanidin B2, epigallocatechin
gallate, gallocatechin, and morine were obtained from Extrasyn-
these (Genay Cedex, France). Phloridzin, chlorogenic acid, caf-

feic acid, quercetin, (+)-catechin, gallic acid, 2-mercaptoethanol,
NaCl, MgSO4, KCl, CaCl2, HEPES, and xylitol were purchased
from Sigma-Aldrich (Schnelldorf, Germany). Guaijaverin and
avicularin were obtained from Glentham Life Sciences (Cor-
sham, United Kingdom). Purified and concentrated GLE (cGLE)
was provided by Belan GmbH (Wels, Austria).[30] Guava fruit
puree for preparation of fruit extracts was obtained from Trade-
work BV (Rotterdam, The Netherlands), commercially avail-
able GLE and apple extract (AE) were purchased from Pfan-
nenschmidt (Hamburg, Germany). Transwell inserts (12 mm,
collagen-treated, 0.4 μm pore size) and 12-well plates were ob-
tained from Corning (Wiesbaden, Germany).

2.2. Cell Culture and Differentiation

Human Caco-2 cells were purchased from DSMZ (Braun-
schweig, Germany). Cells were maintained in MEM with
Earle’s salts supplemented with 10% FBS, 100 μg mL−1 peni-
cillin/streptomycin, and 0.1% 2-mercaptoethanol and grown at
37 °C in a humidified atmosphere (�95%) with 5% CO2. For
transport studies, cells were seeded at 5.6 × 105 cells/insert in
Entero-STIM Intestinal EpitheliumDifferentiationMedium sup-
plemented with 1% penicillin/streptomycin and 0.1% MITO+
Serum Extender. Cell medium was changed daily, and the exper-
iment was carried out between day 5 and 7. Differentiation of the
monolayer was assessed by measuring transepithelial electrical
resistance (TEER) of the cell monolayers. Only transwell inserts
with a resistance exceeding a blank membrane by 300 Ω were
utilized in the experiments.

2.3. Preparation of Guava Fruit Extracts

2.3.1. Ethanolic Extraction

Ethanolic guava fruit extract (GFEEtOH) was prepared by drying
guava fruit puree at 60 °C for 72 h and crushing it into powder
with a grinder. For ethanolic extraction, 0.5 g of the guava fruit
powder was stirred into 25mL of EtOH (80%) for 10min at 60 °C.
Mixtures were filtered, and the procedure was repeated with pow-
der residues. Ethanolic extracts were then concentrated by rotary
evaporation and collected in 3 mL of deionized water.

2.3.2. Supercritical Fluid Extraction

Supercritical fluid extraction was performed on guava puree after
drying in a vacuum chamber at 40 °C to remove residual water
content of 10%. Extraction was performed with carbon dioxide
at a temperature of 40 °C under a pressure of 30 MPa, and pre-
cipitation of the extract was conducted at 25 °C and 4 MPa. The
material was extracted for 3 h in a continuous mode using fresh
CO2 and venting the exhaust after precipitation of the extract (su-
percritical guava fruit extract [GFESFE]).

2.4. Cytotoxicity Assay

Cytotoxic effects of compounds under study were evaluated by
using a resazurin-based in vitro toxicology assay (Sigma-Aldrich;
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Schnelldorf, Germany), according to the instructions of the man-
ufacturer. Briefly, cells were seeded into 96-well plates (30 000
cells per well), grown to 90% confluence, and incubated with
the test substances for 4 h at 37 °C. Subsequently, the cells
were washed and incubated with a medium containing 10% re-
sazurin for 2 h. Levels of the reduced form of resazurin (re-
sorufin) were then determined using a microplate reader in fluo-
rescencemode (544 nm excitation, 590 nm emission; POLARstar
Omega, BMG LABTECH, Ortenberg, Germany). Data were ana-
lyzed using OmegaMARS Data analysis software package (BMG
LABTECH, Ortenberg, Germany). Cell viability was normalized
to untreated cells grown under the same conditions. Each test
substance was measured in triplicate.

2.5. Glucose Transport Assay

For experiments, medium was discarded, and differentiated cells
were washed twice with HEPES buffer (20 mMHEPES, 137 mM
NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.8 mM CaCl2) and placed
into a new 12-well plate containing 800 μL of HEPES buffer in
the basolateral compartment. The apical compartment was then
filled with 500 μL of donor solution consisting of cell culture
mediumwith 2.1 g L−1 glucose, 1.0 g L−1 xylitol and the substance
of interest at indicated concentrations. Next, 100 μL of samples
were collected from the basolateral compartment at various time
points and analyzed for their glucose content using HPLC anal-
ysis. TEER values were examined at each time point to ensure
cell monolayer integrity. Finally, 100 μL of donor solution from
the apical compartment were used to quantitate the remaining
glucose concentration.
For the treatment of guava extracts with digestive juices,

100 mg of extract was incubated with 1 mL of gastric juice (NaCl
2.9 g L−1, KCl 0.7 g L−1, KH2PO4 0.27 g L−1, pepsin 1 g L−1, and
mucin 3 g L−1; pH 2) or chyle (KCl 0.3 g L−1, CaCl2 0.5 g L−1,
MgCl2 0.2 g L−1, NaHCO3 1 g L−1, trypsin 0.3 g L−1, pancreatin
9 g L−1, bile 9 g L−1, and urea 0.3 g L−1; pH 7.5) for 2 h at 37 °C;
then, samples were diluted to a final concentration of 100mg L−1

in culture medium with 2.1 g L−1 glucose and 1.0 g L−1 xylitol,
and the transport study was carried out as described.
Except for dose–response study, a concentration of 100mg L−1

for GLEs (solid) and 100 mL L−1 for guava fruit extracts
(liquid) were used in the experiments. Therefore, extract
doses were at a comparable m/v concentration with regard to
phloretin/phloridzin control experiments (100 mg L−1).

2.6. Determination of Glucose and Xylitol Content by HPLC

Sugar analysis was carried out as previously reported with mi-
nor modifications.[31] A Jasco LC-2000 Plus Series system com-
prised of an analytical pumpwith external degasser, autosampler,
temperature-controlled column compartment, a Jasco RI-2031
Plus detector and a UV-Vis detector equipped with Chrompass
software (all from Jasco Corporation, Tokyo, Japan) was used.
Analysis of glucose and xylitol was conducted using the same
HPLC system. Separation was performed on a Varian, Meta Carb
87H (PN A5210, SN 12509907) column. The column tempera-
ture was set to 56 °C, and isocratic elution was carried out at

0.8 mL min−1. A mobile phase of 5 mM sulfuric acid in ddH2O
was used. HPLC was calibrated with glucose (ranging from 10
to 1000 mg L−1) and xylitol (5 to 1000 mg L−1). The obtained
standard curves were linear within this range for both, glucose
and xylitol. The limit of detection (LOD) was defined as a signal-
to-noise ratio of 2:1 and limit of quantitation (LOQ) as 4:1. LOD
was 2.5 mg L−1 and LOQ 5mg L−1 for glucose and xylitol, respec-
tively. Data were processed by Jasco Chrompass Chromatography
System software (version 1.7.403.1).

2.7. Identification and Quantitation of Polyphenols by HPLC

Identification and quantitation of polyphenols was conducted as
previously reported with minor modifications.[32] HPLC analysis
was performed on an Agilent 1260 Infinity LC System equipped
with vacuum degasser, quaternary pump, autosampler, and pho-
todiode array detector. High-resolution mass spectra were ob-
tained using a Thermo Fisher Scientific LTQ Orbitrap XL with
an Ion Max API Electrospray Source operated in negative ioniza-
tion mode. The following parameters were used in this analysis:
capillary temperature, 350 °C; sheath gas flow, 45 U; aux gas flow,
15 U; source voltage, 3.5 kV; capillary voltage, −25 V; tube lens,
−90 V. Separations were carried out using a Hypersil ODS C18
column (250 mm × 4.6 mm inner diameter, 5 μm particle size;
Thermo Fisher Scientific, Vienna, Austria). Analytes were sepa-
rated by gradient elution with (A) 0.1% formic acid (FA) in water
and (B) acetonitrile containing 0.1% formic acid. The injection
volume was 5 μL for all samples, and the flow rate was set to
0.67 mL min−1 with a gradient adapted to constant elution.
Identified polyphenols in cGLE, GLE, GFEEtOH, and AE

were quantitated by reversed-phase chromatography using a
LaChrom Elite HPLC System (VWR-Hitachi) comprised of a
L-2100 pump with built-in degasser, a L-2200 cooled autosam-
pler, a temperature-controlled column compartment, and a
L-2455 diode array detector (DAD) equipped with an EZ Chrom
Elite Chromatography data system. Analyte separation was per-
formed on aHypersil ODSC18 column (250mm× 4.6mm inner
diameter, 5 μm particle size; Thermo Fisher Scientific, Vienna,
Austria). The column temperature was set to 30 °C, and the in-
jection volume was 20 μL for all samples. UV wavelengths were
detected at 280 nm and 320 nm. Analytes were separated by gra-
dient elutionwithmobile phase A containing 0.1% trifluoroacetic
acid (TFA) in water and mobile phase B containing 0.1% TFA in
acetonitrile at a flow rate of 1 mL min−1. Elution gradient start-
ing conditions were 95% A and 5% B. The proportion of B was
increased to 30% at 40 min and to 50% at 50 min, followed by
80% B for 5 min from 50.1 to 55 min and 5% B for 5 min from
55.1 to 60 min. Polyphenols were quantified against known stan-
dards and were available with concentrations in a linear range of
1 to 1000 mg L−1.
Analysis of GFESFE was carried out by reversed-phase chro-

matography using a Thermo Scientific Dionex Ultimate 3000
comprised of a LPG-3400SD pumpwith built-in degasser, aWPS-
3000 U(T)SL cooled autosampler, a temperature-controlled col-
umn compartment, and an FLD-34000RS diode array detector
(DAD) equipped with Chromeleon software. Analyte separation
was performed on an Accucore C18 column (150 mm × 3.0 mm
inner diameter, 2.6 μm particle size; Thermo Scientific). The
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column temperature was set to 40 °C, and the injection volume
was 1 μL. UV wavelengths were detected at 260 nm and 360 nm.
Analytes were separated by gradient elution with mobile phase
A containing 0.1% FA in water and mobile phase B containing
0.1% FA in acetonitrile at a flow rate of 0.5 mL min−1. Elution
gradient starting conditions were 95% A and 5% B. After 5 min
equilibration time, the proportion of B was increased to 20% at
8 min and to 40% at 12 min, followed by 60% B at 15 min and
80%B at 17 min for 3 min. B was reduced to 5% for 20–25 min.

2.8. qPCR

Expression values of GLUT2, glucose transporter 5 (GLUT5),
SGLT1, claudin-1 (CLDN1), claudin-3 (CLDN3), and occludin
(OCLN) were analyzed in the Caco-2 model system on differen-
tiation days 2–7 using qPCR (C1000 Thermal Cylcer and CFX96
Real-Time System, BioRad). Total RNA was isolated in triplicates
per day (QIAShredder and RNeasyMini Kit, Qiagen), followed by
reverse-transcription of 50 ng total RNA (end volume: 20μL) into
cDNA (iScript cDNA Synthesis Kit, BioRad) and qPCR (iQ SYBR
Green Supermix, BioRad). For qPCR, 10 μL iQ SYBR Green Su-
permix (2×), 2 μL primer mix forward/reverse (each 3 pmol
μL−1), 6 μL nuclease-free water and 2 μL of a cDNA pool sam-
ple (triplicates per day) were used. The qPCR protocol included
3 min at 95 °C for initial activation followed by 40 PCR cycles
using a denaturation for 15 s at 95 °C and an annealing step for
15 s at 62 °C. After each cycle, a plate reading step was executed.
Finally, amelt curve analysis was carried out by gradually increas-
ing the temperature for 0.5 °C starting from 65 to 95 °C. The de-
termined Ct values were normalized to the housekeeping gene
expression ofHPRT1 and calculated to relativemRNAexpression
levels using the 2−��C

T method.[33] A list of the used primers is
shown in Table S1, Supporting Information. The qPCR products
were also analyzed via agarose gel electrophoresis. For this pur-
pose, the qPCR products were premixed with 2 μL Midori Green
Direct (Nippon Genetics) and run on a 2% agarose gel at 110 V
for 30 min.

2.9. Animal Model and Treatment

Female C57BL/6N mice were received from Janvier Labs at
the age of 8 weeks and conventionally housed at 22 °C and
a 12-h light:12-h dark cycle with free access to water and
food (Rat/Mouse Maintenance Chow, 10 mm, V1534-000, Ss-
niff GmbH, Germany). Animals were initially divided into three
groups consisting of six mice each. To allow for acclimation to
the local environment, mice were kept in the animal room for at
least 24 days without treatment, except for general husbandry.
The day before oral glucose tolerance tests (OGTTs) were per-
formed, mice were transferred to the procedure room, and were
withdrawn from food for 12 h, except for water. Test solutions
were prepared freshly on each test day. OGTT was performed
on two days, with 6 mice on each test day divided into the fol-
lowing groups: (A) control (1.5 g glucose per kg bodyweight);
(B) GLE (1.5 g glucose + 400 mg cGLE per kg bodyweight) and
(C) GFE (1.5 g glucose + 400 mg GFESFE per kg bodyweight).
Extract doses were chosen based on several studies investigat-

ing the effect of phytogenic substances on post-prandial glucose
response.[34–38] Test solutions were orally administered by gavage,
and blood samples were collected from the tail tip before and 30,
60, 90, and 120min after glucose load with subsequent blood glu-
cose measurements using a glucometer Contour XT instrument
(Bayer, Germany). All experiments were approved by the Aus-
trian Animal Ethics Committee (reference number: BMWFW-
66.012/0018-WF/V/3b/2017).

2.10. Calculations and Statistics

The area under the curve (AUC) of glucose in mice experiments
was calculated for each experimental condition as the area be-
neath the curve and above the fasting level from 0 to 120 min us-
ing GraphPad Prism 6.0 for Windows (GraphPad Software, Inc.,
San Diego, CA, USA). Significance testing was performed using
GraphPad Prism 6.0 for Windows. Differences were considered
significant with p< 0.05 for two-way ANOVA followed by Tukey’s
multiple comparisons test. All values are presented as the means
± SE, if not otherwise stated.

3. Results

3.1. Setup of an Accelerated 7-Day Caco-2 Glucose Transport
Model

The human epithelial colorectal adenocarcinoma cell-line Caco-2
has been reported to express high levels of the relevant intestinal
glucose transporters SGLT1 and GLUT2.[39] Therefore, we used
these cells to set up a stable in vitro intestinal transport model
based on a transwell system. Due to inconsistent literature con-
cerning culturing and experimental conditions for accelerated
Caco-2 differentiation, we characterized suitable control parame-
ters to ensure the reliability of the assay.
First, differentiation state was investigated by gene expression

analysis of the important tight junction proteins CLDN1 and
CLDN3 as well as OCLN (Figure S2D–F, Supporting Informa-
tion). Furthermore, expression of the sugar transporters GLUT2,
SGLT1, as well as GLUT5 was investigated (Figure S2A–C, Sup-
porting Information). The chosen number of cells that were
seeded led to the formation of a confluent cell monolayer already
on differentiation day 2. Our data clearly show relevant expres-
sion of selected glucose transporters and tight junction proteins
on differentiation days 5–7. Second, TEER measurements were
carried out before each experiment and at defined time points
during the transport study to determine the influence of the sub-
stances under study on the monolayer integrity of differentiated
Caco-2 cells. The cell monolayer-disturbing agent (CMDA) toma-
tine (5 mg L−1) was used as a control substance (Figure 1). We
could show that the cytotoxic effect of this compound leads to
an immediate significant decrease of the TEER (Figure 1A) com-
pared to untreated cells (readily detectable after 0.5 h, p< 0.0001),
thus confirming defective membrane integrity. Third, quantita-
tion of cumulative glucose transport by HPLC further confirmed
these disruptive mechanisms: Tomatine treatment led to a sig-
nificant increase in glucose transport (�480 mg L−1 after 4 h,
p < 0.0001) across the cell monolayer compared to untreated
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Figure 1. Effects of the cell monolayer-disturbing agent (CMDA) tomatine (5 mg L−1) on defined control parameters. Caco-2 cells were grown on
collagen-coated 0.4 μm transwell inserts for monolayer formation and fast differentiation. On days 5–7, glucose transport across the cell monolayer
was quantitated. Cell culture medium with 2.1 g L−1 glucose and 1.0 g L−1 xylitol was placed as donor solution in the apical compartment. Samples
were collected from the basolateral compartment (HEPES buffer) at the respective time points. Glucose and xylitol concentrations of the samples were
measured by HPLC. A) Influence of CMDA on the membrane integrity as evaluated by TEER measurements. B) Effect of CMDA on the cumulative
glucose and C) xylitol transport from the apical to the basolateral side of Caco-2 monolayers. Error bars are based on the standard error of the mean
(n = 8 inserts, measured on four different days) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

cells (�350 mg L−1 after 4 h) (Figure 1B). Fourth, the sugar alco-
hol xylitol, which has been reported to be poorly absorbed in the
small intestine,[40,41] was used as another control substance. As
shown in Figure 1C, only minor amounts of xylitol were found in
the basolateral chamber of untreated cells. By contrast, tomatine
treatment led to an immediate massive increase of xylitol (signif-
icantly elevated xylitol values detectable after 1 h [p< 0.001], with
steady increases up to 4 h [p < 0.0001]). Based on these results,
appropriately stable TEER values (more than 300 �) and low cu-
mulative xylitol diffusion (glucose:xylitol ratio>10:1) over the ob-
servation period were used as quantitative control parameters for
each experiment. Finally, phloretin and phloridzin were used as
reference substances for inhibiting intestinal glucose transport
across the Caco-2monolayer. These polyphenolic compounds are
known to be effective SGLT1 and GLUT2 inhibitors.[42,43] Both
substances (100 mg L−1) caused a decrease in glucose transport
compared to untreated cells, whereas phloretin (�80%) led to a
more prominent inhibition than phloridzin (�20%) (Figure S1A,
Supporting Information). Calculated values for apparent perme-
ability of these conditions are shown in Figure S1B, Supporting
Information. Non-toxic conditions for all substances used in this
study were approved by cytotoxicity tests (data not shown).

3.2. Concentrated Guava Leaf Extract Inhibits Glucose Transport
under Sodium-Dependent Conditions in Caco-2 Cells

GLEs have been reported to exhibit hypoglycemic properties via
enhancing insulin secretion and elevating hepatic glucose up-
take. Here, we further report on a putative mechanism via in-
hibition of intestinal glucose transport using a flavonol-enriched
GLE as flavonols have been previously reported to inhibit GLUT2-
mediated intestinal glucose transport.[18] In the presence of Na+

(main intestinal glucose transporters SGLT1 and GLUT2 are ac-
tive), the cumulative glucose transport across the Caco-2 mono-
layer from the apical compartment (2.1 g L−1 glucose in donor
solution) to the basolateral compartment within 4 h was found to
be �350 mg L−1 buffer solution (Figure 1B). Addition of cGLE
(purified for flavonols using preparative chromatography,[30] at

varying concentrations ranging from 25 to 500 mg L−1, to the
apical side led to a dose-dependent inhibition of the basolateral
transport of glucose (Figure 2A). The maximal inhibitory effect
was reached in cells treated with a concentration of 500mg L−1 of
cGLE in the apical chamber. Interestingly, glucose transport was
also inhibited in a time-dependent manner and did not appear to
be constant over time, as the maximal inhibitory effect (�60%)
occurred 1 h after cGLE addition and decreased to �50% after
4 h.
A prerequisite for effective inhibition of intestinal glucose

transport is the stability of the respective substance against degra-
dation processes occurring in the digestive tract. Otherwise, a
loss of bioactive function is very likely. For this purpose, we sim-
ulated digestive processes by incubating the cGLE (100 mg L−1)
with intestinal or gastric juice for 2 h, followed by glucose trans-
port experiments. Digestive juice treatment of cGLE resulted in
a slightly reduced glucose transport inhibition compared to ex-
periments with undigested cGLE. However, digested extracts still
exhibited a prominent inhibitory activity compared to untreated
cells (Figure 2B).

3.3. Inhibition of Glucose Transport by cGLE under Sodium-Free
Conditions in Caco-2 Cells

The same experiments as described in Section 3.2 were repeated
under sodium-free conditions. Sodium chloride inHEPES buffer
was replaced by potassium chloride. We expected SGLT1 inac-
tivity and exclusive GLUT2-mediated apical and basolateral glu-
cose transport under these conditions.[19] Compared to sodium-
dependent conditions (Figure 2B; 100 mg L−1 cGLE, �31% inhi-
bition after 30 min and �22% after 3 h), cGLE showed a signifi-
cantly higher inhibitory effect (100 mg L−1 cGLE, �74% after 30
min and 68% after 3 h), similar to the known GLUT2 inhibitor
phloretin (100 mg L−1 phloretin, �79% inhibition after 30 min
and 77% after 3 h) (Figure 3). These results indicate that GLUT2
is the primary apical surface target of cGLE, and the absence of
sodium does not greatly affect the pattern of inhibition.
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Figure 2. Effects of cGLE on intestinal glucose transport inhibition under sodium-dependent conditions. Caco-2 cells were grown on collagen-coated
0.4 μm transwell inserts for monolayer formation and fast differentiation. On days 5–7, glucose transport across the cell monolayer was quantitated.
Cell culture medium with 2.1 g L−1 glucose and 1.0 g L−1 xylitol was placed as donor solution in the apical compartment. Samples were collected
from the basolateral compartment (HEPES buffer) at the respective time points. Glucose concentration of the samples was measured by HPLC. A)
Dose-dependent inhibition of intestinal glucose transport across the Caco-2 monolayer by cGLE at indicated concentrations. B) Determination of the
remaining effect of cGLE on intestinal glucose transport after intestinal or gastric juice incubation. A total of 100 mg of cGLE was dissolved in 1 mL of
intestinal or gastric juice for 2 h at 37 °C and diluted to a final concentration of 250 mg L−1 in culture medium with 2.1 g L−1 glucose and 1.0 g L−1

xylitol, and the transport study was carried out as described. Error bars are based on the standard error of the mean (n = 10 inserts, measured on 5
different days).

Figure 3. Inhibitory effect of cGLE on glucose transport under sodium-free
conditions. Caco-2 cells were grown on collagen-coated 0.4 μm transwell
inserts for monolayer formation and fast differentiation. On days 5–7, glu-
cose transport across the cell monolayer was quantitated. HEPES buffer
(sodium chloride was replaced with potassium chloride) with 2.1 g L−1

glucose and 1.0 g L−1 xylitol as well as the indicated extract (100 mg L−1)
was used as a donor solution in the apical compartment. Samples were
collected from the basolateral compartment (HEPES buffer) at the respec-
tive time points. Glucose concentration of the samples was measured by
HPLC. Error bars are based on the standard error of the mean (n = 10
inserts, measured on 5 different days).

3.4. Guava Leaf and Fruit Extracts Inhibit Intestinal Glucose
Transport in Caco-2 Cells

Leaf and fruit extracts have been reported to affect blood glu-
cose levels[24,26,27,29]; however, detailed mechanisms remain to be
elucidated. Based on the identified inhibitory effects of cGLE on
glucose transport in Caco-2 cells, we next investigated the influ-
ence of aGLE and two differently prepared fruit extracts (GFEEtOH
and GFESFE). Especially guava fruit extracts are of pivotal interest
as there is hardly any relevant information available. GFEEtOH is
an ethanolic extract that was concentrated by rotary evaporation,
whereas GFESFE was concentrated via supercritical fluid extrac-
tion. Compared to cGLE, both GLE (100 mg L−1) and GFEEtOH

(100 mL L−1) showed reduced but significant inhibitory proper-
ties that occurred in a time-dependent manner with an extent
of �30–40% (30 min) to �10% (3 h) (Figure 4A). Interestingly,
GFESFE (100 mL L−1) exhibited the most prominent inhibitory
property with a maximum glucose transport inhibition of �87%
(30 min). This even exceeded the inhibitory effect of the well-
known SGLT1 and GLUT2 inhibitor phloretin (Figure S1, Sup-
porting Information).

3.5. Additive Inhibitory Effect of Guava Extract and AE

Polyphenol-rich AE has been reported to effectively inhibit in-
testinal glucose transport[19] and to reduce postprandial blood
glucose levels.[21] Here, we further investigated possible additive
effects of a commercially available AE with the minor powerful
inhibitory effect of GLE and GFEEtOH on glucose transport to de-
termine whether extract combinations can enhance inhibitory
properties. For this purpose, cells were treated with guava extract
and AE in various combinations (Figure 4B). AE alone showed a
similar inhibitory potential asGLE (�35% inhibition after 30min
and 10% after 3 h), but in combination with GLE and GFEEtOH,
glucose transport inhibition could be further increased by�20%
when compared to conditions with single extracts.

3.6. Guava Extracts Diminish the Postprandial Glucose
Response in C57BL/6N Mice

To prove that the putative antidiabetic properties of guava leaf
and fruit extracts in a physiological context, we next investigated
the influence of guava extract administration on the postpran-
dial glucose response in mice. For these experiments, cGLE and
GFESFE were chosen because these extracts seemed to be the
most promising candidates with regard to glucose transport in-
hibition in the Caco-2 cell model. To assess the effects of the 12-h
starvation period on the mouse physiology, body weight and
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Figure 4. Efficacy of different guava extracts on inhibition of glucose transport and additive effect of AE. Caco-2 cells were grown on collagen-coated 0.4
μm transwell inserts for monolayer formation and fast differentiation. On days 5–7, glucose transport across the cell monolayer was quantitated. Cell
culture medium with 2.1 g L−1 glucose and 1.0 g L−1 xylitol as well as the indicated extract was placed as a donor solution in the apical compartment.
Samples were collected from the basolateral compartment (HEPES buffer) at the respective time points. Glucose concentration of the samples was
measured by HPLC. A) Comparison of glucose transport-inhibiting properties of different guava extracts. A total of 100 mg L−1 indicated guava leaf
extracts (GLE and cGLE) and 100 mL L−1 guava fruit extract (GFEEtOH and GFESFE) were tested. B) Synergistic effects on glucose transport inhibition
by combined treatment with AE (100 mg L−1). Error bars are based on the standard error of the mean (n = 10, measured on 5 different days).

blood glucose levels were determined before and after the fast-
ing period. The body weight of all animals remained stable (Fig-
ure S3A, Supporting Information), whereas blood glucose levels
slightly decreased over the fasting period (Figure S3B, Support-
ing Information). Nevertheless, both parameters were at a com-
parable level for the cohort of mice examined, and therefore, the
12-h fasting period was considered acceptable in terms of both
physiology and animal welfare.
Significant differences between the control and experimental

groups were found in the postprandial glucose response (�) at
various time points (Figure 5A). Plasma glucose levels reached
peak values 30 min after oral glucose gavage in the control
group and both experimental groups. Thereafter, glucose con-
centrations gradually declined over the remaining test period.
Significantly decreased peak blood glucose levels (�) were de-
tected for both extracts (cGLE: 21.8 ± 3.2 mg dL−1, p < 0.05;
GFESFE:12.6± 3.3mg dL−1, p< 0.01), when compared to the con-
trol group (39.5 ± 4.9 mg dL−1) (Figure 5B). Based on the post-
prandial glucose response, mean areas under the curve (�AUCs)
were calculated for all three experimental groups. Again, cGLE
and GFESFE resulted in a significantly decreased �AUC when
compared to the glucose control group (Figure 5C).

3.7. Identification and Quantitation of Polyphenols in Guava
Extracts and AE

Based on the reported glucose transport inhibitory properties
of polyphenols,[16–20] in this study, we analyzed the polypheno-
lic content of guava extract and AE using HPLC. First, com-
pounds were identified using mass spectrometry and UV spec-
tra followed by quantitation using calibration curves of relevant
standards. Except for GFESFE, up to 16 polyphenolic compounds
were identified and quantified depending on extract purity and
concentration in the guava leaves and fruit extracts: phloridzin
and phloretin (dihydrochalcone derivates), quercetin, quercitrin,
isoquercitrin, hyperoside, avicularin and guaijaverin (flavonols),
procyanidin B1 and B2, (+)-catechin, (−)-epicatechin, gallocat-

echin, epicatechin gallate (flavan-3-ols), and gallic and ellagic
acid (hydroxybenzoic acids). Isoquercitrin and hyperoside val-
ues are presented as the sum of both. Representative HPLC-
DAD diagrams, indicating retention times and maximal wave-
lengths of each compound, are shown in Figure 6 for (A) cGLE,
(B) GLE, (C) GFEEtOH, and (E) GFECO2. Table 1 summarizes the
content of identified polyphenolics in respective guava extracts.
cGLE is especially rich in flavonols (�2609 mg L−1), with guai-
javerin (728 mg L−1) and quercetin (698 mg L−1) as the main
substances. All other polyphenolic groups were only found at
very low concentrations. In GLE and GFEEtOH, mainly flavan-3-
ols (�850 and �595 mg L−1, respectively) and hydroxybenzoic
acids (�280 mg L−1 and�174 mg L−1) were found. Surprisingly,
in GFESFE, none of the polyphenols identified in the other guava
extracts could be verified or assigned.
In AE, 16 polyphenols, belonging to five different major

polyphenolic groups: chlorogenic acid (hydroxycinnamic acids),
phloridzin and phloretin (dihydrochalcone derivates), procyani-
din B1 and B2, (+)-catechin, (−)-epicatechin, epicatechin gal-
late, and gallocatechin (flavan-3-ols) and quercetin, quercitrin,
isoquercitrin, hyperoside, and avicularin (flavonols), were iden-
tified and quantified. In addition, the hydroxybenzoic acid el-
lagic acid was also identified. Isoquercitrin and hyperoside are
presented as the sum of both. A representative HPLC-DAD di-
agram, indicating retention times and maximal wavelengths of
each compound, is shown in Figure 6D. Table 1 summarizes the
content of identified polyphenolics in AE. Among the five investi-
gated polyphenolic groups, the flavan-3-ols groupwas found to be
the most abundant (�2780 mg L−1), with (+)-catechin being the
main compound in this group (1765 mg L−1). Hydroxycinnamic
acids represent the second largest group of polyphenols detected
in the investigated AE (�1425 mg L−1). Chlorogenic acid was
the most abundant polyphenolic substance in this group, with
a mean concentration of 1420 mg L−1. Furthermore, two dihy-
drochalcone derivates were identified: phloridzin (719 mg L−1)
and phloretin (48 mg L−1). Ellagic acid (100 mg L−1, hydroxyben-
zoic acid) and substances of the flavonol group (�490 mg L−1)
were only detected at lower concentrations compared to other
constituents.
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Figure 5. Effect of a single dose of guava leaf and fruit extract co-administered with glucose on postprandial glucose response in female C57BL/6N
mice. A) Changes (�) in mean incremental concentrations of blood glucose. B) Mean peak blood glucose levels. C) Calculated area under the curve
(�). Data are shown as the mean of n = 6 mice ± SE. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 6. HPLC-DAD chromatogram of A) cGLE, B) GLE, C) GFEEtOH, D) AE, and E) GFESFE recorded at indicated wavelengths. For peak numbers, refer
to Table 1.
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Table 1. Identification of phenolic compounds in guava and apple extracts (AE) using HPLC with DAD and Orbitrap MS.

Peak
number

Retention
time, tR [min]

Compound Mass spectrometry
[m/z]

cGLE
[mg L−1]

GLE
[mg L−1]

GFEEtOH
[mg L−1]

GFESFE
[mg L−1]

AE
[mg L−1]

Hydroxycinnamic acids

5 14.6 Chlorogenic acid 354.0957 n.d. 47 14 n.d. 1420

Dihydrochalcone derivates

14 31.8 Phloridzin 436.1376 35 n.d. 1.2 n.d. 719

16 43.5 Phloretin 274.0847 45 n.d. n.d. n.d. 47

Flavan-3-ols

3 12.0 Procyanidin B1 578.1430 n.d. 310 124 n.d. 252

6 16.5 Procyanidin B2 578.1430 n.d. 81 118 n.d. 312

4 13.5 (+)-Catechin 290.0797 n.d. 236 78 n.d. 1765

7 17.6 (–)-Epicatechin 290.0797 n.d. n.d. 46 n.d. 527

2 8.2 Gallocatechin 306.0746 100 215 214 n.d. 79

8 24.9 Epicatechingallate 442.0906 16 7.2 11 n.d. 97

Flavonols

13 30.1 Quercitrin 448.1012 162 2.3 20 n.d. 46

10 26.2 Isoquercitrin/hyperoside 464.0961 451 7.0 50 n.d. 129

11 28.8 Guaijaverin 434.0855 728 n.d. n.d. n.d. 29

12 29.3 Avicularin 434.0855 586 n.d. n.d. n.d. 205

15 38.5 Quercetin 302.0433 698 n.d. n.d. n.d. 112

Hydrobenzoic acids

9 25.3 Ellagic acid 302.0069 27 258 113 n.d. 100

1 5.2 Gallic acid 170.1110 2.4 21 60.9 n.d. n.d.

Total 2856 1188 855 — 5847

Single polyphenols identified in cGLE,GLE, andAE are consis-
tent with previous reports,[32,44,45] whereas the concentration and
the total amount quantitated byHPLC shows large variations due
to different extract preparation and further purification steps. To
our knowledge, a detailed single polyphenol analysis for guava
fruit extracts has not yet been published.

4. Discussion

Caco-2 monolayers are commonly used in basic research and in
the pharmaceutical industry as an in vitro model of the human
small intestinal mucosa to predict the absorption of adminis-
tered drugs.[46–48] Here, we used this model to study the influ-
ence of guava extracts on intestinal glucose transport across the
Caco-2 monolayer. A prerequisite for the simulation of in vivo in-
testinal processes are differentiated cell monolayers expressing
tissue-typical cell membrane and transport proteins.[49] Several
strategies have been reported that mainly vary in differentiation
time, ranging from 3 days[50–52] to up to 3 weeks,[50,53] and media
supplements. Due to this inhomogeneity of differentiation pro-
tocols, we set up a well-characterized Caco-2 monolayer model
based on fast differentiated cells (within 5–7 days) to minimize
cell culture periods and maximize experimental throughput.
Based on gene expression analysis of various sugar transporters
(GLUT2, GLUT5, and SGLT1) as well as tight junction proteins
(CLDN1, CLDN3, and OCLN), we could clearly show that a suffi-
cient amount of relevant proteins are expressed upon shortened

differentiation time (Figure S2, Supporting Information). We are
aware that based on relative expression, no direct correlation be-
tween total amounts of mRNA can be drawn. However, distinct
conclusions can be obtained by comparing theCt values obtained
from qPCR (Table S2, Supporting Information), which indicate
stable and comparable target expression already from differen-
tiation days 2–7. Furthermore, based on literature, we defined a
TEER value exceeding a blank transwell membrane by 300 Ω as
the minimum prerequisite for all experiments. Furthermore, we
set the maximum threshold ratio (glucose:xylitol) for cumulative
xylitol diffusion to be 10:1 within 4 h, as xylitol has been reported
not be absorbed in the lumen in large amounts.[40,41] In contrast,
cumulative glucose transport within 4 h experiment time was de-
fined to be between 300 and 400 mg L−1 buffer solution. In addi-
tion, we used the known SGLT1 and GLUT2 inhibitors phloretin
and phloridzin[42,43] to further prove the use of fast-differentiated
Caco-2 cells for studying intestinal glucose transport.
The influence of dietary polyphenols on sugar absorption

and digestion has been extensively studied.[54] Several reports
have indicated that single polyphenols inhibit glucose and fruc-
tose transport by interacting with sugar transporters in var-
ious ways.[18,55–58] Furthermore, several polyphenol-rich plant-
and fruit-derived extracts have been reported to effectively in-
hibit intestinal glucose uptake and transport.[15,17,19,59–64] In this
context, as GLEs are rich in polyphenols,[30,44,65] they were
shown to have antihyperglycemic properties by acting via vari-
ous mechanisms.[24–27] However, inhibition of intestinal glucose
transport by GLEs has not yet been investigated. Furthermore,
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the role of guava fruit extracts is currently unknown in this re-
gard. We, therefore, investigated the intestinal glucose transport
inhibition properties of different guava leaf and fruit extracts in
the Caco-2 cell model. Here, we provide the first evidence that
both guava leaf and fruit extracts are able to reduce intestinal
glucose transport. As GLUT2 and SGLT1 are the main trans-
porters for glucose in the small intestine,[54] reduced glucose
flux is most likely caused by direct inhibition of those trans-
porters in Caco-2 cells. This assumption is in line with a previ-
ous study, where polyphenol-rich fruit extracts were shown to in-
hibit GLUT2 and SGLT1.[19] Nevertheless, a possible influence
on other transporters cannot be completely excluded, and the
subcellular site of inhibition still needs to be determined. How-
ever, variation of sodium concentration in transport experiments
suggests that the inhibition of GLUT2, which is the major glu-
cose transporter under sodium-free conditions and high lumi-
nal glucose concentrations,[12] by cGLE is greater than inhibition
of SGLT1 (Figure 3). cGLE is especially rich in flavonols, which
were previously reported to specifically inhibit glucose transport
via GLUT2 in Xenopus laevis oocytes.[18] Glucose transport inhi-
bition could be further increased by combinatorial application of
guava leaf/fruit and polyphenol-rich AE (Figure 5). Our data in-
dicate that flavonols have more prominent glucose transport in-
hibition properties than flavan-3-ols, as the flavonol-rich cGLE is
more effective than the flavan-3-ol-rich GFEEtOH, GLE, and even
AE at comparable experimental extract concentrations. By com-
bining flavan-3-ol-rich guava extract and AE, a similar additive in-
hibitory effect could be achieved. However, further experiments
are necessary to unravel the detailed molecular inhibition mech-
anisms as well as to identify the individual bioactive polypheno-
lic fractions. Digestive juice treatment only led to a slightly re-
duced inhibitory effect when compared to untreated GLE (Figure
2). This indicates that putative bioactive compounds are resistant
against enzymatic degradation or that metabolites exhibit similar
inhibitory properties.
In addition to the in vitro transwell approach, we further inves-

tigated the influence of guava fruit and leaf extracts on the post-
prandial glucose response in vivo. Here, we could unequivocally
show that cGLE and GFESFE significantly reduce blood glucose
levels in a time-dependent manner when compared to the glu-
cose control group in C57BL/6N mice. These are the first results
reporting on a possible novel strategy for blood glucose control
by guava extracts via inhibiting intestinal glucose transport.
Phytochemical analysis of the different guava extracts demon-

strated large variations in single polyphenol composition. In
general, the identified polyphenols are consistent with previous
reports: Well-known main phenolic constituents of P. guajava
leaves include quercetin, quercitrin, isoquercitrin, guaijaverin,
avicularin, hyperoside, ellagic acid, procyanidin A and B, cate-
chin, gallocatechin, gallic acid, delphinidin, myricetin, morine,
guavinoside, guavin, and naringenin.[30,44,65] Most of these com-
pounds were also identified in guava leaf and fruit extracts in
this study (Table 1). Surprisingly, we were not able to identify
any polyphenolic compounds by mass spectrometry in GFESFE.
Polyphenolic supercritical fluid extraction has been so far only
reported for guava leaf[66] and guava seeds,[67] but to our knowl-
edge, no data are available for guava fruits. As the GFESFE exhib-
ited the most prominent inhibitory property when compared to
the other extracts in this study, we speculate that there might be

other bioactive guava fruit constituents and polyphenols that still
need to be identified and investigated.
Results from recent studies reveal evidence that GLUT2 has a

fundamental role in intestinal glucose transport across the brush
border membrane of enterocytes.[11–14] Our data indicate the po-
tential of guava leaf and fruit extracts to inhibit GLUT2 and
SGLT1 and therefore reduce intestinal glucose transport in vitro
and in vivo. Important strategies for the prevention and regula-
tion of hyperglycemia include the exploration for insulinmimetic
substances and direct manipulation of the major blood glucose
regulator GLUT4,[4,5] as well as the exploration for compounds
that reduce glucose uptake in the small intestine by inhibiting
transporters such as the SGLT1 and GLUT2.[17–20] Our results in-
dicate that consumption of not only guava leaf but also fruit ex-
tracts and functionalized beverages might be a potential source
for dietary polyphenols and other bioactive compounds that are
able to effectively inhibit glucose transport in the small intestine.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Müller, O. Höglinger, J. Weghuber, J. Food Composit. Anal. 2015, 42,
46.

[32] P. Lanzerstorfer, J. Wruss, S. Huemer, A. Steininger, U. Muller, M.
Himmelsbach, D. Borgmann, S. Winkler, O. Hoglinger, J. Weghuber,
J. Agric. Food Chem. 2014, 62, 1047.

[33] K. J. Livak, T. D. Schmittgen,Methods 2001, 25, 402.
[34] L. A. F. Afiune, T. Leal-Silva, Y. K. Sinzato, R. Q. Moraes-Souza, T. S.

Soares, K. E. Campos, R. T. Fujiwara, E. Herrera, D. C. Damasceno,
G. T. Volpato, PloS One 2017, 12, e0179785.

[35] C. V. Rynjah, N. N. Devi, N. Khongthaw, D. Syiem, S. Majaw, J. Tradit.
Complement. Med. 2018, 8, 134.

[36] T. B. Tafesse, A. Hymete, Y. Mekonnen, M. Tadesse, BMC Comple-
ment. Altern. Med. 2017, 17, 243.

[37] J. Y. Yeo, T. J. Ha, J. S. Nam, M. H. Jung, Biosci. Biotechnol. Biochem.
2011, 75, 2223.

[38] W. M. Arika, D. W. Nyamai, D. S. Agyirifo, M. P. Ngugi, E. N. M. Njagi,
J. Diabetic Complications Med. 2016, 1, https://doi.org/10.4172/
2475-3211.1000106.

[39] L. Mahraoui, A. Rodolosse, A. Barbat, E. Dussaulx, A. Zweibaum, M.
Rousset, E. Brot-Laroche, Biochem. J. 1994, 298 Pt 3, 629.

[40] M. L. Chen, N. Sadrieh, L. Yu, AAPS J. 2013, 15, 1043.
[41] I. S. Menzies, A. P. Jenkins, E. Heduan, S. D. Catt, M. B. Segal, B.

Creamer, Scand. J. Gastroenterol. 1990, 25, 1257.
[42] C. P. Corpe, M. M. Basaleh, J. Affleck, G. Gould, T. J. Jess, G. L. Kellett,

Pflugers Arch. 1996, 432, 192.
[43] L. Rossetti, D. Smith, G. I. Shulman, D. Papachristou, R. A. DeFronzo,

J. Clin. Investig. 1987, 79, 1510.
[44] E. D́ıaz-de-Cerio, V. Verardo, A. M. Gómez-Caravaca, A. Fernández-
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