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Could Duodenal Molecular Mechanisms be Involved in the
Hypocholesterolemic Effect of Silicon Used as Functional
Ingredient in Late-Stage Type 2 Diabetes Mellitus?

Marina Hernández-Martín, Aránzazu Bocanegra, Rocío Redondo-Castillejo,
Adrián Macho-González, Francisco J. Sánchez-Muniz, Juana Benedí, Sara Bastida,
Rosa A. García-Fernández, Alba Garcimartín,* and M. Elvira López-Oliva*

Scope: Hypercholesterolemia increases the risk of mortality in type 2 diabetes
mellitus (T2DM), especially in the late-stage. Consumption of bioactive
compounds as functional ingredients would help achieve therapeutic goals for
cholesterolemia. Silicon has demonstrated a hypocholesterolemic effect and
the ability to reduce fat digestion. However, it is unclear whether silicon exerts
such effect in late-stage T2DM (LD) and the intestinal mechanisms involved.
Methods and results: Three groups of eight rats were included: early-stage
T2DM control (ED), LD, and the LD group treated with silicon (LD-Si) once
the rats were diabetic. Morphological alterations of the duodenal mucosa, and
levels of markers involve in cholesterol absorption and excretion, beside
cholesterolemia, and fecal excretion were assayed. Silicon included as a
functional ingredient significantly reduces cholesterolemia in part due to: 1)
reducing cholesterol intestinal absorption by decreasing the absorptive area
and Acetyl-Coenzyme A acetyltransferase-2 (ACAT2) levels; and 2) increasing
cholesterol excretion to the lumen by induction of the liver X receptor (LXR)
and consequent increase of adenosine triphosphate-binding cassette
transporter (ABCG5/8).
Conclusions: These results provide insight into the intestinal molecular
mechanisms by which silicon reduces cholesterolemia and highlights the
efficacy of the consumption of silicon-enriched functional foods in late-stage
T2DM.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a
complex metabolic disease with multiple
etiological factors involved, affecting
over 465 million people worldwide.[1]

Particularly, sedentary lifestyle and high
adherence to unhealthy diets predis-
pose its appearance.[2] Hyperglycemia
and insulin resistance are the main
features of T2DM.[3,4] Furthermore,
72–85% of patients with T2DM present
alterations in their serum lipid and
lipoprotein patterns.[5] Often, diabetic
dyslipidemia is considered an important
risk factor for cardiovascular disease,
increasing mortality by 2–4 fold.[6] Al-
though dyslipidemia management is
necessary in patients with T2DM,[1,7]

pharmacological treatments are not
sufficiently effective and safe. Therefore,
it is fundamental to search for alter-
natives, such as bioactive compounds
or nutritional strategies, which can
reduce the morbidity and mortality of
cardiovascular events.[8] One of the
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mechanisms of action of lipid-lowering drugs is the reduction of
cholesterol.
Concerning cholesterol homeostasis, it is balanced by de novo

biosynthesis, dietary cholesterol absorption, biliary cholesterol
excretion, and transintestinal cholesterol excretion (TICE).[9,10]

These four processes can be modified to reduce cholesterolemia.
One potential strategy to reduce hypercholesterolemia in the
treatment of diabetic dyslipidemia consists of blocking choles-
terol absorption in the small intestine by modulating its ab-
sorptive area and the enzyme and transporters implicated in its
absorption.[8] Therefore, the design or search for effective bioac-
tive compounds in this regard requires knowledge of the pro-
teins and biochemical mechanisms involved. In the intestine,
dietary cholesterol esters are hydrolyzed by the enzyme choles-
terol ester hydrolase (EC 3.1.1.13), giving rise to free cholesterol
and fatty acids. Both are incorporated into micelles that are mo-
bilized to the brush border on the apical surface of the entero-
cyte. The Niemann-Pick C1-like-1 (NPC1L1) protein, located in
the apical zone of enterocytes, has been identified as themost im-
portant protein in cholesterol absorption.[11,12] After absorption,
free cholesterol is esterified with a fatty acid in the enterocytes
by the enzyme acyl-CoA cholesterol acyltransferase 2 (ACAT2)
(EC 2.3.1.26). The esterified cholesterol is packaged together with
triglycerides, phospholipids, apo B48, apo AIV, and apo AI by
the microsomal triglyceride transfer protein (MTP),[13,14] form-
ing nascent chylomicrons. In addition to chylomicron forma-
tion, there are other potential destinations of intracellular lipids,
such as the formation of cytoplasmic lipid droplets and fatty acid
oxidation.[15]

In contrast, cholesterol can also be excreted from the entero-
cyte into the lumen of the intestine. The transporters responsible
for cholesterol efflux, ATP-binding cassette subfamily G mem-
bers 5 and 8, form a heterodimer (ABCG5/8) that is expressed at
the brush border of enterocytes depending on the transcription
factor of the liver X receptor (LXR).[16] The excreted sterols may
originate from gastrointestinal tract absorption, via NPC1L1, al-
though transintestinal excretion of cholesterol (TICE) may also
occur in which endogenous cholesterol from lipoproteins is elim-
inated through the intestinal lumen. It has been established that
TICE is essential for the elimination of endogenous cholesterol in
humans, as a complementary mechanism to the excretion of bile
salts in the feces. Taking altogether, the modulation of the com-
mented transporters and enzymes could be an effective strategy
modifying cholesterol absorption/efflux in diabetic dyslipidemia
treatment.
Silicon is an essential trace element which has demonstrated

its ability to inhibit fat digestion in young healthy rats fed it,[17] al-
though the evidence on themechanisms involved and whether Si
intake maintains such an effect in diabetic rats is unclear. On the
other hand, daily consumption of processed meats is contraindi-
cated in patients with T2DM due to their excess of saturated fats.
However, incorporating bioactive compounds intomeat products
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can counteract their deleterious consequences.[18,19] Some stud-
ies suggest a relevant role for silicon-enriched meat (Si-RM) for
preventing metabolic syndrome by improving cholesterolemia
and lipoprotein profile.[20,21] Our study hypothesizes that Si-RM
could exert a hypocholesterolemic effect in diabetic dyslipemia
by limiting cholesterol intestinal absorption and/or favoring its
intestinal efflux and consequently its fecal excretion, through the
modulation of the transporters/enzymes involved in these pro-
cesses. Therefore, the objective of this study was to confirm the
hypocholesterolemic effect of Si-RM in a late-stage T2DM rat
model, and to study the underlying duodenal molecular mech-
anisms involved in relation to cholesterol duodenal absorption
and efflux.

2. Experimental Section

2.1. Rats and Experimental Design

Twenty-four 2-month-old male Wistar rats (Harlan S.L.,
Barcelona, Spain) were used. The animals were housed in
pairs and kept at a controlled temperature (22.3 ± 1.9 °C) and
light (12 h light/dark cycle) at the Animal Experimentation
Center of Alcalá University, Madrid, Spain (registration num-
ber ES280050001165). The experiments were conducted in
accordance with Directive 2010/63/EU on the protection of
animals used for scientific purposes. This study was approved
by the Advisory Committee for Science and Technology of Spain
(project AGL2014-53207-C2-2-R) and by the Ethics Committee
of the Complutense University, Madrid (Spain). Rats were fed
Rodent Maintenance Diet (Safe Custom Diet, S.L. Augy, France).
Water and food were provided ad libitum.
Diets were prepared from a purified diet formulation (refer-

ence SF302; Safe CustomDiet, S.L. Augy, France). Mixedminced
meat (50% pork:50% veal) and lard were obtained from a lo-
cal supplier (Madrid, Spain). Restructured meat (RM) was pre-
pared following the protocol described by Garcimartín et al.[20]

Lean pork (1 kg) and fat (190 g) were homogeneously mixed,
and the resulting product was ground in a refrigerated meat cut-
ter (Stephan Universal Machine UM5; Stephan; Shóne Gmbh
and Co.) following a standard procedure that yielded a powdered
product. To obtain the Si-RM, fluid silicon source was first mixed
with lard to improve homogenization. The different mixtures of
RM were freeze-dried using the LyoAlfa 10 freeze dryer (Telstar).
A total of 217 g of restructured pork and 783 g of a purified diet
weremixed by serial dilutions until homogenization to formulate
the experimental diet.
Two different models considering the natural progression of

T2DM had been used. A first model, characterized by insulin re-
sistance leading to hyperglycemia together with hyperinsuline-
mia, which had been defined as a group with early-stage T2DM
(ED). The second model, late-stage T2DM (LD), arose with the
progression of the pathology, especially in the pancreas, char-
acterized by hyperglycemia, with glucose concentrations higher
than in the early-stage, and hypoinsulinemia.
To induce an ED, eight rats were fed a meat (pork/veal,

50%/50%) based high saturated fat diet (49% of total energy)
(HSFD) over 8 weeks, whereas a LD was obtained feeding 16
rats with a high saturated fat high cholesterol diet, including
cholesterol (1.4%), and colic acid (0.2%) (HSFHCD) over 3weeks;
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Table 1. Composition of experimental diets of early-stage diabetes (ED),
late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) groups.

Dietary components ED diet LD diet LD-Si diet

Nutrient composition

Proteins (% energy) 14. 2 14.0 14.0

Meat Fat (% energy) 49.4 49.0 49.0

SFAa)/MUFAb)/PUFAc) ratio 2.7/3.0/1.0 2.1/2.3/1.0 2.1/2.3/1.0

Cholesterol [%] 0.02 0.93 0.93

Energy contentd) [MJ kg−1] 20.13 20.31 20.31

Ingredients [g kg−1]

Sucrose 68.3 68.3 68.3

Corn starch 286.1 275.7 275.7

Casein 94.3 94.3 94.3

Maltodextrin 94.3 94.3 94.3

Cellulose 48.9 48.9 48.9

PM 205B SAFEe) 50.1 50.1 50.1

PV 200 SAFEf) 7.2 7.2 7.2

Soybean oil 47.9 47.9 47.9

l-Cysteine 2.02 2.02 2.02

Cholesterol 0 9.1 9.1

Cholic acid 0 1.3 1.3

Silicon 0 0 0.002

Lyophilized restructured meat 301.14 301.14 301.14

ED, early-stage diabetic control group, diet containing control restructuredmeat; LD,
late-stage diabetic group, diet containing control restructured meat, 1.4% choles-
terol, and 0.2% cholic acid; LD-Si, late-stage diabetic silicon-enriched meat group.
a)
SFA: saturated fatty acids;

b)
MUFA: monounsaturated fatty acids;

c)
PUFA: polyun-

saturated fatty acids;
d)
Data calculated considered as energy equivalent for car-

bohydrates 16.73 kJ g−1 (4.0 kcal g−1), fat 37.65 kJ g−1 (9.0 kcal g−1), and protein
16.73 kJ g−1 (4.0 kcal g−1);

e)
PM 205B SAFE: mineral mix;

f)
PV 200 SAFE: vitamin

mix.

followed by an intraperitoneal injection of streptozotocin (STZ,
65mg kg−1 b.w.) and nicotinamide (NAD, 225mg kg−1 b.w.) (both
from Sigma Aldrich, Madrid, Spain). Four days later, fasting hy-
perglycemia was confirmed, and animals were further classified
into two groups: LD group and Si-RM fed group (LD-Si), con-
suming both groups HSFHCD diet until the end of the exper-
iment, containing RM or Si-RM respectively. Diets’ formulation
and composition were detailed in Table 1. Intake and body weight
were recorded daily.
Last, one animal at a time was taken at random from each of

the three groups in turn and were anesthetized with isoflurane
(5% v/v) before being euthanized, and blood was extracted from
the descending aorta with a heparinized syringe. The duodenum
was dissected, weighed, and processed (Figure 1).

2.2. Dosage Information/Dosage Regimen

According to Garcimartín et al.,[17] organic silicon dose (G5, Gly-
can Group, Genève, Switzerland) was selected based on silicon
intake differences between a Western and Asiatic population.
Thus, 2 mg kg−1 b.w. day−1 of silicon supplementation in the
Western population could balance their consumption in relation
to an Asiatic population. To reach that supplementation, specific
volume of organic silicon containing 67 mg of silicon element

was added to 1 kg of meat matrix, considering that male rats at
that age eat approximately 22 g day−1. The final concentration of
silicon on total diet was 20 mg Si kg−1 diet. In that experiment,
organic silicon displayed hypotriglyceridemic and hypoglycemic
properties at the dose proposed, confirming its effectiveness.

2.3. Determination of Cholesterol in Lipoprotein Fractions,
Serum Glucose, and Insulin Concentrations

Ultracentrifugation (Beckman L8-70 M; IN, USA) using an SW-
40.1 rotor was used for HDL particle isolation.[22] Total serum-,
non-HDL-, HDL-cholesterol, and glucose levels were determined
by enzyme colorimetric methods using Spinreact kits (Girona,
Spain). Insulin was measured by ELISA (Rat insulin ELISA Kit,
ELR-Insulin, RayBiotech, Inc., GA, USA).

2.4. Growth Rate, Small Intestine Weight, and Determination of
Fecal Fat

Intake and body weight were recorded daily. Small intestine was
removed, weighed, and stored at −80 °C until analysis.
Feces were collected daily during week 7 of the experiment,

dried at 100 °C, and weighed. Fecal fat extraction and quantifi-
cation were conducted according to the method described by
Macho-González et al.[22] One gram of feces was hydrated with
2 mL of water for 12 h at 4 °C. Subsequently, it was homog-
enized in ultraturrax T25 (IKA, Staufen, Germany), 4 mL of
chloroform/methanol (1:1) were added and the mixture was ho-
mogenized again. The chloroform phase was collected after cen-
trifuging the samples for 10 min at 750 rpm. This process was
performed in triplicate. The solvents were evaporated with a ro-
tary evaporator (Rotavapor R-200, Büchi, Barcelona, Spain) and
the amount of fat (mg g−1 dry matter) was weighed.

2.5. Histology

Duodenal specimens for microscopy were fixed in 10% v/v
formaldehyde and embedded in paraffin, then 3 μm-thick sec-
tions were prepared. Hematoxylin–eosin (H&E) and Alcian Blue
(AB) pH 2.5 stainings were performed for histological analysis.
Images were obtained under a Leica DM LB2 light microscopy
and Leica DFC 320 camera (Leica, Madrid, Spain) and quantified
with ImageJ software (Fiji image J; 1.52i, NIH,USA). Villi heights
were measured from the tip to the base and the widths were ob-
tained at villi base level fromH&E sections. Intestinal crypt depth
was measured as the distance from the top of the crypt to the
muscularis mucosae layer. At least 20 well-aligned villi and crypts
per rat were tested. Both villi height/width and villi height/crypts
depth ratios were calculated. Absorptive surface area of duodenal
villi was estimated by the formula: Area of absorption surface of
the villi = 2𝜋 × (Villi width/2) × Villi height.[23] The number of
goblet cells per villus or crypt of AB sections was counted with
ImageJ software (Fiji image J; 1.52i, NIH, USA).

2.6. Immunohistochemistry

Duodenum sections from six rats in each experimental group
were deparaffinized, rehydrated, boiled in 10 mM citrate
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Figure 1. Experimental design. (ED) Early-stage T2DM control group fed a high saturated fat diet, (LD) Late-stage T2DM group fed a high saturated fat
high cholesterol diet, (LD-Si) Late-stage T2DM group fed a high saturated fat high cholesterol diet with silicon-enriched meat.

buffer (pH 6.0) for antigen retrieval, and endogenous peroxi-
dase was quenched with 3% hydrogen peroxide. Subsequently,
sections were incubated overnight at 4 °C with the follow-
ing primary antibodies: anti-proliferating cell nuclear antigen
(PCNA), anti-NPC1L1, anti-ACAT2, anti-MTP, and anti-LXR
(Santa Cruz Biotechnology, Quimigen, Madrid, Spain), and anti-
ABCG5, anti-ABCG8 (Biorbyt Ltd., Quimigen, Madrid, Spain).
After several washes, sections were incubated with biotinylated
secondary antibody followed by streptavidin–biotin-conjugated
horseradish peroxidase (Sigma Aldrich, Madrid, Spain), using
3,3′-diaminobenzidine (DAB) (Sigma Aldrich, Madrid, Spain) as
substrate and then counterstained withHarris’ hematoxylin. Pro-
tein expression was evaluated by their staining pattern: weak 1),
moderate 2), diffuse 3), or intense 4). The PCNA labeling index
(PCNA-LI) was calculated according to the following formula:

PCNA-LI = number positive nuclei × 100∕

Total number of cells per hemicrypt (1)

2.7. Western Blotting

Total protein of pooled duodenum was extracted and quantified
by the Lowry method. Samples were homogenized with a lysis
buffer containing 10 mM Tris–HCl (pH 7.4), 1% SDS, 1 mM
sodium vanadate, and 0.01% protease inhibitor cocktail (all from
Sigma-Aldrich, Madrid, Spain). Equal amounts of protein were
separated at 150 V in 10% v/v polyacrylamide gel (SDS–PAGE)
and, after migration, transferred to polyvinylidene fluoride
(PVDF) membrane (GE Healthcare, Madrid, Spain) with Trans-
Blot Turbo (Bio-Rad, Madrid, Spain) for 10–15 min (depending

on the molecular weight of the protein) and 2.5 mA. The mem-
branes were blocked with 5% bovine serum albumin (BSA) for
1 h and incubated overnight at 4 °C with primary antibodies anti-
ABCG5 and anti-ABCG8 (Biorbyt Ltd, Quimigen,Madrid, Spain),
and anti-𝛽-actin (Sigma-Aldrich, Madrid, Spain). Hybridization
of antibodies was revealed by incubating the membranes with
the appropriate secondary antibodies conjugated (mouse or rab-
bit) with peroxidase for 1 h at room temperature. The chemilu-
minescence signal was detected using the ECL kit Select-kit (GE
Healthcare, Madrid, Spain) and read in an ImageQuant LAS 500
(GEHealthcare, Madrid, Spain). Band-density was quantified us-
ing the Quantity One v.4.2.6 program and quantification was cal-
culated referring to 𝛽-actin used as the loading control.

2.8. Statistical Analysis

The results were expressed as average values ± SD. Continuous
variables were compared by one-way ANOVA, followed by the
post-hoc Bonferroni or Tanhame T2 method. A Kruskal–Wallis’
test followed by Dunn’s test was used for non-parametric variable
comparisons. Prevalences were compared using Chi-square test.
To confirm the possible relationships between ingested choles-

terol, serum cholesterol concentration, fecal fat excretion, the
morphological variables, and transporters analyzed by immuno-
histochemistry, a principal component analysis (PCA) was per-
formed. Once it was demonstrated that the exclusion of two rats
in immunostaining analysis did not modify differences between
groups (data not shown), PCA was performed using only six rats
per group.
Significant differences were considered at p < 0.05 using sta-

tistical analysis packages SPSS version 27.0 (SPSS Inc., Chicago,

Mol. Nutr. Food Res. 2022, 2200104 2200104 (4 of 13) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Table 2.Weekly mean intake, body and small intestine weight parameters of early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-
silicon (LD-Si) groups.

ED group LD group LD-Si group p

Daily intake [g day−1] 17.8 ± 1.2 16.5 ± 0.55 17.1 ± 0.55 NS

Body weight increase [g] 134.4 ± 25 117.3 ± 32.3 127.6 ± 34.6 NS

Small intestine weight [g] 1.86 ± 0.16 1.90 ± 0.27 1.86 ± 0.21 NS

Cholesterol intake [mg day−1] 3.6 ± 0.36a 154.0 ± 12.1b 167.1 ± 8.5b <0.0001

Fecal excretion [g day−1 dry matter] 1.14 ± 0.08a 1.60 ± 0.06b 1.96 ± 0.24c <0.0001

Fecal fat [mg g−1 dry matter] 80.0 ± 6.7a 170.6 ± 10.1b 254.0 ± 14.3c <0.0001

Values expressed as mean ± SD. Different letters (a, b, c) indicate significant differences between groups (p < 0.05, ANOVA followed by Bonferroni post hoc test). NS, no
significant differences between groups.

Table 3.Cholesterol, lipoprotein fractions, glucose, and insulin serum concentrations of early-stage diabetes (ED), late-stage diabetes (LD), and late-stage
diabetes-silicon (LD-Si) groups.

ED group LD group LD-Si group p

Cholesterol [mmol L−1] 2.05 ± 2.76a 2.79 ± 2.04b 2.24 ± 1.35c <0.0001

HDL-cholesterol [mmol L−1] 561.54 ± 50.6a 468.45 ± 70.9b 425.93 ± 25.52b < 0.0001

Non-HDL-cholesterol [mmol L−1] 182.6 ± 16.1a 615.21 ± 54.25b 470.05 ± 43.27c <0.0001

Glucose [mmol L−1] 13.92 ± 0. 91a 18.11 ± 1.65b 15.26 ± 2.07a <0.001

Insulin [μUI mL−1] 15.84 ± 0.73a 5.41 ± 1.23b 8.11 ± 1.79c <0.0001

Values expressed as mean ± SD. Different letters (a, b, c) indicate significant differences between groups (p < 0.05, Bonferroni test). NS, no significant differences between
groups.

IL, USA) and (GraphPad Prism version 8.0, GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. Total Intake, Weight Parameters, and Fecal Excretion

Table 2 shows that food intake, body weight gain, and small in-
testine weight did not differ significantly between groups (p >

0.05). Thus, diets did not significantly affect these parameters.
On the contrary, cholesterol intake was significantly higher in LD
and LD-Si than ED group (p < 0.0001), due to the experimental
design, with no differences between LD and LD-Si groups (p >

0.05). Fecal excretion (g day−1 dry matter) and fecal fat concen-
tration (mg g−1 dry matter) differed significantly between groups
(p < 0.0001). The LD group showed significantly higher fecal ex-
cretion (40.4%, p< 0.0001) and fecal fat concentration (113.3%, p
< 0.0001) than the ED group. LD-Si rats showed the highest fecal
and fat excretion values, with significant differences versus ED
(71.9%, p < 0.0001 and 217.5%, p < 0.0001, respectively) and LD
groups (22.5%, p < 0.0001; and 48.9%, p < 0.0001, respectively).

3.2. Cholesterolemia, Lipoprotein Fractions, Glycemia, and
Insulinemia

Cholesterolemia, HDL and non-HDL-cholesterol, glycemia, and
insulinemia are shown in Table 3. All these parameters are re-
lated to T2DM progression. Significant differences were found
between the three groups for these variables (p < 0.001).

LD rats showed significantly higher cholesterolemia (36.2%, p
< 0.0001) than ED rats. Seven animals in the LD group were hy-
percholesterolemic whereas no rats in the ED group according
to Sanchez-Muniz et al.[24] (total cholesterol ≥2.59 mmol L−1).
Cholesterolemia was lower in the LD-Si versus LD group
(−19.8%, p < 0.0001), reaching levels similar to those in the ED
group (p > 0.05). Therefore, there were not hypercholesterolemic
rats in LD-Si group.
Regarding the lipoprotein profile, HDL-cholesterol showed

significant differences between the ED group and the LD
(16.58%, p< 0.01) and the LD-Si group (24.15%, p< 0.0001). Non-
HDL-cholesterol, which includes VLDL, IDL, and LDL proathero-
genic lipoproteins, showed significant differences between the
three groups, displaying the highest value in the LD group com-
pared to the ED group (70.32%, p < 0.0001) and the LD-Si group
(23.6%, p < 0.0001).
Hyperglycemia (≥7 mmol L−1) was found in all groups; how-

ever, glycemia was significantly higher in LD rats than in ED
(23.14%, p < 0.0001) and LD-Si (15.74%, p < 0.01) animals. The
ED and LD-Si groups did not differ significantly (p > 0.05). Fi-
nally, the ED group showed the highest insulinemia (48.8%, p <
0.0001 vs LD-Si and 65.85%, p < 0.0001 vs LD), while the LD-Si
and LD groups differ significantly (33.3%, p < 0.01).

3.3. Morphological Changes of the Duodenal Mucosa

Figure 2A–F summarizes structural changes on the duodenal
mucosa. These parameters are indicators of sensitivity to the
presence of food and other substances in the intestinal lumen.

Mol. Nutr. Food Res. 2022, 2200104 2200104 (5 of 13) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

 16134133, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

nfr.202200104 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [07/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mnf-journal.com


www.advancedsciencenews.com www.mnf-journal.com

Figure 2. Duodenal morphometric markers in early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) groups. A) Villi
height, B) Villi width, C) Crypt depth, D) Villi height/width ratio, E) Villi height/crypt depth ratio, F) absorptive area, G) representative images of H&E
staining. Values expressed as mean ± SD. Different letters (a, b, c) indicate significant differences between groups. Scale-bar: 250 μm.

Furthermore, representative photomicrographs of H&E staining
in serial duodenal sections are presented in Figure 2G.
No differences in villi height, crypt depth, villi height/width

ratio, and villi height/crypt depth ratio were observed between
groups (p> 0.05). However, significant differences were observed
in villi width (Figure 2B), with a consequent increase in the total
absorptive area (p < 0.05) (Figure 2F). The LD group showed the
highest villi width (12.41% vs ED and 17.38% vs LD-Si, p < 0.05)
(Figure 2B) and absorptive area (19.50% vs ED and 16.95% vs
LD-Si, p < 0.05) (Figure 2F). LD-Si rats showed lower villi width
(Figure 2B) and absorptive area (Figure 2F) with respect to LD
rats, reaching ED group values.

3.4. Proliferation and Differentiation of the Duodenal Epithelium

Proliferation of the duodenal epithelium originates from stem
cells of the crypts base, which are differentiated into two major
cell types: absorptive enterocytes and goblet cells, where the final
nutrient digestion takes place.[25,26] The balance between the dif-
ferent cell lineage of the intestinal epithelium controls homeosta-
sis and intestinal function and may be affected as a consequence
of the mucosal injury and inflammation that occurs in T2DM.
The PCNA-LI was used as a marker of cell proliferation. PCNA-
labeled nuclei were typically located in the lower half of the crypt,
which is the proliferating cell area (Figure 3A,B). LD and LD-Si

groups presented PCNA-LI higher than the ED group (31%, p <
0.05; 88.1%, p < 0.001, respectively). Villi and crypts goblet cells
number were determined using AB staining (Figure 3C–E). No
significant differences in the number of villi goblet cells in the
experimental groups studied were observed (p > 0.05). The LD
group tended to have fewer (p > 0.05) goblet cells in the crypts
of Lieberkühn compared to the ED (−18.24%) and LD-Si groups
(−2%).

3.5. Duodenal Mucosa Integrity

Intestinal barrier is effectively sealed along its entire length by
tight junctions that control the permeability of the intestinal ep-
ithelium. These junctions allow regulated transport of nutrients
and electrolytes, while preventing the absorption of harmful com-
pounds and the entry of microorganisms. The expression of oc-
cludin and claudin 1, which regulates the passage of ions through
pores and the transport ofmacromolecules, respectively, were de-
termined. Figure 4 shows occludin (Figure 4A,B) and claudin
1 (Figure 4C,D) immunoreactivity. Occludin staining was dis-
tributed at the apical end of the enterocytes (Figure 4B) and
significant differences were observed between the groups (p <

0.0001). LD rats compared to ED rats had lower occludin values
(−75%; p < 0.0001). In the LD-Si group, the levels of occludin

Mol. Nutr. Food Res. 2022, 2200104 2200104 (6 of 13) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 3. Modifications in the proliferation and differentiation of the duodenal epithelium in early-stage diabetes (ED), late-stage diabetes (LD), and
late-stage diabetes-silicon (LD-Si) groups. A) Proliferation index (PCNA-LI), B) representative images of immunohistochemistry marking proliferating
cell nuclear antigen (anti-PCNA) antibody, C) number of goblet cells per villus, D) number of goblet cells per crypt, E) representative images of Alcian
Blue staining. Values expressed as mean ± SD. Different letters (a, b, c) indicate significant differences between groups. Scale-bar: 100 μm.

Figure 4. Duodenal occludin and claudin 1 levels in early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) groups. A)
Occludin immunoreactivity score, B) representative images from immunohistochemistry labeling anti-occludin antibody, C) Claudin 1 immunoreactivity
score, D) representative images from immunohistochemistry labeling anti-claudin 1 antibody. Values expressed as mean ± SD. Different letters (a, b, c)
indicate significant differences between groups, occludin (p < 0.0001). Scale-bar: 10 μm.

immunoreactivity were significantly lower than in the ED group
(−51%, p < 0.0001), without changes respecting LD group.
No significant differences in claudin 1 immunoreactivity

between groups were detected (Figure 4C). Immunostaining
showed an intense presence of claudin 1 along the villi and crypts
in the cytoplasm of epithelial cells in the basal, middle, and lu-
minal compartments (Figure 4D).

3.6. Transporters and Duodenal Enzymes Involved in Cholesterol
and Triglycerides Absorption

Expression of the NPC1L1, ACAT2, and MTP was determined
by immunohistochemistry (Figure 5A–D). The importance of
these markers in relation with T2DM has been explained in the
introduction section. Their immunostaining was located in the

Mol. Nutr. Food Res. 2022, 2200104 2200104 (7 of 13) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 5. Immunohistochemical measurements of cholesterol absorption transporters in the early-stage diabetes (ED), late-stage diabetes (LD), and
late-stage diabetes-silicon (LD-Si) groups. Immunoreactivity scores of: A) Niemann Pick C1-like transporter (NPC1L1), B) Acyl-CoA acyltransferase-2
(ACAT2), and C) microsomal triglyceride transfer protein (MTP), D) representative images of immunohistochemistry labeling anti-NPC1L1, anti-ACAT2,
and anti-MTP antibodies. Values expressed as mean ± SD. Different letters (a, b, c) indicate significant differences between groups, ACAT2 (p < 0.05).
Scale-bar: 50 μm.

epithelium of enterocytes along the villi, as evidenced by the pho-
tomicrographs shown in Figure 5D.
Significant differences were observed between groups for

NPC1L1 (p < 0.0001) and ACAT2 (p < 0.001), but not for MTP
(p > 0.05).
No significant differences (p > 0.05) were observed in NPC1L1

and ACAT2 expression in the LD versus ED groups. Thus, T2DM
progression (group LD) did not alter the expression of any of the
analyzed markers involved in cholesterol absorption (NPC1L1,
ACAT2, and MTP) compared to group ED (p > 0.05). However,
the LD-Si shows significantly higher NPC1L1 but lower ACAT2
immunoreactivity scores versus ED (64%, p < 0.0001; −26.5%, p
< 0.001, respectively) and LD groups (47%, p < 0.0001; −30%, p
< 0.0001, respectively).

3.7. Intestinal Transporters Involved in the Cholesterol Efflux of
to the Duodenal Lumen

The heterodimer ABCG5/8 is involved in dietary sterol efflux
from intestinal cells into the lumen and TICE. The expression of
genes that encode ABCG5 and G8 is mainly stimulated by LXR.
The efflux transporter levels were measured by western blot

showing their densitometry results in Figure 6A,B. Regarding
the ABCG5 transporter, the LD group showed significant differ-
ences with both ED (38.0% p < 0.01) and LD-Si group (51.0%,
p < 0.001). However, ED and Si-LD rats did not display signifi-
cant differences between them. On the other hand, ED rats did
not significantly differ from LD and LD-Si ones in ABCG8 levels.

For its part, LD-Si displayed significant differences with the LD
group, showing an increment of 28.0% in their levels (p < 0.05).
Figure 6C–F shows the immunohistochemical detection of

ABCG5/G8 and LXR proteins. The photomicrograph showed a
strong immunoreactivity of these proteins in the superficial ep-
ithelium along the villi (Figure 6D). Significant differences were
found between groups: ABCG5 (p < 0.01), ABCG8 (p < 0.0001),
and LXR (p< 0.0001). No significant differences in ABCG5/8 and
LXR immunoreactivity scores in LD group regarding ED group
(p > 0.05) were observed. However, the LD-Si group presented
higher ABCG5 and ABCG8 transporters’ levels, with significant
increases of 38% (p < 0.01) for ABCG5 and 46% (p < 0.0001)
for ABCG8 respect to the ED group; and of 63.4% (p < 0.01) for
ABCG5 and of 30% (p< 0.01) for ABCG8 respect to the LD group.
Likewise, the LD-Si group showed higher LXR levels than ED
(66.6%, p < 0.01) and LD (100%, p < 0.001) groups, respectively.

3.8. Principal Component Analysis Results

The PCA revealed relationships between cholesterolemia,
glycemia, and mainly those selected variables which show
significant changes (Table 4, Figures 7 and 8). In 18 rats (six
per experimental group), 15 variables were evaluated: four in
relation with cholesterol (cholesterolemia, HDL-cholesterol,
non-HDL-cholesterol, and cholesterol intake), glycemia (as
marker of disease progression), fecal excretion, and fat content,
two morphology variables (villi width and absorptive area); oc-
cludin levels, and five markers’ variables involved in cholesterol

Mol. Nutr. Food Res. 2022, 2200104 2200104 (8 of 13) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 6. Western blotting and Immunohistochemical measurements of cholesterol excretion transporters in early-stage diabetes (ED), late-stage di-
abetes (LD), and late-stage diabetes-silicon (LD-Si) groups. Western blot representatives images and densitometry units of: A) ATP-binding cassette
subfamily G member 5 (ABCG5), B) ATP-binding cassette subfamily G member 8 (ABCG8), and C) representative images of immunohistochemistry
labeling anti-ABCG5, anti-ABCG8, and anti-LXR antibodies and Immunoreactivity scores of: D) ABCG5, E) ABCG8, F) Liver X receptor (LXR), values
expressed as mean ± SD. Different letters (a, b, c) indicate significant differences between groups, ABCG5 (p < 0.05), ABCG8 (p < 0.01), and LXR (p <
0.01). Scale-bar: 50 μm.

Table 4. Component matrix of the principal component analysis.

Principal components

1 2

Fecal fat concentration 0.976 0

Dietary cholesterol 0.909 0.370

Dry feces per day 0.930 0.004

Serum cholesterol [mg L−1] 0.168 0.847

Non-HDL cholesterol 0.684 0.691

HDL cholesterol −0.838 −0.026

Glycemia 0.172 0.754

NPC1L1a) 0.820 −0.335

ACAT2b) −0.645 0.529

Occludin −0.570 −0.593

ABCG8c) 0.810 −0.209

ABCG5d) 0.629 −0.415

LXRe) 0.626 −0.598

Villi width −0.178 0.731

Absorptive area 0.142 0.738

a)
NPC1L1: Niemann-Pick C1-like-1 transporter;

b)
ACAT2: acyl-CoA acyltransferase-

2;
c)
ABCG8:ATP-binding cassette subfamily G member 8;

d)
ABCG5: ATP-binding

cassette subfamily G member 5;
e)
LXR: hepatic X receptor.

absorption/excretion and analyzed by immunohistochemistry
(NPC1L1, ACAT2, ABCG5, G8, and LXR).
The PCA generated two components that explain 73.9% of the

data variance. Table 4 shows the matrix component with coeffi-
cients values of principal component 1 (PC1) and principal com-
ponent 2 (PC2) variables.
The PC1 represents 45.2% of the total variance. Variables

that correlate more with PC1 are fecal fat concentration (0.976),
daily fecal excretion (0.930), dietary cholesterol (0.909), NPC1L1
(0.820), ABCG8 (0.810), ABCG5 (0.629), all of thempositively cor-
related and located on the right of the graph; andHDL-cholesterol
(−0.838) negatively correlated and on the left of the component
graph (Figure 7). Therefore, increasing the values of the first vari-
ables increases the value of PC1. The PC2 represents 28.7% of
the total variance. The variables that correlate the most in PC2
are serum cholesterol (0.847), glycemia (0.754), absorptive area
(0.738), and crypt diameter (0.731), all positively correlated and
found at the top of the component graph. There are four variables
nearly represented by the two components: ACAT2 (−0.645 PC1,
0.529 PC2), occluding (−0.570 PC1, −0.593 PC2), LXR (0.626
PC1, −0.598 PC2), and non-HDL-cholesterol (0.694 PC1, 0.691
PC2).
Figure 8 shows a differentiated position of the three experi-

mental groups when representing PC1 versus PC2 in a scatter
plot. The ED group was located in the lower left quadrant, with
clearly negative values for both PC1 and PC2. The LD group had

Mol. Nutr. Food Res. 2022, 2200104 2200104 (9 of 13) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 7. Component plot of the principal component analysis using 15 variables. PC1 and PC2 represent 73.9% of the data variance, 45.2% and 28.7%,
respectively.

Figure 8. Scatter plot representing PC1 versus PC2. Indicates the differ-
ential position of experimental groups based on their values of the com-
ponents created in the main component analysis (PC1 and PC2).

high positive values of PC2 and neutral to slightly negative val-
ues of PC1, occupying mainly the upper left quadrant. The LD-Si
group was in the right area, taking positive values of PC1, and in
neutral to negative values of PC2 (all animals were in the lower
right quadrant with values similar to the ED rats). This position in
PC1 of LD-Si rats is due to the elevated levels of LXR, ABCG5/8,
NPC1L1, and the higher amount of fecal fat. Regarding the po-
sition according to PC2, LD-Si rats were closer to ED rats be-
cause of the small width of the villi and absorptive area with
the lower cholesterolemia (specifically non-HDL-cholesterol) and
glycemia.

4. Discussion

This study demonstrates that the consumption of silicon in-
cluded in meat as a functional ingredient in the frame of a
HSFHCD has a non-HDL-cholesterol reduction effect in a late-
stage T2DM rat model due to partially blocking intestinal choles-
terol absorption and promoting fecal fat excretion—a nutritional

strategy for diabetic dyslipidemia management. In addition, it
provides novel information on the underlying duodenal molecu-
lar changes, which ultimately allows characterizing the molecu-
lar mechanisms of silicon. Because of the exponential increase in
mortality due to coronary heart disease in patients with T2DM re-
lated to atherogenic lipoprotein cholesterol, here, we studied the
intestinal mechanisms by which silicon reduces cholesterolemia,
improving lipid profile in animals with T2DM.
None of the ED rats presented hypercholesterolemia, but

hyperglycemia and hyperinsulinemia were found in 100% of
these animals, typical of insulin resistance with conserved beta-
pancreatic cell activity, demonstrating the existence of early-stage
T2DM, according to McNeilly et al.[27] LD rats developed hy-
perglycemia, hyperinsulinemia with partial depletion of beta-
pancreatic cells, and hypercholesterolemia with 87.5% animals
exceeding the accepted cut-off point of 2.59 mmol L−1.[24] Hy-
percholesterolemia has been directly related to the progression
of T2DM.[28,29] Here, hypercholesterolemia prevalence correlates
with the disease evolution between ED and LD groups. LD-Si
rats showed glycemia and insulinemia between the ED and LD
groups, and no rats showed hypercholesterolemia, suggesting
that Si-RM intake slows down the evolution of T2DM.
Regarding the hypocholesterolemic effect observed in LD-Si

versus LD rats, it is important because rats consumed Si-RM
1 week after STZ/NAD injection, when animals had been fed
an HSFHCD over 4 weeks, and already developed insulin re-
sistance. Although LD-Si rats did not reach ED cholesterol lev-
els, the detected reduction can be relevant, especially consid-
ering that the decreased in cholesterolemia was only due to
cholesterol driven by non-HDL lipoproteins, which is proathero-
genic. Our results agree with previous studies that demonstrated
hypocholesterolemic properties of silicon from many different
sources such as silicon dioxide,[21] nanostructure aluminosili-
cate compounds,[30] silicon-enriched spirulina,[31] ormesoporous
silica.[32] Some of them even link the hypocholesteromic effect
with the reduction of cholesterol absorption,[21,30,32] although
none delve into the molecular mechanisms involved.

Mol. Nutr. Food Res. 2022, 2200104 2200104 (10 of 13) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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On the other hand, cholesterol-fed rats excreted significantly
more feces with higher fat content.[33,34] HSFHCD and HSFD
differ significantly in their cholesterol content, explaining the
higher fecal excretion in rats with LD versus ED, suggesting a
reduction in dietary fat digestion. Like Garcimartín et al.,[20] aged
rats fed atherogenic diets contained Si-RM, and higher fecal de-
position was observed in LD-Si rats compared to LD rats. Sil-
icon, like some divalent minerals such as calcium or magne-
sium, that form insoluble soaps, decreases the digestibility and
bioavailability of saturated fat, and the negative effect of SFA on
cholesterolemia.[35]

The small intestine is a key organ for the regulation of choles-
terolemia, not only because of its role in the absorption of di-
etary cholesterol but also because of its ability to achieve TICE.[36]

Specifically, duodenum and proximal jejunum are the main lo-
cations where both processes take place.[37,38] Villi height, width,
and crypts depth can be considered indicators of duodenal func-
tional capacity, playing an important role on nutrient digestion
and assimilation; factors that could bemodified and related to hy-
percholesterolemic induction in T2DM.[39,40] Greater villi width
and absorptive area in LD versus ED rats led to thickening of the
lamina propria and allowed increased lipids uptake by lymphatic
vessels contributing to the observed hypercholesterolemia. Be-
sides, higher PCNA-LI was observed in the LD group, suggest-
ing that HSFHCD regardingHSFD induced highermucosal pro-
liferation capacity and cell turnover. Similar data have been re-
ported in animal models of insulin resistance and STZ-T2DM,
as a mechanism to increase intestinal functional capacity.[39,41]

Conversely, LD-Si rats presented villus width and absorptive area
comparable to those of the ED group, indicating that silicon re-
verses the morphological alterations of the duodenal mucosa by
cholesterol feeding found in the LD group, without changes in
the cellular turnover. The importance of villus width and absorp-
tive area in non-HDL-cholesterol levels is demonstrated by the
PCA, in which these three variables were positively correlated in
PC2.
The intestinal barrier is effectively sealed by tight junctions to

maintain intestinal epithelium integrity and regulate nutrients
and electrolytes transport, avoiding harmful compound absorp-
tion andmicroorganism translocation. LD rats showedminor oc-
cludin levels than ED group, which may compromise the intesti-
nal barrier integrity. Only an upward trend in occludin levels was
observed in LD-Si, which could contribute to improving the in-
testinal barrier integrity and reduce the chronic inflammation af-
ter increased intestinal permeability.[42] Occludin and non-HDL-
cholesterol levels, both PC2 variables, were inversely related. In-
creased intestinal permeability of bacterial products due to lower
tight junctions has been associated with low-grade inflammation
and increased lipid absorption in T2DM.[43]

Regardingmarkers involved in lipid absorption and incorpora-
tion into chylomicrons, no significant differences were detected
between ED and LD groups, possibly related to the fasting condi-
tion assayed. However, considering the fecal and fat excretions of
these rats, it can be hypothesized that pathways related to choles-
terol absorption and efflux in postprandial conditions must be
higher in LD than in ED groups. Therefore, in previous stud-
ies NPC1L1 and MTP expression were higher, whereas those of
ABCG5/8 were lower in STZ-diabetic rats in postprandial condi-
tions compared to controls,[44,45] supporting our hypothesis.

In addition, although silicon up-regulated NCP1L1 levels, fa-
cilitating the incorporation of free cholesterol into the entero-
cyte, it reduced ACAT2 levels. As potential consequence of this
result is that cholesterol esterification would be limited, improv-
ing cholesterol efflux via ABCG5/8. Similar results have been
reported after phytosterol consumption.[46] LD-Si rats showed
higher immunoreactivity of the ABCG5/8 heterodimer by stim-
ulating LXR versus LD ones. LXR induction also explains the in-
crease inNPC1L1 levels, an aspect also found by other authors.[47]

The ABCG5/8 elevation in LD-Si rats promotes the exit of choles-
terol to the lumen that accessed the enterocyte through NPC1L1
and endogenous cholesterol that efflux through TICE as an alter-
native route to the hepatobiliary system.[48–50] TICE is regulated
by LXR activation; therefore, the non-HDL-cholesterol-lowering
activity of silicon is probably mediated by the promotion of sterol
excretion via TICE activation through induction of LXR. The
PCA highlights the relationship between NPC1L1, ABCG5/8,
and LXR variables, all positively correlated with PC1, reflecting
the importance of these factors in fecal fat excretion. In contrast,
ACAT2 levels are also included in PC1, but are inversely related
to fecal fat. The PCA attributes the increase in fecal fat excretion
to elevated ABCG5/8 and LXR, and places LD-Si rats separated
from the LD rats in Figure 7 due to the impact on these PCA
variables.
Finally, it is important to ensure that, besides the hypocholes-

terolemic effect, Si-RM consumption has a positive impact on the
glycemic profile. It is likely that the reduction in cholesterolemia,
due to the higher cholesterol excretion of the duodenum, may be
related to a decrease in glycemia. The hypoglycemic postprandial
effect of silicon has already been reported[51]; however, the po-
tential antidiabetic effect of silicon should be evaluated in future
studies.
This study presents the novel strength of describing the in-

testinal molecular mechanism of silicon as a functional ingredi-
ent in meat, partially responsible for lowering cholesterol athero-
genic lipoproteins, and potentially antidiabetic effect, which may
be related to LXR changes as a potential actionmechanism.How-
ever, the study has limitations: a) it has only been tested on fast-
ing conditions, and a postprandial study would be convenient; b)
other less bioavailable sources, such as inorganic silicon different
from organic silicon, should also be assayed; c) silicon treatment
was studied once T2DM was confirmed; the preventive effect,
introducing silicon treatment before the induction of pathology,
should also be tested.
In conclusion, results demonstrate that silicon might be the

prototype for a new class of lipid lowering functional ingredi-
ent, allowing the reduction of the negative effect of meat-based
HSFHCD with special application to diabetic dyslipidemia. This
hypocholesterolemic effect appears closely related to a) improv-
ing total and fat excretion in feces; b) limiting cholesterol ester-
ification and absorption by reducing ACAT2 levels; c) favoring
cholesterol excretion via ABCG5/8 into the intestinal lumen by
activating the LXR factor; and d) preserving the absorptive area of
duodenal mucosa. The silicon cholesterol-lowering effect comes
with a significant decrease in glycemia, which guarantees its use
as a nutritional alternative in diabetic dyslipidemia.
To sum up, these results show that silicon could be the pro-

totype of a new class of hypolipidemic functional ingredient.
Hence, inclusion of silicon as a functional ingredient in meat
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products could be a new nutritional therapy tool to improve dys-
lipidemia, diabetes, and related comorbidities. However, more
preclinical studies are needed before its application.
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