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ABSTRACT 
 
The intestinal barrier is the first line of defense against pathogens that separates our body 

from the external environment. Its function is to maintain intestinal tissue homeostasis, 

regulating the passage of molecules and protecting from harmful microbes. This barrier 

is made up by the mucus layer, critical for limiting the exposure to the gut microbiota, 

and by intestinal epithelial cells sealed by inter-epithelial tight junctions. A strong cause-

effect relation between intestinal permeability alterations and both intestinal and systemic 

diseases (like obesity, type 2 diabetes and NAFLD) is becoming evident, suggesting that 

restoring proper gut permeability by targeting the intestinal epithelial barrier could 

represent a successful intervention. The present study proposes the use of a naturally-

derived superabsorbent hydrogel to restore gut permeability, likely acting on the intestinal 

epithelial barrier, either directly or indirectly.  

In a mouse model of HFD-induced obesity, hydrogel diet supplementation prevented 

early development of adiposity, hepatic steatosis and intestinal barrier perturbations, 

mainly reinforcing intestinal epithelial TJ and inhibiting bacterial LPS translocation and 

endotoxemia. In long-term HFD experiments, both prophylactic and therapeutic hydrogel 

administration reduced body weight, adipose tissue deposition and improved metabolic 

parameters; notably, this was paralleled by the restoration of intestinal barrier 

permeability, thus limiting endotoxemia, as well as the reshaping of the gut microbiota 

composition despite dysbiosis associated to HFD feeding. Indeed, both dysbiosis and 

low-grade inflammation are hallmarks of metabolic diseases. 

Collectively our data show the potentiality of this superabsorbent hydrogel as a 

completely naturally-derived and non-invasive therapeutic tool for the treatment of 

obesity and metabolic disorders. 

 

 
Keywords: 

Intestinal barrier, obesity, metabolic disorder, superabsorbent hydrogel, tight junctions, 

endotoxemia, gut microbiota 
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INTRODUCTION 
 

1. Obesity and metabolic disorders  
 

Obesity is a major health and economic issue worldwide, associated with excess mortality 

and morbidity. Obesity is defined by the World Health Organization (WHO) as “an 

abnormal or excessive fat accumulation that presents a risk to health”. Over the past 50 

years, the prevalence of obesity has increased worldwide to pandemic proportions1. 

According to recent studies, providing trends for all countries in the world, based on body 

weight and height data measured from 128.9 million people, obesity prevalence increased 

over 18% between 1975 and 2016 worldwide2. With more than 1.9 billion adults (over 

18 years old) overweight and among these over 650 million obese in 2016 (data from 

WHO). Obesity is directly linked to common conditions and metabolic alterations 

encompassing insulin resistance, low HDL cholesterol, high triglycerides and high blood 

pressure (hypertension) collectively known as “metabolic syndrome”, a serious health 

condition that increases the risk of type 2 diabetes (T2D) and cardiovascular disease3. In 

addition, obesity might lead to reduced quality of life, unemployment, lower productivity 

and social disadvantages, thus creating and economic burden1. Therefore, insights in the 

pathogenesis of obesity and associated metabolic disorders are important to identify novel 

prevention and treatment strategies. 

 
1.1 Pathogenesis of obesity  

 
The fundamental cause of obesity is a long-term energy imbalance between excessive 

calories consumption and defective calories expenditure4. Dysfunctional accumulation of 

energy leads to the formation of fat depots and body weight gain5. In turn, a chronic 

excess of body fat promotes unbalanced energy homeostasis as well as the onset of an 

impairment in glucose, lipid and protein metabolism that can trigger chronic low-grade 

inflammation6 and cardiometabolic diseases7 . 

However, obesity is a disease with a more complex multifactorial etiology, involving 

interactions among genetics, environmental factors and hormones. All these factors affect 

food intake, nutrient turnover, thermogenesis and lipids utilization5. 

Several genes have been implicated in the pathogenesis of obesity, but findings relating 

specific genes to obesity, in humans, are inconsistent8. Whereas, multiple hormones were 

shown to be involved in the regulation and pathophysiology of obesity, including gut-

related hormones and adipokines9,10. 
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Among the hormones regulating food intake and obesity, ghrelin, a circulating peptide 

hormone derived from the stomach, is the only known peripherally acting orexigenic 

hormone and is responsible for stimulating appetite11. 

Differently, all other gut-derived hormones function as anorectic agents, responsible for 

limiting food intake, achieving optimal digestion and absorption while preventing 

consequences of overfeeding, like hyperinsulinemia and insulin resistance12. 

Among gut-derived anorectic hormones, peptide YY (PYY) secreted by L cells of distal 

small intestine and colon, is released postprandially and it has the function of delaying 

gastric emptying and reducing gastric secretions. Indeed, administration of PYY before 

meals results in decreased food consumption13. L cells also secrete oxyntomodulin, 

another gut-derived hormone, regulating meal termination. A single infusion of 

oxyntomodulin was shown to suppress appetite and reduce food intake over a 12 hours 

period, in association with a reduction in fasting ghrelin levels13,14. Other hormone 

secreted by enteroendocrine L-cells and certain neurons, upon food consumption, is 

Glucagon-Like Peptide-1 (GLP-1), a long peptide deriving from specific posttranslational 

processing of the proglucagon peptide. GLP-1 is an in incretin hormone, with the ability 

of decreasing blood sugar levels in a glucose-dependent manner by enhancing insulin 

secretion15. GLP-1 has also other functions, encompassing slowdown of gastric emptying, 

inhibition of food intake, increase of natriuresis and diuresis, and modulation of β-cell 

proliferation16. GLP-1 receptor agonists are extensively proposed and used for the 

treatment of T2D and administration of high doses of liraglutide (GLP1-R agonist) is 

FDA approved as a pharmacologic treatment for obesity and overweight in patients with 

comorbidities17. However, high costs as well as tolerability, remain significant barriers in 

prescribing these medications18. 

Other key players in obesity are adipokines, hormones produced by the adipocytes. 

Adipokines are a family of cytokines secreted by the adipose tissue including tumor 

necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), leptin and adiponectin. The role of 

TNF-α in obesity has been linked to insulin-resistance development through reduction of 

adiponectin synthesis and impairment of insulin signaling. Obese mice lacking either 

TNF-α or its receptor showed protection against developing insulin resistance19. 

Therefore, targeting TNF-α and/or its receptors has been suggested as a promising 

treatment for insulin resistance and type 2 diabetes20.  

IL-6 is a pleiotropic circulating cytokine proposed to be one of the main trigger of low-

grade inflammation in obesity. Many studies described elevated IL-6 levels in obese 

patients and the role of adipocytes and adipose tissue macrophages in producing IL-6. In 
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obese patients, IL-6 acts by inhibiting insulin receptor signal transduction in hepatocytes, 

increasing circulating free fatty acids from adipose tissue and reducing adiponectin 

secretion21. 

Adiponectin is an insulin sensitizing, anti-inflammatory and antiatherogenic hormone. In 

contrast to other adipokines, adiponectin levels are reduced in adipose tissue in obese and 

diabetic individuals, and adiponectin levels are restored to normal levels after weight 

loss22. 

Studies showed that adiponectin administration in humans and mice has insulin-

sensitizing, anti-atherogenic, and anti-inflammatory effects, and in certain settings, also 

decreases body weight3. Therefore, adiponectin in humans may be a potential therapeutic 

target in the treatment of obesity, insulin resistance,T2D, and atherosclerosis23.  

Another adipokine produced by both adipocytes and enterocytes in the small intestine is 

leptin. Leptin regulates energy balance by inhibiting hunger and in turn it diminishes fat 

storage in the adipose tissue. It acts as a dominant long-term signal in the brain where it 

binds to specific receptors on appetite-modulating neurons in the arcuate nucleus in the 

hypothalamus, inhibiting appetite. Leptin-deficient mice that lack leptin receptors have 

been shown to be hyperphagic and obese. Furthermore, leptin deficiency reduces energy 

expenditure24. Leptin deficiency in humans is rare and obese individuals are, in part, 

leptin-resistant25. 

Therefore, increased visceral fat results in increased levels of pro-inflammatory IL-6 and 

TNF-α as well as reduced levels of adiponectin and interleukin-10, resulting in a 

proinflammatory milieu that leads to insulin resistance culminating in the metabolic 

syndrome, T2D and atherosclerosis. Hence, visceral adiposity is key regulators of 

inflammation and playing a major role in the development of obesity and its related co-

morbidities. 

 
1.2 Adipose tissue in Obesity and Metabolic Syndrome 
 

Adipose tissue is classified in two major types: white adipose tissue (WAT) and brown 

adipose tissue (BAT), both having a crucial role in sensing and responding to changes in 

systemic energy balance26. Adipocytes in brown adipose tissue contribute to energy 

expenditure via thermogenesis, mainly maintaining body temperature, while adipocytes 

in the white adipose tissue act as energy storage and are also responsible for the secretion 

of bioactive substances (i.e. adipokines). Indeed, in addition to adipocytes, WAT contains 

macrophages, leukocytes, fibroblasts and endothelial cells, that are responsible for the 

great variety of signaling molecules secreted by WAT under varying conditions.  
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The white adipose tissue is distributed over the entire body and has different 

compartments that vary in terms of cell size, metabolic activity, and its potential role in 

insulin resistance and other complications associated with obesity 27. White adipose tissue 

depots are classified into subcutaneous adipose tissue and visceral adipose tissue based 

on their location in the body. Visceral adipose tissues include intra-abdominal (mainly 

mesenteric adipose tissue), pericardial and perirenal adipose tissue. Indeed, researchers 

and clinicians have been mostly interested in intra-abdominal adipose tissue, as its 

accumulation in obesity was shown to be closely correlated with the development of the 

constellation of metabolic abnormalities commonly referred to as the metabolic 

syndrome26.  

Although the list of clinical outcomes associated with obesity is rather extensive, the 

number and severity of obesity-associated complications seem to be dependent on the 

presence of excess fat stores in inner adipose deposits (i.e. abdominal and visceral adipose 

tissue), and deposits inside and surrounding normally lean tissues, such as the heart, the 

liver and the kidneys, generating a phenomenon referred to as ectopic fat deposition28. 

Reports have shown that the way adipose tissue manages the energy surplus, i.e. by the 

pathological growth of the adipocytes, has a profound effect on an individual's insulin 

sensitivity and dyslipidemia (manifested as high levels of triglycerides or low levels of 

high-density lipoprotein cholesterol)29. Indeed, the subcutaneous adipose tissue handles 

energy excess by causing adipose tissue hyperplasia - tissue growth characterized by an 

expansion in cell number – and expanding adipose tissue will then act as a ‘metabolic 

reserve’, protecting lean tissues (i.e. the heart, liver, pancreas and kidneys) against 

harmful ectopic fat deposition29. Conversely, if subcutaneous adipose tissue cannot 

expand through fat cell hyperplasia, triglyceride molecules accumulation is buffered 

through adipocyte hypertrophy, characterized by an enlargement of individual cells; once 

the adipocytes size reaches saturation and cells are no longer able to expand, their rupture 

stimulates macrophage invasion, with increased release of pro-inflammatory adipokines 

and decreased anti-inflammatory adipokines29. These phenomena create a pro-

inflammatory milieu making the tissue prone to develop insulin-resistance. Furthermore, 

when the expanding capacity of hypertrophied adipocytes becomes saturated, the excess 

triglyceride molecules must be stored at unconventional sites, such as the liver, heart, 

kidneys and pancreas, generating an atherogenic, diabetogenic and inflammatory 

environment in the cell of these tissues30. Accordingly, reports have shown that visceral 

obesity is often accompanied by excessive fat in the liver, heart and kidneys, whereas this 

association is less evident for subcutaneous obesity31. Excess visceral adipose tissue and 
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excess of fat in the liver often co-occur; however some individuals with extensive visceral 

adipose tissue do not show fatty liver, and vice versa32. Clearly, local drivers of regional 

differences in ectopic fat deposition (i.e. genetic, hormonal and environmental) must be 

further explored for the development of targeted treatments. 

 

1.3 Insulin Resistance in Obesity  
 
Insulin has many physiological activities, among which reducing blood glucose is its 

primary function. Insulin is able to control glycemia by inducing glucose uptake in 

insulin-sensitive tissues like skeletal muscle, heart and fat, while it is able to inhibit 

glucose production (gluconeogenesis) in liver, kidney and small intestine. Insulin 

resistance occurs when insulin-sensitive tissues lose their ability to respond to insulin, 

and is accompanied by: hyperinsulinemia and hyperglycemia in fasting condition, 

increased glycosylated hemoglobin (HbA1c), postprandial hyperglycemia, 

hyperlipidemia, impaired glucose and insulin tolerance, increased hepatic glucose 

production, loss of first phase secretion of insulin, hypoadiponectinemia, and increased 

inflammatory markers in plasma33. Both obesity and type 2 diabetes are associated with 

insulin resistance34.  

Insulin resistance in obesity has extensively been linked to inflammation of both adipose 

tissue and liver. In turn, inflammation inhibits the insulin signaling activity in adipocytes 

and hepatocytes through several mechanisms. As previously described, visceral adipose 

tissue secrete specific cytokines, such as leptin and adiponectin, but also pro-

inflammatory cytokines such as TNF-α and IL-6, monocyte chemoattractant protein-1 

(MCP-1) and additional products of macrophages and other cells that populate adipose 

tissue, believed to have a major role in the development of insulin resistance33. TNF-α 

and IL-6 act through classical receptor-mediated processes, stimulating both the c-Jun 

amino-terminal kinase (JNK) and the IκB kinase-β (IKK-β)/nuclear factor-κB (NF-κB) 

pathways, resulting in upregulation of potential mediators of inflammation that can lead 

to insulin resistance34. Furthermore, in humans, the size of the visceral adipose depot and 

adipocyte size is linked to systemic insulin resistance, as well as increased expression of 

chemokines and cytokines by immune cells in the tissue35. These reports suggest that the 

propensity of visceral adipose tissue to inflammation and the subsequent secretion of 

cytokines, impairing in turn insulin signaling, may significantly contribute to the 

development of systemic insulin resistance in central obesity. Consistently with the 

concept that mild inflammation is causal in the development of insulin resistance, 
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treatment of obese mice with resolvins, endogenous lipid mediators that promote 

inflammatory resolution, improved glucose tolerance, decreased fasting blood glucose 

levels, and enhanced insulin signaling in adipose tissue36. This is in agreement with the 

positive effects reported for anti-inflammatory agents in controlling glucose levels in 

human affected by T2D further reinforcing this rational37. 

 
1.4 Hepatic steatosis and obesity 

 
Obesity is associated with an increased risk of developing Non-Alcoholic fatty Liver 

Disease (NAFLD). Hepatic steatosis occurs when the amount of fatty acids in liver cells 

exceeds their consumption (i.e. triglycerides accumulate in the liver parenchyma) and is 

an hallmark of NAFLD 38. This imbalance in intrahepatic deposit of triglycerides is the 

result of four main mechanisms: increased inflow of fatty acids (FA) from the peripheral 

circulation; increased hepatic synthesis of FA (de novo lipogenesis); reduced intrahepatic 

and peripheral FA oxidation; and reduced triglycerides release in the circulation through 

VLDL39. All these mechanisms contribute to the pathogenesis of hepatic steatosis driven 

by metabolic alterations. Therefore, an excessive load of intrahepatic triglycerides cause 

an imbalance between complex interactions of metabolic events. 

Many players are involved in metabolic alterations related to NAFLD, encompassing 

adipose tissue, hepatic and systemic inflammation, leading to the development of insulin 

resistance and dyslipidemia. However, a key role has been ascribed to adipose tissue 

expansion and particularly to inflammatory cytokines release, involved in the 

pathogenesis of insulin resistance39. This condition also results in increased hepatic flux 

of FFAs and leads to the accumulation of triglycerides, mitochondrial dysfunction, 

reactive oxygen species production and eventually hepatic inflammation and 

fibrogenesis40. Therefore, in the context of obesity, accumulation of visceral adipose 

tissue becomes an important risk factor for the onset of NAFLD.  

 

1.5    Current treatments for obesity  
 

The management of obesity and its associated disorders has evolved in the recent years 

with a shift towards different strategies: dietary interventions, pharmacotherapies and 

surgical interventions4. 

Dietary interventions are mainly aimed at inducing weight loss. Weight loss can be 

achieved through a deficiency in the caloric intake, leading to a net energy deficit. Dietary 

therapies include: modifications in diets macronutrient composition, lowering of energy 
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dense macronutrients (i.e. fats and carbohydrates) intake; caloric restriction; meal 

replacement by low-calorie substitutes for daily meals and modifications of dietary habits 

(e.g. switch from Western Diet to Mediterranean-style diet)4. Currently available 

pharmacological options for obesity management are fairly limited, with most licensed 

for weight loss maintenance in patients with BMI (Body Mass Index) of >27 kg/m2 with 

associated risk factors, or those with BMI of ≥30 kg/m2. However, pharmacological 

treatment for weight loss can have adverse events and must be associated to a reduced-

calorie diet and physical exercise4. Finally, surgical interventions comprehend: placement 

of an intragastric balloon, consisting of an endoscopically-deployed silicone balloon 

which is filled with saline and inflated in the stomach for a duration of 6 months; and 

bariatric surgery, considered as the treatment of choice when all other intervention have 

failed4. Several anti-obesity treatment options alone or in combination are available. 

However, the therapeutic benefit of these anti-obesity strategies is limited by their 

marginal efficacy, variable tolerability and safety profiles, and poor patient’s compliance. 

Hence, novel, safe and effective therapeutic approaches are required to address the 

growing obesity epidemic. 
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2. Intestinal barrier 
 
The intestine is not only the main organ involved in nutrient uptake, but it constitutes the 

major barrier that separates our body from the external environment41. The intestinal 

barrier allows protection against exogenous harmful and toxic substances, entering the 

body mainly in the form of dietary contaminants42. Trillions of bacteria reside in the 

gastro-intestinal tract constituting the so called “gut microbiota”. Under normal 

conditions, the gut microbiota lives in symbiosis with the host, playing a vital role 

providing several benefits encompassing: energy harvest, protection against pathogens 

and regulation of host immunity. However, intestinal microbes can also represent a 

potential risk of infection43. Therefore, the intestinal mucosa has the complex assignment 

to act as a semi-permeable mucosa, allowing nutrients absorption and immune sensing, 

while limiting direct contact and passage of potentially harmful antigens and 

microorganism mounting an immune response, and counterbalancing growth of 

pathogenic bacteria44. The regulation of this “double faced” task is achieved by the 

interplay between structural components and molecular interactions, operating in a 

dynamic manner to maintain intestinal integrity and immune homeostasis. Accordingly, 

intestinal barrier has evolved as a function unit organized in a multilayered structure. 

 
2.1 Anatomy of the intestinal barrier  

 
The intestinal barrier is armed with a multilayer defense system working both 

simultaneously and sequentially. The multiple layers of this barrier from the intestinal 

lumen to the systemic circulation include: (1) the mucus layer, a physical barrier which 

prevents direct interactions between gut bacteria and intestinal epithelial cells; (2) the 

tight junctions, sealing juxtaposed epithelial cells, limiting paracellular transport of 

bacteria and of bacterial products to systemic circulation; and (3) the antibacterial proteins 

secreted by specialized intestinal epithelia cells, the Paneth cells, and IgA secreted by 

immune cells present in the lamina propria underlying the epithelial cell layer 45. 

 

2.1.1 The mucus layer 
 

The mucus is the first physical barrier encountered by bacteria in the gastrointestinal tract. 

It is made up by two layers: the outer mucus layer and the inner mucus layer. The outer 

mucus layer is a thicker and looser film harbored by commensal bacteria, while the inner 
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mucus layer is a thinner film, firmly attached to epithelial cells blocking bacteria 

penetration and contact with epithelial cells.  

These two layers are both constituted by water and mucins, heavily glycosylated proteins 

secreted by specialized epithelial cells named goblet cells. Amount and composition of 

the mucus layer is the product of a balance between mucus secretion and degradation by 

bacteria46. 

Alterations in the mucus layer either by increased erosion and degradation or by deficient 

mucins synthesis has a major impact on intestinal barrier integrity, allowing for the 

penetration of bacteria and bacterial antigens and their consequent contact with epithelial 

cells. Consistently, reports show that Muc 2 -/- mice lacking MUC2 mucin, the major 

glycoprotein secreted by goblet cells, are characterized by increased bacterial adherence 

to the intestinal epithelium, a disrupted intestinal barrier and an enhanced susceptibility 

to colitis47. 

 

 
Adapted from Zang et al. “Interactions between intestinal microbiota and Host Immune Response in 

Inflammatory Bowel Disease” Frontiers in Immunology 8 (2017) 10.3389/fimmu.2017.00942 
 

Figure 1. Intestinal Barrier a multilayer defence system. 

A multilayer defence system working in cocert to the intestinal microbiota, contributing to intestinal 
homeostasis. 
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2.1.2 The intestinal epithelial layer  
 

Underneath the mucus layer, the second level of protection of the intestinal barrier is 

represented by the intestinal epithelium, a continues and polarized single layer of 

epithelial cells that separates the lumen from the lamina propria, preventing the passage 

of harmful luminal components, while allowing translocation of water, electrolytes and 

essential dietary nutrients to the circulation.  

The intestinal epithelial monolayer is composed of different types of specialized cells: 

enterocytes, Paneth cells, goblet cells, endocytes and microfold cells45, each having a 

specialized function, but all originating from the same pool of pluripotent stem cells 

residing at the base of intestinal crypts42. The most represented cells are enterocytes, 

responsible for the maintenance of epithelial barrier integrity48, followed by goblet cells, 

secreting mucus and resistin-like molecules, covering a central role in both repair and 

defense of epithelial layer and epithelial homostasis49. Paneth cells reside at the base of 

intestinal crypts and are key for stem niche maintenance and are responsible for secretion 

of anti-microbial peptides hindering microbial entry. Endocytes regulates antigens 

incoming and microfold (M cells) secreting IgA, which, in addition to goblet cells, 

participate in presenting bacterial antigens to dendritic cells50.  

Collectively all these cells are kept together to form a tight polarized barrier layer through 

virtue of intracellular tight junctions, adherens junctions and desmosomes. Molecular 

transport across this barrier happens through three major pathways: the paracellular 

pathway, characterized by passive diffusion between adjacent cells, the trans-cellular 

pathway, characterized by passive diffusion across cell membranes, and the carrier-

mediated pathway, a type of trans-cellular pathway mediated by carrier proteins and 

receptors51. Regulation of the paracellular pathway is guaranteed by intracellular 

complexes localized at the level of apical-lateral cell membrane junctions and along the 

lateral membrane, allowing for the formation of a size-exclusive and charge selective 

semipermeable barrier. Hence, transport of molecules through paracellular spaces is 

usually referred to as “intestinal permeability”52.  
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2.2 Intestinal epithelial junctions 

The intestinal epithelium keeps its barrier function selective through the formation of 

protein-protein networks, mechanically sealing intercellular space linking adjacent cells. 

These protein-networks connecting epithelial cells are based on three adhesive 

complexes: adherens junctions, desmosomes and tight junctions48, all together regulating 

paracellular pathways53. 

Adherens junctions (AJ) and desmosomes have a major role in the mechanical linkage of 

adjacent cells, consisting of transmembrane proteins connecting adjacent cells to the actin 

cytoskeleton via cytoplasmic scaffolding proteins 3. Tight junctions (TJ) contribute to cell 

polarization and by sealing the intercellular space regulates paracellular transport54.  

 

2.2.1 Adherens junctions 

 

The AJs accomplish multiple functions including: stabilization of cell-cell adhesion, 

regulation of actin cytoskeleton , intracellular signaling and transcriptional regulation55.  

AJs are composed of two protein complexes associated with cell–cell adhesion: the 

cadherin–catenin and the nectin–afadin complexes. The extracellular region of these 

proteins mediats cell-cell contacts between neighboring cells, while the intracellular 

domain is involved in signaling and control of AJ dynamic and interactions with the 

cytoskeleton54.  

 
2.2.2 Tight Junctions  

Tight junctions marke the border between apical and basolateral cell surface domains. TJ 

have been proposed to have two exclusive functions: support the maintenance of cell 

polarity by preventing the mixing of membrane proteins between the apical and 

basolateral membranes, and a gate function regulating paracellular passage of ions and 

solutes in-between cells55. 

Main constituents of tight junctions include transmembrane proteins, like occludin, 

claudins and junctional adhesion molecules (JAM-A), and membrane-associated or 

cytoplasm proteins, like the ZO-1 family56. 

Occludin was the first TJ component to be identified; however its role remains somehow 

unclear57. It is reported to be involved in the regulation of paracellular permeability 

between cells, although occludin knockout mice show normal TJ strand formation and 

normal barrier function58,59. Together with occludin, claudins constitute TJ strands being 

the major components of this structures60. 
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The claudin family consists of 27 members ranging from 20 to 27 kDa61. Claudin proteins 

play a crucial role in the formation of TJ and the preservation of epithelial barrier 

integrity, having also functions in cytoskeleton organization, vesicles transport and 

signaling pathways in direct association with scaffolding proteins. 

Claudins are grouped according to their channel and barrier-forming properties into three 

main subgroups: cation-selective claudins (i.e. claudin 15, claudin 10b and claudin-2), 

anion-selective claudins (claudin 10a and claudin 17), and sealing claudins (i.e. claudin 

1)62.  

The sealing group includes claudins that have not yet been associated with a specific type 

of molecule or ion but are thought to reduce their transport enhancing barrier functions62.  

Therefore, changes in the structure and the expression of claudins are related to alterations 

of intestinal barrier homeostasis contributing to the development of different disorders 

characterized by: decrease absorptive passage, increased secretory passages of small 

solutes and water and increased absorptive passage of macromolecules that can induce 

inflammatory processes63. Claudin proteins dysregulation have been correlated with 

increased intestinal permeability, activation of inflammation, epithelial-to-mesenchymal 

transition (EMT) and tumor progression in IBD as well as consequent colitis-associated 

colorectal cancer61. 

ZO proteins are cytoskeletal connectors of the tight junctions and scaffolding proteins of 

TJ 64. ZO-1, ZO-2 and ZO-3 are members of the ZO-protein family characterized by 

binding domains to adherens junction proteins and the acting cytoskeleton. ZO-1 was one 

of the first tight junction protein identified, however its contribution to barrier function is 

still partly unclear, reflecting the complexity of ZO-1 interactions65.  For instance, ZO-1 

is able to bind to its related proteins ZO-2 and ZO-3, JAM-A, F-actin and various other 

cytoskeletal and regulatory proteins. Thus, ZO-1 knockdown models provide only limited 

information eliminating all these interactions together66. Complexity in understanding the 

precise functions of ZO-1 is also linked to functional redundancy among ZO proteins. 

However, reports show that depletion of both ZO-1 and ZO-2 in epithelial cell culture 

completely eliminated TJ barrier formation67. Moreover, in ZO-depleted cells, barrier-

forming proteins (i.e. claudin and occludin) were unable to assemble into the 

characteristic strands found in the TJ, indicating ZO proteins are necessary for TJ 

assembly by acting as scaffold proteins66. 
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Adapted from Meijers et al. “Intestinal Barrier Function in Chronic Kidney Disease” Toxins. (2018) 

10. 298.  
10.3390/toxins10070298.  

 
Figure 2. Paracellular-transcellular transport and tight junctions in intestinal 
epithelium. 

Intestinal epithelial cells are tied together by tight junction complexes. Several transport pathway 
facilitate transport form the apical to the basolateral side encompassing: transcellular pathway, 
mediated by active transporters and paracellular transport trough either pore pathway or leak pathway. 
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3. Intestinal barrier alterations in disease  

In the last two decades a number of different diseases encompassing intestinal and 

extraintestinal disorders, were associated with alterations in the intestinal barrier structure 

and permeability. Among these, intestinal bowel disorder (IBD), intestinal bowel 

syndrome (IBS)68 together with celiac disease69, and more recently obesity70, type 2 

diabetes71 and metabolic diseases72.  

From the realization that intestinal barrier is so important in disease development, raises 

the question of what can disrupt the barrier. Recently, it is becoming more and more 

evident that beside nutritional factors also bacterial infections and toxins can play a role 

in the gut and affect distant organs73. 

 

3.1 Alteration of intestinal barrier in obesity and metabolic disorders 

Loss of barrier integrity has been closely related to the onset of obesity and associated 

metabolic disorders, including T2D, NAFLD and NASH. 

The hypothesis that such pathologies are related to alterations of intestinal barrier derives 

mainly form mouse studies74,75; however, evidence from human studies have been 

reported. Clinical studies, indeed, have shown a difference in gut permeability between 

individuals with and without T2D71, together with an improvement in intestinal 

permeability in obese patients upon body weight reduction76. Moreover, growing 

evidences show that microbiota of obese and diabetic individuals is different from that of 

healthy population77,78.  

Diets rich in fat and sugars (i.e. Western Diet and High Fat Diet) are known to alter 

intestinal barrier, resulting in enhanced permeability and elevated endotoxin levels in the 

portal vein79. In agreement, tight junctions alterations have been found in animal models 

of High Fat Diet -induced obesity (DIO) and diabetes80. High Fat Diet (HFD) caused a 

reduction in occludin, claudin-1, claudin-3 and JAM-A expression levels in the small 

intestinal epithelium of rats, together with an increase level of plasma TNF-alpha81. 

Furthermore, HFD feeding changed gut microbiota composition in mice, suggesting that 

microbiota alterations and improved gut permeability can be associated with diet induced 

endotoxemia and metabolic syndrome80. Another study showed that alterations in gut 

microbiota composition in DIO mice are associated to inflammation and increased gut 

barrier permeability, mainly related to a reduction in the expression of ZO-1 and occludin 

genes. 
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Of note, antibiotics administration and prebiotic supplementation, prevented alterations 

of gut barrier functions found in obesity and diabetes82. Obesity-related fatty liver 

disorders, NAFLD and NASH, are also known to be associated with TJ dysfunction. 

Interactions between gut microbiota, gut-liver axis and obesity are emerging mechanisms 

related to the development of liver disorders often associated to obesity83. 

NAFLD patients exhibited altered intestinal morphology, increased TJ permeability and 

overgrowth of small intestinal bacteria. Indeed, increased intestinal permeability in 

NAFLD84 mainly results from ZO-1 protein alteration85. 

Overall, it is clear that altered intestinal barrier has a role in metabolic disorders: 

disruption of TJ integrity86 and subsequent translocation of bacteria and/or bacterial 

products from the intestine to the adipose tissue, the liver and other tissues87,88 is the main 

cause of low-grade systemic inflammation,  which has a central role in metabolic diseases 

patophysiology89.  

3.2 Bacteria and endotoxin transport through intestinal barrier 

Generally, water soluble compounds of cross-sectional diameters inferior to 15 Å migrate 

from intestinal lumen to the circulation through intracellular spaces between epithelial 

cells, without involving membrane channels and transporters. Intracellular spaces are not 

of a sufficient dimension to allow passage of larger molecules, particulates or 

microorganisms, including bacteria having a cross-sectional diameter of more than 1000 

Å90. 

Therefore, how bacteria and their endotoxins translocate across the intestine (i.e. 

transcellular vs paracellular) and whether bacteria or bacteria products can penetrate the 

intestinal epithelium in both baseline91 and “stress” conditions, characterized by damaged 

intestinal barrier92, are still open questions. 

In vitro studies report that entire bacteria can penetrate monolayers of intestinal cell lines 

such as Caco-2 cells grown on permeable supports93,94,; still, it is not clear if bacteria 

penetrate cells through paracellular spaces or are able to penetrate cells themselves95. 

These cell culture models, however, radically differ from the in-vivo situation, missing 

interactions with other specialized cell types, the immune system and other compartments 

like mucus, blood and lymphatic circulations and mesenteric nerves. Different authors 

have proposed the occurrence of bacteria translocation from the intestine in humans to 

explain sepsis and endotoxemia observed in patients with severe traumas, intestinal 

obstructions and liver diseases96. In these studies, sepsis is usually detected by the culture 

of enteric bacteria in the systemic circulation, in the mesenteric lymph nodes and in a 
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variety of extra-intestinal tissues and organs. Indeed, in these circumstances, bacteria able 

to reach the portal or lymphatic circulations may be then transported to multiple organs, 

fueling inflammation. Furthermore, studies have reported increase circulating LPS levels, 

and endotoxemia, in patients with sepsis97. Enhanced levels of LPS were also found in 

patients with obesity and metabolic syndrome98,99, which might indicate bacterial 

translocation from the gut lumen to the circulation as a consequence of intestinal barrier 

function failure. In murine models, LPS circulating levels were also shown to be 

correlated to increased intestinal permeability.  

In a recent study LPS-induced increase in intestinal permeability was mediated by TLR-

4/MyD88 signal-transduction pathway up-regulation of MLCK100. Myosin light chain 

kinase (MLCK) is a Ca2+/calmodulin-activated enzyme that catalyzes the myosin light 

chain phosphorylation, triggering actin/myosin contraction. LPS-induced increase in 

intestinal permeability was inhibited in MLCK−/− and TLR-4−/− mice100. This report is in 

line with another study showing that LPS causes an increase in intestinal tight junction 

permeability by inducing enterocyte membrane expression and localization of TLR-4 and 

CD14101. Therefore, endotoxemia itself can further promote bacterial translocation, 

possibly suggesting an amplification cascade. 

Mechanisms by which bacteria and bacteria-derived endotoxins enter cross the intestinal 

epithelial barrier are still partially unclear. However, the majority of reported studies have 

shown a correlative link between alterations of intestinal epithelial barrier and 

endotoxemia and disease onset. 

3.3 Therapeutic strategies to restore intestinal barrier 

Reinforcing the intestinal barrier and in particular restoring the paracellular pathways 

stringency has recently been suggested as a therapeutic strategy to treat or prevent 

diseases driven by luminal antigens. Thus, addressing the integrity of the intestinal 

barrier, mainly targeting TJs, can be used as a potential therapeutic strategy to restore 

intestinal barrier homeostasis and prevent disorders associated to its impairment. 

Two major regulators of intestinal barrier have been identified in diet - prebiotics, and 

secondly with intestinal microbiota – probiotics. Both players are related to lifestyle, 

suggesting that environmental factors might have an impact on intestinal barrier and gut 

health102. 
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3.3.1 Dietary Intervention and Prebiotics 

The only evidence for a dietary intervention helping in fortifying intestinal barrier 

function is the consumption of dietary fibers. High-fiber intake has been reported to be 

beneficial in numerous chronic diseases103. However, consumption of dietary fiber 

significantly alters the composition of the gut microbiota. Indeed, the concept of 

prebiotics is based on the possibility of favorable modulating the gut microbiota 

composition to maintain and/or promote health, using nutrients such as non-digestible 

and fermentable carbohydrates. 

Microbiota-accessible carbohydrates (MAC), found within dietary fibers, are complex 

carbohydrates, resulting indigestible by the host, but fermentable by intestinal microbiota 

mainly in the colon. The association between consumption of non-digestible MAC and 

maintenance of functional intestinal barrier, is partially attributed to the production of 

short-chain fatty acids (SCFAs) and their release in the gut lumen. SCFAs are known to 

protect intestinal barrier integrity104,105,106 and cell proliferation107,108 through a 

combination of mechanisms. SCFAs, indeed, constitutes the primary energy source for 

colonocytes and are known to induce mucus secretion109. 

Mouse models have shown the importance of a balance between mucus secretion and 

erosion by the gut microbiota. Indeed, mucus consumption increases when dietary fibers 

become limited in the diet, and mucus is used as a backup food source by fiber-degrading 

microbes. In these cases, mucus becomes thinner and bacteria from the microbiota can 

enter in contact with intestinal epithelium, inducing inflammation and enhancing 

pathogen susceptibility110. Reports have shown the increase of both mucosal and systemic 

inflammatory markers in concomitance with low-fiber diets, and low fiber-diet induced 

mucosal thinning111.These diet-driven modifications of the mucus layer and induction of 

inflammation are consistent with findings in mouse colitis models and in humans with 

inflammatory bowel diseases112. Similarly, HFD induced microbiota encroachment and 

low-grade inflammation in mice; process that were ameliorated when diet was 

supplementation with the dietary microbial-accessible carbohydrate inulin113. 

Furthermore, reports indicate that increased SCFAs production positively affects the host 

by exerting anti-obesity and antidiabetic effects114. Administration of non-digestible, 

fermentable carbohydrates in animals with a compromised gut barrier, consistently 

showed an improvement in colonic barrier functions, characterized by an increase 

expression of TJ proteins115. Indeed, dietary supplementation with SCFAs have positive 

results on intestinal permeability116. 
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Other food-derived compounds have been shown to modulate intestinal barrier functions.  
For instance, zinc, an essential mineral for the survival and function of cells, has been 

identified as a food-derived compound able to modulate intestinal barrier. Indeed, zinc 

depletion was reported to impair TJs altering the expression of ZO-1, occludin, and F-

actin filaments117. 

Finally, also some vitamins showed a protective effect on intestinal permeability. Vitamin 

D was shown to enhance the expression of TJs ZO-1 and claudin-1, and adherent junction 

(E-cadherin) proteins118. Furthermore, Vitamin A-deficient diet was shown to induce, 

within few weeks, alterations of gut commensals, and impairment of the intestinal barrier 

by changing mucin dynamics and expression of MUC2 and defensin 6119. 

3.3.2 Intestinal Bacteria and Probiotics 

Several bacteria, including pathogens and commensals, have been found to directly or 

indirectly modulate intestinal barrier function. Therefore, the use of probiotic strains 

could be an important milestone in the management of gut dysfunction. Numerous 

studies reported the use of commensal bacteria and probiotics to promote intestinal 

barrier integrity in vivo120,121. 

Indeed, Bifidobacterium infantis Y1, one of the components of the probiotic product 

VSL3, has been shown to secrete metabolites leading to an increase in the expression of 

ZO-1 and occludin while reducing expression of claudin-2 leading to an amelioration of 

transepithelial resistance122. Another probiotic strain, from the VSL3, Lactobacillus 

plantarum MB452 was shown to induce transcription of occludin and cingulin genes123. 

Importantly, a recent report has shown that L. plantarum can regulate human epithelial 

TJ proteins in vivo and to confer protective effects against chemically induced disruption 

of the epithelial barrier in an in vitro model124. Administration of L. plantarum into 

healthy human volunteers was shown to significantly increase ZO-1 and occludin in TJ 

structures124. Therefore, probiotic mixtures (i.e. VSL3: L. casei, L. plantarum, L. 

acidophilus, L. delbrueckii, B. longum, B. infantis, B. brevo and Streptococcus 

salivarius) was reported to protect the intestinal epithelial barrier against acute colitis by 

preventing alterations of tight junction proteins, occludin, ZO-1 and claudins, together 

with an improvement of intestinal barrier function in Muc2 deficient mice123,125. 

Furthermore, inflammatory cytokines such as TNF-alpha and IFN-gamma, induced 

during infections and intestinal disorders (i.e. IBD) have been shown to increase intestinal 

permeability, while probiotics and commensal microbes were reported to revert these 

inflammatory dysfunctions, by improving barrier function126.  
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Overall, probiotic administration and gut microbiota modulation can improve the stability 

of TJs in both humans and mice, and may attenuate their disruption induced by pathogens, 

pathogen derived antigens and inflammatory cytokine. 

 

4 Gut Microbiota  
 

The human intestinal tract harbors a diverse and complex microbial community, the so 

called “gut microbiota”, which plays a central role in human health. 

It has been estimated that our gut microbiota contains tens of trillions of microorganisms, 

including at least 1000 different species of known bacteria with 150 times more genes 

than humans127,128,129. 

Gut microbiota is commonly referred to as our hidden metabolic ‘organ’ due to its 

massive impact on human wellbeing. Intestinal bacteria establish a symbiotic relationship 

with the host shaping metabolism, physiology, nutrition and immune function130. Indeed, 

intestinal microbiota covers essential functions in body homeostasis acting both locally 

and systemically.  

Under physiological conditions, gut bacteria contribute to the anatomy and function of 

the intestine: improving absorption, promoting cell renewal and participating to intestinal 

transit, while playing a variety of metabolic function. Gut microbiota, in fact, contributes 

to digestive process harvesting energy through hydrolysis of diet components as 

carbohydrates, proteins, and lipids and extracting essential nutrients, participating to 

vitamin synthesis and favoring the absorption of minerals (calcium, phosphorus, 

magnesium, and iron). Gut microbiota is also involved in immunomodulation and direct 

protection against pathogenic microorganisms131; trough the interaction with the immune 

system it favors immune cell maturation and contributes to toxin clearance132. 

Recent evidence indicated that gut microbiota coevolves with the host and that changes 

in gut microbial population can have major consequences, both beneficial and harmful 

for humans health130. Undeniably, it has been shown that alteration of gut microbiota, 

known as dysbiosis, play a key role in the development of pathological condition such as 

obesity129,132, diabetes128,133, NAFLD134,135 and chronic inflammatory diseases such as 

inflammatory bowel disease (IBD), ulcerative colitis and Crohn’s disease136. 
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4.1  Gut Microbiota in Obesity and Metabolic disorders 
 

Mechanisms by which gut microbiota promote metabolic alterations are still not well 

understood.  

To date, leading theories about the mechanism include modifications in bacteria chemical 

signaling with local intestinal tissue and distant organs137,138, together with increased 

energy harvesting by obesity associated gut microbiota. 

The advance in techniques for bacteria DNA sequencing and bioinformatic tools have 

contributed to the identification of bacterial communities constituting gut microbiota139. 

Levels of classification are subsequentially divided in class, order, family, gender and 

species. 

Modern tools allowed the identification of bacterial communities to species level 

allowing a better understanding of specific bacteria involvement in physiologic and 

pathologic processes. 

The most predominant phyla in gut microbiota are represented by Bacteroidetes and 

Firmicutes together with Actinobacteria, Proteobacteria and Verrucomicrobia140.  

The obese microbiota is characterized by a decrease of taxa belonging to Bacteroidetes 

phylum and a proportional increase in members of the Firmicutes phylum, revealing an 

association with higher prevalence of enzymes for carbohydrates degradation and 

fermentation129, improving ability to decompose the polysaccharides that cannot be 

digested by the host and an increase monosaccharide and short chain fatty acids 

production that in turn can induce lipogenesis and increase triglyceride stores139. 

Furthermore, recent studies indicated that gut microbiota alterations in obesity are 

probably related to a higher proportion of Actinobacteria and Firmicutes phyla, with a 

decrease in Bacteroidetes, Verrucomicrobia and Faecalibaculum prausnitzii141. Obese 

individuals experiencing weight loss display an increase of certain species of 

Lactobacillus, Bacteroides and Prevotella genus, paralleled by a reduction in species of 

Bifidobacterium, Clostridium and Eubacterium genus142,143. In addition, the relative 

proportion of Bacteroidetes and Firmicutes was augmented in obese individuals after 

weight loss, indicating that modulation of microbiota can be an effective means for weight 

management.  

Furthermore, recent findings linked reduced level of Akkermansia muciniphila, a mucin-

degrading bacteria, to both T2D and obesity144,145. An increase in Akkermansia  

muciniphila abundance was observed in association to an healthier metabolic state, and 

an improvement in lipid and carbohydrates metabolism and body fat distribution with a 
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decrease in waist circumference146;147. Together these data underline the importance of 

gut microbiota in the pathogenesis of obesity and metabolic disorders. 

However, gut microbiota has effects beyond local tissue. Growing evidence suggest that 

gut microbiota contributes to metabolic disorders participating to changes in 

endotoxemia, bowel permeability and insulin resistance.  

 

4.2   Obesity Induced Dysbiosis, Insulin Resistance and Endotoxemia  
 

Several reports over the past decades have linked obesity-associated gut microbiota to 

insulin resistance through alterations in LPS 148. 

LPS, is a major component of the outer membrane of gram-negative bacteria contributing 

to structural integrity, identified as a strong activator of toll-like receptor 4 (TLR4), 

receptor expressed in most cells and macrophages. The binding between LPS and TLR4, 

in turn, is known to activate extensive cell signaling pathways inducing inflammation149. 

Inflammation is considered a key component in the pathogenesis of insulin resistance and 

metabolic syndrome. In obesity pro-inflammatory cytokines, released by organ resident 

macrophages in  adipose tissue, are believed to be responsible of insulin resistance 

development through inhibition of insulin transduction signaling150. Indeed, obese 

patients displaying insulin resistance show significantly higher number of macrophages 

in visceral adipose tissue in comparison to insulin sensitive ones151. However, factors at 

the base of the development of obesity related inflammatory processes driven by intestinal 

dysbiosis are not completely understood. 

As anticipated, the two main phyla altered in obesity and metabolic syndrome are 

Firmicutes - gram positive bacteria and Bacteroidetes – gram negative bacteria. Although 

obese gut microbiota is characterized by an increase in the percentage of Firmicutes 

(gram - positive bacteria), several reports have shown elevated circulating levels of LPS 

in both obese mouse models and humans152. Cani et al., in primis, discovered metabolic 

endotoxemia, a high fat diet induced elevation of plasma LPS in obesity and its link to 

metabolic inflammation97,80.  

Recently LPS has been identified as a trigger for insulin resistance in adipose tissue 

through the induction of low-grade inflammatory processes. Indeed, LPS can be actively 

transported through trans-cellular pathways along with chylomicrons and then transferred 

to other lipoproteins by translocases. LPS-rich lipoproteins, in turn, are absorbed by large 

adipocyte with high metabolic activity and by macrophages in the adipose tissue, 
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contributing to lipid delivery and storage in adipose tissue, together with induction of 

tissue inflammation153.  

Association between an increase in circulating LPS levels, induction of subclinical 

inflammation and insulin resistance has been further demonstrated through the infusion 

of LPS in control mice on chow diet. LPS infusion resulted in induction of subclinical 

inflammation, increase adipose mass and development of insulin resistance152. 

Confirming the detrimental role played by gut microbiota derived LPS in the development 

of obesity and its related metabolic alterations (i.e. insulin resistance). 

 

4.3 Obesity Induced Dysbiosis and alteration of Intestinal Barrier 

Permeability 
 

The intestinal epithelium represents the first site of interaction between diet, gut 

microbiota and the host74, playing a central role in the defense of the host from 

translocation of bacteria and bacterial antigens (e.g. LPS, peptidoglycans and flagellin) 
154.Emerging evidence suggested how intestinal barrier disruption is responsible for the 

metabolic endotoxemia typical of obesity and type 2 diabetes. Association between 

obesity and increased intestinal barrier permeability has been observed both in mouse 

models and in humans155,75. Perturbations in paracellular permeability are believed to be 

related to an alteration in the expression, localization and distribution of tight-junctions 

proteins linking epithelial cells together. In particular, alterations of zonula-occludens 1 

(ZO-1), claudins and occludin, proteins responsible maintenance of intestinal barrier 

integrity. Mechanisms at the base of alteration of intestinal barrier permeability occurring 

in obesity are still under investigation. However, the protective effect of SCFAs (i.e. 

acetate, propionate and butyrate) on the intestinal barrier is well established, and a 

reduction in the population of bacteria that produces butyrate may contribute to altered 

intestinal permeability156. At the cellular level, SCFAs can have direct or indirect effects 

on processes such as cell proliferation, differentiation, and gene expression156. Therefore, 

bacterial species feeding on non-digestible fibers and producing these metabolites appear 

to play a key role in the maintenance of gut health.  

Among butyrate-producing bacteria we can find members of Actinobacteria, 

Bacteroidetes, Fusobacteria, Proteobacteria and Spirochaetes. Moreover, apart from 

butyrate, the production of other SCFAs such as acetate and lactate during carbohydrate 

fermantation is mediated by bacteria belonging to the Actinobacteria phylum. But also, 
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the mucin-degrading bacteria Akkermansia muciniphila belonging to Verrucomicrobia 

phylum, produces both propionate and acetate156. 

Nevertheless, diets rich in fats and obesity related dietary regimens are characterized by 

a very low amount of fibers, inducing in turn alterations in gut microbiota composition 

towards a reduction in bacterial species feeding on fibers and consequently a reduction in 

SCFAs production. 

Indeed, reduced intake of dietary carbohydrates (i.e., plant derived polysaccharides,  and 

resistant starch) was associated with decreases in fecal concentration of butyrate and 

butyrate-producing bacteria in obese individuals157. Furthermore, another study  revealed 

significant reductions in fecal butyrate and total SCFAs when obese subjects had a low-

fiber diet. Additionally, low-fiber diets has been shown to enhance pathogen 

susceptibility by establishing a microbiota feeding on colonic mucus in host77.Therefore, 

diets rich in fibers have a beneficial role in obesity management promoting gut bacterial 

modulation towards SCFAs production and downstream singling pathways. 
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Adapted from Bianchi et al. “Gut microbiome approaches to treat obesity in humans” Applied 

Microbiology and Biotechnology. 103. (2019). 10.1007/s00253-018-9570-8. 

 

Figure 3. Obesity associated alterations of intestinal barrier and gut microbiota. 

a. Impact of high-fat and sugar rich diets and the absence of exercise on gut microbiota 
composition and consequent effects on obesity parameters; b. impact of prebiotics, 
probiotics and physical exercise on gut microbiota modulation and consequent effects on 
obesity prevention. 
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5. Superabsorbent Hydrogel  
 
Therapeutic strategies aimed at managing obesity and metabolic syndrome include a 

change in lifestyle and dietary intervention, pharmacotherapies and bariatric surgery4. 

Dietary intervention is considered the primary strategy to treat obesity and related 

metabolic disorders, by reducing energy intake and potentially modulating gut microbiota 

to aid weight loss. However, diet and physical activity interventions often fail to promote 

sufficient weight loss in patients with morbid obesity, due to the difficulty in promoting 

long-term adherence to a lifestyle changing process158. Pharmacologic therapies on the 

other hand, are costly and associated with side effects with long term use159. Therefore, 

in this scenario, bariatric surgery remains the most effective treatment for severe obese 

patients when all other interventions have failed, yet is associated with significant 

operative risks and complications160. Hence, novel, safe and effective therapeutic 

approaches are required to address the growing obesity epidemic. 
Considering the need for an alternative, effective and manageable anti-obesity tool, 

Gelesis company has designed an ingestible, non-systemic device for the treatment of 

overweight and obesity, inspired by components and structural features of raw 

vegetables; Gelesis developed a cellulose-based superabsorbent hydrogel, that can be 

administered orally and is able to mimic beneficial functions of vegetables within the 

gastro-intestinal tract. The superabsorbent hydrogel has recently received approval by 

FDA (Food and Drug Administration) clearance (April,12 2019) 161, under the name of 

PLENITYTM, as a medical device for weight management in overweight and obese adults 

with a BMI of 25-40 kg/m2, when used in association with diet and exercise. 

The reason PLENITYTM is considered a medical device and not a drug is related to the 

fact that hydrogel particles made of cellulose and citric acid expand in the stomach, 

absorbing water, pass through the digestive tract and are then excreted with bowel 

movement. Indeed, the hydrogel is not absorbed into the bloodstream during any part of 

the process. Therefore, the FDA considered hydrogel particles as components of a 

“machine” rather than a chemical. 

The superabsorbent hydrogel is administered in capsules with water before meals. 

Hydrogel particles, once in the stomach, rapidly absorb water and homogenously mix 

with ingested food. When hydrated, hydrogel particles, create thousands of small 

individual three-dimensional gel particles with elasticity of solid ingested food, but 

devoid of caloric content162, rather than forming a solid mass. 
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Hydrogel particles maintain their 3D structure and properties throughout the small 

intestine; once in the large intestine particles are partially broken down by enteric 

enzymes, losing their structure along with absorption capacity, releasing water. Released 

water is reabsorbed and remaining material is eliminated with feces (Figure 4).  

Superabsorbent hydrogel administration has been demonstrated to be an effective, safe 

and well tolerated tool for weight management and the treatment of overweight and obese 

subjects: in its phase I clinical trial, GLOW (Gelesis Loss Of Weight)162 the hydrogel, 

has been found to induce a significant weight loss (≥ 5%) in approximately 6 out of 10 

patients, while providing positive effects on glucose homeostasis and insulin resistance. 

Importantly, no major side effects were observed upon hydrogel treatment, compared to 

placebo treated group. And no effect on the absorption of vitamins and minerals was 

observed after 24 weeks of administration162. 

The mechanisms at the base of the superabsorbent hydrogel functionality are still partially 

unknown; nonetheless, the hydrogel can be undoubtedly a new promising non-systemic 

strategy for the treatment of overweight and obesity with a high safety and tolerability 

profile162. 

In this study, we investigated the mechanisms of action of the hydrogel in diet-induced 

obesity mouse models; this new knowledge will contribute to understand the 

mechanisms behind hydrogel efficacy in successfully treating obesity and related 

metabolic alterations. 

 
 

 
Adapted from https://www.gelesis.com/technology/ 

 

Figure 4. How the super-adsorbent hydrogel acts in the gastro-intestinal tract. 

1.Hydrogel filled capsules are administered with water prior to meal (in humans); 2. Particles 
released in the stomach expand absorbing water, getting their characteristic 3D structure; 3. Particles 
mix homogenously with food increasing volume and elasticity of stomach content: 4. Particles are 
cleared with liquified food to the small intestine.5. Particles maintain their 3D structure throughout 
the digestion process. 6.Particles reach large intestine and are partially degraded; water is released 
and reabsorbed by body and particle are then eliminated. 
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AIM OF THE STUDY 
 

The super-adsorbent hydrogel, formulated by Gelesis, has been successfully approved for 

the treatment of overweight and obesity. However, the mechanisms at the base of its 

efficacy in body weight management and maintenance of glucose homeostasis in patients 

are still unclear. 

The aim of this work is to perform preclinical studies in diet-induced obesity murine 

models to investigate the mechanisms through which the hydrogel exerts its therapeutic 

functions.  

We first recapitulated the main beneficial effects of the hydrogel in obese mice upon both 

prophylactic and therapeutic interventions. Next we focused on the mechanisms of action 

of the hydrogel in the intestine, a district that has a central role in the development of 

metabolic disorders and indeed is one of the main targets of the hydrogel.  

We hypothesized that the hydrogel, interrelating with the intestinal mucosa, may exert its 

beneficial functions mainly through two non-mutually exclusive mechanisms of actions: 

- Directly, interacting with the intestinal epithelium and reinforcing intestinal 

barrier function; 

- Indirectly, reshaping gut microbiota to modulate intestinal barrier. 
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MATERIALS AND METHODS 
 

1. Mice experiments  
 
C57BL/6J mice were purchased form Charles River laboratories. 

For the treatment of healthy mice with the hydrogel (scheme 1), C57BL6/J male mice at 

8 weeks of age were fed with chow diet supplemented with different concentrations of 

Gel B (2% - 4% - 8%) and the respective control chow diet (4RF21 cod.PF1878; 

Mucedola Srl) for 4 weeks. After 4 weeks of feeding mice were morning fasted for 6 

hours and blood samples were collected from the tail vein to measure glucose and insulin 

levels (experimental scheme 1). 

For the preventive experiments, C57BL6/J male mice at 8 weeks of age were fed with 

either chow diet, LFD (10% Fat cod.PF1915; Mucedola Srl); HFD (45% Fat cod.PF1916; 

Mucedola Srl) and HFD supplemented with low or high doses of Gel B (2% - 4%) for 

short term (1-2-4 weeks – experimental scheme 4) or long term feeding (18 weeks - 

experimental scheme 2). 

For the therapeutic setting, C57BL6/J male mice at 8 weeks of age were fed with either 

chow diet (Mucedola Srl) or HFD (45% Fat cod.PF1916; Mucedola Srl) for 12 weeks. 

After this period HFD fed mice were randomly divided in 4 experimental groups and 

either fed with HFD (45% Fat cod.PF1916; Mucedola Srl) or HFD supplemented with 

low or high doses of Gel B (2% - 4%) (experimental scheme 3).  

Throughout the experiment mice were weighted and food and water intake was 

monitored. Mice were sacrificed at different time-points. Blood was collected through 

cardiac puncture to obtain sera, while internal organs, small and large intestine were 

collected from each mouse. Internal organs and different intestine segments were fixed 

in PFA 4% (paraformaldehyde 4%) and PLP Buffer (Paraformaldehyde, L-Lysine pH 7.4 

and NaIO4), liver and intestine samples were also collected in TRIzol Reagent for RNA 

extraction (Invitrogen cat.15596026). In all experiments, age-and gender-matched 

C57BL/6J mice were used. Diet administration started around 8-9 weeks of age for all 

the experiments. 

All mice were maintained on a 12 hours light-dark cycle, under specific pathogen-free 

conditions. Experiments were performed in accordance with the guidelines established in 

the Principles of Laboratory Animal Care (directive 86/609/EEC) and approved by the 

Italian Ministry of Health. Mice were not randomized. Investigators were not blinded 

during experimental mice allocation and outcome assessment. 
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2. Rodent Diets 

Mice were fed with both unrefined (chow) and adjusted-calories purified diet during the 

experimental procedures. Both unrefined and purified diets were supplemented with 

different hydrogel Gel B doses, substituting partially or entirely their cellulose 

component: since the hydrogel is made up of carboxymethyl cellulose and like cellulose 

(a natural polysaccharide present in rodent diets) it does not have any caloric contribution, 

we decided to replace cellulose with the hydrogel, such that the caloric content of the 

diets was unmodified. 

As control diets we both used standard chow unrefined diet and a purified Low Fat Diet 

(LFD), meaning that in this diet 10% of energy comes from fat , with the majority of 

caloric contribution derived from carbohydrates. LFD was used mainly as a control for 

metabolic parameters and microbiota alterations induced by HFD. Differently from chow 

unrefined diet, both LFD and HFD contain low amount of fibers which are mainly 

responsible for gut microbiota health. Contrarily chow standard diets are very rich in 

fibers of different origin. 

To induce obesity and metabolic disorders we used a HFD 45 % fat, in which the caloric 

contribution is mainly due to animal origin fat (lard). The three different diets have a 

different caloric intake contribution as depicted in the following pie charts, with HFD 

having the highest caloric content per gram of food ( 4,6 Kcal/gr), followed by LFD (3,6-

3,8 Kcal/gr) and chow diet (3,15 Kcal/gr) as shown in Figure 5. 

 

Figure 5. Macronutrient composition (% kcal) and caloric content (kcal/gr) of 
chow diet, LFD and HFD. 
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Hydrogel-Gel B was added at different concentrations in both chow and HF diets. Gel B 

was added in the form of a powder during diet manufacturing avoiding addition of water 

during the preparation procedure, in order to prevent hydrogel hydration and consequent 

swelling. 

3. Hydrogel – Gel B 

The hydrogel Gel B is an oral, non-systemic superabsorbent hydrogel made by the cross-

linking of two naturally derived building blocks: carboxymethylcellulose sodium salt 

(CMC), obtained from the processing of plant cellulose and largely used as a thickening 

agent in the food industry, and citric acid (CA), a natural component of citrus fruits. 

The hydrogel is created through cross-linking of cellulose by CA as previously detailed 

in the literature163. Cross-linking procedure is based on a heat activated esterification 

reaction occurring between the carboxylic groups of CA and the hydroxyl groups of 

cellulose. Combination of these two ingredients create a three-dimensional matrix that 

once inside the stomach adsorbs water, homogenously mixing with ingested food and 

gastric content. Hydrogel is highly sensitive to ionic strength and pH variations. In 

particular, hydrogel swelling is higher at a pH higher than the pKa of the ionizable groups 

(i.e. at acidic pH, like in the stomach). 

Differently from other hydrogels, rather than forming a unique mass once hydrated, the 

hydrogel forms small individual gel particles with an average dimension of about 2 mm, 

suitable to pass through pylorus and enter duodenum, minimizing the risk of obstruction 

in any part of the GI tract. This multiple 3D individual structures confer to the hydrogel 

elastic properties similar to those of solid plant-based foods with no caloric contribution. 

Hydrogel particles, once in the stomach, expand absorbing water and acquire a 3D 

structure, that is maintained throughout small intestine during the digestion process. 

When in the large intestine, hydrogel particles are partially degraded and eliminated. 

Differently from humans, in which hydrogel was administered as a powder in capsules 

prior to meals, hydrogel administration in mice was achieved by mixing the powder with 

the food recipe. 

4. FITC-Dextran permeability assay 

Mice were subjected to FITC-Dextran permeability assay. Animals were morning starved 

for 4 hours and orally administered through gavage with ~400 mg/Kg FITC-Dextran (4 

kDa; Sigma Srl); blood was collected from the tail vain after 4 hours and the concentration 
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of FITC-Dextran in plasma samples was measured as fluorescence intensity (Clariostar 

Plus Microplate Reader; BMG Labtech). 

5. Glucose Tolerance Test and Insulin Tolerance Test 

Mice were subjected to Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT) 

after different time points of feeding. Mice were morning fasted for 6 hours; basal 

glycemia was measured collecting blood from the tail vain using an hand-held whole-

blood glucose monitor. Subsequently a bolus of glucose (GTT; 2gr/kg mouse) or insulin 

(ITT; 0,2UI/kg mouse) was intraperitoneally injected; blood glucose levels were then 

recorded every 30 minutes for 2 hours in both tests. 

 

6. Analysis of serum parameters 
 

Insulin and GLP-1 levels were measured by ELISA kits (Mouse Ultrasensitive Insulin 

ELISA, Mercodia AB and Mouse Glucagon Like Peptide 1 ELISA Kit, MyBiosource), 

following manufacturer’s instructions. Glucose was measured on blood samples using a 

hand-held whole-blood glucose monitor from Roche (Accu-Chek Aviva, Roche). LPS 

was measured by the Limulus Amebocyte Lysate assay (Pierce), serum alanine 

aminotransferase (ALT) was measured using a kit (MAK052, Sigma-Aldrich, St. Louis, 

MO) both according to the manufacturer’s instructions. 

 

7. Immunofluorescence and confocal microscopy 
 

Intestinal samples were fixed overnight in paraformaldehyde, L-Lysine pH 7.4 and 

NaIO4 (PLP buffer). They were then washed, dehydrated in 20% sucrose for at least 4 

hours and included in OCT compound (Sakura). 10 μm cryosections were rehydrated, 

blocked with 0.1M Tris-HCl pH 7.4, 2% FBS, 0.3% Triton X-100 and stained with the 

following antibodies: anti-mouse CD34 (clone RAM34, eBioscience) and anti-mouse 

ZO-1 (clone ZO1-1A12, Invitrogen). Slices were then incubated with the appropriate 

fluorophore-conjugated secondary antibody. Before imaging, nuclei were counterstained 

with 4',6-diamidin-2-fenilindolo (DAPI) and slides were mounted in VECTASHIELD® 

Mounting Media (Cat.H-1000). Coverslips were permanently sealed around the perimeter 

with nail polish. 
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Slides were stored at +4°C in the dark till acquisition by confocal microscopy performed 

on a Leica SP8, using oil immersion objectives with x40 or x63 magnification. Fiji 

software package was used for image analysis. 

 

8. ZO-1 immunofluorescence quantification 

 
Intestinal epithelial ZO-1 was quantified using Fiji image software performing a mask on 

CD34 channel, to exclude endothelial ZO-1 expression. Integrated density values as the 

product of the area and mean intensity (intensity of fluorescence) were plotted as fold 

change of chow/HFD values. 

 

9. Histological Staining 

 
Oil red O (ORO) (Sigma) was performed on PLP buffer fixed OCT embedded frozen 

liver sections according to manufacturer protocol.  

Sirius red (Sigma) was performed on 4 µm formalin-fixed paraffin embedded mouse liver 

tissue sections according to manufacturer protocol.  

Brightfield images were acquired with virtual slide microscope VS120 (Olympus) using 

dry objective with x20 magnification. Fiji (ImageJ) software was used for image analysis. 

 

10. Adipocyte area quantification 

 
Adipose tissue sections (PFA fixed, paraffin embedded) were stained with Hematoxylin 

and Eosin and images were acquired with widefield microscope BX51 (Zaiss) using 10X 

objective. Adipocytes area was calculated with Imaje J software and Adiposoft plugin164. 

One field for each mouse EAT was analyzed; each field comprises an average of 70-100 

adipocytes. A cut-off of 100 pixel for the equivalent diameter was set to exclude partial 

adipocytes from the analyses. 

 

11.   Oil Red O quantification  

 
Oil Red O staining scoring was performed on individual mice giving a blind score from 

0 to 4; where 0 represented absence of liver triglycerides and 4 represented a strong 

accumulation of liver triglycerides in Oil Red O stained liver sections. Scoring was 
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performed by two independent observers. Each square in the graph represents an 

individual mouse; empty – white squares represent missing animals. 

 

12.   Real-time PCR  

 
Total RNA was extracted from ileum samples by using the DirectZol kit with on-column 

DNAse I treatment (Zymo Research R2071). cDNA was retrotranscribed starting from 

0,5-1 µg of total RNA (Improm-II, Promega). Real time-PCR was performed on 

QuantStudio7 (AB, ThermoFisher), by using SybrGreen Master Mix (AB) and Quantitect 

oligos (Quiagen). Quantitation was done according to 2!∆∆#$ method165. 

 

13. Gut microbiota analysis 

 

DNA Extraction, Library Preparation and Sequencing  

DNA was extracted and quantified, and library preparation was performed with 

Illumina’s NexteraXT protocol. Whole metagenome sequencing was performed to a 

target depth of 10 million reads per sample on Illumina’s NextSeq platform.  

Taxonomic Classification  

Sequence reads were assigned a species-level taxonomic classification using a reference 

taxonomic database.  

Preprocessing and quality filtering of sequencing data  

Sequencing reads were processed to remove sequencing adapters and filtered to remove 

low-quality reads, as well as contaminant reads from ribosomal or host DNA.  

Functional Classification  

The quality controlled metagenomes were annotated with organism-specific gene family 

and metabolic pathway abundances.  

Beta diversity analysis  

Bray-Curtis dissimilarity was used to determine the variance between all sample pairs, 

and the mean dissimilarity between individuals in each group.  

Principal Coordinates analysis  

The Bray-Curtis dissimilarity was used to generate principal coordinates (PCoA) plots. 

DNA extraction, library preparation and sequencing of gut microbiota samples was 

performed by DNA Genoteck and Geno Finds genomic services. 
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14.    Statistical analysis 

Statistical analysis was performed using GraphPad Prism software. Values were 

compared using either a Student’s t-test for single variable or one-way ANOVA and two-

way ANOVA Tukey’s multiple comparison test depending on the distribution of the data. 

Results were represented as Mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 
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RESULTS 
 

1. Administration of high doses of hydrogel modulates body weight and 

glycemia in standard diet fed mice 

 
It has been widely reported that alteration of the intestinal function can contribute to the 

pathogenesis of obesity, Type 2 Diabetes (T2D) and the metabolic syndrome in 

general166.Thus, the gastrointestinal (GI) tract can represent a potential target for the 

prevention and the treatment of both intestinal and systemic GI-related disorders167. The 

hydrogel Gel B was designed to swell in the stomach and travel along the intestine 

maintaining its 3D structure, potentially targeting the whole GI tract, thereby representing 

a potential way for intervention. Previous clinical trials in humans (FLOW and GLOW 

studies162) pointed out two primary effects of hydrogel treatment: the induction of body 

weight loss and the amelioration of impaired fasting blood glucose levels in obese 

patients. However, the mechanisms at the base of these phenomena are still unclear. 

Hence, we set up an in vivo murine model to investigate these mechanisms, studying the 

potential involvement of different systems and organs in an integrated way.  

At first, we wanted to identify the most suitable dose to be used in mice to recapitulate 

effects obtained in humans, without inducing side effects. For this purpose, we tested the 

effect of different doses of the hydrogel Gel B in healthy animals.  

Mice were fed with a standard chow diet and with diets supplemented with different doses 

of hydrogel Gel B for a period of 4 weeks, as indicated in the following experimental 

scheme (Experimental scheme 1). Body weight, food and water intake, stool consistency 

and general health status of the animals were daily monitored throughout the experiment. 

 

 

 



 45 

 

 
Experimental Scheme 1. Administration of hydrogel (Gel B) in healthy mice. 
 
C57BL6/J male mice at 8 weeks of age were fed for 4 weeks with: standard chow diet (gray), chow 
diet supplemented with 2% hydrogel Gel B (light blue), chow diet supplemented with 4% hydrogel 
Gel B (blue) and chow diet supplemented with 8% hydrogel Gel B (pink). Body weight together with 
food and water intake were recorded throughout the experiment. At the end of the for 4 weeks of 
feeding (star) mice were sacrificed and several parameters were analyzed. 
 
 
 
Mice fed with a standard chow diet supplemented with Gel B (2%, 4% and 8%) showed 

a dose-response reduction in body weight, with a significant decrease in those fed with 

the diet supplemented with the highest dose tested (Figure 6a; b). No differences in water 

and food intake were observed (Figure 6c), indicating that body weight loss in these 

animals was not paralleled by a decrease in appetite, in response to an increased gastric 

content volume due to hydrogel swelling in the stomach. No signs of diarrhea were 

observed, demonstrating that weight loss was not related to an improper intestinal transit 

or fluid loss either. 
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Figure 6. Administration of standard diet supplemented with increasing doses of 
hydrogel induces significant reduction in body weight in heathy mice, without 
changes in food and water intake. 

Body weight together with food and water intake were monitored throughout 4 weeks of feeding a. 
body weight variation (expressed as percentage of basal); b. Area Under the Curve (AUC) of body 
weight variation curve (* p<0,5 one-way ANOVA Tukey post-test, line at mean with SEM); c. water 
intake (top panel) and food intake (lower panel) calculated for each mouse as average of 5 mice per 
cage. 

 

 
Figure 7. Administration of standard diet supplemented with high doses of hydrogel 
induces a significant reduction in fasting blood glucose levels without changes in 
insulin homeostasis. 

Circulating glucose and insulin levels (a, b respectively) after 4 weeks of feeding with hydrogel 
supplemented chow diet. Mice were morning fasted for 6 hours before glucose and insulin 
measurements (*p<0,05, **p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, line at mean with 
SEM; 5 mice per experimental group). 
 

 



 47 

Besides, a significant reduction of fasting blood glucose concentration (although in the 

physiological healthy range) was observed with the highest concentration (chow 8% Gel 

B), without changes in blood insulin levels (Figure 7 a, b); this pointed out the ability of 

hydrogel Gel B to modulate blood glucose levels without interfering with insulin 

homeostasis. 

Taken together, these data indicate that low-medium doses of hydrogel Gel B (i.e. 2% 

and 4%) do not elicit strong modifications in body weight and glycemia in physiological 

conditions. On the other hand, high doses (chow 8% Gel B) of the hydrogel induced a 

notable reduction in body weight and lowered blood glucose levels.  

The fact that the hydrogel exerted these effects in healthy mice highlights an intrinsic 

ability of Gel B to control body weight gain and glycemia, anticipating what could be the 

therapeutic effect of the hydrogel in obese patients. Moreover, based on these data we 

choose the 2% and 4% hydrogel concentrations for further studies, performed in a diet-

induced obesity mouse model. 

 

2. Hydrogel dietary supplementation prevents alterations induced by 
long term high fat diet feeding 
 
As body weight reduction and improvement in glucose metabolism were observed in 

overweight and obese patients, after 24 weeks of hydrogel administration162, we set up a 

mouse model of diet-induced obesity to mimic these alterations and study hydrogel 

mechanism of action. Of note, among patients, pre-diabetic and drug-naïve type 2 diabetic 

individuals showed a six times higher chance of achieving more than 10% weight loss162 

after hydrogel administration. For this purpose, we induced obesity and mild metabolic 

alterations in animals by feeding mice with a High Fat Diet (HFD). In particular, 45% fat 

HFD (i.e. 45% of the kcal come from lard) was used to better mimic, in mice, the dietary 

regime of overweight and obese individuals. 

Hydrogel was administered through the HFD, without changing the calorie content (see 

material and methods), by supplementing it with two doses of hydrogel (2% and 4% Gel 

B). Selection of these doses was based on previous preclinical data (experimental scheme 

1). Indeed, both doses had a low impact on basal physiological conditions and at the same 

time resemble doses administered in human patients. 

At first, we wanted to assess hydrogel ability in preventing the development of 

diet-induced obesity and correlated metabolic alterations.  
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We fed mice for 18 weeks with either HFD (45% fat) or HFD supplemented with low 

hydrogel dose (HFD 2% Gel B) and high hydrogel dose (HFD 4% Gel B); a purified Low 

Fat Diet (LFD, 10% fat) was used as control diet, according to the experimental design 

shown in Experimental scheme 2. 
 

 
 
Experimental Scheme 2. Preventive hydrogel administration in a model of long term 
high fat diet feeding.  
 
C57BL6/J male mice at 8 weeks of age were fed for 18 weeks with: Low Fat Diet (LFD 10% fat) in 
orange, High Fat Diet (HFD 45% fat) in green, HFD supplemented with 2% hydrogel Gel B in light 
blue and HFD supplemented with 4% hydrogel Gel B in blue; standard diet fed, aged match, mice 
were used as a further control group for some parameters. Body weight, food and water intake were 
measured throughout the experiment. Fecal samples were collected from individual mice at the 
beginning of the experiment, every 4 weeks through the experiment and at sacrifice. Glucose 
Tolerance Test (GTT) and Insulin Tolerance Test (ITT) were performed after 17 weeks of feeding. 
Mice were sacrificed after 18 weeks of feeding. At the moment of sacrifice, EAT was collected and 
weighted, intestine length was measured and organs were collected for further analysis (i.e. histology, 
IF, inflammatory response) 
 
 

After 18 weeks, mice fed with HFD 2% and 4% Gel B displayed a significant reduction 

in body weight compared to those fed with HFD (Figure 8a, b), with no differences in 

water and food intake among the groups (Figure 9a,b). Moreover, the trend of weight 

curves relative to treated mice were more similar to that of control mice (Figure 8a, b), 

suggesting that both doses of Gel B succeeded in preventing weight gain induced by HFD.  
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Figure 8. Hydrogel supplemented high fat diet administration prevents body 
weight gain over 18 weeks of feeding. 

Body weight was monitored throughout 18 weeks of hydrogel supplemented HFD administration. a. 
body weight variation (expressed in percentage of basal); b. Area Under the Curve (AUC) of body 
weight variation curve (* p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, line at 
mean with SEM; 5-10 mice per group). 

 
 

 

 
Figure 9.Hydrogel diet supplementation did not induce changes in food and water 
intake over 18 weeks of feeding. 
a. water and b. food intake throughout 18 weeks of feeding with hydrogel supplemented HFD (line 
at mean with SEM; 5-10 mice per group) 
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In a state of caloric excess induced by HFD feeding, white adipose tissue (WAT) plays a 

critical role in storing the surplus energy and accumulating triglycerides, which in turn 

lead to an increase in adipocytes number and size, resulting in the expansion of 

subcutaneous adipose visceral depots168. In mice, the effect of long term HFD mainly 

occurs on WAT visceral pads, known as Epidydimal Adipose Tissue (EAT)169. In our 

experimental model, mice fed a HFD showed a significant increase of EAT weight, that 

was completely prevented in mice treated with Gel B at both doses (Figure 10a). This 

was likely due to the blockade of adipocytes hypertrophy induced by HFD feeding, as 

shown by a reduced adipocyte area in fat pads tissue sections (stained with H&E) of mice 

treated with the Gel compared to that of HFD fed mice (Figure 10b, c). Therefore, 

hydrogel administration was able to fully prevent WAT remodeling induced by HFD, in 

parallel with weight management. 

 
 
Figure 10.Hydrogel supplemented high fat diet administration prevents white 
adipose tissue deposition and adipocyte hypertrophy over 18 weeks of feeding. 

a. Epidydimal Adipose Tissue (EAT) weight expressed as percentage of body weight after 18 weeks 
of feeding (* p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, line at mean with 
SEM; 5-10 mice per group). b. Epidydimal adipocyte area distribution, with statistically significant 
difference (***p<0,001 LFD vs HFD ; ***p<0,001 HFD vs HFD 2% Gel B; ***p<0,001 HFD vs 
HFD 4% Gel B one-way ANOVA Tukey post-test, red line at median; 75-100 cells per field per mouse 
); c. Hematoxylin & Eosin staining of EAT formalin fixed paraffin embedded sections (scale bar 100 
µm). 
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In addition to body weight gain and visceral fat enlargement, HFD is known to induce 

reduction in small intestine length and ileum circumference. Intestinal atrophy and 

shortening are believed to happen through the induction of low-grade inflammation 

generated by consumption of diets rich in fats170,171. We hence assessed if hydrogel 

supplementation was able to prevent intestinal alterations prompted by long-term HFD 

nourishment.  

After 18 weeks of feeding, mice fed with either LFD or HFD showed a significant 

reduction in small intestine and colon length compared to standard diet (chow) fed mice 

(Figure 11). Conversely, hydrogel diet supplementation was able to maintain intestine 

length, actually protecting animals from intestine shortening and keeping intestine length 

similar to that of age matched chow diet fed mice. 

 

 
Figure 11.Hydrogel diet supplementation prevents intestinal shortening associated 
to long term high fat diet feeding. 

After 18 weeks of feeding mice were sacrificed and intestine length was measured. From left to right 
graphs are depicting: small intestine length, colon length and total intestine length. (* p<0,5; **p<0,01; 
***p<0,001 one-way ANOVA Tukey post-test, line at mean with SEM; 5-10 mice per group). 

 

As intestinal alterations related to HFD feeding are mainly due to low-grade inflammatory 

processes172, we wanted to evaluate the expression of inflammatory genes in the gut of 

our mice. Several studies report that HFD promotes inflammation in the distal small 

bowel173, while data related to the colon are less consistent89; we hence evaluated ileal 

expression of pro-inflammatory cytokines TNF-a, IL-1b, INF-g and of anti-inflammatory 

cytokine IL-10.  
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Mice fed with hydrogel supplemented HFD showed a reduction in IL-1b expression 

paralleled by a slight increase in IL-10, respect to LFD and HFD groups; conversely, no 

differences in the expression of pro-inflammatory cytokines TNF-a and INF-g were 

detected among groups (Figure 12).  

We hence concluded that the type of HFD that we used in our experimental setting (45% 

fat) is not inducing a strong inflammatory response at the intestinal level, suggesting that 

the intestinal shortening (Figure 12) likely depends on other factors, like a change in the 

gut microbiota or the transit and stiffness of the GI lumen content174 . Overall, hydrogel 

administration was able to prevent alterations related to HFD feeding, like body weight 

gain, adipose tissue deposition and remodeling, together with intestinal shortening. 

 

 
 

Figure 12. Expression of intestinal pro and anti-inflammatory cytokines after 18 
weeks of feeding with hydrogel supplemented HFD. 

Relative gene expression levels of pro-inflammatory cytokines TNF-a, IL-1b, INF-g and of anti-
inflammatory cytokine IL-10, expressed as fold change of LFD fed group(* p<0,5; **p<0,01; 
***p<0,001 one-way ANOVA Tukey post-test, line at mean with SEM; 5-10 mice per group). 

 

Along with effects on body composition (i.e. adiposity) and low grade inflammatory 

processes, long-term HFD is known to induce typical metabolic alterations in glucose 

homeostasis and insulin sensitivity175,176 that can consequently lead to the development 

of T2DM (Type 2 Diabetes) and NAFLD.  
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In order to assess the effect of the hydrogel on glycemic control, we measured several 

metabolic parameters, namely fasting blood glucose, fasting blood insulin levels and 

responses to glucose (Glucose Tolerance Test, GTT) and insulin (Insulin Tolerance Test, 

ITT) challenges, which are typically altered after long term HFD feeding. 

As expected, mice fed with HFD for 18 weeks displayed altered response to both ITT and 

GTT tests (Figure 13), elevated levels of fasting blood insulin compared to controls 

(LFD), paralleled by a poor HOMA-IR index (i.e. Homeostatic Model Assessment of 

Insulin Resistance) (Figure 14).  

 

 
 
Figure 13. Hydrogel diet supplementation ameliorates response to ITT and GTT 
after long term high fat diet feeding. 

a. and b. Intra-peritoneal ITT and intra-peritoneal GTT expressed as percentage of basal performed 
after 17 weeks of feeding following 6 hours of morning fasting; c. inverted AUC of ITT expressed as 
percentage of basal; d. AUC of GTT expressed as percentage of basal (* p<0,5; **p<0,01; ***p<0,001 
one-way and two-way ANOVA Tukey post-test, line at mean with SEM; 5 mice per group). 
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Interestingly, mice fed with HFD 2% Gel B and HFD 4% Gel B showed a better response 

to both insulin and glucose load in ITT and GTT tests (Figure 13 a,c and b,d respectively), 

lower fasting blood insulin levels (Figure 14b), improved insulin sensitivity and glycemic 

control (Figure 14a), mirrored by lower HOMA-IR index (Figure 14c) and higher GLP-

1 serum levels (Figure 14d), an intestinal hormone with potent insulinotropic effect177,178. 

Overall, these data support hydrogel ability to prevent insulin resistance development and 

metabolic impairment due to HFD feeding.  

 

 
 

Figure 14. Hydrogel diet supplementation prevents HFD associated metabolic 
alterations. 

a. fasting blood glucose levels after 18 weeks of feeding; b. fasting circulating insulin levels after 18 
weeks of feeding; c. HOMA-IR (Homeostatic Model Assessment of Insulin Resistance) values; d. 
circulating GLP-1 levels after 18 weeks of feeding (* p<0,5; **p<0,01; ***p<0,001 one-way ANOVA 
Tukey post-test, line at mean with SEM; 5-10 mice per group). 

 

Obesity and metabolic alterations have been associated with an increased risk of non-

alcoholic fatty liver disease (NAFLD)179. A closed relationship between NAFLD and 

metabolic syndrome has been highlighted, linking liver fat accumulation, visceral 

overweight, dyslipidemia and hyperinsulinemia, resulting in the generally accepted 

concept that NAFLD is the hepatic manifestation of the metabolic syndrome180,181. 



 55 

It has also been reported that long term HFD feeding induces hepatic steatosis in mice 

(i.e. triglyceride accumulation in the liver), a hallmark of NAFLD, often associated with 

obesity and type 2 diabetes182,183; accordingly, our mouse model was suitable to study the 

effect of hydrogel administration on hepatic steatosis. 

To assess whether hydrogel administration was able to also prevent hepatic steatosis 

progression, inhibiting lipid accumulation in the liver, we performed histological analysis 

on liver sections from mice fed for 18 weeks: Hematoxylin and Eosin (H&E) staining 

allowed us to analyze liver parenchyma architecture and damage (Figure 15), and Oil Red 

O staining (Figure 16) was used to visualize triglyceride accumulation in hepatocytes, a 

marker of steatosis. 

 
 

Figure 15.Histological analysis of liver sections after 18 weeks high fat diet feeding. 

H&E staining of formalin fixed paraffin embedded liver sections of mice fed for 18 weeks with LFD, 
HFD, HFD 2% Gel B and HFD 4% Gel B (in column images of 5 representative mice per group), 
scale bar 100 µm. 
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Both LFD and HFD fed mice showed intracytoplasmic lipid accumulation in the form of 

triglycerides within hepatocytes and the presence of droplets of macro-vesicular fat filling 

the cytoplasm in the liver (Figure 15 and 16), characteristic alterations of NAFLD 

steatosis184. Lipid deposition (i.e. triglyceride accumulation), visualized through Oil red 

O staining, was efficiently prevented in mice fed with HFD supplemented with hydrogel 

Gel B (Figure 15 and 16) and complete lipid clearance in the liver was achieved with the 

highest dose of the hydrogel (HFD 4% Gel B), as also indicated by the Oil red O scoring 

(Figure 16b).  

 

 

 

Figure 16. Hydrogel diet supplementation prevents accumulation of triglycerides 
in the liver after 18 weeks of feeding. 

a. Oil Red O staining of PLP fixed OCT embedded liver samples, after 18 weeks of feeding with LFD, 
HFD, HFD 2% Gel B and HFD 4% Gel B. In red Oil Red O staining for liver triglyceride, in blue 
hematoxylin counterstaining; scale bar 50 µm (5 representative animals per group). b. Oil Red O 
staining scoring. Score from 0 (no triglyceride - beige) to 4 (high accumulation of triglyceride - red) 
was given. Each square in the graph represents a mouse; empty (white) squares represent missing mice 
( 5 mice LFD fed group, 10 mice HFD fed group, 10 mice HFD 2% Gel B fed group and 10 mice HFD 
4% Gel B fed group). 
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Liver sections were also stained with Sirius Red to look for the presence of collagen fibers 

(a marker of liver fibrosis) (Figure 17); however, no signs of liver fibrosis were observed 

in LFD and HFD fed mice at this stage, or in hydrogel supplemented HFD fed 

experimental groups. 

In conclusion, hydrogel administration was able to prevent body weight gain, adipose 

tissue deposition and adipocyte hypertrophy, intestinal shortening, metabolic alterations 

(i.e. response to glucose and insulin challenges, hyperglycemia, hyperinsulinemia) 

together with liver steatosis development in mice fed with HFD for 18 weeks.  

 

 
 

Figure 17. Long term feeding with high fat diet does not induce liver fibrosis. 

Sirius Red staining (in red) for collagen fibers of formalin fixed paraffin embedded liver sections of 
mice fed for 18 weeks with LFD, HFD, HFD 2% Gel B and HFD 4% Gel B (in column images of 5 
representative mice per group); scale bar 50 µm. 
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3. Hydrogel dietary supplementation as a therapeutic tool for long 
term high fat diet feeding 
 
Previous data fully demonstrated the efficacy of Gel B (at both doses tested) in preventing 

alterations induced by HFD in mice, namely weight gain, alteration of glycemic control, 

intestine length and hepatic steatosis. We next wanted to evaluate the therapeutic potential 

of hydrogel Gel B in the context of a metabolic disorder. In other words, we made use of 

our HFD model to assess the ability of the hydrogel to treat or prevent the progression of 

typical alterations of metabolic syndrome related to high caloric diet consumption. The 

hydrogel, in fact, was initially designed and recently approved by FDA (April 12, 2019)161 

and EMA (June,2020) under the name of PLENITYTM as an aid for weight management 

in overweight and obese adults with Body Mass Index (BMI) of 25 - 40 kg/m2, when used 

in conjunction with diet and exercise.  

To this end, we first induced metabolic alterations in mice, feeding C57BL6/J wild type 

male mice for 12 weeks with HFD (45 % fat) – induction phase. At the end of the 

induction phase, mice were randomly divided in three experimental groups: HFD (45% 

fat) fed mice, HFD 2% Gel B and HFD 4% Gel B and fed them for further 4 and 12 weeks 

- therapeutic phase - with these different diets. The experimental design is depicted in 

Experimental scheme 3. 

We mainly focused on three time points: a) 12 weeks HFD, which coincides with the end 

of obesity induction phase and represents the starting point for Gel B treatment; b) 4 

weeks of Gel B administration, which coincides with 16 weeks of HFD feeding and 4 

weeks of Gel B treatment for the groups HFD 2% Gel B and HFD 4% Gel B; c) 12 weeks 

of Gel B administration, which coincides with 24 weeks of HFD feeding and 12 weeks 

of Gel B treatment for the groups HFD 2% Gel B and HFD 4% Gel B. 
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Experimental Scheme 3. Therapeutic hydrogel administration in a model of long 
term high fat diet feeding. 
 
C57BL6/J male mice at 8 weeks of age were fed for 12 weeks with: chow diet in black and HFD in 
green. After 12 weeks 5 mice per group were sacrificed. Mice initially fed with HFD were randomly 
divided in 3 experimental groups: HFD in green, HFD 2% hydrogel Gel B in light blue and HFD 4% 
hydrogel Gel B in blue. Body weight and food intake were measured throughout the experiment. Fecal 
samples were collected at the beginning of the experiment, at several time-points throughout the 
experiment (green squares) and at sacrifice. Fasting blood glucose and insulin levels were measured 
after 8 and 12 weeks of feeding with HFD and after 4 and 12 weeks of feeding with hydrogel 
supplemented diets (pink squares). Glucose tolerance test (GTT) and Insulin Tolerance Test (ITT) 
were performed after 4 and 12 weeks of feeding with hydrogel supplemented diet (light blue squares). 
FITC-Dextran intestinal permeability assays were performed after 12 weeks of feeding with HFD and 
after 4 and 12 weeks of feeding with hydrogel supplemented diets (described in paragraph 5). Mice 
were sacrificed after 12 weeks of feeding with HFD and after 4 and 12 weeks of feeding with hydrogel 
supplemented diets and several parameters were analyzed. 
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After 12 weeks of HFD, mice showed a significant increase in body weight compared to 

those fed a standard chow diet, as shown in Figure 18; at this time-point some mice (5 

per group) from chow and HFD experimental groups were sacrificed and metabolic and 

histological parameters were evaluated. Remaining mice fed with HFD, HFD 2% Gel B 

and HFD 4% Gel B were monitored throughout the experiment to assess hydrogel 

therapeutic potential. 

After 4 weeks of feeding with hydrogel supplemented diets, mice showed a dose-

dependent decrease in body weight compared to those fed with HFD (Figure 18a,b); body 

weight variation was kept constant until 12 weeks of hydrogel treatment (both doses) at 

a level comparable to that of age-matched chow control mice (Figure 18a,c). Mice from 

each experimental group were sacrificed after 4 weeks and 12 weeks of Gel B 

administration, in order to evaluate the effect of the treatment, in a way similar to the 

preventive experiment (previous data). 

We hence investigated whether hydrogel administration was able to revert WAT 

enlargement induced by HFD feeding. Indeed, hydrogel administration resulted in a 

strong reduction of white adipose tissue deposition, reflected by a reduction in EAT 

weight, already after 4 weeks of feeding; this reduction was even stronger after 12 weeks 

of treatment (Figure 19a). Reduction of EAT weight was accompanied by a remarkable 

decrease in adipocyte size (hypertrophy) in hydrogel treated mice: adipocyte area 

evaluation in H&E histological sections showed a mild reduction of adipocyte size after 

4 weeks, which turned to be statistically significant after 12 weeks of Gel B treatment, 

compared to HFD fed mice (Figure 19d). We confirmed that hydrogel administration was 

able to revert white adipose tissue remodeling and enlargement, likely contributing to 

body weight decrease. 
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Figure 18. Therapeutic hydrogel administration induces body weight loss after 
long term high fat diet feeding. 

Body weight was monitored throughout 24 weeks of feeding. a. Body weight variation, expressed in 
percentage of basal. Statistical significant difference: at day 91 (12 weeks HFD) *** p<0,001 chow 
vs of HFD, at day 129 (4 weeks of hydrogel treatment) *** p<0,001 chow vs of HFD and HFD vs 
HFD 4% Gel B, at day 172 (12 weeks of hydrogel treatment) *** p<0,001 chow vs of HFD and HFD 
vs HFD 4% Gel B; b. Area Under the Curve (AUC) of body weight variation curve after 4 weeks of 
feeding with hydrogel supplemented diets; c. Area Under the Curve (AUC) of body weight variation 
curve after 12 weeks of feeding with hydrogel supplemented diets (* p<0,5; **p<0,01; ***p<0,001 
one-way and two-way ANOVA Tukey post-test, line at mean with SEM). 
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Figure 19. Therapeutic hydrogel administration reduces adiposity and adipocyte 
hypertrophy in long term high fat diet feeding. 
a. Epidydimal Adipose Tissue (EAT) weight expressed as percentage of body weight after 12 weeks 
of HFD feeding (before Gel B) and after 4 and 12 weeks of hydrogel supplemented diet feeding (* 
p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, line at mean with SEM; 5-8 mice 
per group). b. Hematoxylin & Eosin staining of formalin fixed paraffin embedded sections of 
epidydimal adipose tissue after 4 weeks of hydrogel supplemented diet administration(scale bar 100 
µm).c. EAT adipocytes area, after 4 weeks of hydrogel supplemented diet administration, with 
significant difference (****p<0,0001 LFD vs HFD ; one-way ANOVA Tukey post-test, distribution 
with red line at median); d. Hematoxylin & Eosin staining of formalin fixed paraffin embedded 
sections of epidydimal adipose tissue after 12 weeks of hydrogel supplemented diet 
administration(scale bar 100 µm); e. Epidydimal white adipose tissue adipocytes area distribution, 
after 12 weeks of hydrogel supplemented diet administration, with significant difference 
(****p<0,0001 LFD vs HFD ; ****p<0,0001 HFD vs HFD 2% Gel B; ****p<0,0001 HFD vs HFD 
4% Gel B one-way ANOVA Tukey post-test, distribution with red line at median). 
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Concerning the intestinal length, we wondered whether hydrogel therapeutic 

administration was able to restore intestinal shortening induced by long-term HFD 

feeding.  

Mice fed with HFD for 12 weeks showed a marked reduction of intestinal length, driven 

by small intestine (statistically significant) and colon (not significant but still evident) 

shortening, with a general reduction of the total intestine length (Figure 20). Hydrogel 

therapeutic administration resulted in a rescue of small intestine, colon and total intestine 

length already after 4 weeks of treatment, followed by the complete restoration of 

intestine length after 12 weeks of hydrogel administration, to levels equal to those of 

chow diet fed mice (Figure 20). 

 

 
Figure 20. Therapeutic hydrogel administration reverts intestine shortening 
induced by long term high fat diet feeding. 

Mice were sacrificed 12 weeks after HFD feeding (before Gel B) and after 4 and 12 weeks of hydrogel 
supplemented HFD feeding and intestine length was measured. From left to right graphs are depicting: 
small intestine length, colon length and total intestine length. (* p<0,5; **p<0,01; ***p<0,001 t-test 
and one-way ANOVA Tukey post-test, line at mean with SEM; 5-8 mice per group). 

 

Having demonstrated that the therapeutic administration of the hydrogel in HFD fed mice 

was able to rescue EAT enlargement and intestine length, we wanted to assess whether 

therapeutic hydrogel administration was also able to counteract metabolic alterations 

induced by long term HFD feeding; to this end, we measured fasting blood glucose, 

fasting blood insulin levels and response to glucose (Glucose Tolerance Test, GTT) and 

insulin (Insulin Tolerance Test, ITT) challenges at the main time points we focused on. 

HFD mice showed higher fasting blood glucose levels and higher fasting insulin levels 

than chow fed control mice, resulting in impaired HOMA-IR index (Figure 21a,b,c), at 

least after 8 weeks and 16 weeks of HFD feeding. This indicates that impairment of 
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fasting blood glucose control in these mice is taking place, even if with oscillations over 

time (i.e. 12 and 24 weeks of HFD) (Figure 21a,b,c). 

Interestingly, 4 weeks after Gel B treatment, hydrogel supplementation significantly 

ameliorated these parameters, lowering both fasting blood glucose and insulin levels, 

thereby improving HOMA-IR (Figure 21a,b,c). However, 12 weeks after hydrogel 

therapeutic treatment, fasting blood glucose and insulin levels in HFD mice (24 weeks 

HFD feeding) were such that we were not able to detect differences among groups (Figure 

21a,b,c). We thought that age-related confounding effects came into play, masking 

differences in very sensitive metabolic parameters among groups. Even if we lost the 

statistical significance after 12 weeks of Gel B treatment, still we can argue that fasting 

blood glucose and insulin and the HOMA-IR index in HFD 4% Gel B are closer to those 

of chow control mice, suggesting a slight amelioration of these parameters going on in 

treated mice respect to HFD fed mice. 

 
Figure 21.Therapeutic hydrogel administration improves glucose levels after long 
term high fat diet feeding. 
Fasting glucose and fasting insulin were measured after 8 and 12 weeks of HFD feeding (before Gel 
B administration) and after 4 and 12 weeks of feeding with hydrogel supplemented diets. a. blood 
glucose levels measured after 6 hours of morning fasting; b. blood insulin levels measured after 6 
hours of morning fasting; c. HOMA-IR (Homeostatic Model Assessment of Insulin Resistance) 
values; (* p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, line at mean with SEM; 
5-10 mice per group). 
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In light of these data, we investigated the response of mice of the different groups to 

glucose and insulin challenges after therapeutic hydrogel administrations (Figure 22). We 

performed ITT and GTT test both after 4 and 12 weeks of hydrogel treatment. In the 

previously shown preventive experiment, we observed an impairment of glucose 

metabolic response to insulin challenge in HFD fed mice (18 weeks of feeding), that was 

prevented with hydrogel diet supplementation. Here, after 4 weeks of hydrogel 

administration (corresponding to 16 weeks of HFD feeding), we could not detect any 

relevant impairment of the metabolic response in HFD mice versus chow diet fed mice 

or Gel B treated mice, neither in the ITT or in the GTT test (Figure 22a,b,c). Notably, we 

found remarkable differences in the ITT test performed after 12 weeks of hydrogel 

supplemented diet feeding (24 weeks HFD feeding) (Figure 22 d,e,f): in particular, we 

witnessed an impaired response of HFD fed mice to insulin challenge, with a significant 

improvement in ITT response of HFD 4% Gel B fed mice, to levels comparable to those 

of the chow diet animals (Figure 22d).Taken together these data support that the 

therapeutic administration of Gel B in long term HFD was able to blunt the progression 

of some of HFD induced metabolic alterations, in particular acting on glucose 

homeostasis and probably counteracting insulin resistance development. 

 
Figure 22. Therapeutic hydrogel administration improves response to insulin challenges 
after long term high fat diet feeding. 

a.and b. Intra-peritoneal ITT and intra-peritoneal GTT expressed as percentage of basal performed after 4 weeks of 
feeding with hydrogel supplemented diets, following 6 hours of morning fasting; c. inverted AUC of ITT expressed 
as percentage of basal (left) and AUC of GTT expressed as percentage of basal; d. and e. Intra-peritoneal ITT and 
intra-peritoneal GTT expressed as percentage of basal performed after 12 weeks of feeding with hydrogel 
supplemented diets, following 6 hours of morning fasting. * in green indicating statistical difference between HFD 
4% Gel B and HFD group, *in black indicating statistical difference between chow and HFD f. inverted AUC of ITT 
expressed as percentage of basal (left), and AUC of GTT expressed as percentage of basal (right); (* p<0,5; 
**p<0,01; ***p<0,001 one-way and two-way ANOVA Tukey post-test, line at mean with SEM). 
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Figure 23. Effects of therapeutic hydrogel administration on GLP-1 after long 
term high fat diet feeding. 

Circulating GLP-1 levels after 18 weeks of feeding (* p<0,5; **p<0,01; ***p<0,001 one-way 
ANOVA Tukey post-test, line at mean with SEM; 5-10 mice per group). 

 

Since in the preventive setting (Experimental scheme 2) we observed an increase in 

circulating GLP-1 levels upon hydrogel diet supplementation, we wanted to assess 

weather therapeutic hydrogel administration was also able to influence GLP-1 circulating 

levels. 

No increase in circulating GLP-1 levels were observed either after 4 or 12 weeks of 

feeding with hydrogel supplemented diets (Figure 23). Differently from what we detected 

in the preventive setting, 4 weeks of therapeutic hydrogel supplemented feeding reduced 

circulating GLP-1 levels in comparison to both chow diet and HFD fed mice. 

Furthermore, after 12 weeks of feeding we detected similar circulating GLP-1 levels 

among all the experimental groups. According to the literature, the effects of HFD feeding 

on circulating GLP-1 levels in mice are still controversial: there are reports claiming that 

HFD induces an increase in GLP-1 secretion185 and others are in favor of a reduction in 

GLP-1 secretion upon HFD feeding (as in human metabolic syndrome)186. Clearly, the 

interpretation of GLP-1 circulating level in the context of HFD models requires further 

investigation.In conclusion, therapeutic administration of Gel B in long term HFD 

reduced body weight and adipose tissue deposition, restored intestine length and partially 

improved metabolic parameters, recapitulating the effects observed in the long term 

preventive setting, except for GLP-1 induction. 

Finally, we sought to evaluate the ability of the hydrogel to revert or at least block the 

progression of liver steatosis induced by long term HFD feeding. 
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We performed histological analysis (H&E staining) (Figure 24) and Oil Red O staining 

(Figure 25) on liver sections from mice fed for 12 weeks with HFD (before Gel B 

treatment) and from mice treated for 4 and 12 weeks with hydrogel supplemented diets. 

The observation of histological samples from 12 weeks HFD fed mice didn’t highlight 

major alterations in the liver parenchyma compared to standard chow fed mice (Figure 

24 top panel). In H&E stained liver sections from mice fed for 4 weeks with hydrogel 

supplemented diet (16 weeks HFD), HFD fed mice showed mild intracytoplasmic lipid 

accumulation within hepatocytes and the presence of some droplets of macro-vesicular 

fat filling the cytoplasm of hepatocytes (Figure 24 middle), that was partially restored in 

hydrogel supplemented diet fed groups.  

A milder but similar pattern was observed after 12 weeks of feeding with hydrogel 

supplemented diet (Figure 24 lower panel). 

Lipid deposition (i.e. triglyceride accumulation) was observed through Oil red O staining 

(Figure 25). After 12 weeks of feeding with HFD we detected an accumulation of liver 

triglycerides (Figure 25a top panel) in the HFD fed group compared to chow diet fed mice 

(quantitation in Figure 25b). 

Following 4 weeks of hydrogel administration, no differences in liver triglyceride 

accumulation among HFD and hydrogel supplemented HFD groups were observed 

(Figure 25a middle panel and Figure 20b). Interestingly, after 12 weeks of hydrogel 

treatment, HFD 4% Gel B fed mice displayed a less intense ORO staining compared to 

HFD and HFD 2% Gel B fed groups. Since HFD fed animals showed a worsening of liver 

fat accumulation and score, we concluded that in HFD 4% Gel B fed mice a slowdown 

(or even a slight reduction) in hepatic lipid accumulation took place (Figure 25a lower 

and 25b). No significant effects on liver steatosis were associated to 2% Gel B dose after 

12 weeks of treatment. 

Overall, reduction in body weight and visceral adipose tissue deposition induced by long 

term therapeutic hydrogel administration were accompanied by an arrest in liver 

triglyceride accumulation, rather than a complete elimination of hepatic steatosis. We 

hence speculated that longer intervals of hydrogel administration could have had a better 

impact on liver healing and that liver fat clearance presumably is partly independent from 

body weight and marginal white adipose tissue reduction. 
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Figure 24. Histological analysis of liver sections before and after therapeutic 
hydrogel administration. 

H&E staining of formalin fixed paraffin embedded liver sections of mice fed for 12 weeks with 
chow and HFD (before Gel B) and for 4 and 12 weeks with chow, HFD, HFD 2% Gel B and HFD 
4% Gel B (in column images of 2 representative mice per group per time point), scale bar 100 
µm. 
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Figure 25. Therapeutic hydrogel administration effect on liver triglyceride 
accumulation after long term HFD feeding 

a. Oil Red O staining of PLP fixed OCT embedded liver samples, after 12 weeks of feeding with 
chow diet and HFD (top panel), after 4 and 12 weeks of feeding with chow diet, HFD, HFD 2% 
Gel B and HFD 4% Gel B (top and middle panel respectively). In red Oil Red O staining for liver 
triglyceride, in blue hematoxylin counterstaining, scale bar 50 µm (in column 2 representative 
animals per group per time point); b. Oil Red O staining scoring. Score from 0 (no triglyceride - 
beige) to 4 (high accumulation of triglyceride - red) was given. Each square in the graph represents 
a mouse; empty (white) squares represent missing mice. 
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4. Hydrogel dietary supplementation prevents early manifestations of 
high fat diet feeding through reduction of intestinal permeability 
 
In recent years several reports have shown an association between altered intestinal 

microbiota, impaired intestinal permeability, low-grade inflammation and the onset of 

metabolic disorders187,188,189. 

Increased gut permeability is commonly believed to have a major role in HFD-induced 

obesity, resulting in translocation of bacteria and or microbial products (i.e. LPS) through 

the mucus layer and intestinal epithelial barrier (tight junctions, TJ)80,190 into the 

bloodstream. Bacteria and bacterial molecules can then reach distant organs, where they 

interact with host immune cells inducing low-grade inflammatory processes, hallmarks 

of metabolic disorders like obesity and insulin resistance191,150 and NAFLD192 

Recent work in our laboratory demonstrated that disruption of intestinal epithelial barrier 

is an early event in the development of HFD-induced metabolic syndrome193, occurring 

already after 1 week of feeding.  

For this reason and in light of the results previously described, we decided to focus our 

attention on initial alterations induced by HFD-feeding, in particular on early changes in 

intestinal permeability. 

We made use of preventive hydrogel administration to assess if Gel B was able to prevent 

impairment of intestinal TJ and gut permeability, after relatively short-term HFD feeding 

(i.e. 2-4 weeks). To this end, we fed mice for a period of 4 weeks with HFD or HFD 2% 

Gel B and HFD 4% Gel B; we hence assessed intestinal barrier impairment after 1, 2, 3 

and 4 weeks of treatment, as well as hepatic triglyceride accumulation after 2 and 4 

weeks. The experimental design is summarized in Experimental scheme 4. 

 

 
 

 

 

 

 

 



 71 

 
 

Experimental scheme 4. Short term preventive feeding with hydrogel supplemented 

high fat diet. 
C57BL6/J male mice at 8 weeks of age were fed for 35 days with: chow diet in black, HFD in 
green, HFD supplemented with 2% Gel B in light blue and HFD supplemented with 4% Gel B. 
After 1-2-3 and 4 weeks of feeding with the different diets, intestinal permeability was 
functionally evaluated performing 4kDa FITC-Dextran permeability assay. After 1-2 and 4 weeks 
5 mice per group were sacrificed, to evaluate intestinal length and tight junction expression, 
adipose tissue deposition and liver triglyceride accumulation. 
 

 

Mice fed with HFD showed an increase in body and adipose tissue weight, compared to 

standard diet fed mice, already after 4 weeks of feeding. Both alterations were efficiently 

prevented by hydrogel supplementation (Figure 26a, b and c). Accordingly, hydrogel 

administration prevented intestine shortening due to HFD (Figure 27), in particular at the 

small intestine level (where the hydrogel is completely hydrated with intact 3D structure). 

We then analyzed lipid accumulation in the liver after both 2 and 4 weeks of feeding 

(Figure 28a and b): we found that an interval of 4 weeks of HFD-feeding was sufficient 

to induce triglyceride accumulation in the liver, as indicated by Oil red O staining (Figure 

28); this could represent early step of steatosis development. Nicely, mice fed with HFD 

2% and 4% Gel B were protected from hepatic lipid accumulation (Figure 28b). These 

data clearly show that body weight gain, EAT enlargement, intestine shortening and liver 

triglyceride accumulation induced by HFD in mice occurred rather early, and that the 

preventive administration of Gel B is efficiently able to block the development of such 

alterations. 
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Figure 26. Short term preventive feeding with hydrogel supplemented diet 
prevents body weight gain and white adipose tissue deposition induced by HFD 
feeding. 

a. Body weight variation expressed in percentage of basal; b. Area Under the Curve (AUC) of 
body weight variation; c. Epidydimal Adipose Tissue (EAT) weight expressed in percentage of 
body weight, at sacrifice after 4 weeks of feeding (* p<0,5; **p<0,01; ***p<0,001 one-way 
ANOVA Tukey post-test, line at mean with SEM; 5-15 mice per group). 

 

 

 

 
 

Figure 27. Short term feeding with hydrogel supplemented diet prevents intestine 
shortening induced by HFD feeding. 

Intestine length measured at sacrifice after 4 weeks of preventive feeding with HFD supplemented 
diets. From left to right: small intestine length, colon length and total intestine length. (* p<0,5; 
**p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, line at mean with SEM; 4-5 mice per 
group). 
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Figure 28. Short term feeding with hydrogel supplemented diet prevents liver 
triglyceride accumulation induced by HFD feeding. 
Oil Red O staining of PLP fixed OCT embedded liver samples a. after 2 weeks of feeding with 
hydrogel supplemented diet and b. after 2 weeks of feeding with hydrogel supplemented diet. In line 
images from 5 individual mice per group. 
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With this in mind, we hypothesized that also alterations in intestinal barrier permeability 

(often reported in long term HFD-feeding or in genetic, i.e. ob/ob mice, or 

pharmacologically induced models of metabolic disorders 194) could be detectable 

together with early intestine alterations in short term HFD feeding. Indeed, here we 

provide evidence that functional alterations of intestinal permeability occur as early as 

after 2 weeks of feeding with HFD; these data are consistent with other reports showing 

that HFD feeding induces small intestine and colon atrophy and impairment of immune 

system after 3 weeks of feeding195, together with alterations of intestinal barrier 

permeability and gut microbiota after 4 weeks of HFD administration196. 

To assess impairment of gut permeability in the HFD model, we made use of 4 kDa FITC-

dextran assay (Figure 29a; see also material and methods). Significant increase in gut 

permeability, indicated by higher diffusion of 4 kDa FITC-Dextran into the bloodstream 

from the gut, was observed after 2 weeks in mice fed a HFD (Figure 29c); increased 

permeability persisted over time and was maintained almost equally after 3 and 4 weeks 

of feeding (Figure 29 d and e). Hydrogel diet supplementation guaranteed protection from 

HFD-induced permeability impairment (both Gel B doses worked), preventing 

4 kDa FITC-Dextran translocation from gut lumen to the bloodstream, similarly to mice 

fed with standard chow diet (Figure 29 c, d and e). 
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Figure 29. Short term feeding with hydrogel supplemented diet prevents alteration 
of intestinal permeability induced by HFD feeding. 

a. Experimental scheme of 4kDa FITC-Dextran permeability assay. After 4-6 hours of morning fasting 
mice were gavaged with 10 mg of 4kDa FITC-Dextran, after 4 hours blood was collected from the tail 
vain and plasma FITC-Dextran was measured using CLARIO Star plate reader; b, c, d, e. FITC-
Dextran permeability levels after 1 week (b), 2 weeks (c), 3 weeks (d) and 4 weeks (e) of feeding, 
expressed as fold change of chow; (* p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey post-
test, line at mean with SEM; 5-15 mice per group). 
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The impairment in gut permeability in HFD mice and the functional rescue obtained 

through Gel B administration let us to hypothesize that these phenomena involved the 

function of tight junctions. TJ are the primary determinant of paracellular permeability197, 

playing a critical role in the pathogenesis of intestinal and systemic diseases. Many TJ 

proteins bind to the N-terminal half region of ZO proteins. For this reason, we focused 

on ZO proteins expression, in particular on ZO-1. ZO-1 is localized at the nascent cell-

cell contacts and it has been proposed that ZO proteins may mediate the early assembly 

of TJ proteins into cell-cell contacts68. Hence, we analyzed alterations of ZO-1 

expressions induced by HFD through immunofluorescence. We detected a partial 

alteration of ZO-1 expression at ileum level already after 1 week of feeding with HFD, 

that was completely prevented in mice fed with hydrogel supplemented diets at both doses 

(Figure 30a, b). We even observed an increase in ZO-1 expression as compared to chow 

fed mice, even though not statistically significant (Figure 30a, b) Of note, 1 week time-

point is not associated with functional permeability impairment yet (Figure 29b), 

suggesting that ZO-1 levels alteration could precede functional impairment of the 

intestinal epithelium permeability. After 2 weeks of feeding with HFD, alteration in ZO-

1 protein level persisted, becoming even more evident and paralleling functional 

permeability alteration; similarly, at this time-point hydrogel diet supplementation was 

able to prevent HFD-induced ZO-1 depletion at TJ (Figure 30c, d), in agreement with 

dextran permeability (Figure 30c). Consistently, after 4 weeks of feeding, hydrogel 

administration was able to prevent HFD-induced ileum ZO-1 downregulation (Figure 

30e,f) as well as the impairment of functional permeability (Figure 29e). 

Taken together, these data demonstrate hydrogel ability in preserving intestinal epithelial 

barrier integrity through stabilization of tight junction (ZO-1) and maintenance of correct 

intestinal barrier permeability during short-term HFD feeding.  
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Figure 30. Short term feeding with hydrogel supplemented diet prevents alteration 
of tight junction protein ZO-1 induced by HFD feeding. 

Mice were sacrificed after 1, 2 and 4 weeks of feeding. a. c. and d. Ileum tissue sections of mice fed 
for 1 week, 2 weeks and 4 weeks respectively. Tissue sections were stained for ZO-1, tight junction 
component (in green), CD34, marker of intestinal endothelium (in gray) and DAPI, marker for nuclei 
(in blue). In each panel, first line is depicting an image of the three merged channels. Second line of 
images is depicting images of ZO-1 channel alone (in gray). Representative images of a single mouse 
out of five per group. Scale bar 50 µm; b. d. and f. Quantification of ZO-1 integrated density expressed 
as fold change of chow diet, performed using Fiji image software (* p<0,5; **p<0,01; ***p<0,001 
one-way ANOVA Tukey post-test, line at mean with SEM; 5 mice per group). 
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Based on these data, we then wanted to assess whether hydrogel administration could 

have a direct effect on the intestinal barrier, independently on HFD induced alterations. 

For this purpose, we studied the effect of hydrogel administration on the intestinal barrier 

of healthy mice. We analyzed ZO-1 protein through immunofluorescence staining in both 

ileum and colon sections of mice fed for 4 weeks with hydrogel supplemented chow diet, 

carrying increasing doses of Gel B for 4 weeks (Experimental scheme 1).  

Hydrogel supplementation boosted ZO-1 protein signal in mice fed with the highest 

concentration of Gel B (chow 8% Gel B), while physiological ZO-1 levels were not 

affected in mice fed with low and intermediate concentrations of Gel B (2% and 4% Gel 

B), both at the ileum and colon levels (Figure 31a,b,c).  

Of note, higher level of tight junction protein ZO-1 was detected in mice fed with chow 

diet supplemented with 8% Gel B where we also observed a significant reduction in body 

weight and fasting glycemia.  

Together these data denote the intrinsic ability of the hydrogel to target the intestine, 

acting on barrier tightness through a direct or an indirect (i.e. microbiota mediated) action 

on epithelial tight junction proteins, both in healthy (at very high dosage) and pathological 

conditions. 

We reasonably argued that the hydrogel, by targeting the intestine, could in turn be able 

to prevent systemic manifestation induced by HFD-feeding.  

Together these data demonstrate that hydrogel diet supplementation is able to prevent 

high fat diet induced alterations of intestinal barrier, improving epithelial tight junctions 

and functional permeability.  
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Figure 31. High hydrogel dosages improve intestinal epithelial ZO-1 expression in 
standard diet fed mice. 

a.Ileum tissue sections and b. colon tissue sections stained for ZO-1, tight junction component (in 
green) and CD34, marker of intestinal endothelium (in gray) and DAPI, marker of nuclei (in blue). 
First line depicting merged channels images. Second line depicting ZO-1 channel images (in gray). 
For each group one representative image out of 5 mice per group. Scale bar 50 µm; c. Quantification 
of colon ZO-1 mean intensity expressed in fold change of HFD (* p<0,5; **p<0,01; ***p<0,001 one-
way ANOVA Tukey post-test, line at mean with SEM). 
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5. Hydrogel dietary supplementation prevents intestinal barrier 

impairment induced by long term high fat diet feeding 

 
We showed that HFD-induced intestinal barrier alterations occur rather early in the 

progression toward metabolic disorders; in parallel, we demonstrated that hydrogel HFD 

supplementation was able to successfully prevent these modifications, namely increased 

intestinal permeability which correlated with alteration in ZO-1 protein levels. We next 

wanted to assess the status of intestinal epithelial barrier after long term HFD-feeding and 

concomitant (preventive) hydrogel administration.  

We analyzed ZO-1 tight junction protein level in mice fed for 18 weeks with HFD and 

HFD 2% and 4% Gel B (that is the very same preventive experiment summarized in 

Experimental scheme 2. 

Mice fed with both LFD and HFD displayed a marked reduction of TJ protein ZO-1, 

being the protein almost at undetectable levels (Figure 32a, b). Per contra, preventive 

administration of hydrogel supplemented HFD was able to preserve epithelial ZO-1 level 

after 18 weeks of feeding (Figure 32a, b). 
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Figure 32. Hydrogel diet supplementation prevents intestinal epithelial ZO-1 
downregulation induced by 18 weeks of high fat diet feeding. 

Mice were fed for 18 weeks with LFD, HFD, HFD 2% Gel B and HFD 4% Gel B. a. Ileum tissue 
sections stained for ZO-1, tight junction component (in green) and CD34, marker of intestinal 
endothelium (in gray). First line is depicting the two merged channels. Second line of images is 
depicting ZO-1 channel alone (in gray). For each group one representative image out of 5-10 mice per 
group. Scale bar 50 µm; b. Quantification of ZO-1 integrated density expressed in fold change of HFD 
(values equal to zero are indicating images were ZO-1 signal was not detectable for image 
quantification). 
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We then analyzed expression level of TJ genes: ZO-1 (TJP-1), Occludin, Claudin-1 and 

Claudin-2 after 18 weeks of feeding (Figure 33). Probably, as a mean to counteract the 

downregulation of ZO-1 at protein level, ZO-1 gene expression levels were increased in 

LFD and HFD compared to standard chow diet fed mice, while partially restored to 

standard diet levels in mice fed with hydrogel supplemented diet (Figure 33a). Occludin 

is the first TJ-specific integral membrane protein identified, and is believed to be a 

regulator of paracellular permeability48. Occludin expression is markedly decreased in 

intestinal permeability disorders (i.e UC, Crohn’s disease and celiac disease) suggesting 

that low occludin expression may promote increase in intestinal permeability198. 

However, no significant difference was observed in the occludin gene expression level 

among mice fed with chow, LFD and HFD, while a slight reduction was detected in mice 

fed with hydrogel supplemented HFD compared to HFD fed mice (Figure 33b). 

We then analyzed gene expression of claudin-1 and claudin-2. General functions of 

claudins are: formation of barrier or channel/pore, regulation of cellular polarity and 

boundary establishment to limit inter-mixing of lateral and apical membrane proteins68. 

Claudins prevent the passage of solutes and water as well as penetration of luminal toxins 

and antigens. Although more studies are necessary to determine the exact functions of 

claudins in TJs, animal studies have shown the importance of claudins in regulating the 

integrity of gut burrier and its correlated disorders. Claudin-1 expression is known to be 

increased in the areas of active inflammation199. Claudin-1-deficient mice exhibited 

abnormal TJ barrier formation, which induced cancer development and metastasis. Of 

interest, a correlation between increased claudin-1 expression and neoplastic 

transformation was also noted in colitis-associated cancer86. In our experimental setting 

mice fed a HFD showed an increase in claudin-1 ileal gene expression, that was not as 

pronounced in mice fed with a hydrogel supplemented diet (which was actually closer to 

chow mice level) (Figure 33c). 

Claudin-2 is a pore-forming claudin responsible for paracellular Na+ permeability and 

trans-mucosal resistance. Upregulation of Claudin-2 in disease tissues can potentially 

affect the structure and function of tight junctions, resulting in barrier dysfunction200. A 

slight reduction in the gene expression of claudin-2, even if not statistically significant 

was observed in mice fed with hydrogel supplemented HFD compared to HFD alone 

(Figure 33d). 
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Through the analysis of TJ gene expression, we detected mild alterations in the expression 

levels of ZO-1, Occludin, Claudin-1 and Claudin-2 due to HFD; moreover, these variation 

in gene expression point toward compensatory mechanisms aimed at replenishing 

putatively disrupted TJ levels and consequent increased gut permeability. This would be 

in agreement with the fact that Gel B administration partly prevents those gene expression 

alterations and gut permeability. 

 

 
 
 
Figure 33. Intestinal tight junction gene expression after 18 weeks of feeding. 

Relative gene expression levels of intestinal tight junction ZO-1 (a.), Occludin (b.), Claudin-1 (c.), 
Claudin-2 (d.); * p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, line at mean with 
SEM. 

 

 

 

 

 

 

 

 

 

 

 

 



 84 

6. Therapeutic hydrogel administration reverts intestinal barrier 

impairment and induced by long term high fat diet feeding 
 

The therapeutic administration of Gel B was able to restore many of the alterations 

induced by the HFD, with milder effects concerning liver steatosis. Still, we think that an 

effect on intestinal permeability in a therapeutic setting could represent an important 

achievement, strengthening the rationale of using the hydrogel to target the intestine, as 

a therapeutic intervention for GI-tract related diseases. Hence, we wanted to assess the 

status of intestinal epithelial barrier in mice therapeutically treated with hydrogel 

supplemented HFD (in the experiment summarized in Experimental scheme 3). 

As expected, mice fed with HFD display a reduction in ZO-1 protein level, at both the 

time points we analyzed after hydrogel treatment, namely 4 weeks (Figure 34a, c) and 12 

weeks (Figure 34b, d) of Gel B treatment. Surprisingly, in HFD 2% Gel B and HFD 4% 

Gel B treated mice, ZO-1 protein level was higher than that in HFD mice and basically 

comparable to ZO-1 level of control chow mice, at both 4 weeks (Figure 31a, c) and 12 

weeks (Figure 31b, d) of Gel B treatment. 

This demonstrate that therapeutic hydrogel administration was able to preserve intestinal 

tight junction protein ZO-1 upon progressive alterations induced by long term HFD 

feeding.  
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Figure 34. Therapeutic hydrogel administration restored intestinal epithelial tight 
junction protein ZO-1 expression.  

Ileum tissue sections stained for ZO-1, tight junction component (in green) and CD34, marker of 
intestinal endothelium (in gray) and DAPI, marker of nuclei (in blue) a. after 4 weeks of feeding with 
Gel B supplemented diet (16 weeks HFD) and b. after 12 weeks of feeding with Gel B supplemented 
diet (24 weeks HFD). First line depicting merged channels images. Second line depicting ZO-1 
channel images (in gray). For each group one representative image out of 5-10 mice per group. Scale 
bar 50 µm. c and d. Quantification of colon ZO-1 integrated intensity expressed in fold change of 
HFD after 4 and 12 weeks of hydrogel supplemented diet feeding respectively (* p<0,5; **p<0,01; 
***p<0,001 one-way ANOVA Tukey post-test, line at mean with SEM). 
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We also analyzed the expression level of TJ genes: ZO-1 (TJP-1), Occludin, Claudin-1 

and Claudin-2 after therapeutic administration of Gel B (Figure 35). As previously 

observed in the preventive setting, also in the therapeutic experiment ZO-1 gene 

expression level was slightly increased after long term HFD feeding, compared to 

standard chow diet fed mice, both at 4 weeks and 12 weeks of treatment (for the HFD 

mice these corresponded to 16 weeks and 24 weeks of HFD respectively). However, we 

could not detect any significant difference in ZO-1 expression level among groups once 

mice were treated either for 4 weeks or for 12 weeks with the hydrogel, except in the case 

of HFD 4% Gel B treated mice (12 weeks of treatment): on the contrary, in these mice 

ZO-1 gene expression was slightly downregulated respect to control chow mice (Figure 

35a).  

Similarly to ZO-1 gene expression level, we observed a slight increase in occludin gene 

expression level in HFD fed mice (only 4 weeks after hydrogel treatment) that was 

blunted by hydrogel diet supplementation; moreover, HFD 4% Gel B showed a 

downregulation of occludin gene expression when compared to HFD or chow mice 

(Figure 35b). 

Concerning claudin-1 and claudin-2 gene expression levels, we did not find relevant 

difference among groups, in most of the time points we analyzed (Figure 35c, d), with 

the exception of claudin-1 gene expression level after 12 weeks of hydrogel 

administration (Figure 35d): claudin-1 gene was upregulated in HFD fed mice compared 

to chow diet fed mice, while HFD 4% Gel B treatment reverted claudin-1 gene expression 

to level comparable to that of control chow mice (Figure 35c). 

No significant alterations in claudin-2 gene expression were observed among the groups 

at any of the analyzed time-points (Figure 35d). 

In conclusion, concerning TJ gene expression we recapitulated what we already found in 

the preventive experiment. Going further, we could speculate that HFD 4% Gel B in some 

way (e.g. through microbiota modulation) efficiently preserve ZO-1 protein level at the 

junctions – and perhaps other TJ proteins - such that upregulation at the gene level during 

HFD feeding is not required; nevertheless, how ZO-1 protein is modulated in the presence 

of Gel B requires further investigation. 
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Figure 35. Intestinal tight junction gene expression after therapeutic hydrogel 
supplemented diet administration. 

Relative gene expression levels of intestinal tight junction ZO-1 (a.), Occludin (b.), Claudin-1 (c.), 
Claudin-2 (d.); * p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, line at mean with 
SEM. 

 
Next, to determine whether improvement in intestinal epithelial ZO-1 expression after 

therapeutic hydrogel administration was also associated to a functional amelioration of 

intestinal permeability, we performed 4 kDa FITC-Dextran permeability assays after 12 

weeks of HFD feeding (before hydrogel treatment) and after 4 weeks and 12 weeks of 

hydrogel treatment (Figure 36). 

As expected, after 12 weeks of HFD mice showed an augmented translocation of 4kDa 

FITC-dextran from the intestinal lumen to blood circulation, compared to standard diet 

fed mice, indicating that alteration of intestinal epithelial permeability occurred in these 

mice (Figure 36a). After 4 weeks of therapeutic hydrogel administration HFD 2% and 

4% Gel B mice showed a slight amelioration in intestinal permeability compared to HFD-

fed mice (Figure 36b), which was stronger after 12 weeks of therapeutic hydrogel 

administration, at which permeability to 4 kDa FITC-dextran was blocked by both doses 

of the hydrogel (Figure 36c). However, chow fed mice, at these time points, showed levels 

of intestinal 4 kDa FITC-dextran permeability comparable to those of HFD fed mice; we 

hypothesized that this phenomenon could be dued to the occurrence of aging-related 

intestinal barrier alterations. 
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Overall, these data show that the hydrogel is able to target intestinal epithelial barrier, 

improving tight junctions and intestinal permeability altered by HFD feeding. We 

concluded that the hydrogel acts directly or indirectly (through the microbiota) on the 

intestine, both preventing and treating intestinal epithelial barrier alterations induced by 

an unhealthy dietary regimen rich in fats. 

 
 

 
Figure 36. Therapeutic hydrogel administration improves intestinal barrier 
permeability. 

After 4-6 hours of morning fasting mice were gavaged with 10 mg of 4kDa FITC-Dextran, after 4 
hours blood was collected from the tail vain and plasma FITC-Dextran was measured using CLARIO 
Star plate reader; a. 4kDa FITC-Dextran permeability levels after 12 weeks of HFD-feeding (before 
Gel B administration) expressed in fold change of chow; c. 4kDa FITC-Dextran permeability levels 
after 4 weeks of feeding with hydrogel supplemented-HFD expressed in fold change of chow; d. 4kDa 
FITC-Dextran permeability levels after 12 weeks of feeding with hydrogel supplemented-HFD 
expressed in fold change of chow (* p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey post-test, 
line at mean with SEM). 
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7. Hydrogel dietary supplementation prevents and improves HFD – 

induced metabolic endotoxemia 

 
As previously mentioned, HFD-induced metabolic alterations are believed to be 

associated with low-grade inflammation that in turn contributes to the onset of 

metabolic disease201. Bacterial product translocation from gut lumen to blood 

circulation (generally referred to as endotoxemia) are considered the culprits of this 

low-grade inflammation. Recently, gut microbiota-derived lipopolysaccharide (LPS) 

has been identified as a factor involved in the onset and progression of inflammation 

associated to metabolic diseases80,97. On the other hand, it has been reported  the 

occurrence of LPS tolerance in both obese and T2 diabetic humans202 and rats203. This 

phenomenon is promoted by adiponectine, whose levels are reduced in obesity, which 

in turn boosts the pro-inflammatory responses due to obesity-associated endotoxemia204  

As impaired gut permeability must be involved in the translocation of microbial 

molecules, we wanted at first to assess if endotoxemia was induced after short-term HFD 

feeding and whether hydrogel diet supplementation was able to prevent LPS 

translocation, likely through the improvement of intestinal permeability. 

We measured circulating LPS levels after 2 and 4 weeks of feeding with HFD: an increase 

in circulating LPS levels was detectable already after 2 weeks of feeding with HFD 

(Figure 37a), as well as after 4 weeks (Figure 37b). Nevertheless, hydrogel diet 

supplementation was able to prevent LPS translocation induced by HFD both after 2 and 

4 weeks of feeding (Figure 37a,b). 

Prevention of LPS translocation was accompanied by improvement of intestinal barrier 

permeability and expression of tight junction protein ZO-1 at both time-points (as 

previously shown), underling a direct effect of the hydrogel on intestinal barrier 

tightening. 
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Figure 37. Short term feeding with hydrogel supplemented diet prevents 
lipopolysaccharide (LPS) translocation in blood circulation. 

a. circulating LPS levels measured after 2 weeks of feeding. b. circulating LPS levels measured after 
4 weeks of feeding line at mean with SEM; 4-5 mice per group). 

 

Since the hydrogel was able to efficiently prevent the onset of metabolic endotoxemia 

after short term HFD, likely through an improvement in gut barrier tightness and 

permeability, we were interested in recapitulating the effect of hydrogel supplementation 

on endotoxemia after long term HFD-feeding. 

We first wanted to assess the existence of a link between intestinal barrier perturbations, 

LPS translocation and the development of obesity-related metabolic alterations in our 

preventive murine model shown in Experimental scheme 2. 

Mice fed a HFD for 18 weeks showed higher levels of serum LPS, indicative of metabolic 

endotoxemia. Interestingly, hydrogel supplementation fully protected animals from LPS 

translocation. Indeed, mice fed a hydrogel supplemented diet showed circulating LPS 

levels comparable to those of aged-matched mice fed with standard chow diet (Figure 

38).  

Therefore, preventive hydrogel supplementation during long term HFD-feeding was able 

to block the occurrence of metabolic endotoxemia through preservation of intestinal 

barrier integrity and permeability.  
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Figure 38. Hydrogel diet supplementation prevents endotoxemia induced by 18 
weeks of high fat diet feeding. 

Circulating LPS levels measured after 18 weeks of feeding with LFD, HFD, HFD 2% Gel B and HFD 
4% Gel B compared to standard chow diet (* p<0,5; **p<0,01; ***p<0,001 one-way ANOVA Tukey 
post-test, line at mean with SEM). 

 

The effect of the hydrogel on LPS translocation was rather strong and led us to 

hypothesize that the same could have happened in the therapeutic experiment. We hence 

measured serum LPS levels in mice before and after 12 weeks of hydrogel therapeutic 

administration (Experimental scheme 3). 

Mice fed with HFD displayed an increase in serum LPS already after 12 weeks of HFD 

feeding; this trend was maintained till 24 weeks of feeding when compared to control 

(chow fed) mice. After 12 weeks of hydrogel treatment both HFD 2% Gel B and HFD 

4% Gel B treated mice displayed a reduction in circulating LPS levels and consequent 

endotoxemia when compared to chow diet and HFD fed mice (Figure 39). In particular 

hydrogel supplementation at both concentrations, was able to maintain circulating LPS 

concentration stable in time, to levels comparable to those of mice fed for 12 weeks  with 

HFD (before Gel B). Indeed, mice fed with both chow and HFD showed an increase in 

serum LPS after additional 12 weeks of feeding. 

Taken together, the data suggest that the action of the hydrogel on intestinal permeability 

is key for counteracting HFD-induced LPS translocation, a hallmark of metabolic 

endotoxemia. This could be one of the mechanisms through which the hydrogel is able to 

prevent major metabolic alterations linked to endotoxemia and consequent low-grade 

inflammation. 
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Figure 39. Effects of therapeutic hydrogel administration on endotoxemia. 

Circulating LPS levels measured respectively before Gel B administration (12 weeks HFD) and after 
12 weeks of therapeutic Gel B administration (line at mean with SEM, 5-8 mice per group). 
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8. Hydrogel diet supplementation modifies gut microbiota composition 

and partially prevents HFD induced dysbiosis 
 

Alterations in gut microbiota, increased intestinal permeability and endotoxemia are 

believed to play a role in the development of a chronic low-grade inflammatory state that 

in turn contributes to the development of obesity and associated chronic metabolic 

diseases205,206,207,208. In recent years, accumulating evidence suggest that HFD-induced 

metabolic disorders are associated with dysbiosis and modifications of gut microbiota 

composition209. However, mechanisms by which microbiota promotes metabolic 

alterations are still not well understood. To date, leading theories about the mechanisms 

include changes in signaling molecules released by bacteria in contact with local tissue 

or distant organs206 and increased energy harvesting by obesity associated gut 

microbiota210. Nevertheless, altered intestinal barrier and subsequent translocation of 

bacteria or bacterial products from altered intestinal microbiota is now regarded as an 

important mechanism associated with obesity211,189. Indeed, we have shown that 

modifications of intestinal permeability are mainly due to HFD-induced microbiota 

dysbiosis193. 

In order to study dysbiosis associated with the HFD (namely, the microbiota composition 

in HFD 45% fed mice) and to assess if the hydrogel was able to reshape the microbiota 

turning it into a “protective” one in the context of HFD, we performed the analysis of 

fecal samples harvested from the experiment described in experimental scheme 2 (i.e. the 

preventive experiment). More specifically, we analyzed fecal samples from individual 

mice fed for 18 weeks with LFD, HFD and HFD 2% Gel B and HFD 4% Gel B. Fecal 

samples were collected at basal and terminal time-points, and every four weeks 

throughout the experiment (Experimental scheme 2). Bacterial DNA was extracted and 

sequenced on Illumina’s Next Seq platform to perform microbiota analysis. 

Principal Coordinate Analysis (PCoA) of Bray Curtis dissimilarity (beta-diversity) 

highlighted a shift in gut microbiota composition between mice fed with and without 

hydrogel supplemented diets, independently from the type of diet (Figure 40). 

The Shannon index highlights a decreased heterogeneicity of community composition 

within individual samples (alpha-diversity) (Figure 41). This indicates that the hydrogel 

per se stabilizes gut microbiota diversity. 

Firmicutes and Bacteroidetes are two major microbial phyla, dominant in the gut, 

and their ratio (F/B ratio) has been extensively correlated with obesity and other 

metabolic or systemic diseases212.  
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The microbiota associated to obesity is characterized by a reduced presence of taxa 

belonging to the Bacteroidetes phylum and a proportional increase in members of the 

Firmicutes phylum, revealing an association with a higher presence of enzymes for 

complex carbohydrate degradation and fermentation 129. 

Evaluation of the mean relative abundance of phyla per group revealed an alteration of 

Firmicutes/Bacteroidetes ratio with a significant increase of the Firmicutes and decrease 

of the Bacteroidetes in mice fed with either LFD or HFD, already after one month of 

feeding. Hydrogel supplementation bluntsed alterations of this ratio (Figure 42), 

suggesting that it can prevent HFD-induced dysbiosis. 

Moreover, mice fed with LFD and HFD, but not hydrogel treated mice, displayed an 

increase in Actinobacteria, which are known to be associated with obesity213. 

Furthermore mice fed with hydrogel supplemented HFD show an increase in Alistipes a 

species associated to a better success in weight loss in obese humans214, together with an 

increase in Verrucomicrobia (Figure 42), in particular Akkermansia genera (Figure 43). 

Akkermansia is a member of the Verrucomicrobia known to be inversely associated to 

obesity, diabetes and low-grade inflammation in humans215. 

Overall, these data show that the hydrogel administration can modulate the gut 

microbiota, preventing those microbiota alterations and dysbiosis typical of HFD and 

western dietary habits. 

 

 

 
 

Figure 40. Hydrogel diet supplementation modifies gut microbiota composition. 

Principal Coordinates Analysis (PCoA) of Bray-Curtis dissimilarity for all fecal samples highlighting 
hydrogel diet supplementation; no Gel B in red, 2% Gel B in green and 4% Gel B in blue. 
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Figure 41. Hydrogel diet supplementation stabilizes gut microbiota diversity. 

Alpha diversity analysis, as a measure of community composition within individual samples; 
observed species plotted by sample with outliers marked as individual points. Estimated marginal 
means was used to determine significant differences between diets and between time-points. 

 

 
 

Figure 42. Mean relative abundance of phyla per group in mice fed with hydrogel 
supplemented diet. 
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Figure 43. Mean relative abundance of genera per group in mice fed with hydrogel 
supplemented diet. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 97 

DISCUSSION 
 

 
In the last two decades, several reports have shown a correlation between intestinal 

permeability impairment and the development of obesity216,80,207, T2D205,217and 

NAFLD75,84. Moreover, it has been recently reported that gut barrier disruption, induced 

by gut microbiota dysbiosis, is a prerequisite for NAFLD development193. However, the 

association between metabolic disorders and malfunctioning of the intestinal barrier is 

poorly understood218. Alterations of intestinal microbiota, intestinal epithelial barrier, and 

consequent translocation of bacteria and bacterial endotoxins have been strictly correlated 

to the onset of obesity and its associated metabolic disorders. This highlights the central 

role of the intestine in the development of metabolic diseases80,197,152. Even though the 

precise mechanisms t the base of intestinal barrier dysfunction accompanying these 

disorders remain unknown, there is enough evidence for considering the intestine an 

attractive target for the treatment and prevention of obesity and its associated co-

morbidities. 

The superabsorbent hydrogel, produced by Gelesis and used in this work, was designed 

to hydrate in the stomach and to exert its function throughout the gastro-intestinal tract. 

Phase I clinical trials demonstrated hydrogels capacity to control obesity-associated 

alterations, like body weight gain and blood glucose levels, in overweight and obese 

patients162. Indeed, in the GLOW (Gelesis Loss of Weight) study, hydrogel treatment 

induced greater weight loss over placebo of 2.1% . And 59% of the hydrogel-treated 

patients achieved a weight loss ≥ 5% and 27% of the patients achieved ≥ 10%. 

Furthermore, patients with prediabetes or drug‐naive type 2 diabetes had a six times 

higher probability of achieving ≥ 10% weight loss162. Therefore, we wanted to better 

characterize the mechanism of action of this hydrogel, intensely focusing on its activity 

on the intestine. In particular, we wanted to understand how the hydrogel, by targeting 

the gastro-intestinal tract, turned out to be successful in weight management and glycemic 

control in obese patients. 

First, we assessed the effects of hydrogel administration in a mouse model of diet-induced 

obesity. Through long term feeding with a 45% fat HFD, we were able to recapitulate, in 

mice, typical alterations occurring in overweight and obese pre-diabetic individuals, who 

showed the best response to hydrogel treatment162. Hydrogel-supplemented HFD 

administration prevented body weight gain, adipose tissue deposition, and adipocyte 

hypertrophy, together with liver triglyceride accumulation (an early alteration in NAFLD 

development). Hydrogel administration also had an impact on glucose homeostasis and 
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insulin sensitivity, which are usually impaired in T2D and NAFLD219. Thus, preventing 

mice from developing insulin resistance. 

Similarly to the preventive regimen, therapeutic administration of the hydrogel in mice 

pre-fed a HFD (for 12 weeks, to make them obese and pre-diabetic) successfully led to 

significant dose-dependent body weight reduction (respectively 5 and 10% of basal), 

already after 4 weeks of treatment; of note, weight control lasted for over additional 8 

weeks of therapy. Body weight decrease mainly happened via adipose tissue size 

reduction; indeed, adipose tissue enlargement is one of the first modifications induced by 

overfeeding in the weight gain processes220. We hence speculated that one of the primary 

mechanisms through which the hydrogel controls body weight is acting on visceral 

adipose tissue reserves, possibly affecting nutrient absorption and calorie intake, directly 

or indirectly; further studies are required to assess this point. In parallel, the amelioration 

of parameters related to glycemic control and insulin resistance could be explained, at 

least in part, by body weight loss. Nonetheless, other mechanisms are likely contributing 

to this phenotype. In particular, insulin resistance involves different organs221 and has 

been recently linked to altered intestinal immunity and gut microbiota222,223,224, both of 

which are primary targets of the hydrogel. 

Conversely, therapeutic administration of the hydrogel had a mild effect on liver steatosis, 

which did not resolve completely, but it did not progress either in hydrogel treated 

animals (12 weeks of treatment). Of note, differently from humans, animals were not 

subjected to a concomitant reduction in caloric intake (animals were fed a HFD for the 

entire experiment), known to be the first line of intervention in the treatment of obesity 

and NAFLD/NASH225,226; we can speculate that a longer period of hydrogel 

administration is required to have a stronger impact on liver fat clearance in mice 

continuously fed a HFD. Interestingly, our data suggest that hepatic triglyceride clearance 

is presumably partly independent from body weight loss and white adipose tissue 

reduction. 

Notably, hydrogel prophylactic administration (but not the therapeutic one) was 

associated with higher circulating levels of GLP-1 in mice. GLP-1 is an incretin hormone 

that stimulates insulin release and inhibits glucagon secretion from the pancreas in 

response to food ingestion, also affecting gastric emptying227, and its activity is known to 

be impaired in obese and diabetic subjects228. GLP-1R agonists have recently been 

proposed as a therapeutic strategy for obesity and T2D, but are known to frequently 

induce side effects mainly at gastro intestinal level229. In addition, inhibitors of GLP-1 

degradation are promising oral hypoglycemic candidates230,231. Even though GLP-1 
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levels were not assessed in humans undergoing 24 weeks of hydrogel treatment162, these 

preclinical data suggest that the hydrogel could be a safer alternative strategy to modulate 

GLP-1 levels in obese and pre-diabetic patients. 

Overall, the data we obtained strongly support that hydrogel administration induces a 

reduction in body weight and adiposity, paralleled by an amelioration in insulin and 

glucose homeostasis, in both preventive and therapeutic setting, mainly recapitulating the 

effects observed in human patients162.  

Since our data were fully consistent with those obtained in the clinic, we identified our 

diet-induced obesity model (45% fat HFD) as the most valuable to further investigate the 

mechanisms of action of the hydrogel in the intestine, its main target tissue. Alteration of 

intestinal barrier integrity and function have been extensively associated with the 

development of obesity and metabolic syndrome216,232,188,155. Indeed, intestinal barrier 

integrity is guaranteed through cell-cell junctions; in particular, tight junctions (TJ) 

protein, like occludin, claudins, and zonula occludens-1, are crucial players in the 

maintenance of epithelial barrier integrity, allowing transport of essential molecules and 

restricting the passage of harmful substances45. An imbalance in TJ levels, localization, 

or function leads to a compromised barrier selectivity and augmented permeability; these 

are common phenomena in a variety of pathological conditions, like IBD233,234 , 

obesity235, and metabolic disorders86, despite the lack of a well-demonstrated causal 

relationship42. 

We hence hypothesized that the hydrogel exerted its beneficial effects at least in part, 

directly interacting with the intestinal mucosa, through the reinforcement of the intestinal 

barrier function, by mainly acting on epithelial tight junctions. Indeed, in long-term HFD 

experiments, both prophylactic and therapeutic hydrogel administration restored HFD-

induced intestinal barrier impairment. Mice fed with hydrogel supplemented HFD 

displayed an improvement in intestinal epithelial ZO-1 protein expression whereas 

localization of ZO-1 at the TJ was strongly decreased -if not even under the detection 

limit- upon long term high-fat diet feeding. Interestingly, the rescue in ZO-1 levels at TJ 

of the intestinal barrier was paralleled by a reduction of barrier permeability (which was 

increased in HFD-fed mice), to a level equal to that of healthy mice. We can speculate 

that the amelioration in glycemic control and hepatic triglyceride accumulation in obese 

mice treated with the hydrogel is partly due to the restoration of the intestinal epithelial 

barrier function. Notably, the positive effect of the hydrogel on intestinal permeability 

and ZO-1 levels was observed also in short-term HFD fed mice, suggesting that the 

hydrogel efficiently prevented the development of HFD-induced alterations at its earliest 
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stages, together with obesity/metabolic alterations occurrence. This is particularly 

relevant for developing a potential intervention aimed at preventing or treating 

pathologies strictly associated to unhealthy dietary habits at their early stage of 

development. In addition, the hydrogel could be a valuable tool to better investigate early 

HFD-induced alteration onset and its link with intestinal barrier function. 

Subsequent events following intestinal barrier impairment leading to the development of 

obesity and metabolic disorders are still unclear. Recent reports have shown a correlation 

between intestinal barrier leakiness, translocation of bacteria and/or bacterial products, 

and the onset of low-grade inflammation, which is believed to be at the base of metabolic 

disorder pathogenesis80,152,97.  

Emerging evidence from mouse models suggests that leaky gut promotes the 

translocation of bacterial endotoxins, fueling low-grade inflammation which in turn 

drives insulin resistance152, white adipose tissue inflammation153 together with hepatic 

steatosis236,193. 

Hydrogel HFD supplementation either prevented intestinal shortening or recovered 

intestine length, a hallmark of HFD-induced systemic low-grade inflammation174,172. 

Accordingly, the translocation of LPS into the blood circulation as a result of HFD 

feeding was prevented upon hydrogel administration, with the highest efficiency in the 

preventive regimen. These data fully agree with reports showing that bacterial LPS 

released by gram-negative bacteria can translocate from the gut lumen into the circulation 

when the intestinal barrier is damaged; in turn, circulating LPS can trigger an 

inflammatory response in distant organs237. Moreover, P.Cani and colleagues have 

demonstrated that exposure to a high-fat diet increases systemic endotoxin 

concentration80 and that mice infused with similarly low levels of LPS show an increase 

of fasted glycemia and insulinemia, as well as whole-body, liver and adipose tissue 

weight increase to a similar extent as in HFD fed mice152. We must highlight that 

therapeutic administration of the hydrogel required a longer time to reach a block in LPS 

translocation, despite fully restoring intestinal barrier function: we could speculate that 

endotoxin clearance form blood circulation occurs quite after intestinal barrier closure. 

Taken together, the data let us to conclude that the hydrogel, by restoring intestinal barrier 

permeability through TJ reinforcement, was able to counteract LPS translocation and 

subsequent low-grade inflammation promoted by HFD feeding97. In other words, 

inhibiting intestinal barrier impairment in turn would block LPS translocation, preventing 

endotoxemia and high fat diet-induced low-grade inflammation, which have a well-
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established contribution to the pathophysiological processes underlying obesity, insulin 

resistance onset and steatohepatitis97. 

However, the mechanisms at the base of high-fat-induced low-grade inflammation and 

the role of intestinal barrier leakiness in the development of obesity and related metabolic 

disorders are still unclear45,189; interestingly, a link with the gut microbiota has been 

postulated238 and obesity and metabolic disorders have been extensively associated to 

intestinal microbiota dysbiosis129,132,239. We hence hypothesized that the mechanisms of 

action of the hydrogel in the intestine partially rely on the modulation of the microbiota, 

which is known to influence both intestinal barrier and metabolic pathways. It has been 

reported that the microbiota can influence the integrity of the intestinal epithelium, which 

in turn affects gut barrier function and intestinal permeability240. Several reports have 

associated gut microbiota modifications and intestinal barrier perturbations with the onset 

of intestinal diseases as IBD, IBS, and celiac disease74,197. Of note, the causal relationship 

between the pathophysiological changes in the gut epithelium and altered gut microbiota 

(dysbiosis), and the onset of obesity have been suggested241.  

However, how dysbiosis, in diet-induced obesity, alters epithelial integrity is still an area 

of active investigation. Gut bacterial signals (mainly SCFA) are critical in regulating key 

barrier components and dysbiosis is characterized by selection for distinct types of 

bacteria, which may alter metabolite production as well as intestinal barrier and immune 

function242. The most compelling evidence for a pivotal role of the gut microbiota in the 

homeostasis of different organs and regulation of many metabolic pathways is mainly 

represented by experiment of Fecal Microbiota Translocation (FMT). It has been reported 

that the transfer of gut microbiota of lean and obese mice in healthy recipients led to the 

development of the metabolic features of the donors243,244. In a human study, the transfer 

of intestinal microbiota via duodenal tube from lean donors to recipient patients with 

metabolic syndrome resulted in an increase in insulin sensitivity within 6 weeks245. 

Furthermore, the transfer of opportunistic pathogens isolated from the gut of obese 

humans resulted in obesity in germ-free mice246. Indeed, the gut microbiota has an 

important role in the regulation of fat storage247, increasing energy harvesting, and 

modulating storable fat synthesis248. In addition, gut microbiota accounts for the 

production of different compounds (i.e. LPS), that once absorbed into the systemic 

circulation are likely to contribute to the development of obesity-related alterations, 

increasing both tissue inflammation and insulin resistance153. So far, obesity-associated 

modifications of gut microbiota are mainly characterized by a reduction in diversity, 



 102 

which in turn reduces metabolic energy consumption in comparison with that of the 

microbiota of lean individuals249.  

To shed light on hydrogel mechanism of action in the intestine and to assess if this 

involves a reshaping of the gut microbiota previously altered by HFD, we performed gut 

microbiota analysis of feces collected from mice preventively treated with hydrogel 

supplemented diets. We observed a decreased heterogenicity of community composition 

within individual samples (alpha-diversity) together with a shift in gut microbiota 

composition (beta-diversity) between mice fed with the hydrogel supplemented diets and 

those fed with diets lacking the hydrogel, independently from the type of diet (chow or 

HFD. As expected, after HFD feeding Firmicutes/Bacteroidetes ratio was altered (as in 

obese subjects 250,251) with a significant increase of the Firmicutes and decrease of 

the Bacteroidetes in mice fed with either LFD or HFD, already after one month of 

feeding. Hydrogel supplementation was able to prevent the reversal of F/B ratio. In 

addition, mice fed with LFD and HFD, but not hydrogel treated mice, displayed an 

increase in Actinobacteria, which are known to be associated with obesity213. 

Interestingly, mice fed with hydrogel supplemented HFD displayed a microbiota enriched 

in Alistipes, associated to successful weight loss in obese humans post dietary and 

lifestyle interventions214. Furthermore, hydrogel diet supplementation induced an 

enrichment in Verrucomicrobia, in particular in Akkermansia genera. Several studies 

provided evidence for a negative correlation between Akkermansia muciniphila 

abundance and overweight, obesity and type 2 diabetes147. A recent study from P.Cani 

and his research group146 showed that three months of administration of A. muciniphila, 

as either live or pasteurized bacteria, improved insulin sensitivity and reduced 

insulinemia in obese patients, while decreasing body weight and fat mass, compared to 

the placebo group.  

We concluded that the hydrogel can preserve a “healthy” gut microbiota, i.e. having a 

composition similar to that of a physiological one, and, more interestingly, to induce the 

expansion of species that have been reported to be beneficial for an intact metabolic 

function (i.e. Akkermanisa muciniphila). We can also speculate that the hydrogel-shaped 

microbiota is a key factor for intestinal epithelial barrier function and, in the future, this 

could be eventually demonstrated with FMT experiments. 

Targeting microbiota may represent new avenues for therapeutic interventions aimed at 

preventing or treating metabolic disorders; hydrogel supplementation could be used as a 

non-invasive strategy to both increase A.muciniphila abundance in gut microbiota and 
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revert HFD-induced gut dysbiosis, both elements participating in obesity and metabolic 

syndrome development. 

Together our data demonstrate that hydrogel administration can prevent and treat obesity-

related metabolic alterations, controlling body weight, adipose tissue deposition, insulin 

sensitivity, and liver steatosis. These beneficial effects are mediated by the direct action 

of the hydrogel on the intestine, which modulates nutrient absorption and intestinal 

permeability. Hydrogel supplementation protects the intestinal epithelial barrier, by 

increasing TJ expression and improving barrier permeability, both in healthy and obese 

mice. Importantly, the hydrogel prevents HFD-induced dysbiosis which precludes the 

translocation of bacterial antigens towards metabolically active tissues (i.e. adipose 

tissue, liver) and, consequently, the resulting chronically inflammatory state. This in turn 

prevents impairment of metabolic functions such as insulin resistance, hepatic fat 

deposition, and excessive adipose tissue storage. 

In light of our results, we postulated that the modulation of the intestinal barrier could be 

the first event occurring upon hydrogel administration. This modulation can rely on two 

non-mutually exclusive mechanisms: directly, through the interaction of the hydrogel 

with the intestinal mucosa or indirectly, by hydrogel-induced gut microbiota 

modifications. 

To better understand the existence of a link between hydrogel induced gut microbiota 

modification and improvement in intestinal permeability, we would like to evaluate: first, 

the effect of therapeutic hydrogel administration on the intestinal microbiota to 

comprehend whether the hydrogel can revert HFD induced dysbiosis together with the 

induction of an expansion of beneficial species as Akkermansia muciniphila. 

Second, we would like to perform FMT (Fecal Microbial Transplantation) experiments 

to assess whether microbiota derived from animals receiving hydrogel supplemented 

diets is able to transfer the hydrogel effects on the intestinal barrier. In which case, this 

will prove an indirect link between hydrogel administration, gut microbiota modulation, 

and improvement of the intestinal barrier.  

Further investigation is required to complete our understanding of the mechanism of 

action of the hydrogel in obesity and its related co-morbidities.  

However, our work shows the potential of using the Gelesis hydrogel in the treatment of 

obesity and metabolic disorders as an effective, natural, and non-invasive therapeutic 

tool. 
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Figure 44. Proposed working model 

Hydrogel administration can prevent and treat obesity-related metabolic alterations, controlling body 
weight, adipose tissue deposition, insulin sensitivity, and liver steatosis. These beneficial effects are 
mediated by hydrogel’s activity on the intestine. Hydrogel supplementation protects the intestinal 
epithelial barrier, by increasing TJs expression, improving barrier permeability and preventing HFD-
induced dysbiosis; precluding, in turn, the translocation of bacterial antigens towards metabolically 
active tissues (i.e. adipose tissue, liver) and, consequently shielding from the resulting chronically 
inflammatory state. This, in turn, prevents impairment of metabolic functions such as insulin 
resistance, hepatic fat deposition, and excessive adipose tissue storage. 
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APPENDIX 
 

Ex-vivo preservation of intestinal tissue homeostasis depends on hydrogel elastic 
properties  
 

In this work, we demonstrated the efficacy of a naturally-derived superabsorbent 

hydrogel in the prevention and treatment of obesity and its associated metabolic disorders.  

The hydrogel, designed by Gelesis, takes inspiration from some basic compositional and 

structural features of raw vegetables, which are known to be beneficial in weight 

management. Vegetables, indeed, are rich in water (about 75-95%), with insoluble 

cellulose being the main load-bearing fiber of the plant cell wall.  

The hydrogel Gel B was designed to mimic mechanical and structural properties of high 

fiber vegetables, with specific reference to their dynamic-mechanical elasticity. Clinical 

evidence, indeed, showed that the physical form of food, (i.e. the structural or textural 

properties), play an important role in satiety enhancement. Due to the presence of both 

soluble and insoluble dietary fibers, ingested vegetables behave as semisolids, thereby 

showing both viscous (i.e. liquid-like) and elastic (i.e. solid-like) mechanical 

properties252. 
With these considerations in mind, Gelesis designed a platform of superabsorbent 

hydrogels with different elastic properties (stiffness), defined by the elastic modulus G’, 

based on the ability to absorb more or less water. 

Therefore, we tested in an ex-vivo organ culture system whether differences in the elastic 

or solid-like properties of the hydrogel could have a different impact on the maintenance 

of intestinal tissue homeostasis. 
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Materials and Methods 
 

1. Ex Vivo Organ Culture (EVOC) 

In order to investigate whether Gel B with different elasticity may affect the maintenance 

the structure of  intestinal mucosa, we performed an ex vivo organ culture of colon tissues 

explanted from 8 to 12 weeks old healthy C57BL6/J male mice (n=6) (Charles River 

Laboratories), as previously described253. 

All experiments were performed in accordance with the guidelines established in the 

Principles of Laboratory Animal Care (Directive 2010/63/EU). The clean mucosal layer 

was washed in Dulbecco’s Modified Eagle Medium (DMEM) containing 15% fetal 

bovine serum (FBS), glutamine (2mM), epidermal growth factor (200 ng/ml, Peprotech) 

and Insulin-Transferrin-Selenium-X (10 μl/ml, Gibco) and cut with sterile scalpels into 1 

cm2 pieces. A cave cylinder (borosilicate cloning cylinder, 6x6mm for mouse samples, 

BellCo) was glued with surgical glue (Vetbond, 3M, Milan, Italy) on the apical face of 

the mucosa.  

The mucosa was then placed on a sterile metal grid, previously washed in FBS, in a center 

well organ culture dish (BD Falcon) and 1 mL of DMEM containing 15% FBS, 

glutamine, epidermal growth factor (200 ng/ml, Peprotech) and Insulin-Transferrin-

Selenium-X (10 μl/ml, Gibco) was used to fill the center of the plate. Upon mucus 

reconstitution (1 hour at 37°C), colon tissues were incubated with Gel B (Figure 46b), 

differing for their elasticity, for 2 hours at 37°C. More precisely, Gel B samples were 

previously hydrated in PBS at 37°C for 30 minutes; then, colon tissues were placed in 

contact with the different compounds (filling the cave cylinder), only from the side which 

is normally exposed to the intestinal lumen. While, PBS and medium treated tissues were 

used as negative and positive controls, respectively. Upon incubation, tissues were fixed 

and embedded in paraffin to obtain tissue sections. Sections were hence stained with 

Alcian Blue/PAS (to visualize the mucus and mucus-secreting cells) or with Ki67 

antibody (to detect cell proliferation), as briefly described in the following. 
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Figure 45. Ex-Vivo Organ Culture (EVOC) system 

2. Carnoy’s and PFA fixation  

To preserve mucus layer, half of the tissue was fixed in Carnoy’s fixative (Ethanol, Acetic 

Acid Glacial, Chloroform 6:1:3). After 2 hours of fixation, tissues were transferred in 

absolute ethanol and kept at +4°C for at least 72 hours, processed and paraffin embedded. 

To preserve the tissue structure to perform histological analysis, half of the tissue was 

fixed in PFA 4% (Paraformaldehyde). After overnight fixation, tissues were transferred 

in ethanol 70% and kept at +4°C for at least 72 hours, processed and paraffin embedded. 

3. Alcian Blue-PAS mucus staining  

Tissues were then stained using Alcian Blue-PAS ready to use staining kit (NovaUltraTM 

Alcian Blue/PAS Stain Kit, IHC WORLD) following provider’s instructions. Alcian blue 

will stain strongly acidic mucins in blue, PAS (Periodic Acid Solution and Schiff 

Reagent) will stain neutral mucins in magenta. Mixtures of both acidic and neutral mucins 

are stained blue purple. 

4. Immunohistochemistry for Ki67 

Immunohistochemistry for Ki67 was performed on 4% PFA fixed paraffin-embedded 

tissues. Tissue sections were deparaffinized in histolemon and hydrated through graded 

alcohol series. Antigen unmasking was performed using Tris-EDTA pH 9 at 95°C for 50 

minutes, followed by quenching of endogenous peroxidases using 3% H2O2. Sections 

were then incubated with primary rabbit polyclonal antibody against Ki67 (ab15580, 

ABCAM) for 2 hours at room temperature and with secondary antibody ready to use 

(DAKO Envision system HRP rabbit) for 20 minutes at room temperature.  
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Tissue sections were then washed and incubated with peroxidase (DAB, DAKO) solution. 

Slides were then counterstained with hematoxylin and dehydrated through graded alcohol 

series, washed in histolemon and mounted. Images were acquired using Olympus BX51 

Widefield microscope connected to a Nikon DS-5M camera. Ki67 staining was quantified 

by using ImageJ software and Immunoratio plugin. 

5. Statistical analysis 

All data were expressed as mean ± SEM, unless otherwise noted. Statistical significance 

was determined by using one-way ANOVA tests, and differences were considered to be 

significant when p value < 0.05. 
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Results 
 
We tested the ability of Gel B compounds having different elasticity, namely Gel B 01 - 

Gel B 04 (with Gel B 01 having the lowest and Gel B 04 the highest elasticity – Figure 

46b), to preserve colonic tissue structure and homeostasis in a model of ex-vivo organ 

culture (EVOC). EVOC system is an in-vitro model, previously developed in our 

laboratory253, allowing the maintenance of intestinal tissue polarization, thus making 

possible the evaluation of the effects of compounds specifically targeting the luminal side 

of the intestinal tissue. 

As anticipated, maintenance of intestinal tissue homeostasis is guaranteed by the presence 

of a multilayered system of defense, encompassing the mucus layer and the continuous 

process of renewal of intestinal epithelial cells. 

Specifically, we evaluated the ability of Gel B hydrogels having different elastic 

properties (G’-stiffness) to preserve tissue integrity and homeostasis, by the assessment 

of gut mucus layer integrity, trough Alcian Blue staining, and of the tissue proliferative 

niche through IHC for Ki67 (a marker of proliferation), after 2 hours of incubation of 

colonic tissues with the different compounds. 

From our analysis it emerged that the mucus layer was better preserved when colon tissue 

samples were incubated with Gel B 02 or Gel B 03, in a way comparable, or even better, 

than the medium - our positive control (Figure 46 a,c). 

Conversely, GelB01 and GelB04 failed in maintaining mucus integrity, similarly to PBS 

(Figure 46c), our negative control. In this regard, it is worth recalling that PBS-swollen 

Gel B compounds  were used in the EVOC system, with PBS itself actually having a 

negative impact on the tissue structure. Therefore, we assumed that the effect of Gel B 

on the colonic mucosa was strictly related to its elastic properties, rather than its chemical 

nature. 

To assess the integrity of the proliferative compartment, which fuels epithelial cell layer 

renewal, we performed Ki67 staining to visualize proliferating nuclei. In the healthy 

mucosa, Ki67 positive cells are abundant solely at the base of the crypt, and Ki67 positive 

nuclei strongly decrease in damaged tissues. In agreement with the effect on the mucus 

layer, GelB02 and GelB03 performed better in preserving tissue proliferative ability, 

similarly to the medium (brown nuclei correspond to proliferating cells, Figure 46 a; total 

nuclei are counterstained with hematoxylin). Conversely, the number of Ki67 positive 

cells (proliferative cells) was lower in tissues exposed to GelB01 or GelB04, similarly to 

PBS (Figure 46a; the quantification of Ki67 staining is reported in Figure 46c).  
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Taken together, these data suggest that both GelB02 and GelB03 have the best physical 

properties (i.e. elasticity) required for intestinal mucosa homeostasis preservation in an 

ex vivo system.  

This suggests that the elastic properties of the hydrogel is also crucial for the maintenance 

of intestinal barrier health. 

Taking into account these results (and other in vivo data, i.e. paragraph 1 of Results), we 

used an hydrogel with elastic properties at the interface between Gel B 02 and Gel B 03 

in the in vivo experiments.. Of note, an excess of hydrogel inside the gut is able to mimic 

elastic properties and stiffness of compounds with higher stiffness, due to the absorption 

of a higher quantitative of water. In conclusion, tuning of both hydrogel’s elastic 

properties and dosages is essential to design the compound which allow optimal 

preservation of intestinal tissue function and homeostasis. 

 
Figure 46. Hydrogel stiffness impacts intestinal tissue homeostasis in ex-vivo organ 
culture (EVOC) 

a.Alcian Blue and Ki67 (in brown) staining of colon tissue sections. Colon tissue explants were 
incubated for 2 hours in an ex-vivo organ culture system with: PBS (negative control), medium 
(positive control) and Gel B with increasing stiffness from Gel B 01 (lowest stiffness) to Gel B 04 
(highest stiffness), scale bar 50 µm; b. Stiffness values expressed in G’ of the different Gel B variants 
tested in the EVOC system; c. Quantification of Ki67 proliferation marker, staining expressed as a 
percentage of Ki67 positive cells vs. nuclei positive area (* p<0,5; one-way ANOVA Tukey post-test, 
line at mean with SEM). 
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