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A B S T R A C T

This study tries to elucidate the mechanisms by which fructose rich diets (FRD) inhibit the rat intestinal Ca2+

absorption, and determine if any or all underlying alterations are prevented by naringin (NAR). Male rats were
divided into: 1) controls, 2) treated with FRD, 3) treated with FRD and NAR. The intestinal Ca2+ absorption and
proteins of the transcellular and paracellular Ca2+ pathways were measured. Oxidative/nitrosative stress and
inflammation parameters were evaluated. FRD rats showed inhibition of the intestinal Ca2+ absorption and
decrease in the protein expression of molecules of both Ca2+ pathways, which were blocked by NAR. FRD rats
showed an increase in the superoxide anion, a decrease in the glutathione and in the enzymatic activities of the
antioxidant system, as well as an increase in the NO content and in the nitrotyrosine content of proteins. They
also exhibited an increase in both IL-6 and nuclear NF-κB. All these changes were prevented by NAR. In con-
clusion, FRD inhibit both pathways of the intestinal Ca2+ absorption due to the oxidative/nitrosative stress and
inflammation. Since NAR prevents the oxidative/nitrosative stress and inflammation, it might be a drug to avoid
alteration in the intestinal Ca2+ absorption caused by FRD.

1. Introduction

The intestinal Ca2+ absorption is an active process that mainly oc-
curs in the small intestine [1]. To obtain an optimal Ca2+ absorption, it
is necessary to maintain the proper intestinal redox state [2]. The de-
pletion in the intestinal glutathione (GSH) content is associated with a
reduction in the Ca2+ transport [3], as a consequence of developing
oxidative stress, which leads to apoptosis of epithelial cells [4].
Ca2+enters the organism crossing the enterocytes (transcellular
pathway) or the intercellular spaces (paracellular pathway). The
transcellular pathway involves Ca2+ entry through the brush border
membranes (BBM or apical border), a process in which the epithelial
Ca2+ channels such as TRPV6 and TRPV5 participate; movement from
one pole to the other of the cells, which is facilitated by the calbindin
D9k (CB D9K) and the exit across the basolateral membranes (BLM),
where the plasma membrane Ca2+-ATPase and the Na+/Ca2+ ex-
changer are located to pump Ca2+ out against the electrochemical
gradient [5,6]. The paracellular Ca2+ movement occurs through the
tight junctions, and presumably involves proteins such as Cldn-2 and
Cldn-12 [7].

There is considerable evidence that fructose rich diet (FRD) causes

adverse metabolic perturbations. Many studies have demonstrated that
FRD to normal rats induces several features of the metabolic syndrome
[8,9]. In addition, it has been found that FRD inhibits intestinal Ca2+

absorption and induces vitamin D insufficiency [10,11]. The authors
claim that the inhibitory effect of fructose on intestinal Ca2+ absorption
is specific because the sugar has no affect the transepithelial Pi trans-
port and transapical glucose uptake. The underlying mechanisms of the
inhibitory effect of fructose on the intestinal Ca2+ absorption are not
completely elucidated.

Since FRD is known to cause oxidative stress and inflammation in
different tissues [12–14], it is quite possible that the inhibitory effect of
FRD on intestinal Ca2+ absorption involves exacerbation of ROS and
inflammatory cytokines, which could alter the functioning of molecules
that participate in the intestinal Ca2+ transport. If so, the use of anti-
oxidants could block or avoid, at least in part, the inhibitory action of
FRD on intestinal Ca2+ transport. Flavonoids are considered very po-
tent natural antioxidants. They are polyphenolic compounds ubiqui-
tously found in plants with positive effects against diverse pathologies
such as cancer, neurodegenerative or cardiovascular disease [15].
Among them, naringin (full name, naringenin-7-O-neohesperidin gly-
coside, NAR) is a flavanone that facilitates the removal of free radicals,
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oxidative stress and inflammation [16]. It is widely distributed in
grapefruit and other citrus as well as in Chinese herbal medicines such
as Drynaria fortunei [17], and it has interesting biological and phar-
macological actions due to its antioxidant, antiapoptotic and anti-in-
flammatory properties [18].

Based upon previous considerations, the aim of this work was to
clarify the mechanisms by which FRD causes inhibition of intestinal
Ca2+ absorption in experimental animals, and determine if any or all
underlying alterations are prevented by NAR administration.

2. Material and methods

2.1. Chemicals

All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA), unless otherwise stated.

2.2. Animals and experimental design

After weaning, male Wistar rats (150–200 g) were fed a commercial
normal rodent diet (GEPSA mouse-rat, Pilar, Buenos Aires, Argentina)
under standard conditions of humidity, temperature (20-25 °C) and
light (12 h light/12 h dark). They had access to water and food ad
libitum (control group). At two-months old, the animals were divided
into three groups: a) controls, b) FRD: the same diet plus 10% fructose
(Anedra, Research AG S.A., Buenos Aires, Argentina) in the drinking
water during 30 days, c) FRD + NAR40: three days after fructose
treatment, a group of rats received daily NAR (40 mg/kg b.w.) therapy
via subcutaneous injection (Fig. 1). After 30 days of treatment and an
overnight fast, they were weighed and killed by cervical dislocation.
The excised duodena were rinsed with cold 0.15 M NaCl and mucosa or
enterocytes were isolated, as described below. In some experiments
other NAR doses were utilized (see Results).

The studies were conducted according to the Guide for Care and Use
of Laboratory Animals. The protocol was approved by the CICUAL (Res.
07/15, Commission for Care and Use of Laboratory Animals, Facultad
de Ciencias Médicas, Universidad Nacional de Córdoba, Córdoba,
Argentina. All efforts were made to minimize the number of animals
used and their suffering.

2.3. Serum measurements

Blood samples from rats were used for serum biochemical de-
terminations. Serum glucose (Glicemia enzimática AA), triglycerides
(TG Color, GPO/PAP AA), cholesterol (Colestat enzimático AA), HDL
(HDL Cholesterol- Precipitating Reagent), LDL (LDL-Cholesterol,
monophase AA), Ca (Ca-Color AA), P (Fosfatemia UV-AA) were de-
termined using kits from Wiener Laboratorios S.A.I.C. (Rosario,
Argentina) following the manufacturer's protocol. Serum insulin was
measured by radioimmunoassay (RIA) using an anti-rat insulin

antibody (Sigma, St. Louis, Missouri, USA); the minimum detectable
concentration was 0.04 ng/mL 25(OH)D3 (Vitamin D total, Roche
Diagnostics) was measured by electro-chemiluminescence (ECLIA) im-
munoassay (Modular Analytics E1701, Roche, Mannheim, Germany)
and IL-6 by ELISA (Mouse IL-6 ELISA Set, BD OptEIA, San Diego, CA,
USA) according to manufacturer's operating protocol.

The insulin resistance was evaluated by the homeostasis model as-
sessment (HOMA-IR) as follows: HOMA-IR = serum insulin (μIU/
mL) × fasting blood glucose (mM)/22.5 [19].

2.4. Intestinal calcium absorption

Animals from different groups were anesthetized with an in-
tramuscular injection of ketamine (50 mg/kg b.w.) and xylazine
(10 mg/kg b.w), were laparotomized and a 10 cm segment of duo-
denum was ligated. One milliliter of 150 mM NaCl, 1 mM CaCl2, plus
1.85 × 105 Bq 45Ca2+, pH 7.2, was introduced into the lumen of the
ligated intestinal segment. After 10 min, blood was withdrawn by
cardiac puncture, centrifuged and the plasma 45Ca2+ was measured in a
liquid scintillation counter. Absorption was defined as appearance of
45Ca2+ in blood [2].

2.5. Duodenal cell isolation

Duodenum epithelial cells were isolated as previously described
[21]. Villus tip cells were collected by centrifugation at 500×g for
5 min, and then resuspended in an incubation medium (140 mM NaCl,
5 mM KCl, 20 mM HEPES, 1 mM MgCl2, 1 mM CaCl2 and 10 mM
glucose, pH 7.4). Alkaline phosphatase (AP, EC 3.1.3.1.) activity was
performed as a marker enzyme of cell maturation [20]. Cell viability
was assessed by the Trypan blue exclusion technique. Only mature cells
were used for the different experiments.

Abbreviations

AP alkaline phosphatase
BMI body mass index
CAT catalase
CB D9K calbindin D9k

CLDN 2 claudin 2
CLDN 12 claudin 12
DAB 3,3′-diaminobenzidine
ECLIA electro-chemiluminescence
FRD fructose rich diet
GSH glutathione
HOMA-IR homeostasis model assessment

IL-6 interleukin 6
NAR naringin
NBT nitro blue tetrazolium
NO• nitric oxide
˙O2

− superoxide anion
PMCA1b Ca2 +-ATPase
RIA radioimmunoassay
RIPA radio immuno precipitation assay buffer
SOD superoxide dismutase
TG triglycerides
TRPV6 transient receptor potential cation channel V6
VDR vitamin D receptor

Fig. 1. Schematic diagram of treatment protocol. FRD: fructose-rich diet; NAR: naringin.
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2.6. Calcium uptake

The intestinal Ca2+ uptake by enterocytes was accomplished by
using the technique of Liang et al. [21], with slight variations. An ali-
quot of 300 μL of cell suspension with 5 g of protein/L was incubated
with an uptake solution (140 mM KCl, 10 mM HEPES, 2 mM CaCl2 pH
7.4 plus 1.85 × 108 Bq/L of 45CaCl2). After 10 min, the Ca2+ uptake
was stopped with 1 mL of the same solution free of 45Ca plus 2 mM
EGTA, and the mixture was centrifuged 1 min at 10,000×g, which was
repeated twice. The final pellet was resuspended in 1 M NaOH solution.
Radioactivity was measured in a liquid scintillation counter Beckman
LS 6500 (Fullerton, Ca, USA).

2.7. AP activity assay

AP activity was performed by following an adaptation of Walter and
Schütt´s method [3]. AP was determined in water homogenates (1:10)
of intestinal mucosa using p-nitrophenyl phosphate as substrate in
0.5 M diethanolamine buffer pH 9.8. Enzyme activities are expressed in
IU/mg of protein.

2.8. Total GSH determination

Total GSH content was measured spectrophotometrically in super-
natants from intestinal homogenates using the glutathione disulfide
reductase-5,5′-dithiobis (2-nitrobenzoate) recycling procedure, as de-
scribed elsewhere [22]. The data are expressed in nmol/mg of protein.

2.9. Superoxide anion and protein carbonyl content measurements

Mature duodenal cells were washed twice with Hanks buffer
(137 mM NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4,
1.3 mM CaCl2, 1 mM MgSO4, 4.2 mM NaHCO3, 6.24 mM glucose, pH
7.4) and incubated with nitro blue tetrazolium (NBT) (1 mg/mL) at
37 °C for 1 h. The formazan precipitates formed were dissolved in di-
methylsulfoxide and quantified by spectrophotometry at 560 nm. OD
values are direct indicators of superoxide anion (˙O2

−) concentration in
the samples [23]. The protein carbonyl content was determined by
using 2,4-dinitrophenylhydrazine in an aliquot from homogenates of
scraped duodenal mucosa diluted in an isolation buffer (50.3 mM
HEPES, 127 mM KCl, 1.36 mM EDTA, 0.5 mM MgSO4, and 0.183 mM
PMSF, pH 7.4) following the procedure of Levine et al. [24]. The data
are expressed in nmol/mg of protein.

2.10. Catalase and superoxide dismutase activities

Catalase (CAT, EC 1.11.1.6) and superoxide dismutase (Mg2+-SOD,
EC 1.15.1.1) activities were performed in diluted aliquots from the
supernatants of intestinal homogenates (1:5). CAT activity was assayed
in 50 mM potassium phosphate buffer pH 7.4 and 0.3 M H2O2 [25].
Mg2+-SOD activity was determined in 1 μM EDTA, 50 mM potassium
phosphate buffer, pH 7.8, 13 mM methionine, 75 μM NBT and 40 μM
riboflavin [26]. Enzyme activities are expressed in U/mg of protein.

2.11. Nitric oxide levels

The levels of nitric oxide (NO•) were determined as total nitrate/
nitrite using the Griess reagent [27] with the modification of replacing
zinc sulfate by ethanol for protein precipitation in the homogenate
supernatant [28]. A standard curve of sodium nitrate was used
(1–10 μM). The absorbance was read at 540 nm. The data were ex-
pressed as μmol NO•/mg of protein.

2.12. IL-6 assay

IL-6 cytokine concentrations in supernatants from intestinal

homogenates were quantified by OptEIA ELISA kits (PharMingen Inc.,
San Diego, CA, USA), according to the manufacturer's instructions. In
each assay, 100 μL per well of either recombinant cytokine standards
(PharMingen Inc., San Diego, CA, USA) or intestinal supernatants were
used. Concentrations were expressed in pg/mg protein.

2.13. Preparation of nuclear fraction

Nuclear fraction was isolated from intestinal mucosa of each group
of animals by differential centrifugation. Intestinal tissue was re-
suspended in 1 mL of ice-cold buffer A (230 mM Mannitol, 70 mM
Sucrose, 1 mM EDTA, 5 mM TrisCl) and homogenized. The homogenate
was centrifuged at 1200g for 20 min at 4 °C. The supernatant was
centrifuged at 2200×g for 20 min at 4 °C, and the pellet was lysed in
1 mL of ice-cold buffer B (230 mM Mannitol, 70 mM Sucrose, 5 mM
TrisCl) and was centrifuged at 3000g for 20 min at 4 °C. The nuclei then
were extracted with 500 μL of ice-cold buffer B and were stored at
−80 °C.

2.14. Western blots analysis

Pools of mucosa from two rat duodena were done in RIPA (radio
immuno precipitation assay buffer) lysis buffer (1% SDS, 1% Triton X-
100, 0.5% sodium deoxycholate in PBS, containing 1 mM PMSF and
1 mM NaF), and then centrifuged. Protein samples (100 μg) were de-
natured for 5 min at 95 °C and fractionated in 12% (w/v)
SDS–polyacrylamide minigels for CB D9K, VDR, CLDN 2, CLDN 12 and
nitrotyrosine and in 8% (w/v) SDS–polyacrylamide minigels for the
other proteins [29]. Then, they were transferred to nitrocellulose
membranes [30]. These membranes (0.45 μm) were blocked for 1.5 h
with 2% w/v nonfat dry milk in 0.5 M Tris buffered saline solution and
incubated overnight at 4 °C with the specific primary antibody at
1:1000 dilution in each case. The antibodies were: anti-TRPV6 (poly-
clonal antibody, L-15: sc-31445 Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-CB9K (monoclonal antibody, Sigma-Aldrich, St. Louis,
MO, USA), anti-PMCA1b (human erythrocyte clone 5 F10 A7952 SIGMA
Saint Louis, MO, USA), anti-VDR (polyclonal antibody, C-20: sc-1008
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-CLDN 2 (mono-
clonal antibody, Invitrogen, Carlsbad, CA, USA), anti-CLDN 12 (poly-
clonal antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
NFκB p50 (monoclonal antibody, Santa Cruz Biotechnology, Santa

Table 1
Body weight and serum biochemical parameters.

Control FRD FRD + NAR

Body weight gain (g) 44.33 ± 6.32 80.36 ± 5.37# 60.36 ± 5.95
BMI (kg/m2) 5.48 ± 0.09 6.58 ± 0.15* 5.52 ± 0.11
Waist circumference

(cm)
16.26 ± 0.16 19.10 ± 0.17* 16.68 ± 0.18

Serum Glucose (mg/dL) 136.67 ± 0.07 141.88 ± 0.04 142.25 ± 0.05
Serum Insulin (ng/mL) 1.47 ± 0.08 2.13 ± 0.08* 1.58 ± 0.05
HOMA-IR 5.12 ± 0.32 7.41 ± 0.31* 5.78 ± 0.26
Total cholesterol (mg/

dL)
106.66 ± 6.52 105.50 ± 3.94 100.87 ± 5.16

HDL-C (mg/dL) 35.42 ± 2.08 24.33 ± 1.21* 33.75 ± 1.74
LDL-C (mg/dL) 8.18 ± 0.97 8.42 ± 0.41 8.41 ± 0.67
TG (mg/dL) 87.00 ± 8.00 162.50 ± 6.31* 88.25 ± 2.74
TG/HDL-C 2.45 ± 0.17 6.67 ± 0.35* 2.61 ± 0.18
Serum Ca (mg/dL) 9.65 ± 0.11 9.77 ± 0.05 9.83 ± 0.25
Serum P (mg/dL) 5.88 ± 0.18 5.50 ± 0.05 5.50 ± 0.22
25(OH)D3 (ng/mL) 10.39 ± 0.48 13.37 ± 1.12 13.77 ± 1.32
Serum IL-6 (pg/mL) 19.22 ± 1.59 21.10 ± 7.39 20.12 ± 7.43

Values are expressed as means ± S.E. from 8 rats for each experimental condition;
*p < 0.001 vs control and FRD + NAR; #p < 0.05 vs control and FRD + NAR. FRD:
fructose rich diet; NAR: naringin; BMI: body mass index; HOMA-IR: homeostasis model
assessment; HDL-C: high density lipoprotein - cholesterol; LDL-C: low density lipoprotein
– cholesterol; TG: triglycerides; IL-6: interleukin 6.
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Cruz, CA, USA), and anti-nitrotyrosine (monoclonal antibody, Santa
Cruz Biotechnology, Santa Cruz, CA, USA). After incubation with the
primary antibody, membranes were incubated with secondary bioti-
nylated antibodies for 1 h at room temperature. Then, the blots were
washed three times and streptavidin - biotin conjugate (Histostain-SP
Broad Spectrum, Invitrogen CA, USA) was added. Antigen-antibody
complexes were visualized by using 3,3′-diaminobenzidine (DAB) as a
chromogen. Monoclonal antibody anti-β-actin (monoclonal antibody,
BD Biosciences PharMingen, San Jose, CA, USA), was used to detect β-
actin as a marker to normalize the relative expression of the other
proteins. The band intensities were quantified using an Image Capturer
EC3 Imaging System, Launch VisionWorks LS software (Life Science,
Cambridge, UK) in order to obtain the relative expression of proteins.

2.15. Statistics

All results were expressed as means ± S.E. and were analyzed by
one way analysis of variance (ANOVA) and the Bonferroni's test as a
post hoc test. Differences were considered statistically significant at
p < 0.05. Statistical analysis was performed using SPSS software
(version 22.0) for Windows 8.1 (SPSS, Inc., Chicago, IL, USA).

Fig. 2. Effect of FRD, FRD + NAR (10, 40, 80 mg NAR/kg b.w.) or vehicle on intestinal Ca2+ absorption in male rats. A) One milliliter of 150 mmol/L NaCl, 1 mmol/L CaCl2, containing
1.85 × 105 Bq 45Ca2+, pH 7.2, was introduced into the lumen of the ligated intestinal segment for 10 min. Then, blood was withdrawn by cardiac puncture, centrifuged and the plasma
45Ca2+ was measured. B) Ca2+ uptake by rat enterocytes. Groups: control, FRD and FRD + NAR (40 mg NAR/kg b.w.). Values represent means ± S.E. from 8 rats for each experimental
condition. *p < 0.01 vs control and FRD + NAR.
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3. Results

3.1. Morphological parameters and serum profiles of FRD rats treated or not
with NAR

Table 1 depicts the morphological parameters and serum profiles of
FRD rats treated or not with NAR40 (40 mg/kg b.w.) as compared to
control rats. As shown, the body weight gain, the body mass index
(BMI) and the waist circumference were higher in FRD rats after 30
days of feeding in comparison with age-matched control rats. NAR40
treatment, injected daily for 4 weeks, blocked all these increments.
Serum glucose was similar in the three groups of animals. Serum insulin
and the HOMA-IR values were higher in FRD rats than in control ani-
mals, effects that were avoided by NAR40 treatment. Total cholesterol
remained unchanged as well as the LDL-Cholesterol. However, the le-
vels of HDL-Cholesterol decreased with the FRD, effect that was blocked
with NAR. Serum TG was almost double in FRD rats as compared to the
control ones, which was avoided by NAR40. Therefore, the TG/HDL-C
ratio was much higher in FRD rats, but NAR40 avoided it. Serum cal-
cium, phosphorus, 25(OH)D3 and IL-6 were similar among the three
groups.

3.2. Intestinal calcium absorption and calcium uptake

FRD rats showed partial inhibition of intestinal Ca2+ absorption
after 30 days of fructose feeding. NAR10 was unable to avoid this effect,
while NAR40 and NAR80 blocked the alteration in the intestinal Ca2+

absorption caused by fructose (Fig. 2A). Similarly, Ca2+ uptake by
mature enterocytes was partially inhibited in FRD rats, which was
avoided by NAR40 (Fig. 2B).

3.3. AP activity

The AP activity, an enzyme presumably involved in the intestinal
Ca2+ absorption, was highly inhibited by the FRD. NAR40 blocked in
part this effect, but the AP activity did not reach the control values after
4 weeks of treatment (Fig. 3).

3.4. Protein expression of molecules involved in the transcellular and
paracellular pathways of the intestinal Ca2+ absorption

Changes in the patterns of protein expression of molecules involved
in the transcellular and paracellular pathways of the intestinal Ca2+

absorption were quite similar under different conditions. FRD de-
creased the protein expression of TRPV6, CB D9k and PMCA1b, mole-
cules involved in the transcellular pathway, as well as the protein ex-
pression of molecules presumably involved in the paracellular pathway
such as CLDN 2 and CLDN 12. All these changes were blocked with

NAR40 after 4 weeks of administration. VDR protein expression was
also decreased by the FRD and NAR40 treatment increased it beyond
the control values (Fig. 4).

3.5. Analysis of the intestinal redox state

Table 2 shows the parameters related to the intestinal redox state in
FRD rats treated or not with NAR40 as compared to control rats. FRD
rats showed half of the intestinal GSH content in comparison with that
from the control rats. NAR40 administration increased the intestinal
total GSH to almost a double content of that exhibited by the controls.
˙O2

− levels were enhanced by the FRD, and the NAR40 treatment went
down the values beyond the control ones. Protein carbonyl content was
highly enhanced by the FRD, effect that was blocked by NAR40. Both
SOD and CAT activities were lower in FRD rats than those from the
control rats, but NAR40 administration avoided those responses.

3.6. Nitrergic system

The levels of intestinal NO• were increased by FRD, but NAR40
treatment blocked this effect reaching the NO• levels to values much
lower than those from the control rats. Two bands of intestinal proteins
mainly exhibited nitration of tyrosine residues. FRD highly increased
the nitrosylation of both bands of proteins. NAR 40 treatment avoided
the increment in the nitrosylation of band 2 (22 kDa), but not totally
that of the band 1 (38 kDa) (Fig. 5).

3.7. Markers of inflammation

Intestinal IL-6 content was increased by FRD, which was blocked by
the NAR40 treatment (Fig. 6A). Similarly, the protein expression of
nuclear NF-κB from intestinal mucosa was much higher in FRD rats than
in control rats; however, NAR40 treatment abolished that effect
(Fig. 6B).

4. Discussion

This is the first study showing that NAR, a flavonoid present in
grapefruit and other citrus, blocks the inhibition of intestinal Ca2+

absorption caused by FRD. The use of these diets in experimental ani-
mals is considered as a model of metabolic syndrome. In fact, we have
shown that FRD animals have morphological characteristics of this
syndrome such as overweight, high BMI and increased waist cir-
cumference and some alterations in serum such as low HDL-Cholesterol,
enhanced TG and, therefore, an elevated TG/HDL-Cholesterol ratio as
well as higher insulin levels and HOMA-IR values. We have proved that
all these variables are blocked by daily injection of NAR40 for 4 weeks.
It has also been reported that FRD provokes hyperglycemia [31–33],
but we did not detect any alteration in serum glucose in FRD rats. This
is not surprising since other investigators were not able to show changes
in the levels of serum glucose by feeding rats with FRD [9,34]. The
reasons for these discrepancies are unclear, but differences in the strain
of animals, components of the diet, time of exposure to FRD, levels of
insulin could partially explain the different outcomes. NAR changes
neither the serum glucose levels nor the serum Ca, P and calcidiol or
25(OH)D3, the precursor of 1,25(OH)2D3. Calcidiol is not even altered
by FRD. These data are in agreement with those obtained by Douard
et al. [35], who have previously found that FRD decreased the serum
levels of 1,25(OH)2D3 without perturbing the serum 25(OH)D3. The
authors suggest that fructose has no effect on the initial step of vitamin
D metabolism, but at renal level where either 1,25(OH)2D3 synthesis or
degradation occurs. We have also detected no changes in the serum IL-6
produced either by the FRD or the NAR treatment. Merino-Aguilar et al.
[36] also did not find alterations in serum IL-6 after feeding rats with
FRD. However, NAR has been observed to produce reduction of IL-6 in
the liver and primary tumor of rats with Walker 256 carcinosarcoma

Fig. 3. Intestinal alkaline phophatase activity of duodenal sac from control, FRD and
FRD + NAR (40 mg NAR/kg b.w.) rats. Alkaline phosphatase was measured in water
homogenates (1:10) of intestinal mucosa using p-nitrophenyl phosphate as a substrate in
0.5 M diethanolamine buffer pH 9.8. Values represent means ± S.E. from 6 rats for each
experimental condition. *p < 0.05 vs control and FRD + NAR; +p < 0.05 vs control.
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[37].
As expected, FRD inhibits the intestinal Ca2+ absorption and the

Ca2+ uptake by mature enterocytes. NAR40 avoids those responses
normalizing the values to control ones. NAR10 is not able to abrogate

the inhibition of intestinal Ca2+ absorption caused by FRD and NAR80
produces similar results to those from controls or NAR40. In other
words, the protective effect of NAR on intestinal Ca2+ absorption is
dose dependent to certain extension. Douard et al. [10] have also found

Fig. 4. The protein expression of TRPV6 (A), CB9K (B), PMCA1b (C), VDR (D), CLDN 2 (E) and CLDN 12 (F) was analyzed by Western blot in pool of mucosa from two rat duodenae for
each experimental condition: control, FRD and FRD + NAR (40 mg NAR/kg b.w.). Three independent experiments were accomplished. Values are expressed as means ± S.E. *p < 0.01
vs control and FRD + NAR; +p < 0.01 vs control.
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that FRD induced a significant decrease in intestinal Ca2+ uptake in
male Sprague-Dawley rats. Later on, the same group of investigators
[11] have demonstrated that chronic high fructose reduced serum
1,25(OH)2D3 levels in Ca-sufficient rodents, which was always asso-
ciated with a fructose-induced decrease in CYP27B1 expression, and
less consistently with increase in CYP24A, suggesting that fructose
might deteriorate the 1,25(OH)2D3 synthesis and enhance the renal
catabolism. In addition, they have observed that chronic fructose intake
decreases over time normal circulating levels of 1,25(OH)2D3, in-
dependently of any increased demand of Ca2+. The 1,25(OH)2D3 de-
pletion could explain, at least in part, the inhibition of intestinal Ca2+

absorption since it is the main stimulator of this process. Furthermore,
our finding that the intestinal VDR protein expression is diminished by
FRD indicates that not only the calciotrope hormone is depleted by the
diet, but also its receptor, so it contributes to reducing the intestinal
Ca2+ absorption. Surprisingly, NAR40 avoids VDR depletion and in-
creases it up beyond the control levels. The reason for this enhancement
needs to be further studied.

As known, the intestinal Ca2+ absorption occurs through the
transcellular and paracellular pathways. FRD alters the protein ex-
pression of molecules involved in the transcellular Ca2+ transport such
as TRPV6, CB D9k and PMCA1b as well as the enzyme activity of AP.
TRPV6 is a principal VDR target gene involved in the transcellular
pathway of the intestinal calcium absorption. Therefore, the reduction
in VDR protein expression caused by FRD could lead to a decrease in the
TRPV6 protein expression. CB D9k is a cytoplasmic protein acting not
only as a Ca2+ ferry from the BBM to the BLM [38], but also as a Ca2+

buffer that prevents cell death by apoptosis [39]. As FRD decreases CB
D9k expression, the deterioration in the intestinal Ca2+ absorption
could also be provoked by an increasing in apoptosis of enterocytes.
Douard et al. [10] have demonstrated that mRNA expression of CB D9k

was also downregulated by the FRD, but they did not find changes in
the gene expression of TRPV6, PMCA1 and NCX1. In this study, we have
demonstrated that FRD decreases the protein expression of duodenal
PMCA1b, which might cause a deleterious effect on the Ca2+ exit from
the enterocytes to the interstitial space. Alzugaray et al. [40] have also
demonstrated a decrease in the total PMCA activity in pancreatic islets
from FRD rats. Our data indicate that the activity of intestinal AP, an-
other molecule presumably involved in the intestinal Ca2+ absorption,
is decreased by FRD. In agreement with our data, Felice et al. [41] have
detected a decrease in the AP activity in marrow stromal cells isolated
from rats with fructose-induced MS. NAR40 is able to block the changes
caused by the FRD on the molecules from the transcellular pathway.
With regard to CLDN-2 and CLDN-12, proteins located in the intestinal
tight junctions and putative molecules from the paracellular Ca2+

pathway, it is possible to confirm that both protein expressions are
inhibited by FRD, which is blunted by NAR40. Therefore, NAR40 blocks
the inhibition of the intestinal Ca2+ absorption caused by the FRD via
protection of the proteins involved either in the transcellular or in the
paracellular pathway, perhaps as a consequence of the enhancement of
VDR which interacts with its ligand, leading to the normal content of
the proteins participating in the intestinal cation transport. Since p38α
and GADD45α have been recently reported to be involved in the

enhancement of TRPV6 expression by vitamin D [42], the participation
of those molecules in the TRPV6 response to NAR treatment is a pos-
sibility that needs to be investigated. In addition, the capacity of NAR to
increase ATP levels as shown in pancreatic β cells [43] could also
contribute to the normalization of the intestinal Ca2+ absorption, since
it is an ATP-dependent process [44].

We have previously demonstrated that the maintenance of the
steady state levels of intestinal GSH is essential to obtain an optimal
Ca2+ absorption [2,3]. The decrease in the GSH content in the intestine
from FRD rats indicates that the exacerbation of dietary fructose alters
the intestinal redox state leading to oxidative stress. The increments in
the ˙O2

− and in the carbonyl contents as well as the decreases in SOD
and CAT activities, enzymes of the antioxidant defense, result in im-
pairment of the redox equilibrium, which contributes to altering in the
intestinal Ca2+ absorption. Kanappam et al. [8] have also demonstrated
that FRD decrease the GSH content and the antioxidant enzyme activ-
ities as well as vitamin C and vitamin E levels in the liver and skeletal
muscle from rats. NAR40 is able to block all the alterations in the redox
system, which means that NAR protects the intestinal Ca2+ absorption
through its antioxidant properties. It is largely known that NAR has
antioxidant actions under oxidant conditions [45–47].

Another mechanism involved in the inhibition of intestinal Ca2+

absorption caused by FRD is the alteration of the nitrergic system. In
fact, FRD increases the NO• content and the nitrotyrosine content of
proteins of 22 and 38 kDa from rat intestine. NAR not only avoids the
increase in the levels of NO, but also decreases them to values much
lower than the control ones. NAR 40 treatment blocks the increment in
the nitrosylation of 38 kDa band, but not totally that of the 22 kDa
band. By contrast, FRD has shown to decrease the levels of nitrite in the
plasma, liver and skeletal muscle, effects that were abolished by NAR
[8]. He et al. [48] have demonstrated increased expression of inducible
NO• synthase by high fructose diet. This might occur in the rat intestine,
which would explain the augmentation in the NO• levels by FRD. NO•

would interact with superoxide anions forming the highly toxic per-
oxynitrite (ONOO•), which nitrosylates thiol, hydroxyl and amine
groups of biological molecules. In fact, our data show that FRD in-
creases nitrosylation of intestinal proteins and Kanappam et al. [8] have
demonstrated increases in nitrosothiols in the plasma, liver and skeletal
muscle. Therefore, altogether indicates that nitrosative stress occurs
after chronic fructose intake. The attenuation of the oxidative and ni-
trosative stress by NAR could be due to the phenolic groups and a keto
group which can react with hydroxyl radicals, hydrogen peroxide and
peroxynitrite.

Although at systemic level IL-6 remains unchanged in FRD rats with
or without NAR treatment, in the intestine the IL-6 content and the
protein expression of NF-κB are increased by FRD, effects that are
abolished by chronic NAR treatment. NF-κB is a transcription factor
involved in important physiological process, among them in the control
of genes activated upon inflammation [49]. IL-6 is an inflammatory
cytokine, whose gene has in its promotor region a site that binds NFkB.
The increase in both IL-6 and NF-κB by FRD is indicative that the in-
flammation is involved in the inhibitory effect of chronic fructose on
the intestinal Ca2+ absorption. The link between the FRD and the

Table 2
Effect of FRD, FRD + NAR or vehicle on total GSH content, superoxide anion content, protein carbonyl, SOD and CAT activities in the rat duodenal mucosa after 30 days of treatment.

Groups GSH ˙O2
− PROTEIN SOD CAT

(nmol/mg protein) (NBT reduction, OD) CARBONYL
(nmol/mg protein)

(SOD U/mg protein) (CAT U/mg protein)

Control 6.33 ± 0.60 0.97 ± 0.05 4.18 ± 0.97 55.93 ± 3.59 12.41 ± 0.67
FRU 2.90 ± 0.99* 1.61 ± 0.12** 15.20 ± 0.96** 38.85 ± 3.77* 7.49 ± 0.37**
FRD + NAR 11.35 ± 1.10+ 0.52 ± 0.04+ 7.10 ± 0.87 54.73 ± 4.97 11.17 ± 0.43

Values represent means ± S.E. from 8 rats for each experimental condition. *p < 0.05 vs control and FRD + NAR; **p < 0.001 vs control and FRD + NAR; +p < 0.01 vs control.
FRD: fructose rich diet; NAR: naringin; GSH: glutathione; ˙O2

−: superoxide anion; NBT: nitro blue tetrazolium; OD: optical density; SOD: superoxide dismutase; CAT: catalase.
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inflammation has been largely described [50–52]. There is also evi-
dence that NAR has anti-inflammatory effects [53–55].

To conclude, FRD inhibits the intestinal Ca2+ absorption by de-
creasing the protein expression of TRPV6, CB D9k and PMCA1b, mole-
cules of the transcellular Ca2+ pathway, and those from the Cldn-2 and

Cldn-12, proteins of the tight junctions, presumably involved in the
paracellular pathway. The depletion in VDR levels caused by high
fructose, in addition to the low levels of 1,25(OH)2D3, could be re-
sponsible for the low content of those Ca2+ transporters. Besides, the
oxidative and nitrosative stress and the inflammation would contribute

Fig. 5. Effect of FRD, FRD + NAR (40 mg NAR/kg b.w.) or vehicle on: A) NO level measured by Griess assay in the duodenal mucosa from 6 rats for each experimental condition. Values
are expressed as means ± S.E. *p < 0.01 vs control and FRD + NAR; +p < 0.05 vs control; B) nitrotyrosine expression was analyzed by Western blot in pool of mucosa from two rat
duodenae for each experimental condition. Three independent experiments were accomplished. Values are expressed as means ± S.E. *p < 0.01 vs Band 1 or Band 2 from control,
respectively, and Band 1 or Band 2 from FRD + NAR, respectively; +p < 0.05 vs Band 1 from control.
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to reducing the capability of those molecules to transport Ca2+. NAR is
able to abolish all the responses by triggering its anti-oxidant, anti-ni-
trergic and anti-inflammatory properties. The data indicate that NAR is
a potential therapeutic agent to normalize the intestinal Ca2+ absorp-
tion in conditions of chronic high fructose intake.
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