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Silicon-enriched functional meat enhances
colonic barrier function by regulating tight
junction protein expression, oxidative stress, and
inflammation responses in a diabetic dyslipidemia
model†
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Western diets are linked to metabolic disorders such as Type 2 diabetes mellitus (T2DM) and diabetic dys-

lipidemia, which involve hyperglycemia, insulin resistance, high plasma cholesterol levels and altered lipo-

protein profiles. The T2DM progression also involves glucolipotoxicity, wherein elevated glucose and fatty

acid levels induce oxidative stress and inflammation. Excessive intake of saturated fats and/or cholesterol

can trigger dysbiosis, which weakens the colonic barrier, increases its permeability, and promotes chronic

low-grade inflammation, thereby accelerating the progression of T2DM. Silicon, an essential trace

element, has demonstrated antidiabetic, hypolipidemic, antioxidant and anti-inflammatory properties,

suggesting its potential as a nutritional adjuvant in therapeutic management of T2DM and the mainten-

ance of gut health. In this study, 24 male Wistar rats were divided into three groups: (1) an early-stage

T2DM group (ED) fed a control meat incorporated into a high saturated-fat diet; (2) a late-stage T2DM

group (LD) fed a control meat incorporated into a high-saturated fat and high cholesterol diet combined

with streptozotocin and nicotinamide injection; and (3) a late-stage T2DM group fed a silicon enriched

meat (LD-Si). Microbiota composition, lipoperoxidation and concentrations of fat, cholesterol, oxysterols

and short-chain fatty acids and silicon were assayed in feces. The colonic tissue morphology, barrier

integrity, antioxidant capacity and inflammatory markers were measured to evaluate the impact of silicon

on colonic health and intestinal barrier function. Silicon enriched meat (Si-RM) consumption increased

faecal fat and cholesterol excretion and reduced toxic luminal environments by modulating oxysterols. Si-

RM consumption also enhanced colonic barrier integrity, increasing tight junction proteins and goblet

cells, and exhibited antioxidant effects via the pNrf2 pathway and superoxide dismutase activity.

Furthermore, silicon reduced the pro-inflammatory cytokines TNFα and IL-6, likely through inhibition of

the TLR4/NFκB pathway. The results suggest that silicon’s ability to enhance intestinal barrier integrity,

reduce oxidative stress, and prevent inflammation could slow down T2DM progression, making it a prom-

ising nutritional adjuvant for managing the disease.
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1. Introduction

Oxidative stress induced by nutritional overload, such as
Western diets rich in saturated fats and cholesterol, has tra-
ditionally been associated with the development of metabolic
disorders such as type 2 diabetes mellitus (T2DM) and dyslipi-
demia.1 Diabetic dyslipidaemia is characterized by hyperglyce-
mia and insulin resistance (IR), as well as high plasma chole-
sterol levels and an altered lipid profile, all of which induce
further exacerbation of oxidative stress.2 This leads to a con-
dition known as glucolipotoxicity. In this state, the concurrent
exposure to high levels of glucose and free fatty acids and
cholesterol exerts synergistic toxic effects, increasing free-
radical activity and lipid peroxidation, which in turn contrib-
ute to the development of diabetic complications.3 In late-
stage T2DM, persistent glycolipotoxicity triggers β-cell dysfunc-
tion, apoptosis,4 and inflammation5 mediated by a nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkβ),
further exacerbating insulin deficiency.6

The loss of barrier integrity is closely linked to the onset of
metabolic disorders, including T2DM.7 The gastrointestinal
mucosa is continuously exposed to a harsh environment and
toxins, leading to mucosal damage. In vitro exposure to the
intestinal content isolated from prediabetic mice fed a high-fat
diet (HFD) directly disrupted tight junction (TJ) proteins,
increasing intestinal permeability.8,9

Factors contributing to this disruption include the gut
microbiota10 and their secreted products and toxins (such as
lipopolysaccharide (LPS) and digestive enzymes, short-chain
fatty acids (SCFA), and bile acids).11 Oxysterols, oxidized chole-
sterol metabolites, serve as biomarkers of oxidative stress and
play a role in glucolipotoxicity, leading to T2DM and
dyslipidemia.12–14 The loss of intestinal barrier integrity and
the subsequent translocation of bacteria or bacterial products,
such as endotoxins, from the intestine to other tissues are now
considered key drivers of chronic low-grade inflammation in
T2DM.15 LPS-mediated TLR4 activation triggers systemic
inflammation, contributing to IR and metabolic dysfunction.16

Persistent low-grade inflammation accelerates metabolic
disease progression, increasing oxidative stress, dysbiosis, and
altered permeability.17,18 These findings introduce a novel per-
spective on T2DM pathophysiology, highlighting the potential
of nutritional and pharmacological interventions to regulate
intestinal barrier function.19 Meat consumption, especially
processed and red meat, is a risk factor for T2DM due to its
high fat and cholesterol content, as well as the presence of
heme iron and arginine.20 Consequently, meat consumption is
not recommended for patients with T2DM.21 However, since
meat is widely consumed, enhancing its nutritional profile
through bioactive ingredients could be a viable strategy for
metabolic disease management. In this context, silicon, an
essential trace element, available in the diet in drinking water
and certain cereals, has gained attention for its metabolic
benefits. It plays a key role in bone mineralization, connective
tissue integrity, and collagen synthesis. Research suggests that
it may help reduce the risk of atherosclerosis by mitigating dys-

lipidemia, modulating lipid metabolism, and supporting
endothelial function. Silicon contributes to vascular health,
antioxidant defence, and metabolic stability, highlighting its
potential protective effects against cardiovascular and degen-
erative diseases.22 We have previously demonstrated that the
consumption of a silicon-enriched functional meat (Si-RM)
exerts hypoglycemic and hypolipidemic effects, improving lipo-
protein profiles by reducing cholesterol absorption and
increasing its efflux in the proximal small intestine.23–25

Additionally, Si-RM has antioxidant and anti-inflammatory
properties, enhancing enzymatic antioxidant activity and sup-
pressing proinflammatory cytokines.26 Based on these effects,
this study aims to investigate the potential of Si-RM consump-
tion as a functional food and its feasibility as a dietary inter-
vention aimed at enhancing intestinal health, modulating sys-
temic inflammation, and improving metabolic homeostasis in
a diabetic dyslipidemic rat model. Specifically, we evaluated its
effects on: 1) oxysterol excretion and fecal lipid peroxidation,
(2) gut microbiota diversity and SCFA production, (3) intestinal
barrier integrity, (4) redox balance, antioxidant defences, and
proinflammatory markers, and (5) histopathological markers
of colonic health.

2. Materials and methods
2.1. Diets

The formulation and composition of the diets are detailed in
ESI Table S1.† The control meat matrix (RM) was prepared
using a 50 : 50 blend of lean minced pork and beef with lard,
processed using a grinder–homogenizer (Stephan Universal
Machine UM5, Stephan u. Söhne GmbH, Germany), freeze-
dried, and ground into a homogeneous powder. Silicon-
enriched meat (Si-RM) was prepared similarly, incorporating
organic silicon (Silicium organique G57™; Glycan Group,
Geneva, Switzerland) to achieve a final silicon concentration of
20 mg kg−1 diet.25

2.2. Animal model and experimental design

Twenty-four two-month-old male Wistar rats (Harlan S.L.,
Barcelona, Spain) were housed at the Animal Experimentation
Center of Alcalá University, Madrid, Spain (registration
number: ES280050001165), and grouped in pairs under con-
trolled temperature (22.3 ± 1.9 °C) and light (12 h light/dark
cycle) conditions. The study was approved by Spanish regulat-
ory authorities (AGL2014-53207-C2-2-R) and adhered to
Directive 2010/63/EU and ARRIVE guidelines.

Following previous models,27–30 a late-stage T2DM (LD) rat
model with dyslipidemia, hyperglycemia, and reduced insulin
production was used, alongside an early-stage T2DM (ED)
model as a reference. To induce the ED model, eight rats were
fed a RM based high-saturated-fat diet (HSFD) for eight weeks.
The remaining 16 rats were fed a high-saturated-fat, high-
cholesterol diet (HSFHCD) for three weeks. At the fourth week,
they also received an intraperitoneal injection of streptozotocin
(STZ, 65 mg per kg b.w.) and nicotinamide (NAD, 225 mg per
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kg b.w.) (both from Sigma-Aldrich, Madrid, Spain). Four days
later, once fasting hyperglycaemia was confirmed, the
HSFHCD fed animals were divided into two groups: the late-
stage T2DM control (LD) group that continued RM and
HSFHCD for another five weeks and the LD group sup-
plemented with 2 mg kg−1 Si-RM (LD-Si) until the end of the
experiment. The silicon dosage was selected based on Western
vs. Eastern population consumption patterns.31 Details of the
diet are provided in Table S1.†

At the end of the experiment, the rats were anesthetized
with isoflurane (5% v/v), and blood was collected from the des-
cending aorta. The distal colon was dissected, measured,
weighed, and processed for further analyses.

2.3. Faecal analysis: weight, moisture, lipids, cholesterol,
lipid peroxidation (TBARS), and silicon content

Faeces were collected daily during the final week of the experi-
ment, weighed, and frozen at −20 °C until analysis. The moist-
ure content in faeces was determined by oven drying at 100 °C
to a constant weight.32

Faecal fat was extracted following the method reported
by David et al.33 Briefly, 1 g of dried faeces was hydrated,
homogenized, extracted using a chloroform/methanol (1 : 1)
mixture, centrifuged at 750g for 10 min, and the organic phase
was collected. Solvent evaporation was performed using a
rotary evaporator (Rotavapor R-200, Büchi, Barcelona, Spain).
Cholesterol quantification was performed after extraction from
0.25 g of dried faeces, with resuspension in isopropanol
(95 : 5) and analysis using 15 µL of the sample + 150 µL of
working reagent.

The silicon content of the faecal samples was measured
after acid digestion (HNO3, H2O2, and HF) using inductively
coupled plasma optical emission spectrometry (ICP-OES) at
ICTAN-CSIC. International reference materials were used for
accuracy.

For lipid peroxidation quantification (TBARS assay), faecal
samples (150 mg) were extracted in 1 mL water at 37 °C for
1 h, centrifuged, and analyzed using 200 µL faecal water +
40 µL SDS (20%) + 600 µL sodium acetate buffer (pH 4) +
600 µL TBA (0.8%, pH 4). Data were expressed as µg MDA per g
faeces.

2.4. Determination of oxysterols in faeces

Faecal oxysterols were analyzed using solid–liquid microextrac-
tion (SLME) and nuclear magnetic resonance (NMR) spec-
troscopy. All solvents were of analytical grade and used
without further purification. Reference standards included 24
(S)-hydroxycholesterol (24-OHC), 25-hydroxycholesterol
(25-OHC), 27-hydroxycholesterol (27-OHC), cholesterol
5α,6α-epoxide (5,6-EC), 7β-hydroxycholesterol (7-OH), and
7α-hydroperoxycholesterol (7-OOH) (Sigma-Aldrich, Madrid,
Spain). Faecal samples (50–60 mg) were extracted with chloro-
form (50 mL, 3×), concentrated to 1 mg, and resuspended in
160 μL CDCl3-d1 before transfer to NMR microtubes. NMR
spectra were acquired on a Bruker Avance AV (5 mm Dual
1H-13C probe, 300 MHz) with 256 transients, 128 K points, a

spectral width of 14 ppm, an acquisition time of 4.0 s, and a
delay time of 2.0 s per sample, following a modified spin echo
sequence with a double pulse field gradient.34 Spectral data
were processed using MestReNova software (v14.1.2, MestReC,
Spain), applying Fourier transformation with 0.3 Hz line
broadening, manual phase, and baseline corrections.
Chemical shifts (δ) were referenced to CDCl3-d1 (7.26 ppm),
and peak patterns were identified using standard notations: s
(singlet), d (doublet), t (triplet), q (quartet), quint (quintet),
sext (sextuplet), sept (septuplet), m (multiplet), and br (broad
signal).

2.5. Histological procedure and immunohistochemical
staining

Distal colonic samples were fixed in 10% formaldehyde,
embedded in paraffin, and cut into 3 µm-thick sections. The
sections were stained with hematoxylin–eosin (H&E), periodic
acid Schiff (PAS), and Alcian Blue (AB, pH 2.5) for histological
analysis. Images were captured with a Leica DM LB2 light
microscope and a Leica DFC 320 camera (Leica, Madrid,
Spain), and analysed with ImageJ software (Fiji image J; 1.54j,
NIH, USA). Crypt depth was measured from the H&E sections
by counting the number of cells per hemi-crypt, focusing only
on crypts with an open longitudinal axis. The level of neutral
mucin glycoprotein in the tissue was assessed by PAS and AB
staining and calculated as the number of PAS or AB-positive
cells per crypt. For immunohistochemistry, the sections were
deparaffinized, rehydrated, and subjected to antigen retrieval
in 10 mM citrate buffer (pH 6.0). After blocking with 3%
hydrogen peroxide, the sections were incubated overnight at
4 °C with the appropriate biotinylated secondary antibody.
Staining was performed using a streptavidin-biotin horse-
radish peroxidase (HRP) system and developed with 3,3′-diami-
nobenzidine (DAB) (Sigma-Aldrich, Madrid, Spain).
Counterstaining was performed with Harris’s hematoxylin.
Brown colour indicates specific protein immunostaining and
light blue colour indicates nuclear haematoxylin staining.
Positive and negative controls were used during the optimiz-
ation of the methods. Immunoreactivity was quantified based
on the immunoreactivity score (IRS), categorized as weak (1),
moderate (2), diffuse (3), or intense (4). A total of 10 fields per
section per rat were analyzed by two blinded researchers.

2.6. Assessment of apoptosis: terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) procedure

Colonic sections were deparaffinized, rehydrated, and permea-
bilized with proteinase K (20 μg mL−1) for 15 min at 37 °C.
Endogenous peroxidase activity was quenched with 3% hydro-
gen peroxide for 10 min, after which they were washed with
PBS. The sections were then incubated with equilibration
buffer for 10 min, after which the terminal deoxynucleotidyl
transferase reaction mixture was applied to all sections except
the negative control and incubated at 37 °C for 1 h. The reac-
tion was stopped by placing the sections in saline-sodium
citrate buffer for 15 min. Incorporated biotinylated nucleotides
were detected using streptavidin-HRP (1 : 500) for 30 min at
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room temperature. After multiple washes, the sections were
treated with DAB until a colour developed (5–10 min). Finally,
the sections were dehydrated, mounted, and stained with
Harris’ hematoxylin. The number of apoptotic positive nuclei
per crypt was then counted.

2.7. Analysis of antioxidant (SOD, CAT, GR and GPx)
activities and oxygen radical absorbance capacity (ORAC)

Superoxide dismutase (SOD) activity was measured via a modi-
fied nitroblue tetrazolium (NBT) assay.35 The absorbance of
the nitrite-EDTA complex was recorded at 560 nm every
minute for 10 min at 37 °C using a SPECTROstar Nano
spectrophotometer (BMG LABTECH, Germany).

Catalase (CAT) activity was determined by monitoring H2O2

degradation at 260 nm every 30 s for 10 min.36

Glutathione reductase (GR) activity was measured via
NADPH oxidation to NADP+ during GSSG reduction, recording
the absorbance decrease at 340 nm.37

Glutathione peroxidase (GPx) activity was quantified by
NADPH oxidation in the presence of cumene hydroperoxide,
recording 340 nm absorbance every minute for 10 min.38

Protein normalization for all enzyme activities was standar-
dized to protein concentration39 (SPECTROstar Nano) and
expressed as nmol min−1 mg−1 protein.

The oxygen radical absorbance capacity (ORAC) assay was
performed on colonic mucosal extracts following Ou et al.
(2001).40 Fluorescence intensity was recorded every minute for
2 h using a FLUOstar Omega plate reader (BMG LABTECH,
Germany) at 485 nm (excitation) and 535 nm (emission). Data
were expressed as µmol Trolox equivalents (TE) g−1 colonic
mucosa.

2.8. Reduced (GSH) and oxidized (GSSG) glutathione

GSH and GSSG levels were measured using the method by
Senft et al. (2000)41 with ortho-phthalaldehyde (OPA) as a fluo-
rescent probe. Distal colonic mucosal extracts were deprotei-
nized with redox quenching buffer (5% TCA-RQB), homogen-
ized by sonication at 4 °C, and centrifuged (14 000g, 10 min).
For GSH determination, the samples were mixed with RQB,
3.15 mM N-ethylmaleimide, 0.1 M phosphate buffer, and OPA
(5 mg mL−1 in methanol). GSSG quantification involved redu-
cing GSSG to GSH using 95.62 mM dithionite, followed by the
same detection protocol. Fluorescence was measured at an
excitation wavelength of 360 nm and an emission wavelength
of 460 nm using a FLUOstar Omega plate reader (BMG
LABTECH, Germany). The results were expressed as nmol
mg−1 protein, and the GSH/GSSG ratio was calculated.

2.9. DNA extraction and 16S rRNA gene sequencing

Faecal samples were collected from the distal colon and
immediately stored in sterile tubes at −80 °C. They were sub-
sequently analyzed as described by Macho-González et al.
(2021).42 Bacterial DNA was extracted from 180–220 mg of each
faecal sample using an optimized protocol, which included
homogenization with glass beads on the FastPrep system (MP
Biomedicals, California, USA) followed by DNA extraction with

the QIAamp DNA Stool Mini Kit (Qiagen NV, Venlo,
Netherlands), according to the manufacturer’s instructions.
The extracted DNA was stored at −80 °C until its concentration
was measured using a NanoDrop spectrophotometer ND-1000
(Thermo Fisher Scientific, Wilmington, USA).

To assess faecal bacterial diversity, the V3–V4 hypervariable
regions of the bacterial 16S rRNA genes were amplified using
the universal primers 343 F (5′-TACGGRAGGCAGCAG-3′) and
798 R (5′-AGGGTATCTAATCCT-3′). Real-time PCR (qPCR) was
then performed to detect 16S rDNA using bacterial group-
specific primers. The qPCR experiments were carried out on
the AriaMix system (Agilent Technologies, Palo Alto, CA, USA)
using SYBR Green qPCR Master Mix (Agilent Technologies,
Palo Alto, CA, USA), following the amplification protocols out-
lined by Redondo-Castillejo et al. (2023).70 A standard curve
was used in each qPCR assay for quantification of target bac-
terial DNA.

2.10. Faecal SCFA determination

SCFA levels were measured following Álvarez-Cilleros et al.43

Under sterile conditions, 0.1 g of faecal matter was mixed with
1 mL of water + 0.5% phosphoric acid and stored at −20 °C.
The samples were homogenized (2 min, vortex), centrifuged
(17 949g, 10 min), and analyzed using a gas chromatograph-
mass spectrometer (GC-MS, Agilent 7890A, Agilent
Technologies, Spain) equipped with a DB-WAX column (60 m,
0.25 mm, 0.25 μm, Agilent). The ionization source and quadru-
pole temperatures were set at 230 °C and 150 °C, respectively.
Detection was performed in single ion monitoring mode, and
a calibration curve (2–10 000 μM) was generated using WSFA-2
(Sigma-Aldrich, Spain) and 4-methylvaleric acid (Sigma-
Aldrich, Spain) as an internal standard. SCFA concentrations
were expressed as μmol g−1 faeces and as percentages.

2.11. Colonic marker concurrence/scores

Average colonic marker scores were calculated according to the
method outlined by Macho-González et al.42 The mean score
was determined by assigning values 1, 2, or 3 to the 1st, 2nd,
and 3rd tertiles, respectively, and taking into account the
number of rats in each tertile. A score of 3 was assigned to the
highest-value measurements and 1 to the lowest ones, except
for the anti-inflammatory score of the A&A index, where higher
values of inflammation markers place them in a lower tertile.
The gut microbiota (GM index) was derived by considering
four genera and species: Bifidobacterium spp., Faecalibacterium
prausnitzii, Lactobacillus spp., and Enterobacteriaceae, with the
index value calculated by summing the tertile values for each
parameter. The total SCFA index was calculated by considering
both branched-chain and straight-chain fatty acids. The colon
morphology index (CM index) incorporated parameters such
as crypt depth, crypt density, the number of positive goblet
cells per crypt, the PCNA index, and the TUNEL index. The TJ
index was obtained by summing the tertile values for occludin
and ZO-1. The antioxidant and anti-inflammatory index (A&A
index) were the sum of the following parameters: Mn-SOD, Cu/
Zn-SOD, catalase, GPx, GR, HO1, 40 serine phospho-nuclear
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erythroid 2-related factor 2 (pNrf2), GSH/GSSG ratio, nitrotyro-
sine, TNFα, IL-6, pNFκB p65, and TLR4. Finally, the global
colonic index (GC index), representing a composite marker of
17 variables, was calculated by summing the tertile values for
the GM index, SCFA index, CM index, TJ index, and A&A index.

2.12. Statistical analysis

All data are presented as mean ± standard deviation (SD).
Multiple group comparisons were performed using one-way
ANOVA, followed by the Bonferroni post-hoc test for homo-
geneous variances or the Tamhane test for heterogeneous var-
iances. Non-parametric variables were analyzed using the
Kruskal–Wallis test, followed by the Dunn–Bonferroni post-hoc
test. Pearson’s correlation was used for continuous variables,
while Spearman’s correlation was applied to score-based
indices. Statistical significance was set at p < 0.05. Statistical
analyses were conducted using SPSS v25.0 (SPSS Inc., Chicago,
IL, USA) and GraphPad Prism v8.1.2 (GraphPad Software, La
Jolla, CA, USA).

3. Results
3.1. Effect of silicon on biochemical parameters in plasma

Table S3† presents data on plasma glucose, insulin levels, the
HOMA-β index, triglycerides, cholesterol, atherogenic index
(AI), diabetes trend score (DTscore), and dyslipidemic diabetes
score (DDscore). The results revealed significant differences in
plasma, insulin, HOMA-β (p < 0.001), and DTscore (p < 0.001)
among the experimental groups. Rats in the LD group exhibi-
ted significantly higher plasma glucose levels (p < 0.001), but
lower insulin levels and HOMA-β (p < 0.001) compared to the
ED group. The LD-Si rats displayed intermediate values, with
significant differences observed in all parameters (p < 0.01)
compared to both the LD and ED groups. Notably, all groups

had high plasma glucose levels (≥11.1 mmol L−1), indicating
severe hyperglycemia.

The treatment also had a significant effect on plasma trigly-
cerides, cholesterol, and the AI, calculated as total cholesterol/
HDL cholesterol (ANOVA p < 0.01). The prevalence of high tri-
glycerides (≥1.69 mmol L−1) and high cholesterol (≥2.59 mmol
L−1) differed significantly across the experimental groups (Chi-
square test p < 0.001). Hypertriglyceridemia was observed in
62.5% of the ED rats but was absent in both the LD and LD-Si
groups. Conversely, hypercholesterolemia was prevalent in
87.5% of the LD rats but was not observed in the ED and LD-Si
groups. The LD group had significantly higher cholesterol
levels and AI compared to the ED group (p < 0.001). However,
the elevated cholesterol levels in the LD group were reversed by
silicon treatment, bringing them in line with those of the ED
group. The LD and LD-Si rats exhibited lower triglycerides and
higher AI (p < 0.01) compared to the ED rats.

Both the DTscore and DDscore showed significant differ-
ences among the experimental groups (ANOVA p < 0.001). The
LD rats had significantly higher DTscore and DDscore com-
pared to the ED and LD-Si rats (p < 0.001). The LD-Si group
exhibited significantly lower DTscores compared to LD (28.3%,
p < 0.001) groups. Additionally, the LD-Si group had a lower
DDscore compared to the LD group, with no significant differ-
ences observed between the ED and LD-Si groups (p < 0.05).
These findings suggest that silicon (Si-RM) improved the
plasma diabetic dyslipidemia parameters in rats with late-
stage T2DM.

3.2. Effects of silicon on colonic length and weight, faecal
weight and moisture, content of fat, cholesterol and silicon in
faeces, faecal lipoperoxidation and oxysterol content

Table 1 presents data on the length and weight of the colon,
stool moisture, fat, cholesterol, and silicon contents, as well as

Table 1 Colon length and weight, faecal parameters and lipoperoxidation and oxysterol content 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

Colon length (cm) 14.88 ± 1.36 15.31 ± 1.91 16.43 ± 1.64 NS
Empty colon weight (g) 1.94 ± 0.45b 1.41 ± 0.32a 1.69 ± 0.26a 0.025
Faeces weight (g per d dry matter) 1.14 ± 0.08a 1.59 ± 0.06b 1.96 ± 0.24c <0.001
Faeces moisture (g day−1) 0.19 ± 0.03a 0.27 ± 0.04b 0.32 ± 0.05b <0.001
Faeces fat excretion (mg g−1) 80.01 ± 6.6a 170.61 ± 10.1b 254.02 ± 14.2c <0.001
Faecal cholesterol excretion (mg g−1 day−1 dry matter) 1.72 ± 0.51a 21.25 ± 1.26b 48.31 ± 10.77c <0.001
Faecal silicon excretion (µg g−1 day−1 dry matter) 2.95 ± 0.86a 2.73 ± 0.84a 6.42 ± 2.04b <0.001
TBARS (µg MDA g−1 faeces) 59.71 ± 3.34a 66.4 ± 2.97b 60.96 ± 6.91ab <0.05
RMN oxysterols (ppm)
24-OHC 30.06 ± 3.21c 1.51 ± 0.11a 14.97 ± 0.75b <0.001
25-OHC 0.57 ± 0.02a 2.12 ± 0.01b 0.66 ± 0.002a <0.001
27-OHC 8.47 ± 0.02a 31.53 ± 0.02b 9.73 ± 0.007a <0.001
5,6-EC 0.14 ± 0.01b 0.075 ± 0.001a 0.097 ± 0.001a <0.001
7-OH 0.072 ± 0.002a 0.13 ± 0.001c 0.11 ± 0.001b <0.001
7-OOH 0.12 ± 0.001b 0.14 ± 0.003c 0.10 ± 0.001a <0.001

Values expressed as mean ± SD (n = 8 per group). Labeled means in a row bearing different letters (a < b < c) were significantly different (at least p
< 0.05 with ANOVA followed by Scheffe or Tamhane post-hoc test). NS: no significant differences between groups. 24-OHC, 24-hydroxycholesterol;
25-OHC, 25-hydroxycholesterol; 27-OHC, 27-hydroxycholesterol; 5,6-EC, 5,6-epoxicholesterol; 7-OH, 7-hydroxycholesterol; and 7-OOH,
7-hydroperoxycholesterol.
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faecal lipid peroxidation. Additionally, Table 1 also displays
the faecal concentrations of 24-hydroxycholesterol (24-OHC),
25-hydroxycholesterol (25-OHC), 27-hydroxycholesterol
(27-OHC), 5,6-epoxycholesterol (5,6-EC), 7-hydroxycholesterol
(7-OH), and 7-hydroperoxycholesterol (7-OOH). Fig. 1 shows 1H
NMR spectra of oxysterols.

No differences were found in colon lengths between
groups; however, the weight of the empty colon was lower in
the LD rats compared to that of the ED rats. Although silicon
slightly increased the colon weight, it did not reach the levels
observed in the ED group (p = 0.025).

LD rats showed higher faecal weight (p < 0.0001), moisture
(p < 0.001), fat (p < 0.0001), and cholesterol (p < 0.0001) com-
pared to ED rats. Daily silicon excretion showed no significant
differences between these two groups. In contrast, LD-Si rats
exhibited significantly higher values for all parameters, except for
faecal moisture, which also tended to increase. It is important to
highlight that fat and cholesterol excretion in the faeces in the
LD-Si group was significantly higher, being 2.1 and 28.1 times
higher than that in the ED group and 1.5 and 2.3 times (p <
0.001) higher than that in the LD group, respectively.

Regarding lipid peroxidation measured with the TBARS
technique, LD rats showed significantly higher values than
those in the ED group (p < 0.001). The LD-Si group did not
display significant differences with the other study groups.

Upon analysing all the 1H NMR spectra of oxysterols
(Fig. 1), the predominant presence of hydroxylated cholesterol
derivatives was observed, with variations depending on the

treatment group. In the 1H NMR spectrum of the ED group,
intense signals were detected at 2.82 (d, J = 13.7 Hz, 1H-24)
ppm, corresponding to the side chain of 24-OHC. Additionally,
low-intensity signals were observed at 2.38–2.27 ppm (m,
1H-4), corresponding to 5,6-EC. In the 1H NMR spectrum of
the LD group (Fig. 1), intense signals were found at
1.24–1.17 ppm (m, 2H-24,24′), corresponding to the side
chains of 25-OHC and 27-OHC. Low-intensity signals were also
detected at 2.19 ppm (d, J = 11.4 Hz, 1H-4), corresponding to
7-OH. Finally, in the 1H NMR spectrum of the LD-Si group
(Fig. 1), intense signals were detected at 0.93–0.81 ppm (m,
H-25), corresponding to the side chains of 27-OHC and
24OHC. Low-intensity signals at 2.96 (d, J = 44.4 Hz, 2H-7,8)
ppm, corresponding to 7-OOHC, were also identified.

As shown in Table 1, LD rats exhibited significantly lower
levels of 24-OHC and 5,6-EC (p < 0.0001), but higher levels of
25-OHC and 27-OHC compared to the ED rats (p < 0.0001). In
contrast, the LD-Si group demonstrated lower levels of 24-OHC
and 5,6-EC compared to the ED group, but these were higher
than those observed in the LD group, with 24-OHC levels
increasing by 891.35% (p < 0.0001) and that of 5,6-EC by
62.60% (p < 0.0001). The levels of 25-OHC, 27-OHC, and 7-OH
were significantly higher in the LD-Si group than in the ED
group, although still lower than those in the LD group (p <
0.0001). For 7-OOH, the LD group exhibited a significant
increase in its levels compared to the ED group, whereas the
LD-Si group showed a significant decrease in 7-OOH levels
compared to the ED group.

Fig. 1 Identification of oxysterols in the 1H NMR spectrum from early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon
(LD-Si) groups.
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3.3. Silicon effects on the gut microbiota

Table 2 presents the bacterial groups of the gut microbiota in
the study, classified by gender (ANOVA, p < 0.05). The three
groups showed no significant differences in the abundance of
microbiota species such as Enterobacteriaceae spp., Bacteroides
spp., Lactobacillus, B. coccoides, C. leptum, Bifidobacterium spp.,
and Enterococcus in the faecal samples analysed. The only
exception was observed in F. prausnitzii, which showed a sig-
nificant decrease in colonic levels in the LD group (8.22%)
compared to the ED group (p < 0.001). The addition of silicon
resulted in a slight increase in F. prausnitzii levels (8.44%), but
this change was not statistically significant when compared to
the LD group.

3.4. Effect of silicon on short chain fatty acid levels in
colonic faeces

The SCFA levels extracted from the colonic faecal material are
presented in Table 3 (ANOVA, p < 0.05).

No significant differences were observed in the concen-
trations of propionic acid, isobutyric acid, valeric acid, and iso-
valeric acid across the groups. The ED group showed the
lowest and highest levels of acetic acid, being significantly
different from both LD and LD-Si groups, and lying between
them (p < 0.05). Moreover, ED had the highest concentration
of butyric acid showing significant differences from LD and
LD-Si (p < 0.001) which, as previously mentioned, did not
differ significantly between them.

3.5. Effect of silicon on morphological parameters and
barrier integrity of the distal colon

Fig. 2 displays mucosal morphological parameters such as
crypt density (Fig. 2B) and crypt depth (Fig. 2C), number of
stained PAS and AB positive cells (Fig. 2D), and levels of occlu-
din and ZO-1(Fig. 2E). Fig. 2A shows representative photo-
graphs of these parameters from slices of colonic distal
mucosa.

The results showed that LD rats exhibited a significant
decrease in crypt density, goblet cell number/crypt, and levels
of occludin and ZO-1 (p < 0.001) in comparison with ED ones,

while there were no significant differences in colonic crypt
depth (p > 0.05).

Silicon improved the morphology and integrity of the
colonic barrier. The LD-Si group displayed a significant
increase in crypt depth (p < 0.001) with respect to both ED and
LD groups, while the crypt density was lower than that of the
ED group and higher than that of the LD group (both p < 0.01).
The number of goblet cells per crypt was significantly higher
in LD-Si rats compared to those in ED (PAS:36.13%; AB:22.5%,
p < 0.001) and LD (PAS:74.36%, AB: 164.3%, p < 0.0001) rats.
Occludin and ZO-1 levels were higher in LD-Si rats compared
to those in LD rats (p < 0.001), achieving values of ED rats (p >
0.05).

3.6. Effect of silicon on proliferation and apoptosis balance
in the epithelium of distal colonic mucosa

Fig. 3 shows photographs (Fig. 3A) and IRS of PCNA-LI
(Fig. 3B), TUNEL-LI (Fig. 3C) and caspase 3 levels (Fig. 3D)
from colonic mucosa slices.

Regarding proliferation, LD rats showed significantly higher
levels than ED ones (p < 0.001) in all parameters, increasing
the epithelial turnover in the colonic mucosa. Silicon
decreased the PCNA-LI levels compared to those in the LD
group, with no significant difference between LD-Si and ED
groups (p > 0.05). Although there was a tendency to decrease

Table 2 Main bacterial groups quantified by PCR in faeces 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

Enterobacteriaceae spp. 6.84 ± 0.32 7.16 ± 0.80 6.70 ± 0.57 NS
Bacteroides spp. 9.66 ± 0.35 9.24 ± 0.35 9.43 ± 0.51 NS
Lactobacillus spp. 8.70 ± 0.46 8.24 ± 0.29 8.26 ± 0.78 NS
C. Coccoides 11.89 ± 0.39 11.98 ± 0.24 11.74 ± 0.35 NS
C. leptum 8.34 ± 0.42 8.24 ± 0.13 7.84 ± 0.54 NS
Bifidobacterium spp. 7.01 ± 0.89 6.25 ± 0.33 6.38 ± 0.47 NS
Enterococcus spp. 6.14 ± 0.49 6.36 ± 0.72 5.94 ± 0.34 NS
F. Prausnitzii 9.01 ± 0.41a 8.22 ± 0.32b 8.44 ± 0.20b <0.001

Values expressed as mean (Lg CFU g−1 faeces) ± SD (n = 8 per group). Labelled means in a row bearing different letters (a < b < c) were signifi-
cantly different (at least p < 0.05 ANOVA followed by Scheffe or Tamhane post-hoc test). NS: no significant differences between groups and CFU:
colony-forming units.

Table 3 Faecal short chain fatty acid levels of early-stage diabetes (ED),
late-stage diabetes (LD) and late-stage diabetes-silicon (LD-Si) groups in
µmol g−1 faeces

ED group LD group LD-Si group p

Acetic acid 30.84 ± 5.45c 24.04 ± 3.76b 20.77 ± 5.72a <0.01
Propionic acid 6.87 ± 1.30 7.86 ± 3.58 6.57 ± 2.53 NS
Butyric acid 7.90 ± 2.38b 1.18 ± 0.32a 1.72 ± 0.43a <0.001
Isobutyric acid 0.60 ± 0.16 0.51 ± 0.16 0.42 ± 0.08 NS
Valeric acid 0.69 ± 0.21 0.59 ± 0.29 0.40 ± 0.12 NS
Isovaleric acid 0.68 ± 0.35 0.49 ± 0.14 0.34 ± 0.11 NS

Values expressed as mean (µmol g−1 faeces) ± SD (n = 7 per group).
Labelled means in a row bearing different letters (a < b < c) were sig-
nificantly different (at least p < 0.05 ANOVA followed by Scheffe or
Tamhane post-hoc test). NS: o significant differences between groups.
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the apoptosis, the TUNEL-LI and caspase 3 levels of LD-Si rats
displayed the same distribution as the LD group, with higher
values than those of ED rats.

3.7. Effect of silicon on antioxidant capacity

Fig. 4 shows the immunolocalization (Fig. 4A) and IRS of Cu/Zn-
SOD, Mn-SOD, catalase, HO-1, and pNrf2 levels (Fig. 4B), the
activities of the enzymes, SOD and catalase (Fig. 4C and D), levels
of antioxidant mucosal status measured by the ORAC technique
(Fig. 4E), nitrotyrosine (Fig. 4F) and colonic mucosa.

Cu/Zn-SOD, Mn-SOD, catalase and pNrf2 immunohisto-
chemical levels of LD rats were lower than those of ED ones (p
< 0.01). LD-Si rats showed significantly lower Cu/Zn-SOD and
Mn-SOD levels compared to ED rats (p < 0.001) but higher
levels than LD ones (p < 0.001), whilst catalase levels in LD-Si
rats did not show significant differences compared with the
other two groups. In the case of pNrf2, LD-Si rats only showed
a significant increase compared to LD ones (p < 0.001). No sig-
nificant differences of HO-1 levels in all the studied experi-
mental groups were observed (p > 0.05). Considering enzy-
matic activities, the LD group showed higher catalase activity
than the ED group (p < 0.01) and lower but not significant
SOD activity. the LD-Si group displayed a significant increase
in SOD activity compared to the other groups (p < 0.001).
Additionally, LD-Si rats did not show significant differences in
catalase activity compared to the ED group, but they exhibited

a significant difference when compared to the LD group (p <
0.01). Lastly, the LD group showed the highest levels of ORAC
among the others, being significantly different from the ED
group (p < 0.01), but not from the LD-Si group, which did not
differ from both. Regarding reactive nitrosamine species
measured from nitrotyrosine, LD rats showed higher levels
with respect to ED and LD-Si rats (p = 0.0001), while LD-Si rats
showed significantly higher levels than ED rats (p = 0.0001).

3.8. Effect of the silicon glutathione redox system

Fig. 5 shows the glutathione redox system in colonic mucosa.
Fig. 5A displays photographs showing the immunolocalization,
while Fig. 5B presents the IRS of GPx and GR. Fig. 5C and D
show the activities of GPx and GR, respectively. Fig. 5E depicts
the levels of GSH and GSSG, along with the GSH/GSSG ratio.

Regarding the immunohistochemical levels of GPx and GR,
LD rats displayed a decrease in the levels of both enzymes in
comparison with ED ones (p < 0.001). LD-Si rats showed
higher levels of GPx and GR with respect to LD rats (p < 0.001),
without achieving the values of ED rats (p < 0.001). GPx activity
was significantly lower in the LD-Si and LD groups compared
to the ED group (p < 0.001) with no difference between LD-Si
and LD. GR activity did not display significant differences
between the three groups.

There were no differences in GSH levels among the three
experimental groups (p > 0.05). Although GSSG levels were

Fig. 2 Colonic morphometric markers in early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) groups. (A)
Representative images of H&E, PAS, and AB staining, and immunohistochemical labeling of occludin and ZO-1 antibodies, scale-bar: 50 µm, (B)
crypt density (µm), (C) crypt depth (cell number/hemi-crypt), (D) PAS and AB (goblet cell number per crypt), and (E) immunoreactivity scores of
occludin and ZO-1. Values expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between groups, ANOVA (p < 0.05).
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similar between LD and LD-Si groups, both were higher than
those of the ED group. However, the GSH/GSSG ratio was lower
in LD rats compared to that in ED rats, while in LD-Si rats the
ratio increased significantly without reaching the values of
ED rats.

3.9. Effect of silicon inflammatory parameters

Fig. 6 shows photographs of immunolocation of inflammation
markers (Fig. 6A) and IRS of pNFkβ (Fig. 6B), TLR4 (Fig. 6C),
TNFα (Fig. 6D), and IL-6 (Fig. 6E).

In every inflammatory marker, LD rats displayed higher
levels than ED ones: pNFkβ (p < 0.01), TLR4 (p < 0.001), TNFα
(p < 0.001), and IL-6 (p < 0.001). LD-Si showed intermediate
levels compared to the other two groups with respect to TNFα
(p < 0.01). However, regarding pNFkβ, TLR4, and IL-6, LD-Si
rats displayed significantly lower levels than LD ones (p <
0.001), with no significant differences compared to the ED
group.

3.10. Concurrence of colonic biomarkers

Colonic biomarker concurrence is displayed in Table 4
(ANOVA, p < 0.05). The GM index was highest in the ED group,
with lower values in the LD-Si and LD groups. These two
differed significantly from the ED group (p = 0.03) but not
from each other. CM index and TJ index showed the highest
values in the LD-Si group, differing significantly from ED (p <
0.001) and LD groups (p < 0.001). ED and LD rats did not show
significant differences regarding the SCFA index, displaying

higher levels than the LD-Si group, which differed significantly
from both ED and LD groups (p = 0.002). Regarding the A&A
index and GC index, the ED group showed the highest values
among the three groups, followed by LD-Si (p < 0.001) and LD
groups (p < 0.001), which were significantly different from
each other.

3.11. Heatmap

Fig. 7 presents the correlation results of morphometric and
faecal parameters, F. prausnitzii, oxysterols, butyric and acetic
acids, antioxidant and inflammation markers and colonic
marker concurrence scores.

Mucin production represented by the AB parameter as well
as occludin levels showed negative correlations with the
DTscore, and with 25-OHC, 27-OHC, and 7-OH oxysterols. On
the other hand, PAS, AB and occludin showed positive corre-
lations with all the colonic indexes except the SCFA index.

However, the balance between proliferation (PCNA) and
apoptosis (TUNEL) exhibited contrasting correlations, showing
positive association with DDscore, DTscore, faecal TBARS, and
faecal cholesterol, as well as with the oxysterols 25-OHC,
27-OHC, 7-OH, and 7-OOH. In contrast, negative correlations
were observed with butyric acid and the A&A index, GC index,
and 24O HC.

F. prausnitzii along with butyric acid exhibited significant
positive correlations with the activity of GPx and GSH/GSSG. In
contrast, it showed negative correlations with the markers of
the ROS/RNS balance, including ORAC and nitrotyrosine,

Fig. 3 Proliferation and apoptosis markers in early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) groups. (A)
Representative images of immunohistochemical labeling of PCNA, TUNEL and caspase 3, scale-bar: 50 µm, (B) proliferation index (PCNA-LI), (C)
apoptotic index (TUNEL-LI), and (D) immunoreactivity scores of caspase-3. Values are expressed as mean ± SD. Different letters (a < b < c) indicate
significant differences between groups, ANOVA (p < 0.05).
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TLR4, pNFkβ and the proinflammatory cytokines TNFα and
IL-6.

Inflammation markers, including pNFκB, TLR4, TNFα, and
IL-6, exhibited significant positive correlations with DTscore,
DDscore, TBARS, and the oxysterols 25-OHC, 27-OHC, 7-OH,
and 7-OOH. Conversely, they showed negative correlations with
faecal silicon levels, F. prausnitzii, 5–6-EC, 24-OHC, and butyric
acid, as well as with the TJ index, A&A index, and GC index.

4. Discussion

We have previously demonstrated that the consumption of Si-
RM exerts hypoglycemic and hypolipidemic effects, improving
the lipoprotein profile, cholesterol metabolism and the integ-
rity of mucosal absorptive area in the proximal small
intestine.27,28,44 Given that altered cholesterol metabolism
increases susceptibility to chemically induced colonic dis-
eases, this article focuses on whether Si-RM consumption can
reverse, at least partially, colonic mucosal disruption in rats
with late-stage T2DM. For the first time, we report that silicon:
(1) promotes a less toxic colonic luminal environment, evi-
denced by lower faecal lipoperoxidation and oxysterol levels;
(2) improves the colonic mucosal epithelium by enhancing

mucin secretion and reducing epithelial cell turnover; (3)
enhances intestinal barrier function through upregulation of
TJ, including occludin and ZO1; (4) induces antioxidant effects
via activation of the Nrf2 pathway and improves the gluta-
thione redox status; and (5) reduces colonic inflammation by
lowering TNFα and IL-6 cytokine levels, likely through inhi-
bition of the TLR4/NFκβp65 signalling pathway.

Firstly, we wanted to demonstrate that our late-stage T2DM
rat model (LD group) has proven to reproduce the gut-derived
typical metabolic alterations of diabetic dyslipidemia.28,29 LD
rats excreted high amounts of fat, cholesterol and pro-oxidants
and pro-inflammatory oxysterols with a high degree of lipoper-
oxidation in faeces, which generated a potentially toxic
environment in the distal colonic lumen. Autoxidation pro-
ducts of cholesterol are cytotoxic and may be useful markers of
oxidative stress or for monitoring of the progression of various
diseases.45 This high concentration of luminal oxidized metab-
olites could be responsible for the disrupted colonic homeo-
stasis found in LD rats compared to ED rats, characterized by
gut microbiome alterations42 and compromised barrier
integrity.28,44

In relation to the dysbiosis and the changes in microbiota-
derived SCFA production, LD rats showed a decrease of
F. prausnitzii (butyrate-producing bacterium) and then lower

Fig. 4 Antioxidant enzymatic levels and concentrations, and ROS/RNS balance in early-stage diabetes (ED), late-stage diabetes (LD), and late-stage
diabetes-silicon (LD-Si) groups. (A) Representative images of immunohistochemical labeling of CuZnSOD, MnSOD, catalase, HO-1, pNrf2 and nitro-
tyrosine antibodies, scale-bar: 50 µm, (B) immunoreactivity scores of CuZnSOD, MnSOD, catalase, HO-1 and pNrf2, (C) SOD activity (nmol min−1

mg−1 protein) and (D) catalase activity (nmol mg−1 protein per min); (E) ORAC (mmol Trolox mg−1) and (F) immunoreactivity scores of nitrotyrosine.
Values expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between groups, ANOVA (p < 0.05).
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faecal butyrate content was found as observed in T2DM
patients46,47 and rats fed an atherogenic diet.48 Specifically,
this species has been associated with the ability of reducing
intestinal permeability, leading to decreased endotoxin levels

and improvements of glucose tolerance and systemic inflam-
mation.49 It had also been found that mice fed HSFHCD, or
patients with obesity or T2DM, show an increased abundance
of Bacteroidetes and Proteobacteria, and a lower abundance of

Fig. 5 Glutathione redox system in early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) groups. (A)
Representative images of immunohistochemical labeling of GPx and GR antibodies, scale-bar: 50 µm, (B) immunoreactivity scores of GPx and GR;
(C) GPx and (D) GR activities (nmol min−1 mg−1 protein); and (E) glutathione system (nmol mg−1 protein): GSH, GSSG and GSH/GSSG ratio. Values
expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between groups, ANOVA (p < 0.05).

Fig. 6 Inflammation markers in early-stage diabetes (ED), late-stage diabetes (LD), and late-stage diabetes-silicon (LD-Si) groups. (A) Representative
images of immunohistochemical labeling of pNFkβ, TLR4, TNFα and IL-6 antibodies; (B) pNFkβ (number of positive nuclei per crypt); (C) TLR4, (D)
TNFα and (E) IL-6 immunoreactivity scores. Values expressed as mean ± SD. Different letters (a < b < c) indicate significant differences between
groups using ANOVA (p < 0.05).
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Firmicutes and Bifidobacteria.50,51 The limited changes
observed between experimental groups in the gut microbiota
in this study may be attributed to the fact that the ED group
was already at the IR stage of T2DM. In this regard, it has been
shown that the potential of the microbiota to produce SCFAs is
already depleted in the early stages of diabetes.52,53 Therefore,
the richness and diversity of the intestinal microbiome to
adapt to environmental changes were found to be diminished
in T2DM, which reflected a decline in commensal bacteria
such as Firmicutes, Bacteroidetes, Lachnospiraceae, and
Clostridium leptum.54,55 In addition, dysbiosis, along with
impaired cholesterol and bile acid homeostasis, had been
found to disrupt digestive, metabolic, and bacteriostatic func-
tions, leading to dyslipidaemia and chronic low-grade inflam-
mation, which are peculiar features of T2DM.56

Regarding disrupted colonic barriers, LD rats exhibited a
disorganized mucosal layer structure, characterized by reduced
crypt density, edema in the lamina propria, and inflammatory
cell infiltration, indicating atrophy of the colonic mucosal
wall. In parallel, dysfunction of the intestinal epithelium was
observed in the mucosa of the LD group compared to that of
the ED group. The number of goblet cells expressing mucin
glycoprotein, as assessed by PAS and AB staining, decreased—
goblet cells are critical for forming the mucus layer that pro-
tects and lubricates the colonic epithelial surface. A thinner
mucus layer with reduced contents of bicarbonate, glyco-
proteins, antimicrobials, IgA, and antioxidants makes the
intestinal barrier more vulnerable to bacteria, luminal toxins,
and pro-oxidative molecules, resulting in enterocyte damage

and loss of intestinal barrier integrity.57,58 Furthermore, an
increased epithelial cell turnover was observed in LD rats,
suggesting a compensatory mechanism to address mucosal
atrophy. The coordinated proliferation and migration of
colonic epithelial cells are essential for maintaining barrier
function and facilitating epithelial restitution following
injury.59 Additionally, LD rats exhibited significantly lower
levels of TJ, including occludin and ZO-1, compared to control
ED rats, indicating alterations in the colonic barrier, which
have been correlated with intestinal hyperpermeability. Based
on our study results, it is confirmed that luminal ROS from
atherogenic diets predisposed the intestine to chronic diseases
such as T2DM, primarily through disruption of the gut barrier
function, via alteration in the enterocyte shedding–prolifer-
ation axis and disruption of the ocludin-ZO1 pathway.60

Furthermore, we also found that the colonic mucosa of LD
rats exhibited reduced antioxidant and GSH-dependent detoxi-
fication capacity, contributing to mucosal damage. This was
accompanied by increased pro-inflammatory cytokines and
TLR4/NF-κB pathway activation, processes that play a central
role in intestinal barrier dysfunction in T2DM.17 Additionally,
oxysterols like 7-OHC and 25-OHC impair intestinal barrier
integrity and trigger pro-inflammatory immune responses.14

Dysbiosis-induced LPS accumulation further activates TLR4/
NF-κB signaling, driving inflammation and insulin resistance
(IR) via adipocytes and macrophages.61,62 This disrupted
colonic homeostasis, likely linked to pro-inflammatory cyto-
kines from gut-associated lymphoid tissue (GALT), exacerbates
systemic inflammation in T2DM.7 Additionally, pro-inflamma-
tory cytokines and bacterial toxins contribute to mitochondrial
dysfunction, further compromising intestinal barrier integrity
and gut–liver axis homeostasis, key drivers of T2DM pro-
gression.63 The defective intestinal barrier detected in LD rats
could enhance transepithelial flux, facilitating translocation of
luminal toxins into the systemic circulation, leading to meta-
bolic endotoxemia and T2DM progression.64,65 These results
suggest that the impairment of the intestinal barrier, triggered
by the toxic luminal environment in the colon, may be a con-
tributing factor in the progression of T2DM pathogenesis of
LD rats. Consequently, reducing metabolic endotoxemia by
improving gut barrier integrity could represent a promising
strategy for treating diabetic dyslipidemia.

On the other hand, Si-RM consumption modified the com-
position of the colonic lumen content, thereby affecting the
mucosal barrier. Our previous studies have shown that one of
the mechanisms through which silicon exerts a cholesterol-
lowering effect is by activating luminal and intestinal transe-
pithelial cholesterol efflux (TICE) by upregulation of LXRα/β,
LDLr and ABCG5/8 transporter levels in the small intestine,
leading to increased faecal fat and cholesterol excretion.27,28

Despite the higher fat and cholesterol contents in faeces of
LD-Si rats, the large amount of silicon in the intestinal lumen
promoted a less oxidized luminal colonic environment. The
oxysterols present in faeces, either from enzymatic transform-
ation of cholesterol or ROS induction, were reduced in LD-Si
rats compared to LD rats, including 25OHC (68.50%, p <

Table 4 Colonic marker concurrence 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

GM index 9.43 ± 1.90c 6.67 ± 2.10a 7.67 ± 1.03b 0.033
SCFA index 14.33 ± 1.25b 13.00 ± 1.90b 9.83 ± 0.98a 0.002
CM index 11.50 ± 0.93b 10.00 ± 0.76a 14.63 ± 0.92c <0.001
TJ index 4.38 ± 0.74b 2.38 ± 0.74a 5.50 ± 0.76c <0.001
A&A index 35. 75 ± 1,58c 17.88 ± 1.73a 29.5 ± 2.20b <0.001
GC index 75.17 ± 2.40c 50.00 ± 4.80a 67.33 ± 1.50b 0.001

Values expressed as mean + SD (n = 8 per group). Labeled means in a
row bearing different letters (a < b < c) were significantly different (at
least p < 0.05 ANOVA followed by Scheffe or Tamhane post-hoc test).
NS: no significant differences between groups. Gut microbiota index
(GM index; Bifidobacterium spp., F. prausnitzii, Lactobacillus spp. and
Enterobacteriaceae) was obtained considering the association of 4
species and their values calculated by adding the tertile value of each
parameter (GM index range, 4 to 12); total SCFA index (ramified plus
non-ramified fatty acids (SCFA index range, 6 to 18)); the colon
morphology index, CM index (crypt depth, crypt density, positive
goblet cells/crypt, PCNA index, and TUNEL index) (CM index range, 5
to 15); the TJ index was calculated adding tertile values of occludin
plus ZO-1 (TJ index score range, 2 to 6); the antioxidant and anti-
inflammatory index, A&A index (Mn-SOD + Cu/Zn-SOD + Catalase +
GPx + GR + HO1 + pNrf2 + GSH/GSSG + ORAC + nitrotyrosine + TNFα +
IL-6 + pNFkβ + TLR4) (A&A index range from 13 to 39), and the global
colonic index (GC index), considering a conjoint marker of 17
variables obtained from the addition of tertile values of GM index +
SCFA index + CM index + TJ index + A&A index (GC index range from
30 to 90).
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0.0001), 27OHC (69.11%, p < 0.0001), 7OHC (15.55%, p < 0.01)
and 7OOHC (28.58%, p < 0.001). This reduction could help
prevent the increase in lipoperoxidation of fecal content, as
indicated by lower TBARS values (p < 0.05). However, silicon
also modulated the metabolism of other oxysterols by promot-
ing the biotransformation of cholesterol into more polar com-
pounds to facilitate their elimination, increasing the excretion
of 24-OHC and 5,6-EC. This increased faecal excretion by
silicon could prevent the arterial intima accumulation of
24S-OHC and 5,6-EC, thereby improving advanced athero-
sclerotic disease and systemic inflammatory activity, as has
been observed in individuals with severe hyperlipidemia.66,67

Specifically, the increased excretion of 24-OHC oxysterol, an
oxysterol produced enzymatically by CYP46A1 to regulate
cholesterol catabolism in the brain, could help prevent its neu-
rotoxicity.68 In this study, faecal oxysterol levels were signifi-
cantly correlated with both DTscore and DSscore, which reflect
the stage of T2DM progression, and may act as feedback regu-
lators of cholesterol synthesis.

In addition to oxysterol content, the colon lumen is rich in
microbial metabolites and fermentation products produced by

the microbiota, which were also altered in LD rats. However,
despite the increased excretion of fat and cholesterol, LD-Si
rats did not show greater dysbiosis. This may be because by
the time they start consuming Si-RM at the fourth week, the
microbiota would already be altered, making it difficult to
reverse this disruption within the context of an HSFHCD. Si-
RM consumption did not modify the diversity of the micro-
biota with respect to LD rats, maintaining a lower relative
abundance of F. prausnitzii bacteria and consequently, lower
butyrate levels, with respect to the ED group. However, the GM
index (a useful bacterial index calculated from the association
of four species of faeces, that is, Bifidobacterium spp.,
F. prausnitzii, Lactobacillus spp. and Enterobacteriaceae)
increased in LD-Si rats compared to that in LD rats, although
it did not reach the values of ED rats. Since there were no sig-
nificant changes in the microbiota, there were only minor
changes in SCFA levels. This suggests that silicon helped in
preventing significant disruption of the microbiota and SCFA
production, despite the substantial excretion of fat in the
faeces. We only found that silicon led to a further reduction in
acetate content in the faeces, which could explain the lower

Fig. 7 Association between morphometric, microbiota, short-chain fatty acid, oxysterol, antioxidant and inflammation markers and scores. Pearson
or Spearman correlation values were used for the matrix. The color intensity of the heatmap represents the association degree: blue, positive associ-
ation; orange, negative association. *Denotes adjusted p < 0.05, ** p < 0.01, and *** p < 0.001. The parameters displayed in the heatmap are PAS, AB,
PCNA, TUNEL, occludin, ZO-1, ORAC, nitrotyrosine, pNrf2, catalase activity, SOD activity, GPx activity, GSH/GSSG, TLR4, pNF-Kβ, TNFα, IL-6,
DTscore (insulin + glucose + HOMA−β), DDscore (cholesterol + triglycerides + atherogenic index), faecal TBARS, faecal cholesterol, faecal silicon,
F. prausnitzii, 5,6-EC, 7-OH, 7-OOH, 24-OHC, 25-OHC, 27-OHC, butyrate, acetate, GM index (Bifidobacterium spp. + F. prausnitzii + Lactobacillus
spp. + Enterobacteriaceae), SCFA index (acetate + propionate + butyrate + isobutirate + valerate and isovalerate), CM index (crypt depth + crypt
density + positive goblet cells/crypt + PCNA index + TUNEL index), TJ index (occludin + ZO-1), A&A index (Mn-SOD + Cu/Zn-SOD + catalase + GPx
+ GR + HO1 + pNrf2 + GSH/GSSG + nitrotyrosine + TNFα + IL-6 + pNFkβ +TLR4), and GC index (GM index + SCFA index + CM index + TJ index +
A&A index).
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SCFA production, as indicated by the SCFA index, compared to
both LD and ED groups. A reduced concentration of acetate in
the colon could be due to an increase in its absorption,
leading to higher serum acetate levels, which could have ben-
eficial effects on peripheral tissues, such as stimulating pan-
creatic β-cell proliferation to induce greater insulin
secretion.69,70 Moreover, we found correlations between acetate
levels and faecal contents of 24-OHC and 5,6-EC, which could
explain the indirect beneficial effects of silicon through these
metabolites at the systemic level. On the other hand, we have
previously postulated that silicon in the luminal compartment
could also act by interacting with micellar composition, redu-
cing intestinal cholesterol absorption27,28 and sequestering
metabolic byproducts for excretion.71 The increase in fecal
weight and moisture following silicon supplementation could
be attributed to this property, which enhances water retention
in the intestinal lumen, resulting in softer and bulkier stools.
This, in turn, would lead silicon to modulate gut motility and
act as a mild osmotic agent, promoting water influx into the
colon, reducing its reabsorption, and increasing stool hydration.
We could consider that silicon may exert a fiber-like effect by
altering nutrient digestibility and bile acid binding, leading to a
greater amount of undigested material in the feces.

These changes towards a less toxic luminal content induced
by Si-RM consumption exerted a multifaceted adaptive
improvement in the colonic mucosal barrier. Silicon promoted
higher density and depth crypts, as well as a better organized
mucosal layer structure compared to those of LD rats. A
growing body of evidence suggests the direct involvement of
silicon in the synthesis of the extracellular matrix and/or its
stabilization, particularly in the case of collagen, a key struc-
tural protein of connective tissues and the intestinal lamina
propria of the colonic mucosa.72 However, we did not observe
any increase in the silicon content in the mucosa of the
cecum,41 suggesting that the effects of dietary silicon on the
colonic wall are likely mediated from the intestinal lumen.

Silicon also affected the homeostasis of the intestinal epi-
thelium. Si-RM consumption reduced reactive epithelial hyper-
proliferation found in LD rats. According to our previous
studies on the small intestine,27,28 silicon slowed down epi-
thelial cell turnover by decreasing PCNA-LI, with no changes
in apoptosis, measured by TUNEL-LI and caspase-3 levels. The
improved proliferation/apoptosis balance of epithelial cells
was directly associated with faecal contents of 25-OHC,
27-OHC, and 7-OHC, while being inversely correlated with
24-OHC, 5,6-EC, and butyrate levels. However, apoptosis was
positively correlated with faecal fat content and TBARS levels,
and negatively correlated with microbiota diversity, specifically
F. prausnitzii and Bifidobacterium spp., as indicated by the
strong correlation between these factors. Dietary silicon
directly inhibited proliferation and promoted apoptosis in
transformed cells, suggesting a potential strategy for prevent-
ing complications associated with metabolic diseases, such as
colon cancer.

Simultaneously, silicon increased the number of PAS and
AB goblet cells and enhanced the mucus layer components,

thereby protecting the mucus barrier function. The restoration
of the mucus layer was directly induced by faecal silicon
content (PAS, r = 0.806, p = 0.0001; AB, r = 0.717, p = 0.001),
blocking the inhibitory effect on the mucin production by
excessive amounts of fat and cholesterol present in faeces of
LD-Si rats. Mucin proteins, produced by goblet cells, play a
crucial role in enhancing the integrity of the intestinal barrier,
being essential elements of the gut’s biochemical defence
system against microbes.73 The higher amounts of proteogly-
cans secreted by goblet cells can participate in microbial
defence74 and protect the intestinal mucosa through the non-
covalent binding of its glycosyl to the glycosyl groups of bac-
teria.75 However, no correlation between PAS/AB cells and
microbiota has been found in this study. The increase in the
mucus layer induced by silicon could help protect the intesti-
nal epithelium from bacteria and their metabolites, preventing
intestinal permeability and the translocation of bacterial com-
ponents, such as LPS, into the systemic circulation, thereby
mitigating metabolic endotoxemia.76

Furthermore, Si-RM consumption mitigated the reduction
in TJ levels of occludin and ZO-1, thereby improving intestinal
barrier integrity and reducing colonic permeability. The modu-
lation of TJs by silicon was influenced by the oxidative status
of luminal oxysterols, as reflected by the TJ index. This index
was positively correlated with faecal silicon, 24-OHC, and 5,6-
EC contents, and negatively correlated with faecal 25-OHC,
27-OHC, 7-OHC, and 7-OOH levels. We also observed a strong
association between the markers of mucosal barrier integrity,
namely CM index and TJ index, and metabolic parameters,
such as DTscore and DSscore, indicating that mucosal integ-
rity was closely linked to the stage of diabetic dyslipidemia.
Notably, PCNA-LI levels were negatively correlated with TJ
index, suggesting an efficient adaptation to cellular demands
by regulating the sealing and opening of the paracellular trans-
port pathways under dyslipidemic and T2DM conditions.77

Collectively, these effects of Si-RM consumption contributed to
the preservation of the intestinal barrier, thereby preventing
progression to a more advanced stage of T2DM. This was evi-
denced by improved histopathological outcomes and markers
of intestinal epithelium homeostasis, including the prolifer-
ation/apoptosis balance, goblet cell density, and TJ integrity.

The excess of reactive oxygen and nitrogen species (ROS/
RNS) under pathological conditions, along with the sub-
sequent loss of redox homeostasis, can contribute to the pro-
gression and complications of T2DM. The ability of silicon to
enhance colonic barrier integrity may be linked to its anti-
oxidant and anti-inflammatory properties.26,78 As anticipated,
Si-RM intake significantly reduced RNS, as indicated by nitro-
tyrosine levels, and showed a tendency to decrease ROS absor-
bance capacity, measured by the ORAC technique. To improve
the oxidative state in the colon, silicon exerted a protective
effect by activating the Nrf2/Keap1/ARE signalling pathway,
which is well recognized for its role in regulating antioxidant
enzyme expression.79 Nrf2 has also been associated with
enhanced expression of epithelial TJ and the maintenance of
intestinal barrier integrity,80 while concurrently decreasing
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apoptotic and inflammatory factors.81 We observed that the
phosphorylation of Nrf2 at serine42 activated MnSOD and Cu/
ZnSOD levels, as well as SOD activity, with no changes in cata-
lase and GPx activities, or HO-1 levels in the mucosa of LD-Si
rats compared to those of LD rats, resulting in values similar
to those of the ED group. The SOD enzyme catalyses the dis-
mutation of superoxide radicals (O2•–) into hydrogen peroxide,
which functions as a signalling molecule mediating various
biological responses such as cell proliferation, differentiation,
and migration.82 This mechanism may indirectly modulate
silicon’s effect on colonic mucosal integrity. Consistent with
this, the significant relationship found between the TJ index,
CM index, pNrf2, MnSOD levels, and SOD and CAT activities
supported this hypothesis (p < 0.001). Moreover, the higher
GSH : GSSG ratio, along with increased GPx and GR activities,
suggested that Si-RM intake promoted a pro-reductive shift in
the colonic mucosa. CM index was directly correlated with
GSH levels (r = 0.442, p = 0.032) and GR activity (r = 0.475, p =
0.019), indicating a parallel improvement in the glutathione
redox system and colonic mucosal integrity.83 Accordingly,
silicon-containing water intake induced antioxidant effects
and provided gastrointestinal protection against gastric
damage caused by pylorus ligation in rodents.84

Additionally, silicon was able to attenuate intestinal inflam-
matory processes by targeting the TLR4/NF-κB pathway and
reducing the production of pro-inflammatory cytokines,
including IL-6 and TNF-α, in the colonic mucosa.
Furthermore, the impact of faecal components on the colonic
lumen influenced both the antioxidant defence system and the
inflammatory state of the colonic mucosa. ORAC, nitrotyro-
sine, GSSG, TLR4, pNF-κB, TNF-α, and IL-6 levels in the
colonic mucosa were inversely correlated with 24-OHC and 5,6-
EC contents, whereas positive relationships were observed
with faecal 25-OHC, 27-OHC, and 7-OHC levels. The reduced
content of 25-OHC and 27-OHC induced by silicon in the
lumen may contribute to their antioxidant and anti-inflamma-
tory effects.67 Specifically, 25-OHC promotes the production of
pro-inflammatory cytokines and chemokines such as TNF-α,
IL-6, and IL-8, while also inhibiting the secretion of the anti-
inflammatory factor IL-10.85 It has also been shown that the
inflammatory cytokine TNF-α increases epithelial permeability
by altering TJ function, structure, and dynamics.86 The
reduction of 25-OH explains the lower release of cytokines
and, consequently, the improved TJ protein levels found in
LD-Si rats.

Despite the limited impact of silicon on microbiota and its
metabolites, emerging evidence suggests that the interaction
between the gut bacteria and intestinal epithelial cells exerts
protective effects by regulating the redox status, thereby contri-
buting to colonic homeostasis.87 In this regard, F. prausnitzii
displayed an inverse correlation with TLR4, pNFκβ, TNF-α, and
IL-6 levels, while microbiota diversity, as represented by GM
index, was correlated with ORAC, nitrotyrosine, GSH/GSSG
ratio, and MnSOD and CuZnSOD levels. However, the SCFA
index appeared to be independent of antioxidant and inflam-
matory markers. The A&A index, which reflects both anti-

oxidant and anti-inflammatory markers, was directly associ-
ated with acetate and butyrate levels, as well as with
F. prausnitzii abundance, and inversely correlated with faecal
fat and cholesterol contents and TBARS. Collectively, these
findings suggest that Si-RM consumption modulated the anti-
oxidant enzyme system via Nrf2 activation, along with an
increase in the cellular GSH : GSSG ratio, shifting the redox
environment toward a more reducing state. Furthermore,
silicon modulated the TLR4/NF-κB pathway and reduced the
production of pro-inflammatory cytokines, such as IL-6 and
TNF-α, thereby mitigating inflammation in the colonic
mucosa. These effects likely contributed to improved mito-
chondrial function, supporting intestinal homeostasis and
metabolic health.

The silicon-induced upregulation of TJ and the improve-
ment in intestinal mucosal barrier integrity likely prevented
the excessive translocation of endotoxins and noxious agents
into the bloodstream, attenuating the activation of local and
systemic inflammatory responses51 and slowing the pro-
gression of T2DM in LD-Si rats. These findings suggest that
silicon, by regulating oxidative stress and inflammation,
enhances mechanisms that drive mitochondrial bioenergetics
and helps maintain intestinal barrier integrity and stability.63

Given these properties, silicon could be a promising anti-
oxidant candidate for nutritional adjuvant therapy in mana-
ging T2DM progression and diabetic dyslipidemia.

Finally, the combination of selected bacterial genera/
species (GM index), ramified and non-ramified fatty acids
(SCFA index), colonic morphology markers (CM index), TJ (TJ
index), and antioxidant and anti-inflammatory markers (AA
index) contributed to the formulation of a global colonic score
(GC index), which effectively differentiated the colonic health
status across the experimental groups.42 The LD-Si rats exhibi-
ted a higher GC index compared to the LD rats, with values
approaching those of the ED rats. The positive correlation
observed between GC index and DTScore and DSscore further
demonstrated the ability of silicon to reverse colonic mucosal
alterations and slow down the progression of T2DM.

These results support the nutritional potential of Si-RM as
a functional food, highlighting its role as a dietary intervention
that enhances gut barrier function, reduces inflammation, and
supports metabolic homeostasis. However, some limitations of
the study must be noted: (1) only a limited number of bacterial
species/genera were analysed in the gut microbiota; (2) plas-
matic oxysterol and SCFA levels were not assessed; (3) the gut
microbiota produces a wide array of metabolites, such as LPS,
bile acids, and amino acid derivatives, which may also play
crucial signalling roles; (4) a healthy control group and groups
treated with antidiabetic drugs were not included in the study;
and (5) silicon intake as a preventive nutritional supplement
could also be explored. Despite these limitations, the findings
provide new insights into intestinal mechanisms involved in
T2DM progression, particularly using a late-stage T2DM rat
model, and suggest that Si-RM could be incorporated into
nutritional adjuvant strategies for managing T2DM and
related metabolic disorders.
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5. Conclusions

In conclusion, Si-RM consumption in late-stage T2DM offers
several beneficial local effects in the colon, including detoxifi-
cation of luminal oxysterols, enhancement of colonic barrier
integrity, improved antioxidant capacities, and reduced inflam-
mation. These results suggest that silicon, as a functional
ingredient in meat, could be a valuable nutritional adjuvant
strategy for mitigating the progression and complications of
T2DM, particularly by maintaining gut health.
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