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The high-fat diet (HFD) of western countries has dramatic effect on the health of several organs, including the digestive

tract, leading to the accumulation of fats that can also trigger a chronic inflammatory process, such as that which occurs in

non-alcohol steatohepatitis. The effects of a HFD on the small intestine, the organ involved in the absorption of this class

of nutrients, are still poorly investigated.
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1. Introduction

The small intestine is actively involved in the metabolism of dietary fats, such as cholesteryl esters (CEs), phospholipids

(PLs), and triglycerides (TGs); among these, approximately 90% of the total fat calories are provided by TGs . The

first step in lipid digestion and emulsification occurs in the mouth and stomach due to the combined action of salivary and

gastric lipases. Pancreatic lipases and bile acids then cooperate to further digest and emulsify lipids, facilitating their

absorption in the small intestine. Lipases split TGs into fatty acids and monoglycerides, which are packaged in mixed

micelles, making lipids absorbable by the intestinal epithelium . Once inside the small intestine, they are

resynthesized, and fatty acids and monoglycerides reach the endoplasmic reticulum membrane, where they have two

fates: a portion of them get into the endoplasmic reticulum and are transported into the Golgi apparatus and secreted into

the bloodstream as chylomicrons . The other portion of lipids are stored in cytosolic lipid droplets (CLDs), which

are spherical particles surrounded by a phospholipid monolayer and covered on the surface by several proteins, mainly

members of the perilipin family. In physiological conditions, CLDs are temporarily accumulated in the cytosol of

enterocytes as an energy reservoir and are released for energy supply during the intestinal fasting state .

However, when excessive accumulation of lipids occurs, as the result of an unbalanced diet or alterations in

lipogenesis/lipolysis processes, severe diseases may result .

A surplus of TGs induces liver injury, such as nonalcoholic fatty liver disease (NAFLD), nonalcoholic steatohepatitis

(NASH), and even cirrhosis and hepatocarcinoma . They may also be responsible for pancreatic damage by

reducing apoptosis of β-cells, with the consequent reduction in insulin secretion . Moreover, the accumulation of TGs

in skeletal muscle leads to insulin resistance and a reduction of glucose uptake , while accumulation in the

myocardium results in cardiomyopathy .

Although the intestinal tract is known to be directly involved in lipid metabolism, the mucosal alterations induced by an

enriched fat diet are still limited .

Indeed, several studies have focused attention on the changes in intestinal microbiota and the exacerbation of several

intestinal disorders (i.e., food allergies, inflammatory bowel disease (IBD), or colorectal cancer) , while a few

studies have evaluated the impact of a high-fat diet (HFD) on intestinal inflammation .

Lipid metabolism is regulated by several molecules, including peroxisome proliferator-activated receptor-γ (PPAR-γ), a

master gene of adipogenesis and adipocyte differentiation that is also involved in the regulation of many processes, such

as cell proliferation, differentiation, inflammation, and fibrosis ; for this reason, PPAR-γ could be a promising

therapeutic target. It has been demonstrated that rosiglitazone and other molecules that are able to enhance PPAR-γ

functions lead to an improvement in inflammation and metabolic alterations induced by excessive fat intake .

A HFD also increases the expression of adipokines involved in lipid metabolism, such as leptin, which are responsible for

a downregulation of PPAR-γ and the upregulation of proinflammatory cytokines like TNF-α and IL-6 through the

PI3K/mTOR pathway .
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In previous studies, we demonstrated that the abuse of an 18-month long chronic hyperlipidemic diet induced severe

metabolic dysfunctions altering the mice’s body weight, liver weight/body weight ratio, serum parameters like ALT, AST,

triglycerides, and cholesterol and prompted the liver parenchyma towards nonalcoholic steatohepatitis (NASH) and

hepatocarcinoma . On this basis, we hypothesized that the same dietary regimen may directly induce also

alterations of bowel wall morphology and that the accumulation of fat in the mucosa may induce mucosal damage and

may trigger the onset of intestinal inflammation. This study aimed to make a pairwise evaluation of the impact of the

chronic administration of an HFD w/Suc on the small intestine of the same mice already evaluated for liver phenotype in

our previous studies .

2. Morphological Changes in the Small Intestine Architecture Induced by a
High Fat with Sucrose Diet

Histological analyses by H&E staining showed a marked accumulation of lipid droplets in the mucosa of HFD w/Suc-fed

mice, leading to a disruption of normal intestinal architecture (Figure 1A).

Figure 1. Hematoxylin and Eosin staining of proximal tract of the small intestine. Original magnification: 20×; scale bar: 50

μm. (A) A marked accumulation of lipid droplets was present in the intestinal mucosa of HFD w/Suc -fed mice (arrows)

compared to SD-fed and LF-HCD-fed mice. (B) A massive infiltration of inflammatory cells was found in HFD w/Suc-fed

mice compared to the SD group, while LF-HCD-fed mice showed only scanty and mild inflammatory foci (arrows). These

images are representative of n = 5 SD, n = 10 HFD w/Suc, n = 10 LF-HCD mice.

Additionally, in the HFD w/Suc mice, a spread inflammatory infiltrate was found across the mucosa (Figure 1B), whereas

no signs of CLD deposition and relevant inflammatory foci were detected in the SD group (Figure 1A,B). Interestingly, the

analysis of the small intestine from mice fed with a hypercaloric low-fat (4.8%), high-sucrose (61.12%) diet did not show

significant signs of tissue alterations and lipidic accumulation or signs of significant inflammation. These findings suggest

that the lipidic content of the diet can specifically induce intestinal alterations.

To highlight the dietary effects on intestinal epithelial barrier components, PAS staining elective for goblet cells was also

undertaken (Figure 2A). The goblet cells secrete numerous mucins that form a thin layer of mucus adhering to the

mucosal surface, which represents an important component of the intestinal mucosal barrier. The quantitative evaluation

revealed a significant reduction of goblet cells in HFD w/Suc mice compared to SD mice (Figure 2B).

Figure 2. (A) PAS staining of proximal tract of the small intestine. Original magnification: 20×; scale bar: 50 μm. (B)

Quantification of goblet cells. HFD w/Suc mice showed a reduction of goblet cell numbers compared to the SD group

[17][18]

[17][18]



(arrows). * p < 0.05. These images are representative of n = 5 SD, n = 10 HFD w/Suc mice.

Fibrosis was absent in both the SD and HFD w/Suc mice (Figure 3).

Figure 3. Masson’s trichrome staining of proximal tract of the small intestine. (Original magnification: 10×; scale bar: 100

μm). No signs of fibrosis were found in either the SD or the HFD w/Suc -fed mice. These images are representative of n =

5 SD, n = 10 HFD w/Suc mice.

3. Evaluation of Protein Changes Induced by a High-Fat with Sucrose Diet

To confirm the presence of lipids, we performed immunohistochemistry analysis for perilipin 1, which is one of the CDL

surface proteins (Figure 4A).

Figure 4. (A) Immunohistochemistry for perilipin 1 of proximal tract of the small intestine. (Upper: original magnification:

10×; scale bar: 100 μm, bottom: magnification 40×; scale bar: 25 μm). (B) The expression of perilipin 1 was significantly

increased in HFD w/Suc mice compared to the SD group. * p <0.05. These images are representative of n = 5 SD, n = 10

HFD w/Suc mice.

HFD w/Suc mice showed increased perilipin expression compared to the control group, mainly localized on the rim of the

lipid droplets present in the intestinal mucosa layer (Figure 4A). The increase of perilipin in the HDF w/Suc group was

confirmed by semi-quantitative analysis (Figure 4B).

To confirm that a HFD w/Suc leads to an overexpression of leptin, we assessed this molecule and its receptor (Figure 5).



Figure 5. (A,C) Immunohistochemistry for leptin and leptin receptor of proximal tract of the small intestine. (Original

magnification: 10×; scale bar: 100 μm). Immunostaining of both leptin and its receptor showed an increase in HFD w/Suc

mice compared to the SD group. (B,D) Semiquantitative analyses of leptin and leptin receptors confirmed the increased

expression of these two molecules. * p < 0.05. These images are representative of n = 5 SD, n = 10 HFD w/Suc mice.

Immunostaining of leptin is noticeably increased in HFD w/Suc-fed mice compared to the SD group (Figure 5A,B).

Evaluation of leptin receptor also showed significant differences between SD and HFD w/Suc-fed mice (Figure 5C,D).

Furthermore, we performed an immunohistochemistry evaluation of adiponectin, a molecule that generally

counterbalances the activity of leptin (Figure 6A).

Figure 6. (A,C) Immunohistochemistry of adiponectin and adiponectin receptor of proximal tract of the small intestine.

(Original magnification: 10×; scale bar: 100 μm). (B,D) The expression of adiponectin and its receptor was significantly

reduced in HFD w/Suc mice compared to the SD group. * p < 0.05. These images are representative of n = 5 SD, n = 10

HFD w/Suc mice.

The analysis revealed a significant reduction of adiponectin expression in the HFD w/Suc group compared to control mice

(Figure 6A), as validated by the semiquantitative analysis (Figure 6B).

Similarly, adiponectin receptor immunopositivity was reduced in the HFD w/Suc group compared to the SD mice (Figure
6C,D).

Immunohistochemistry of PPAR-γ showed a reduction of positivity in HFD w/Suc -fed mice compared to the SD group

(Figure 7A), as confirmed by the semiquantitative analysis (Figure 7B). These data are in line with the anti-inflammatory

role of this transcriptional factor .[32]



Figure 7. (A) Immunohistochemistry of PPAR-γ of proximal tract of the small intestine. (Original magnification: 10×; scale

bar: 100 μm). (B) PPAR-γ was significantly reduced in HFD w/Suc mice compared to the SD group. * p < 0.05. These

images are representative of n = 5 SD, n = 10 HFD w/Suc mice.

Since the increase of lipid droplets was associated with a concomitant increase of mucosal inflammatory infiltrate in HDF

w/Suc mice, we performed immunohistochemistry analysis for the proinflammatory mediators PI3K, phosphorylated-

mTOR (p-mTOR), and phosphorylated Akt (p-Akt) (Figure 8) .

Figure 8. (A,C,E) Immunohistochemistry of PI3K, p-mTOR, and p-Akt of proximal tract of the small intestine. (Original

magnification: 10×; scale bar: 100 μm). (B,D,F) All the tested molecules were increased in the HFD w/Suc group

compared to SD mice. * p < 0.05. These images are representative of n = 5 SD, n = 10 HFD w/Suc mice.

Immunostaining of PI3K, p-mTOR, and p-Akt was increased in the HFD w/Suc group compared to the SD-fed mice

(Figure 8A,C,E), which was supported by the semiquantitative analyses of each of these examined molecules (Figure
8B,D,F). In addition, we evaluated the expression of TNF-α, one of the main proinflammatory factors (Figure 9).

Figure 9. (A) Immunohistochemistry of TNF-α of proximal tract of the small intestine. (Original magnification: 10×; scale

bar: 100 μm). (B) TNF-α showed an increase in the HFD w/Suc group compared to SD mice. * p < 0.05. These images

are representative of n = 5 SD, n = 10 HFD w/Suc mice.

Immunohistochemistry (Figure 9A) and semiquantitative evaluation (Figure 9B) revealed a significant increase of TNF-α

in HFD w/Suc-fed mice compared to the SD group, confirming the onset of an inflammatory process after the consumption

of a hyperlipidic diet.
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Finally, to investigate the integrity of the intestinal epithelium, we evaluated the expression of Zonulin-1, a key molecule in

the formation and remodeling of tight junctions and the maintenance of the intestinal barrier. Immunohistochemical

analysis showed a marked decrease in the expression of zonulin-1 in the epithelium of the group of mice receiving HFD

w/Suc compared to control mice (Figure 10), supporting the hypothesis that the hyperlipidic diet may alter the functions of

the intestinal epithelial barrier.

Figure 10. (A) Immunohistochemistry for Zonulin 1 (ZO-1) of proximal tract of the small intestine. (Original magnification:

20×; scale bar: 50 μm). (B) ZO-1 showed an increase in the SD group compared to HFD w/Suc mice. These images are

representative of n = 5 SD, n = 10 HFD w/Suc mice.
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