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ABSTRACT

Objective: Intestinal remnant chylomicrons (CMs) are involved in cardiovascular residual 
risk and the atherogenic process. Microsomal triglyceride transfer protein (MTTP) catalyzes 
the assembly of lipids to apolipoprotein B48, generating CMs. Dysbiosis could alter this 
behavior. This study investigated the chemical composition of CMs and their associations 
with intestinal MTTP and gut fat depots in a diet-induced dysbiosis animal model.
Methods: Male Wistar rats were fed either a standard diet (control, n=10) or a high-fat 
high-sucrose diet (HFSD, n=10) for 14 weeks. Measurements included serum glucose, 
lipid-lipoprotein profile, free fatty acids (FFAs), lipopolysaccharide (LPS) and the Firmicutes/
Bacteroidetes (F/B) ratio in stool samples, via real-time quantitative polymerase chain reaction. 
Lipid content in isolated CMs (ultracentrifugation d <0.95 g/mL) was assessed, and MTTP, 
cell intestinal fat content (CIF), histology, apoB mRNA and tight junction (TJ) proteins were 
analyzed, in intestinal tissue.
Results: Compared to control, HFSD rats showed higher levels of LPS, triglycerides (TGs), 
non-high-density lipoprotein cholesterol (HDL-C) levels, TG/HDL-C ratio, FFAs, and the F/B 
ratio. HFSD CMs showed increased TG and phospholipids. TJ proteins levels were lower in the 
HFSD group, while histological scores showed no differences. CIF was increased in the HFSD 
group. No significant differences in apoB mRNA were found. MTTP expression was higher in 
the HFSD group, and directly correlated with CM-TG and inversely correlated with CIF.
Conclusion: Our findings imply that gut TG content may constitute an important 
determinant of the secretion of TG-rich CMs, promoted by MTTP, with increased 
atherogenic potential.
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INTRODUCTION

Chylomicrons (CMs) are large, triglyceride (TG)-rich lipoproteins produced by intestinal 
enterocytes in response to fat ingestion. Their primary function is to transport dietary lipids 
to various tissues for storage or energy use. The degradation products of TG hydrolysis by 
lipoprotein lipase (LPL) are known as remnant CMs (rCMs).1,2 It has been suggested that 
rCMs, along with very low-density lipoprotein (VLDL) remnants, play a significant role in 
cardiovascular residual risk and contribute to the atherogenic process. Although CM particles 
are too large to penetrate the vessel wall, rCM particles are sufficiently small to enter the 
subendothelial space and contribute to the formation of atherosclerotic lesions.3 Given the high 
affinity of LPL for CMs, it is expected that TG-over-enriched CMs would be more efficiently 
hydrolyzed by LPL, resulting in the formation of smaller particles with atherogenic potential.

Increased intestinal CM and rCM production is commonly observed in conditions with 
high prevalence such as obesity, type 2 diabetes, and other insulin resistance (IR) states. 
These particles, along with hepatic VLDL and its remnants, contribute to the postprandial 
hypertriglyceridemia seen in these diseases.4,5 In previous studies involving both animal 
models and patients with IR, we have shown that qualitative changes in VLDL are linked to 
endothelial dysfunction, which in turn increases the cardiovascular risk associated with IR.6,7

The gut is inhabited by a diverse community of microorganisms known as the gut microbiota 
(GM), which includes approximately 100 trillion bacteria.8 An imbalance in the GM, often 
referred to as dysbiosis, is increasingly recognized as a significant cardiometabolic risk factor 
in diseases related to IR states. Dietary changes significantly impact the composition and 
function of the GM, potentially leading to the development of an atherogenic metabolic 
profile.9,10 Furthermore, it has been established that a high-fat, high-sucrose diet (HFSD) 
alters the GM composition. This diet reduces the prevalence of specific bacteria that protect 
the gut barrier while increasing the prevalence of opportunistic pathogens. The Firmicutes/
Bacteroidetes (F/B) ratio serves as a marker for microbiota dynamics and has been well 
validated in both rodent and human studies.11

There is a proximal to distal permeability gradient that regulates the paracellular transport 
of substances through tight junction (TJ) transmembrane proteins, which are essential for 
maintaining intestinal integrity. Alterations in these proteins can lead to barrier dysfunction 
and elevated plasma levels of endotoxins such as lipopolysaccharides (LPS), potentially 
resulting in the development of metabolic disorders.12-14 However, the metabolic alterations 
associated with intestinal dysbiosis induced by an HFSD, particularly concerning CMs, have 
not been extensively studied.

CM synthesis is a complex process involving multiple steps, with apolipoprotein B48 
(apoB48) and microsomal triglyceride transfer protein (MTTP) playing crucial roles. 
ApoB48, a spliced product of the apoB100 gene specific to the intestine and a primary non-
exchangeable protein, serves as the structural backbone of CM. Each mature CM particle 
contains a single molecule of apoB4815; thus, measuring its levels provides an indication of 
the particle count of this lipoprotein.

MTTP plays a crucial role in CM synthesis as it primarily catalyzes the assembly of TG, 
cholesterol ester, and phospholipids into apoB48, thereby producing primordial CM. 
Alterations in MTTP expression or activity can lead to the formation of modified CM 
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particles, which disrupt normal catabolism and promote the accumulation of TG in intestinal 
ectopic stores. A reduction in intestinal MTTP expression, whether due to genetic mutations 
or targeted disruptions in animal models, has been shown to decrease CM production by 
80%, and is associated with varying degrees of intestinal steatosis.16-18 In contrast, conditions 
such as IR or a high-fat diet (HFD) promote the expression of this protein, thereby increasing 
the synthesis and secretion of intestinal lipoproteins. Although limited research has been 
conducted on the role of intestinal MTTP in dysbiosis,19 there are currently no studies 
exploring the relationship between intestinal MTTP and the lipid composition of synthesized 
CMs, beyond their serum levels. Additionally, it remains unclear whether altered microbiota 
environments in intestinal fat depots influence the TG content of CM particles.

In this context, our aim was to evaluate the chemical characteristics of CMs and their 
association with intestinal MTTP expression, as well as their relationship with intestinal fat 
depots in a diet-induced dysbiosis animal model.

MATERIALS AND METHODS

1. Animals and diet
Male Wistar rats (n=20) obtained from the animal laboratory at the Cátedra de Bioquímica 
General y Bucal, Facultad de Odontología, Universidad de Buenos Aires (Argentina), were 
housed under controlled conditions with temperatures maintained at 20°C–22°C, humidity 
levels at 50%–60%, and consistent airflow. A fixed 12-hour light/dark cycle was also 
established. All experimental procedures adhered to the National Institute of Health Guide 
for the Care and Use of Laboratory Animals. The protocol received approval from the Comité 
Institucional para el Cuidado y Uso de Animales de Laboratorio at the Facultad de Farmacia y 
Bioquímica, Universidad de Buenos Aires (Argentina.REDEC-2020-2292-E-UBA-DCT-FFYB).

Until the start of the experiment, all animals were fed a standard laboratory chow diet for 
rats, ensuring unrestricted access to both food and water to standardize their nutritional 
status. This diet provided approximately 2.17 kcal/g of chow. Once the rats reached a weight 
of 180–220 g, they were randomly assigned to one of two groups: experimental or control. 
The experimental group (HFSD, n=10) received a HFD and 15% sucrose solution in their 
drinking water, while the control group (n=10) continued on the chow diet for the duration of 
the 14-week study. For the preparation of the HFD, standard rodent chow pellets were ground 
into powder and mixed with a fat source—lard and high oleic sunflower oil—making up 40% 
of the total caloric content (15% of which was saturated fat), and then repelleted. The HFSD 
provided 286 kcal per 100 g. Chow was prepared weekly under sterile conditions, packaged in 
individual plastic sealed bags containing enough food for one day, and stored at −20°C. Any 
remaining chow was discarded daily. Body weight and caloric intake were monitored weekly 
throughout the experimental period. Additionally, any signs of dehydration in the animals 
were assessed by measuring plasma sodium levels.

2. Samples
After 14 weeks of treatment, food and water were withheld at the end of the dark period, 
which was at 7:00 AM. To minimize fasting time and ensure the presence of rCMs, animals 
were sacrificed over two days, with groups alternated accordingly. Each animal was weighed 
and then anesthetized using an intraperitoneal injection of sodium pentothal (60 mg/kg body 
weight). Blood samples were collected via cardiac puncture under aseptic conditions. The 
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serum was isolated and maintained at 4°C for up to 24 hours for glucose and lipid-lipoprotein 
profiling, or it was frozen at −70°C for subsequent CM, free fatty acid (FFA), and LPS analysis. 
Stool samples were taken from the distal colon and immediately frozen at −70°C for F/B ratio 
assessment using quantitative polymer chain reaction (qPCR) analysis.

Segments of the duodenum were flash-frozen in liquid nitrogen and stored at −80°C for 
western blotting, real-time qPCR (RT-qPCR), and fat content assessments. Other pieces 
of the duodenum, jejunum, and ileum were fixed in a 10% formalin buffer at pH 7.0 and 
preserved at 4°C for histological evaluation. Intestinal, epididymal, and perirenal adipose 
tissues were weighed to assess total body fat content. Epididymal adipose tissue was utilized 
as a representative of visceral adipose tissue (VAT).

3. Biochemical measurements
Serum glucose, total cholesterol, and TG were measured using commercial enzymatic kits, 
while high-density lipoprotein cholesterol (HDL-C) was assessed through a standardized 
homogeneous method (Roche) on a Cobas C-501 autoanalyzer. The intra-assay coefficient of 
variation (CV) was less than 1.9%, and the interassay CV was less than 2.4% for all parameters. 
To evaluate atherogenic lipoproteins, non-HDL-C was calculated by subtracting HDL-C from 
total cholesterol. The TG/HDL-C index was used as a surrogate marker of IR. FFA levels were 
determined using an enzymatic colorimetric method (Randox). LPS levels were measured using 
the Pierce LAL chromogenic endotoxin quantitation kit (Thermo Fisher Scientific; Invitrogen). 
To prevent contamination with exogenous LPS, extreme care was taken by utilizing single-use 
nonpyrogenic supplies and pyrogen-free pipette tips.

4. Isolation and lipid composition of the CM-rich fraction
CM-rich fractions were isolated using preparative ultracentrifugation. This involved diluting 
the serum sample by half with pyrogen-free water to achieve a density of less than 0.95 g/mL.  
The process was carried out in a Beckman XL-90 ultracentrifuge, utilizing a fixed angle rotor 
type 90 Ti. Each centrifugation run was conducted at 16,155 × g (17,000 rpm) for 15 minutes at 
15ºC. The purity of the lipoprotein fraction was assessed through agarose gel electrophoresis.

Isolated CM-cholesterol and TG were assessed using previously described methods, while 
CM-PL levels were determined by the Fiske-Subbarow method.20 Data were expressed in mg/
dL for each isolated lipoprotein fraction.

5. Measurements of intestinal fat content
Intestinal lipid content was assessed using a Folch extraction, followed by evaporation to 
dryness and gravimetric measurement. Pieces of the gut were weighed, moisturized, and 
homogenized with 1.5 mL of methanol. A 200 µL aliquot of the methanol homogenate was 
then combined with 400 µL of chloroform and 100 µL of water. Each sample was analyzed 
in duplicate. Following incubation at 4ºC, the samples were centrifuged at the same 
temperature for 10 minutes at 10,000 rpm. The organic phase was subsequently collected 
and evaporated under a stream of N2 gas. Cell intestinal fat (CIF) content was quantified as 
grams per gram of total tissue.21

6. ApoB assessed by RT-qPCR
ApoB total RNA was extracted from 50 mg of jejunum tissue using Quickzol reagent 
(Kalium Technologies), following the manufacturer’s instructions. Reverse transcription 
was conducted using MMLV reverse transcriptase (Thermo Fisher Scientific). The qPCR 
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amplifications were performed on a Rotor-Gene 6000 Corbett Life Science Real Time 
Thermal Cycler (Corbett Research) and the results were quantified using Rotor Gene 6000 
Series Software (version 1.7 Build 40).22 The primer oligonucleotide sequences used in this 
study were:

ApoB forward: 5′-AGTAGTGGTGCGTCTTGGATCCA-3′ 
ApoB reverse: 5′-ACTCTGCAGCAAGCTGTTGAATGT-3′
18s forward: 5′ ACGGAAGGGCACCACCAGGA 3′
18s reverse: 5′ CACCACCACCCACGGAATCG 3′

Gene expression levels were normalized to 18s ribosomal RNA, serving as an internal control, 
through the efficiency-calibrated method for relative quantification.23

7. MTTP expression by western blotting
Duodenum tissue was homogenized in 250 mM sucrose, 50 mM Tris buffer (pH 7.4), and 
2% protease inhibitor cocktail (Sigma Aldrich). The homogenates were then centrifuged 
at 10,000 rpm and 4ºC for 10 minutes. The resulting supernatant was utilized for protein 
determination using Lowry's method.24 For the detection of MTTP (99 kDa) and β-actin 
(42 kDa), 50 µg of protein or 2 µL of pre-stained molecular weight standards (BioRad) 
were loaded onto a 10% SDS-PAGE gel. Subsequently, the gels were electroblotted onto a 
polyvinylidene difluoride membrane. The membranes were blocked with 5% powdered skim 
milk for 1 hour and then probed overnight at 4°C with a rabbit polyclonal IgG antibody to 
the MTTP C-terminal (Abcam; 1/300) or an antibody to β-actin (Sigma Aldrich, 1/300). After 
washing with Tris-buffered saline containing 0.1% Tween, the blots were incubated with an 
HRP-conjugated secondary antibody to rabbit (BioRad) for 90 minutes at room temperature. 
The blots were then scanned and quantified using a C-Digit scanner (Li-Cor Biosciences). 
Results are expressed as the ratio of MTTP protein to β-actin protein (relative units, RU).

8. Intestinal integrity evaluation by RT-qPCR
For the characterization of TJ transmembrane proteins, total RNA was extracted from 50 mg 
of ileum tissue using Quickzol reagent (Kalium Technologies), following the manufacturer’s 
instructions. RNA quantification and quantitative real-time PCR were conducted as outlined 
in section 2.6 for apoB. The primer oligonucleotide sequences used in this study were:

Zonula occludens-1 forward: 5′ CCATCTTTGGACCGATTGCTG 3′
Zonula occludens-1 reverse: 5′ TAATGCCCGAGCTCCGATG 3′
Claudin forward: 5′ CCTGGCTGAGACTCCATCAC 3′
Claudin reverse: 5′ CGAAGCCAGGATGAAACCCA 3′
Occludin forward: 5′ CCTTTTGCTTCATCGTTCCTTG 3′
Occludin reverse: 5′ AGTCGGGTTGACTCCCATTAT 3′
18s forward: 5′ ACGGAAGGGCACCACCAGGA 3′
18s reverse: 5′ CACCACCACCCACGGAATCG 3′

Gene expression levels were normalized to 18s ribosomal RNA as an internal control, using 
the efficiency-calibrated method for relative quantification.23

9. Characterization of dysbiosis by qPCR
Bacterial DNA was extracted from stool colon samples using the High Pure PCR template 
preparation kit (Roche Diagnostics). Each specific bacterial phylum was identified 
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through RT-PCR. For this purpose, specific primers were synthesized and compared with 
a curated database of bacterial 16S RNA (SILVA). PCR conditions were optimized to ensure 
specific amplification using standard bacterial strains: Enterococcus faecalis ATCC 29212 as a 
representative of Firmicutes; Bacteroides fragilis ATCC 25285 as a representative of Bacteroidetes; 
and Escherichia coli ATCC 25922 as a representative of the total bacterial population (Eubacteria).

These bacterial strains were also utilized to construct a calibration curve based on the 
quantification of genomic DNA, which was measured by the sample's absorbance at 260 nm. 
The results were expressed as the F/B ratio, normalized to the total bacterial DNA content in 
the samples. The specific primers used were:

Firmicutes forward 5′ GGAGTATGTGGTTTAATTCGAAGCA 3′
Firmicutes reverse: 5′ AGCTGACGACAACCATGCAC 3′
Bacteroidetes forward: 5′ GTTTAATTCGATGATACGCGAG 3′
Bacteroidetes reverse: 5′ TTAACCCGACACCTCACGG 3′
Eubacteria forward: 5′ ACTCCTACGGGAGGCAGCAGT 3′
Eubacteria reverse: 5′ ATTACCGCGGCTGCTGGC 3′

10. Histological evaluation
The histological examination was conducted using optical microscopy by an independent 
histologist who was blinded to the experimental groups. Samples from the duodenum, 
jejunum, and ileum were fixed, dehydrated in ethanol, embedded in paraffin wax, and 
sectioned using a microtome (Reichert). The resulting 5-micron sections were stained 
with hematoxylin and eosin, as well as periodic acid-Schiff stain, to assess goblet cells and 
mucus secretion. Quantification was carried out in a high-power field, examining 20 fields at 
×400 magnification for each animal using a computerized image analyzer (Image Pro Plus, 
Media Cybernetics Corp). A semiquantitative score was used for microscopic evaluation.25 
Additionally, the same operator performed both qualitative analysis and structural 
description, focusing on the following parameters: villous architecture, localization 
of chronic inflammatory infiltrate, lymphocyte accumulation, presence or absence of 
lymphangiectasia, and characteristics of Brunner's glands in duodenum samples.

11. Statistical analysis
Data are presented as mean ± standard deviation or median (range) depending on whether the 
distribution is normal or skewed, respectively. Differences between groups were assessed using 
the unpaired Student t-test or the Mann-Whitney U-test based on the distribution of the data. To 
determine correlations between parameters, Pearson or Spearman analyses were employed for 
parametric or nonparametric variables, respectively. Statistical analyses were conducted using 
the SPSS 19.0 software package (IBM Corp.) and GraphPad Prism 5.01 software (GraphPad 
Software); a p-value of less than 0.05 was considered statistically significant.

RESULTS

Table 1 demonstrates that, as anticipated, rats fed a hypercaloric diet experienced 
significantly greater weight gain compared to the control group at the conclusion of the 
study. Additionally, VAT, liver and gut weight, and total fat mass were higher in the HFSD 
group than in the control group (p<0.05). The HFSD group also exhibited increased fat 
accumulation in duodenal tissue (0.55±0.10 vs 0.45±0.09 g/g, p=0.024). Caloric intake was 
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higher in HFSD rats as well. The HFSD group showed elevated levels of plasma TG (p=0.05), 
non-HDL-C (non-HDL-C) (p=0.011), FFA (p=0.015), glucose (p=0.003), and the TG/HDL-C 
index (p<0.0001). However, no significant differences were observed in total cholesterol 
or HDL-C levels. Additionally, the HFSD group had higher serum levels of LPS (p=0.016) 
(Fig. 1A) and an increased F/B ratio compared to the control group, indicating an altered 
microbiota (p=0.022) (Fig. 1B).
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Table 1. Anthropometric and metabolic parameters, daily calorie intake and lipid profile of control and HFSD 
groups
Parameter Control (n=10) HFSD (n=10) p-value
Weight gain (g) 249±37 290±35 0.037
Total calorie intake (kcal/100 g/day) 15 (13–28) 23 (17–43) <0.0001
Body fat content (g) 13.3 (9.5–19.1) 23.9 (13.9–52.3) <0.0001
Visceral adipose tissue weight (g) 5.3 (4.1–8.1) 8.6 (4.7–19.2) 0.0026
Liver weight (g) 15.0 (8.7–18.4) 17.2 (13.4–23.1) 0.004
Gut weight (g) 12.2±1.9 10.5±1.3 0.011
CIF (g/g tissue) 0.45±0.09 0.55±0.10 0.024
Glucose (mg/dL) 141±12 163±13 0.001
TC (mg/dL) 59±10 60±7 NS
HDL-C (mg/dL) 41±4 39±4 NS
Non-HDL-C (mg/dL) 15±6 22±3 0.004
TG (mg/dL) 76 (40–146) 160 (44–325) <0.0001
TG/HDL-C 1.5 (1.1–3.0) 6.1 (2.9–7.7) <0.0001
FFA (mmol/L) 0.51±0.12 0.66±0.16 0.015
Results are expressed as mean ± standard deviation or median (range) for skewed distributed data. Student 
t-test or Mann-Whitney U-test, respectively.
HFSD, high fat and sucrose diet; CIF, cell intestinal fat; TC, total cholesterol; HDL-C, high-density lipoprotein 
cholesterol; TG, triglycerides; FFA, free fatty acid; NS, not significant.
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Fig. 1. Intestinal integrity and dysbiosis evaluation. Results are expressed as mean ± standard deviation. The Student 
t-test was performed: (A) *p=0.016 vs. control. (B) *p=0.022 vs. control. (C) *p=0.0016 vs. control; †p<0.001 vs. 
control; ‡p=0.0095 vs. control. 
HFSD, high fat and sucrose diet; LPS, lipopolysaccharides; EU, endotoxin units; F, Firmicutes; B, Bacteroidetes; 
CLDN, claudin; OCLN, occludin; ZO-1, zonula occludens 1.



When evaluating gut integrity, the HFSD group exhibited lower expression levels of claudin 
(HFSD: 0.13±0.07 RU vs. control: 1.01±0.12 RU, p=0.0016), occludin (HFSD: 0.21±0.16 RU vs. 
control: 1.07±0.38 RU, p<0.001), and zonula occludens-1 (HFSD: 0.27±0.10 RU vs. control: 
0.88±0.37 RU, p=0.0095) compared to the control group (Fig. 1C).

Furthermore, the histological examination of the intestine did not reveal significant 
differences in any of its segments based on the semiquantitative score used (p>0.05). 
However, a comparison between the HFSD and control groups showed altered villous 
architecture and a significantly increased accumulation of lymphocytes in the ileum wall 
(p=0.019). This change corresponds to the gradient of the chronic inflammatory process 
observed from the duodenum to the distal ileum (Fig. 2).

Table 2 presents the composition of isolated CM lipids. CMs from HFSD rats exhibited an 
almost 5-fold increase in TG (p=0.010), more than double the PL (p=0.007), and higher LPS 
content compared to the control group (p=0.004). LPS levels showed a positive correlation 
with CM-TG content (r=0.74, p<0.05) and non-HDL-C (r=0.77, p<0.05).

ApoB mRNA levels did not differ significantly between the control and HFSD rats, despite a 
30% increase (control: 1.14±0.61 RU vs HFSD: 1.36±1.31 RU, p=0.712).

Regarding MTTP expression in duodenal tissue, an increase was observed with HFSD (HFSD: 
1.28 ± 0.65 RU vs C: 0.79 ± 0.42 RU, p=0.027). This increase directly correlated with CM-TG 
(r=0.53, p=0.036) and inversely with CIF (r=-0.6357, p=0.0356) (Fig. 3).

DISCUSSION

In the present study, we evaluated the chemical composition of CMs, their association 
with MTTP expression, potential intestinal fat depots, and alterations in gut integrity and 
inflammation within a diet-induced dysbiosis animal model. In animals fed an HFSD, we 
observed a state of dysbiosis and an altered lipid profile indicative of IR. Additionally, HFSD 
rats exhibited an over-enrichment of TG in CM particles, concurrent with increases in gut fat 
storage, gut permeability, and circulating LPS levels. To our knowledge, this is the first study to 
assess the chemical characteristics of CM in relation to MTTP in a model of IR and dysbiosis.

One of the most important factors affecting the state of the microbiota is undoubtedly diet.26 
There is strong evidence that the Western diet, which is high in both saturated fats and sugar, 
disrupts the microbiota,14,27,28 intensifies chronic inflammation, and consequently leads to the 
development of metabolic disorders such as IR, obesity, type 2 diabetes, and cardiovascular 
diseases.13,14 Alterations in the GM due to an HFSD result in an increased proportion of LPS-
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Table 2. Lipid composition of chylomicron isolated from control and HFSD groups
Parameter Control (n=10) HFSD (n=10) p-value
Total cholesterol (mg/dL) 5±2 7±2 NS
TG (mg/dL) 37±8 181±43 0.010
Cholesterol/TG (mg/dL) 0.10±0.05 0.07±0.02 NS
PL (mg/dL) 1.14±0.18 2.86±1.15 0.007
LPS (EU/mL) 2.07±1.15 8.58±4.55 0.004
Results are expressed as mean ± standard deviation. Student t-test was performed.
HFSD, high fat and sucrose diet; TG, triglycerides; PL, phospholipids; LPS, lipopolysaccharides; EU, endotoxin 
units; NS, not significant.



containing microbiota in the gut, which is associated with increased glycemia and insulinemia.13 
In fact, the results observed in the HFSD model were as expected, with an increase in circulating 
LPS levels indicating higher intestinal permeability, a characteristic of dysbiosis. This was also 
associated with reduced expression of gut TJ proteins and the development of an IR state.29-32 
This metabolic and dysbiotic state is likely accompanied by changes in the composition of the 
microbiota, although this was not specifically determined in this study. Instead, we measured 
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Fig. 2. Histological images of duodenum (A), jejunum (B), and ileum (C) of the control and HFSD group. 
Representative histological duodenum section from Control and HFSD groups with hematoxylin and eosin staining 
(×40). (A) Control: preserved villous architecture (black arrows, ×40) and Brunner´s gland (black arrowheads, 
detail ×100). HFSD: altered villous architecture with a predominant chronic inflammatory infiltrate distributed in the 
villi (black arrowheads, detail ×100). Vascular congestion and lymphocytic accumulation in lamina propria (black 
arrows, ×40). Cryptic epithelium with mild reactive changes. Shortened and widened villi (black arrowheads, detail 
×40). (B) Control: preserved villous architecture (black arrows). Cryptic epithelium without significant histological 
alterations. HFSD: significant chorion chronic inflammatory infiltrate with eosinophils and expansive lymphocyte 
accumulation and vascular congestion (black arrows). (C) Control: preserved villous architecture (black arrows). 
Cryptic epithelium without significant histological alterations. HFSD: Lamina propria section with discrete wall 
chronic inflammatory infiltrates and vascular congestion. Thinned wall with section loss villous (black arrows). 
HFSD, high fat and sucrose diet.



the widely used F/B ratio as an estimator of microbiota imbalance, which was found to be 
increased in the HFSD group, consistent with a state of dysbiosis.33

HFSD rats constitute an adequate pathophysiological model not only for IR but also for 
dysbiosis, due to their dietary adaptability and the rapid development of metabolic disorders 
in short-term studies. Dysbiosis is linked to numerous systemic and local abnormalities, 
notably the disruption of the gut barrier.28 The intestinal barrier is a complex structure 
that includes the GM, a mucus layer, a monolayer of epithelial cells, and immune cells 
located in the lamina propria and submucosa.34,35 Numerous studies have documented the 
relationship between alterations in the microbiota due to an HFD and increased gut barrier 
permeability.36-38 In our study, we noted a disruption in the normal structure of the intestine 
and a decreased expression of genes encoding TJ proteins, accompanied by an increase in 
serum LPS levels. These findings suggest a compromise in intestinal integrity in this model 
of IR and HFSD-induced dysbiosis.

LPS contains lipid A, which can cross the intestinal mucosa with the aid of CMs.38 In this 
scenario, lipoproteins may trigger an inflammatory response in tissues such as the liver and 
adipose tissue, leading to an IR state typically associated with obesity.39,40 In adipose tissue, 
the interaction between LPS and LPS binding protein can activate the CD14 receptor. This 
complex then binds to Toll-like receptor 4 on macrophages and adipose cells, promoting the 
expression of genes that encode pro-inflammatory proteins.40

Regarding the metabolic and lipid profile, the group receiving a pro-dysbiotic diet exhibited 
a harmful and pro-atherogenic lipid and metabolic profile, associated with IR status. One 
of the strengths of our study was the isolation of the CMs. These particles are challenging to 
isolate due to their physical characteristics, including heterogeneous size and composition,41 
and have not yet been evaluated in this HFSD-induced IR and dysbiosis model. CM particles 
from the HFSD group showed higher TG content than controls, directly associated with 
LPS levels, suggesting that altered microbiota could modulate the composition of CMs. 
These findings align with those of Clemente-Postigo et al., who noted that morbidly obese 
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patients with postprandial hypertriglyceridemia exhibited a significant increase in LPS levels 
in serum and the CM fraction following a fat overload.31 TG-enriched CMs could serve as a 
better substrate for LPL, releasing oxidative and harmful FAs, and promoting the production 
of smaller rCMs, which could more easily penetrate the subendothelium and promote the 
atherosclerotic process.3

Concerning intestinal apoB levels, although several studies have demonstrated an increase 
in the expression of intestinal apoB48 in animal models of IR and type 2 diabetes, which is 
associated with the overproduction of apoB48-containing lipoproteins,42-44 our study did not 
observe any significant differences in intestinal apoB mRNA levels between groups. Given 
that the quantity of apoB48 is a limiting factor for CM assembly in the intestine,15 these 
findings imply that despite higher intestinal TG levels and increased MTTP levels, there is not 
necessarily an increase in the number of secreted particles, but rather an increase in their TG 
content and size. Considering that other factors also regulate apoB in vivo, these discrepancies 
could be partially attributed to differences in species and experimental models used.

MTTP catalyzes the assembly of TG, cholesteryl esters, and PL with apoB48 to form 
primordial CMs. These CMs can then undergo lipidation to become pre-CMs or be stored 
in enterocytes depending on the availability of apoB48.45,46 The expression of MTTP is 
influenced by diet, particularly the amount and composition of lipids. Hamsters on an 
HFD exhibit increased intestinal MTTP protein expression compared to those on high 
sucrose diets, where no increase is observed. It is important to note that MTTP is negatively 
regulated by insulin, and higher expression levels of MTTP have been observed in insulin-
resistant states.47,48 As previously mentioned, increased MTTP expression is associated with 
enhanced secretion of TG-rich lipoproteins (TRLs).49,50 However, the impact of MTTP protein 
expression on CM lipid composition has been minimally explored. Additionally, animal 
models deficient in MTTP, whether on a Western diet or not, have shown lipid accumulation 
in intestinal depots.51,52

Until now, the relationship between the expression and activity of MTTP in IR animal models 
has not been extensively explored. Our findings indicate an increased expression of MTTP 
in HFSD, aligning with previous studies on HFD53 and IR.54 In our research, using a model 
of IR and dysbiosis induced by diet, both factors could account for these observations. 
Additionally, MTTP expression was linked to the production of TG-enriched CM and CIF. 
These findings imply that within the metabolic framework of IR accompanied by intestinal 
dysbiosis, MTTP facilitates the secretion of CM particles that are excessively rich in TG, 
leading to increased fat deposition in the intestine.

We acknowledge several limitations in this study. First, lipoprotein size, a key determinant of 
atherogenic potential, was not assessed.55 Second, additional components of the particle, such 
as apoCIII or apoE, which contribute to the retention of remnants in the subendothelium, as 
well as certain highly inflammatory types of fatty acids, could have provided further insights 
into the atherogenic potential of the lipoproteins studied. Third, the TRL fraction analyzed in 
this research may not have been composed solely of CMs, but also of large VLDL. Given this 
limitation, and the challenges associated with purifying CMs through ultracentrifugation, we 
refer to the lipoprotein fraction we analyzed as the "CM-enriched fraction." Fourth, although 
the Syrian golden hamster is considered the optimal model for assessing CM metabolism due 
to its significant similarity to humans,44 HFSD rats still serve as a viable model for studying 
TRL metabolism and for extrapolating findings to humans.
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In conclusion, our findings are consistent with a model suggesting that gut dysbiosis and the 
development of IR are linked, where intestinal TG content plays a crucial role in the secretion 
of TG-rich CMs. This process is facilitated by MTTP and is associated with an increased 
atherogenic potential.
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