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ABSTRACT: Several plant extracts rich in flavonoids have been reported to improve hyperglycemia by inhibiting digestive
enzyme activities and SGLT 1-mediated glucose uptake. In this study, helichrysum (Helichrysum italicum) and grapefruit (Citrus X
paradisi) extracts inhibited in vitro enzyme activities. The helichrysum extract showed higher inhibitory activity of a-glucosidase
(ICsy = 0.19 mg/mL) than a-amylase (ICy, = 0.83 mg/mL), whereas the grapefruit extract presented similar a-amylase and a-
glucosidase inhibitory activities (ICs, = 0.42 mg/mL and ICy, = 0.41 mg/mL, respectively). Both extracts reduced maltose
digestion in noneverted intestinal sacs (57% with helichrysum and 46% with grapefruit). Likewise, both extracts inhibited
SGLT1-mediated methylglucoside uptake in Caco-2 cells in the presence of Na* (56% of inhibition with helichrysum and 54%
with grapefruit). In vivo studies demonstrated that helichrysum decreased blood glucose levels after an oral maltose tolerance test
(OMTT), and both extracts reduced postprandial glucose levels after the oral starch tolerance test (OSTT). Finally, both extracts
improved hyperinsulinemia (31% with helichrysum and 50% with grapefruit) and HOMA index (47% with helichrysum and 54%
with grapefruit) in a dietary model of insulin resistance in rats. In summary, helichrysum and grapefruit extracts improve
postprandial glycemic control in rats, possibly by inhibiting a-glucosidase and a-amylase enzyme activities and decreasing

SGLT1-mediated glucose uptake.
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B INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a metabolic disorder that
affects different organs and tissues and is characterized by
chronically elevated levels of blood glucose due to insulin
resistance." The increasing incidence of T2DM, one of the
world’s most common chronic diseases, is primarily associated
with lifestyle-related obesity and sedentarism and is modulated
by the genetic background.”® Considering that postprandial
hyperglycemia is an early detected symptom in T2DM related to
overconsumption of carbohydrate-rich foods, consumption of
phytochemicals occurring in natural products could be a possible
strategy to control T2DM.*

Phytochemicals are non-nutritive plant compounds that have
health-protective properties. One of the most relevant families of
phytochemicals with proven health benefits is the polyphenols.
They are found in many plants including vegetables, fruits, and
grains,” being flavonoids the most prevalent phenolic com-
pounds. Epidemiological data strongly suggest that diets rich in
flavonoids are generally associated with a preventive role against
the development of chronic diseases.®”®

This situation has led to an increased interest in finding specific
natural dietary sources that could be used for treating diabetes. In
this sense, numerous studies have investigated flavonoid-rich
plant extracts that could reduce or suppress intestinal glucose
uptake through the inhibition of digestive enzyme activities.” ¢

In mammals, dietary carbohydrates are hydrolyzed by
pancreatic @-amylase and intestinal a-glucosidase enzymes.
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Hence, the inhibition of these enzymes is an interesting strategy
for the control of postprandial hyperglycemia.*'”"'® Other
approaches are directed to develop agents that inhibit intestinal
glucose uptake.'” Thus, in the intestine, glucose is absorbed
mainly by two transporters, depending on the luminal glucose
concentration. At low concentrations, glucose is transported
across the brush border membrane against a concentration
gradient by the sodium-dependent glucose transporter 1
(SGLT1). At higher concentrations, glucose is transported
mainly by the low-affinity facilitated transporter, glucose
transporter 2 (GLUT2).” Dietary flavonoids, given their relative
safety and low incidence of adverse gastrointestinal side effects,"
are candidate agents for managing postprandial hyperglycemia
due to their interactions with the intestinal a-glucosidase and
pancreatic @-amylase and the inhibition of glucose uptake.'”

In this context, there are more than 500 species of the
Helichrysum genus distributed around the world.** Plants of this
genus have been found to possess antimicrobial, antiallergic,
antioxidant, and anti-inflammatory properties.”>*' The bio-
logical activities of Helichrysum plants have been attributed to
several classes of flavonoids detected in different parts of the
plant, such as kaempferol-3-O-glucoside and other flavanones.”
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Although several studies on helichrysum and its flavonoid
content have been published, there is little information about its
potential antihyperglycemic properties.””** On the other hand,
grapefruit is an excellent source of many nutrients and
phytochemicals that contribute to a healthy diet.** Citrus
flavonoids have evidenced antioxidant, anticancer, anti-inflam-
matory, chemopreventive, and cardioprotective activities.”®
Many of the flavonoids present in grapefruit, such as hesperidin,
naringenin, and kaempferol, exhibit antidiabetic activities. In fact,
Shen et al."* have demonstrated the inhibitory effects of Citrus
flavonoids on starch digestion, whereas Pu et al.*® reported the
antihyperglycemic activity of naringenin isolated from Citrus
sinensis in an animal model.

Thus, the aim of this study was to evaluate the antidiabetic
potential of helichrysum and grapefruit extracts by determining
their postprandial antihyperglycemic effect and their inhibitory
activities on a-amylase, a-glucosidase, and SGLT-1 glucose
transporter.

B MATERIALS AND METHODS

Chemicals. Rats were fed a standard pelleted chow diet from Harlan
Ibérica (Teklad Global, Barcelona, Spain; ref 2014) or a high-fat sucrose
(HES) diet from Research Diets (New Brunswick, NJ, USA; ref
D12451). Helichrysum (Helichrysum italicum) and grapefruit (Citrus X
paradisi) extracts, as well as acarbose , were provided by Biosearch S.A.
(Granada, Spain). Porcine pancreatic a-amylase, a-glucosidase
(Saccharomyces cerevisiae), p-nitrophenyl a-p-glucopyranoside
(pPNPG), maltose, glucose, and phloridzin were purchased from Sigma
Chemicals, USA. Starch (162.14 g/mol) was purchased from Panreac.
The Caco-2 cell line PD7 clone was kindly provided by Dr. Edith Brot-
Laroche. The radiolabeled product ['*C]-a-methyl-glucoside (303
mCi/mL) was purchased from Perkin-Elmer (Life Sciences, Boston,
MA, USA).

Plant Extract Preparation. Initial enzymatic in vitro assays were
performed with plant extracts produced by accelerated solvent
extraction (ASE) using a Dionex ASE200 equipment (Dionex Corp.,
USA). Plant samples (1—5 g) were pulverized, mixed with washed sea
sand (Panreac Quimica S.A.U, Spain), and introduced into the
extraction cells, where 30 mL of the appropriate solvent at 50 °C was
added: methanol/water (3:1) and methanol/water (1:1) for Helichry-
sum italicum and Citrus X paradisi, respectively. After 3 h of incubation,
liquid extracts were filtered, concentrated, and dried by spray-drying.
Solid extracts were stored at room temperature.

UPLC-MS/MS Analyses. The extracts were previously dissolved in a
methanol/water (50:50, v/v) solution at a concentration of 10 mg/mL.
Analyses of helichrysum and grapefruit extracts were performed by
ultraperformance liquid chromatography (UPLC) and positive ion
electrospray ionization (ESI) source Z-spray with MS/MS. The MS was
operated in negative mode to analyze the phenolic compounds. The data
were acquired in selected reaction monitoring (SRM). The ionization
source working conditions were as follows: capillary voltage, 3 kV;
source temperature, 150 °C; cone gas flow rate, 80 L/h; desolvation gas
flow rate, 800 L/h; desolvation temperature, 400 °C.>” An ABEH Cis
(100 mm, 2.1 mm X 1.7 gm) column, thermostated at 30 °C, was used.
The solvents were (A) 0.2% acetic acid and (B) acetonitrile. The
absorbance was recorded at 278 and 339 nm.

In Vitro a-Amylase Activity Assay. The a-amylase activity was
determined using porcine pancreatic @-amylase solution (EC 3.2.1.1) in
the absence (control) and presence of acarbose, helichrysum, and
grapefruit extracts. The reaction mixture consisted of 40 uL of extracts at
different concentrations (range from 0.02 to 1.5 mg/mL), a-amylase
solution (S pg/mL in 0.1 M sodium phosphate buffer at pH 7.0), and 40
uL of 1% (w/v) starch solution and was incubated for 10 min at 37 °C.
After the incubation period, the reaction was stopped with 20 4L of 1 M
HCI. The reaction mixture was then diluted after the addition of 100 uL
of iodine solution (S mM I,, S mM KI), and absorbance was measured at
580 nm (Multiskan Spectrum, Thermo Scientific, USA). Inhibitory

activity was expressed as the relative absorbance difference (%) of the
test natural extracts to the absorbance change of the control sample. **

In Vitro a-Glucosidase Activity Assay. The a-glucosidase activity
was determined by measuring the release of p-nitrophenol from pNPG,
as described elsewhere.”® Briefly, 1 mg of a-glucosidase was dissolved in
100 mL of 0.1 M sodium phosphate buffer at pH 6.8, containing 200 mg
of bovine serum albumin. The reaction mixture consisted of 10 ul
extracts at different concentrations (range from 0.01 to 0.5 mg/mL),
premixed with 490 uL of sodium phosphate buffer and 250 uL of 0.5
mM pNPG, and incubated at 37 °C for S min. After incubation, 250 uL
of a-glucosidase solution was added and incubated at 37 °C for 15 min.
The reaction was stopped with 200 yL of 2 M Na,COj;. The absorbance
was measured at 400 nm on a Multiskan Spectrum spectrophotometer
(Thermo Scientific, USA) and compared to the control, which
contained 250 uL of PBS instead of natural extracts. Acarbose, a
marketed antidiabetic drug that inhibits glycoside hydrolases, resulting
in a decrease of postprandial hyperglycemia,*® was used as a positive
control of a-glucosidase inhibition.

Intestinal Digestion and Absorption Studies. Male Wistar rats
(weight 220—250 g) were obtained from the Applied Pharmacology
Research Center (CIFA) of the University of Navarra, Pamplona, Spain.
After a 1S5 h overnight fast, rats were anesthetized by intraperitoneal
injection of a mixture (4:1) of ketamine chlorohydrate (Ketolar; Merial
SA, Barcelona, Spain) and medetomidine chlorohydrate (Domtor;
Pfizer Orion, Espoo, Finland), at a dose of 0.25 mL/100 g bw. After
anesthesia, laparotomy was performed, and a segment (20 cm) of
jejunum was quickly excised, rinsed with ice-cold saline solution (NaCl
0.9%), and cut into eight segments of 2.5 cm each.

One end of the intestinal segment was tied and filled with 0.4 mL of
Krebs—Ringer—Tris buffer (KRT) composed of 1 M NaCl, 1 M KCl, 1
M CL,Ca, 0.5 M PO,H,K, 0.5 M SO,Mg, 1 M Tris, and 1 M HCI and
containing 200 mM starch or 100 mM maltose. Different conditions
were tested: without a-amylase or glucosidase enzyme (as blanks), with
the respective enzymes (0.5%), and with the enzymes plus acarbose
(0.5%), plus helichrysum extract (2%) or plus grapefruit extract (1%).
After tying the other end of the sacs, they were placed in an Erlenmeyer
containing 2.5 mL of the same KRT buffer. Sacs were incubated at 37 °C
under continuous shaking and gassed with O,; those with starch for 30
min and those with maltose for 7.5 min. After the incubation period,
KRT buffer inside and outside the intestinal sacs was collected to
measure glucose concentration using the HK-CP kit (ABX Pentra,
Montpellier, France) adapted for Pentra C200 analyzer (HORIBA ABX,
Montpellier, France). The experiment was approved by the Animal
Research Ethics Committee of the University of Navarra (04/2011).

Methylglucoside Uptake in Human Caco-2 Cells. Caco-2 cells
were maintained in a humidified atmosphere of 5% CO,—95% at 37 °C
and grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco
Invitrogen, Paisley, UK) supplemented with 10% fetal bovine serum
(FBS), 1% nonessential amino acids, 1% penicillin (1000 U/mL), 1%
streptomycin (1000 pg/mL), and 1% amphoterycin (250 U/mL). Once
the cells reached 80% confluence, they were dissociated with 0.05%
trypsin—EDTA and subcultured on 2.5 or 7.5 cm? plastic flasks at a
density of 2.5 X 10* cells cm ™. For uptake studies, the cells were seeded
at 6 X 10* cells cm™ density in 24-well culture plates. Culture medium
was replaced every 2 days. Cell confluence was confirmed by
microscopic observance. Experiments were performed 17-21 days
post seeding.>!

For the glucose uptake measurements, the Caco-2 cells were
preincubated in serum and glucose-free DMEM, 2 h before the
beginning of the experiment. After a washing with PBS, 0.5 mL of buffer
containing 0.1 mM a-methylglucoside (MG) with traces of *C MG (0.2
uCi/mL) was added to the cells. Substrate uptake was measured for 15
min in the presence and in the absence of helichrysum (0.6 mg),
grapefruit (0.24 mg), or the SGLT1 inhibitor phloridzin (0.5 mM).

Methylglucoside uptake was stopped with ice-cold free-substrate
buffer followed by aspiration. Cells were again washed twice with ice-
cold buffer and finally solubilized in 500 yL of 1% Triton X-100 in 0.1 N
NaOH. Samples (100 yL) were taken to measure radioactivity on a
Wallac 1409 liquid scintillation counter (Wallac Oy, Turku, Finland).
Methylglucoside uptake values were corrected for protein concen-
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tration, as determined by the Bradford method (Bio-Rad Protein Assay,
Bio-Rad Laboratories, Hercules, CA, USA).

Oral Tolerance Tests. Twenty-five male Wistar rats from CIFA of
the University of Navarra (Pamplona, Spain), with an initial average
weight of 210 g + 12, were randomly distributed into five groups (n =S5/
group) and fasted for 15 h, with free access to water. These rats were
orally administered by gastric intubation (S mL/kg bw) either water,
vehicle, or natural extracts as follows: (1) control, water; (2) vehicle,
starch, maltose, or glucose, 2 g/kg bw in a 30% w/v solution; (3)
acarbose, vehicle in a 30% w/v solution and S mg/kg bw acarbose; (4)
helichrysum, vehicle in a 30% w/v solution and 1 g/kg bw helichrysum;
and (5) grapefruit, vehicle in a 30% w/v solution and 0.5 g/kg bw
grapefruit. Glycemia was measured before (0 min) and after the oral
administration (30, 60, 90, 120, and 180 min) by venous tail puncture
using a glucometer and blood glucose test strips (Optium Plus, Abbott
Diabetes Care, Witney Oxon, UK). The glucose content was expressed
as milligrams per deciliter, and the areas under the curve (AUC) were
calculated according to the formula

AUC_ 150min = 30 X [G30 + Gy + Gop + Gip
+ (Gp + (Gygo x 2)/2]

Glucose and Insulin Levels in Insulin-Resistant Rats. Thirty-
eight male Wistar rats from CIFA of the University of Navarra
(Pamplona, Spain), with an initial average weight of 260 g + 11, were
kept in an isolated room exposed to a temperature between 21 and 23
°C, controlled humidity (50 + 10%), and a 12 h:12 h artificial light/dark
cycle with water and food ad libitum. The experimental protocol was
approved by the Animal Research Ethics Committee of the University of
Navarra (04/2011).

The animals were randomized into two groups: control (n = 8) and
HFS (n = 30). During 22 days, rats had ad libitum water and food access
(standard chow diet and HFS diet, respectively). Subsequently, the rats
fed the HFS diet were divided into three groups: HES nonsupplemented
(n=10), HFS supplemented with helichrysum extract (2 g/kg bw) (n =
10), and HES supplemented with grapefruit extract (1 g/kg bw) (n =
10). After 3S days (S weeks) of supplementation, rats were sacrificed,
trunk blood was collected, and serum was obtained for analysis of
glucose and insulin. Glucose was measured using the HK-CP kit (ABX
Pentra, Montpellier, France) adapted for the Pentra C200 analyzer
(HORIBA ABX, Montpellier, France), whereas insulin was quantified
with a specific ELISA kit following the protocol described by the
manufacturer (Linco Research, St. Charles, MO, USA). Insulin
resistance was evaluated by the homeostasis model of insulin resistance
(HOMA-IR) formula:

[serum glucose level (mmol/L) X insulin level (pfU/mL)/22.5]

Statistical Analysis. All of the results are expressed as the mean +
standard deviation of the mean (SD). Statistical significance of
differences among the groups was evaluated using a one-way ANOVA
test followed by Dunnett’s post hoc test or the nonparametric Kruskal—
Wallis test followed by the U Mann—Whitney test. A level of probability
of p < 0.05 was set as statistically significant. All analyses were performed
using SPSS 15.0 packages of Windows (Chicago, IL, USA).

The concentration giving 50% inhibition (ICy,) was calculated by
nonlinear regression. The dose—response curve was obtained by
plotting the percentage inhibition versus concentration.

B RESULTS

Composition of Helichrysum and Grapefruit Extracts.
The quantification of the phenolic compounds in the two
extracts (helichrysum and grapefruit) was performed by UPLC-
MS/MS and is reported in Table 1. The major phenolic
compound in helichrysum extract was kaempferol-3-O-glucoside
(134 g/kg dried weight), but also high concentrations of
chlorogenic acid-3-O-glucoside (2.5 g/kg dried weight),
naringenin-7-O-glucoside (3.9 g/kg dried weight), and naringe-
nin diglycoside (1.2 g/kg dried weight) were found. The most

Table 1. Quantification (mg/kg extract) of Phenolic
Compounds in Helichrysum and Grapefruit Extracts

phenolic compound helichrysum  grapefruit

phenolic acids

gallic acid 7.3 10.9
caffeic acid 67.3 20.2
chlorogenic acid 1039 109
chlorogenic acid-3-O-glucoside 2515 40.2
flavonoids
flavanones
naringenin 230 1000
naringenin-7-O-glucoside 3892 219
naringenin diglycoside 1188 108
naringenin-7-O-rutinoside 37 5234
(narirutin)
naringenin-4’-glucoside-7-rutinoside 0.03 83
hesperidin 11 711
flavonols
kaempferol 7 nd”
kaempferol-3-O-glucoside 13375 6
kaempferol rutinoside 434 54193
myricetin glucoside 652 7
flavones
metoxiluteolin 0.8 0.03
flavanols
epigallocatechin nd nd
epigallocatechin-3-O-gallate 29 4

“nd, not detected.

abundant phenolic compounds found in grapefruit extract were
kaempferol rutinoside (54.2 g/kg dried weight), which is a
flavonol, and naringenin-7-O-rutinoside (5.2 g/kg dried weight),
a flavanone.

a-Amylase and a-Glucosidase Inhibitory Activities.
Helichrysum and grapefruit extracts showed in vitro a-amylase
and a-glucosidase inhibitory activities. For example, the ICg,
values in a-glucosidase inhibition assays were 0.19 mg/mL for
helichrysum and 0.41 mg/mL for grapefruit (Table 2).
Helichrysum reduced a-glucosidase activity by 9.3% and
grapefruit by 15.5% at a concentration of 0.1 mg/mL, whereas
acarbose-induced inhibition was 92.7%. As shown in Table 2,
both extracts also inhibited a-amylase activity in vitro. However,
helichrysum extract showed higher IC;, values for a-amylase
than for a-glucosidase.

Table 2. Inhibitory Activity (ICs,) of Helichrysum and
Grapefruit Extracts against a-Amylase and @-Glucosidase,
Using Starch and pNPG as Substrates, Respectively (n = 2)

a-amylase (ICs,) a-glucosidase (ICs,)

acarbose (yg/mL) 4.17 + 0.01 6.91 + 0.01
helichrysum (mg/mL) 0.83 + 0.05 0.19 + 0.01
grapefruit (mg/mL) 0.42 + 0.06 0.41 + 0.01

Effects of Extracts on in Vitro Intestinal Digestion and
Absorption of Carbohydrates. The starch and maltose
digestion was evaluated by using noneverted intestinal sacs and
measuring glucose levels at both sides of the sacs. In these
conditions, the activity of a-amylase was not inhibited in the
presence of helichrysum or grapefruit extracts (Figure 1A).
However, when the glucose levels were measured in the
basolateral side of the sacs (glucose liberated from the starch
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Figure 1. In vitro digestion and absorption studies using noneverted intestinal sacs with 200 mM starch (A, C) and with 100 mM maltose (B, D) as
substrates, in the presence and in the absence of helichrysum extract (2%), grapefruit extract (1%), and acarbose (0.5%). Results are expressed as the
mean =+ SD. Statistical analysis was performed using the ANOVA test, and Dunnett’s test was used to analyze differences in the mean of each group with
control group (normalized to 1). (A, C) n =12, (B, D) n = 6. %, p < 0.0S; s, p < 0.001.

that was transported from the intestinal lumen to the basolateral
side), lower levels of glucose were detected in the presence of
both extracts (p < 0.0S, Figure 1C), suggesting that helichrysum
and grapefruit extracts may have inhibitory activities on the
intestinal glucose transporters, such as SGLT1. With regard to
the intestinal a-glucosidase inhibitory activity, both extracts
reduced the amount of glucose liberated from maltose inside the
sacs, which means that the two extracts significantly inhibited the
activity of intestinal maltase—glucoamylase (Figure 1B). Like-
wise, in the basolateral side, helichrysum and grapefruit extracts
significantly reduced glucose uptake (57 and 46%, respectively)
up to similar levels to those found for acarbose (Figure 1D).

Inhibition of SGLT1-Mediated Methylglucoside Up-
take in Caco-2 Cells. In response to the above results, it was
investigated whether helichrysum and grapefruit extracts could
inhibit the uptake of 0.1 mM MG, a specific substrate of SGLT 1.
In this case, phloridzin (an SGLT1 inhibitor) was used as a
positive control. As shown in Figure 2, both phloridzin and
helichrysum inhibited MG uptake (56 and 54% respectively),
whereas the inhibitory effect of the grapefruit extract was lower
(29%). These findings strongly suggest that helichrysum and
grapefruit extracts inhibited SGLT1-mediated methylglucoside
uptake in enterocytes.

Effects of the Extracts on Postprandial Hyperglycemia
in Rats. Oral carbohydrate (starch, maltose, and glucose)
tolerance tests analyzed the effects of the extracts on postprandial

12015
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Figure 2. Inhibitory effects of helichrysum (0.6 mg) and grapefruit (0.24
mg) extracts on SGLT1-mediated MG uptake in Caco-2 cells. Results
are expressed as the mean =+ SD. Statistical analysis was performed using
the ANOVA test, and Dunnett’s test was used to analyze differences in
the mean of each group with control group. Control and phloridzin n =
6; helichrysum and grapefruit n = 15. %, p < 0.01; *#3, p < 0.001.

hyperglycemia in an in vivo animal model (Figure 3). In the oral
starch tolerance test, the administration of both extracts and
acarbose induced a significant reduction of blood glucose levels
(at different times of the test) when compared with the vehicle
group (Figure 3A). In the oral maltose tolerance test,
helichrysum induced a significant decrease in postprandial
glucose levels when the AUC was measured (Figure 3B), but
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Figure 3. Effects of helichrysum and grapefruit extracts on blood glucose levels after oral (A) starch, (B) maltose, and (C) glucose administration in male
Wistar rats. Results are expressed as the mean + SD. Statistical analysis was performed using nonparametric variable (Kruskal—Wallis) followed by the U
Mann—Whitney to test differences in the mean of each group (starch, maltose, and glucose) with vehicle (water) group. n = S. %, p < 0.05; s:, p < 0.01
(acarbose); #, p < 0.0S; ##, p < 0.01 (helichrysum); $, p < 0.05; $$, p < 0.01 (grapefruit).

Table 3. Serum Glucose and Insulin Levels after S Weeks of Supplementation with Helichrysum and Grapefruit Extracts in a Rat
Model of Insulin Resistance®

groups

control (standard diet) HES nonsupplemented HES + helichrysum HES + grapefruit
glucose (mmol/L) 5.5+03 6.1+08 5.6+0.S5 5.6+08
insulin (4/U/mL) 121 + 5.2% 24.1 + 152 144 + 4.4% 122 + 4.9*
HOMA index 2.7 + 1.0** 6.8 +4.6 3.6 +1.3% 3.0 &+ 1.2%*

“Results are expressed as the mean + SD. Statistical analysis was performed using the ANOVA test, and Dunnett’s test was used to analyze
differences in the mean of each group with the nonsupplemented group. *, p < 0.05; **, p < 0.01.

no significant differences were found in the grapefruit group. Furthermore, the HOMA index, which is an indicator of insulin
Finally, in the oral glucose tolerance test, the administration of resistance, was significantly lower after the treatment with
acarbose, as expected, had no effect when compared with the helichrysum (p < 0.05) and grapefruit (p < 0.01) extracts (47 and
vehicle group (Figure 3C). However, helichrysum and grapefruit 54%, respectively, Table 3).

extract administration slightly decreased plasma glucose levels 30

min after oral administration, being statistically significant (p < B DISCUSSION

0.05) in the grapefruit group (Figure 3C).

. The results of this study demonstrate that helichrysum and
Effects of the Extracts on Serum Glucose and Insulin

grapefruit extracts are able to improve postprandial glycemic

Levels in Insulin Resistant Rats. The dietary supplementation control in rats by reducing glucose absorption in the gastro-
with helichrysum and grapefruit extracts during § weeks resulted intestinal tract. Helichrysum extract inhibited the activity of a-
in a decrease of serum insulin levels in rats with diet-induced glucosidase in in vitro studies, being less effective for a-amylase,
insulin resistance (31 and 50%, respectively, Table 3). and also inhibited a-glucosidase activity in intestinal sacs.
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Grapefruit extract inhibited both digestive enzymes in in vitro
studies (with a similar ICsy) and also a-glucosidase activity in
intestinal sacs. In rats, both extracts induced a reduction of
postprandial hyperglycemia after an oral starch tolerance test and
a decrease of hyperinsulinemia in insulin-resistant animals.

To precisely understand the mechanism of the digestive
enzyme inhibitory activity, we analyzed by HPLC the phenolic
compounds present in the extracts, particularly flavonoids and
glycosidic flavonoids (Table 1). In previous investigations,
several authors have reported that different natural sources
containing flavonoids and glycosidic flavonoids are able to inhibit
digestive enzyme activities in vitro.'> In this sense, Goto et al.”
investigated the effects of tiliroside, a glycosidic flavonoid found
in strawberries, and observed an a-amylase inhibitory activity
that delayed carbohydrate digestion, as well as a reduction of
SGLT1 and GLUT2-mediated glucose uptake in enterocytes.
The most abundant flavonoid found in our helichrysum extract
was kaempferol 3-O-glucoside. In this sense, Pereira et al.>*
showed an in vitro inhibitory effect of kaempferol on a-
glucosidase activity, and Matsui et al.> also reported in vitro and
in vivo the inhibition of a-glucosidase by kaempferol. However,
there are few studies about the inhibitory effect of Citrus
flavonoids on digestive enzyme activities. In this context, Shen et
al.'"* found that Citrus flavonoids may not be effective as a-
amylase and a-glucosidase digestive enzyme inhibitors because
of the low percentage of inhibitory activity.

On the basis of these results, we speculate that the presence of
flavonoid glycosides might have contributed to the inhibitory
effect on digestive enzymes, although the role of other
compounds cannot be discarded. Our results showed different
responses to natural extracts depending on the assay model. In
vitro, helichrysum and grapefruit extracts significantly inhibited
a-glucosidase activity, which is in agreement with other results
showing that extracts rich in flavonoids can inhibit the activity of
this enzyme.""'*** Moreover, other flavonoid-rich extracts can
also contribute to reduce glucose uptake by modifying the
activity of other carbohydrate-digestive enzymes. For instance,
Grussu et al."® showed that extracts from berries had a-amylase
inhibitory activity in vitro. In contrast, our results showed that
both extracts (helichrysum and grapefruit) are more effective
inhibiting a-glucosidase than a-amylase in vitro, which is in
accordance with the results reported by Rubilar et al.*® It could be
possible that interactions between some compounds occurring in
the extracts, such as flavonol and flavanone derivatives,
potentiated the inhibitory activity on digestive enzymes.
Therefore, the identification of those natural compounds with
high a-glucosidase but lower a-amylase inhibitory activity could
help to prevent certain side-effects resulted by the nonspecific
inhibition of a-amylase and that are mediated by the excessive
accumulation of undigested carbohydrates in the large
intestine.'!

To further study the mechanisms responsible for the health
properties of our extracts, ex vivo intestinal digestion and
absorption studies were performed. We have taken into account
three reasons to choose the doses: first, the translation of the
doses to human nutrition, which are required to remain within
certain limits; second, the doses that other authors have used
with similar extracts; third, in vitro testing of different
concentrations of 10 L extracts that served to find the amylase
inhibitory activity (range from 0.02 to 1.5 mg/mL) and the
glucosidase inhibitory activity (range from 0.01 to 0.5 mg/mL).
As the amylase inhibitory activity was lower for the helicrysum
extract (Table 2) and the total amount of flavonoids was lower in

helichrysum (Table 1), we decided to use higher doses of
helichysum extract in the determinations in noneverted intestinal
sacs, Caco-2 cells, and rats. The results in noneverted intestinal
sacs suggest that the extracts induce a reduction of maltose
digestion, which is in accordance with the maltase inhibitory
activity shown by both extracts in vitro. On the other hand, a clear
inhibition of starch digestion was not observed in the sacs.
However, a decrease in starch-derived glucose uptake was found
in the same experiment. The effect was lower on maltose than on
starch, which could be partially explained because maltase—
glucoamylase is an enzyme located in the gut mucosa and
because maltose digestion and absorption processes are faster
than those of starch. These results suggest that other mechanisms
could be involved. In this sense, the results in Caco-2 cells suggest
that helichrysum and grapefruit extracts can inhibit SGLT1-
mediated glucose uptake. SGLT1 is a low-capacity and high-
affinity transporter that can transport glucose against a
concentration gradient. Manzano et al.** found that apple and
strawberry extracts rich in different flavonoids inhibited glucose
uptake in Caco-2 cells. Furthermore, Rodriguez et al.*” reported
that kaempferol 3-O-a-thamnoside purified from Bauhinia
megalandra leaves inhibited glucose absorption in rat isolated
intestinal segments and suggested that this flavonol is a
competitive inhibitor of intestinal SGLT1 cotransporter.

From our results, it could be hypothesized that both extracts
not only inhibit carbohydrate-digestive enzymes but also reduce
glucose uptake by decreasing SGLT1-mediated uptake (as
demonstrated in Caco-2 cells). Previous studies have shown that
phloridzin, a plant derivative glycoside, is a specific and
competitive inhibitor of SGLT1 in the intestine.”®*" In this
sense, Lostao et al.* reported that, besides phloridzin, other
phenylglucosides can act as inhibitors of SGLT1, although it was
unclear whether the monosaccharide moiety or the aglycons
were responsible of the phenylglucoside interaction with SGLT1.
In further studies, Diez-Sampedro et al.*' demonstrated that the
structure of the aglycon determined whether or not a glucoside
was a transport substrate, an inhibitor, or a noninteracting sugar.
In fact, our results suggest that the high content of glycosylated
flavonoids in the extracts would contribute, at least in part, to the
inhibition of glucose uptake.

In the in vivo model, helichrysum and grapefruit extracts
induced a reduction of postprandial glycemia after a starch
overload, but only the helichrysum extract was able to reduce
glycemia after oral maltose administration. Thus, although
grapefruit showed strong a-glucosidase inhibitory activity in
vitro, some interactions occurring in the intestinal tract might
explain its lower inhibitory effect in vivo. Perhaps, as a-
glucosidase is sensitive to pH, changes induced by grapefruit
extract on the intestinal pH may affect the enzyme activity.""

The effect of the dietary supplementation of these extracts in a
model of insulin resistance in rats revealed an improvement in
serum insulin levels and insulin resistance after 5 weeks of
treatment. These results are in agreement with Aslan et al,** who
demonstrated the blood glucose-lowering effect of helichrysum
in diabetic rats. Concerning grapefruit, Jung et al.** observed a
decrease in blood glucose levels in db/db mice treated with Citrus
flavonoids (0.2 g/kg), whereas Molvihill et al.** found that
naringenin (3% w/w) prevented hyperinsulinemia in mice with
insulin resistance.

Overall, these results suggest that helichrysum and grapefruit
extracts have a moderate effect on improving insulin resistance by
affecting carbohydrate digestion and absorption. Although these
results are positive in an animal model, it is important to study
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the effects of both extracts in humans, where other factors, such
as genetics and microbiota, may be involved.

In the present study, some differences in the inhibitory
activities of digestive enzymes and glucose transporters were
observed. Variations in extract composition, likewise, the
susceptibility of the a-amylase and a-glucosidase enzymes and
SGLT1 glucose transporter to different conditions, can explain
the differences observed. However, these results could indicate a
synergistic action of different compounds occurring in the
extracts (including the flavonoids), as was observed when a
combination of roselle, chrysanthemum, and butterfly pea
extracts with mulberry extract showed additive interaction on
intestinal maltase inhibition.** Nevertheless, as reported in the
same study,* the interactions between different phenolic
compounds can also reduce inhibition. These differences can
also be due to the presence in the extracts of other components
that may interact with the glycosylated flavonoids present in
greater proportion. Thus, by comparison with other works, it can
be speculated that the effects may be due to flavonoids present in
the extracts, although the involvement of other compounds
cannot be ruled out.

In summary, both extracts (helichrysum and grapefruit) have
potential antihyperglycemic properties by acting on carbohy-
drate-digestive enzymes and SGLT1 glucose transporter. They
also improve insulin resistance in rats. Because we have found
positive effects of helichrysum and grapefruit extracts in vitro and
in vivo, it can be concluded that the combination of natural
compounds of the extracts can interact among them, enrich
health properties of natural foods, and provide an opportunity to
develop a novel class of natural agents to help manage glucose
metabolism, which could be included in the diet as a supplement.
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