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1. Tumor Necrosis Factor alpha (TNF-α) 
 

Tumor necrosis factor alpha (TNFα) is a pro-inflammatory cytokine implicated in 

the innate immune system and inflammation.  It was identified in 1975 as an 

endotoxin-induced glyco-protein, which caused necrosis of tumors in vitro (Carswell et 

al., 1975). In 1985, human TNF-α was cloned (Pennica et al., 1985).  

 
1.1. Synthesis and function 
 

Human TNF-α is codified by a single copy gene, with 4 exons and 3 introns, located 

in chromosome 6 (murine chromosome 17).  TNF-α is mainly produce by lymphocytes, 

monocyte/macrophage lineage, but it also can be produced by many other cell types 

during inflammatory processes (Bradley, 2008).  At the transcriptional level, TNF-α is 

regulated by several factors including nuclear factor kappa B (NF-κB) (Parameswaran & 

Patial, 2010). Human cells synthesize TNF-α as 233 amino acids transmembrane 

protein (mTNF) of 27 kDa (Parameswaran & Patial, 2010). The metalloproteinase 

tumor necrosis-α-converting enzyme (TACE), cleaves mTNF to release the 17 kDa 

soluble TNF (sTNF). Both mTNF and sTNF are biologically active and show 

autocrine/paracrine and endocrine effects, through the binding to Types 1 and 2 TNF 

receptors (TNFR1 and TNFR2) (Black et al., 1997; Cabal-Hierro & Lazo, 2012; Horiuchi 

et al., 2010; Parameswaran & Patial, 2010). 

The TNFRs have a similar extracellular ligand-binding domain, with cysteine rich 

subdomains. However, the intracellular domains of each TNFRs show no sequence 

homology and activate distinct signal transduction pathways (Bradley, 2008). 

Activation of TNFR1 and TNFR2 by TNF-α induces apoptosis, cell proliferation and 

cytokine production, including TNF-α itself, related with inflammation. TNF-α signaling 

pathway involves MAPKs phosphorylation and NF-κB activation (Cabal-Hierro & Lazo, 

2012; Horiuchi et al., 2010; Rossol et al., 2007) (Fig. 1).  
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Figure 1. Biology of transmembrane TNF-α (tmTNF) and soluble TNF-α (sTNF). Transmembrane TNF-α 
is a precursor form of soluble TNF-α that is expressed on TNF-α-producing cells as a homotrimer. After 
processing by TACE, soluble TNF-α is generated and binds to TNFR1 or R2. Transmembrane TNF-α also 
binds to TNFR1 and R2. Upon binding to TNF receptors, both transmembrane and soluble TNF-α 
mediate pleiotropic effects (apoptosis, cell proliferation and cytokine production). The remaining 
transmembrane TNF-α after cleavage with TACE is further processed by SPPL2b and the intracellular 
domain is translocated into the nucleus and is supposed to mediate cytokine production. (From Horiuchi 
et al., 2010). 

 
After trauma, infection or exposure to bacterial-derived LPS, TNF-α is rapidly 

released and activates pro-inflammatory cytokine cascade to induce inflammatory cells 

activation and recruitment. One of the most important cells attracted to the 

inflammatory site are macrophages, which destroy microbes and clean up cellular 

debris. TNF-α is implicated in the long-term survival, proliferation and differentiation 

of macrophages (Parameswaran & Patial, 2010). Macrophages also secrete pro-

inflammatory cytokines including TNF-α (Parameswaran & Patial, 2010). Resolution 

phase of inflammation implicates apoptosis of inflammatory cells and their 

efferocytosis by phagocytes. At that point, the presence of TNF-α reduces efferocytosis 

delaying the resolution phase of inflammation and exacerbating chronic inflammatory 

conditions (Michlewska et al., 2009).  
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1.2. TNF-α and related pathologies 
 

As mentioned, TNF-α is critical in the normal physiological response to infection, 

injury, burn, etc. In the situations in which the inflammatory response is not properly 

controlled and therefore, the resolutive phase does not start, chronic inflammation 

appears with high production of TNF-α (Bradley, 2008). Thus, rheumatoid arthritis (RA) 

is characterized by synovial inflammation of joints accompanied with joint destruction 

and functional disability. TNF-α is an important mediator in local joint damage and 

systemic bone loss in RA (Manara & Sinigaglia, 2015). Psoriasis is a skin disorder 

produced by inflammatory cell infiltrate in which high levels of TNF-α, TNFR1 and 

TNFR2 are found. TNF-α is involved in both the initial phase and the chronic phase of 

psoriasis (Bradley, 2008; Grine et al., 2015). Heart contains resident macrophages 

which produce TNF-α in response to infection, endotoxemia, ischemia and reperfusion, 

burn trauma, clinical myocardial infarction and cardiopulmonary bypass. The 

cardiovascular effects of TNF-α are characterized by decreased myocardial contraction 

and reduced ejection fraction. Patients with inflammatory disease show higher risk of 

cardiovascular disease development (Bradley, 2008; Ferrari, 1999). TNF-α is also 

implicated in chronic bronchitis, chronic obstructive pulmonary disease, acute 

respiratory distress syndrome and asthma (Bradley, 2008). 

Inflammatory bowel disease (IBD) is characterized by chronic inflammation of the 

gastrointestinal mucosa due to a dysregulation of the immune system (Tabas & Glass, 

2013). During intestinal inflammation, TNF-α is produced by invading immune cells in 

the intestinal epithelium (Roulis et al., 2011). This cytokine modulates mucus 

secretion; tight-junction disruption; and survival, death, and proliferation intracellular 

signaling cascades; epithelial wound healing and interaction between enterocytes and 

immune cells (Leppkes et al., 2014; Fig. 2). TNF-α also affects the expression and 

activity of many nutrients and electrolytes transporters (Barrenetxe et al., 2013; 

Bertolo et al., 2002; Bradley, 2008; Foley et al., 2007; Sharma et al., 2005; Tabas & 

Glass, 2013).  
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Figure 2. TNF-α role on intestinal inflammation. The intestinal barrier is breached in the context of 

inflammation. Cellular mechanisms targeted by TNF-α are depicted including alteration of paracellular 

permeability and TNF-α-induced cell death. Immune cell attraction is actively controlled by cytokine and 

chemokine cross-talk. TNF-α contributes to modified mucus secretion by increasing expression of 

polymeric immunoglobulin receptor (pIgR) and Muc2 gene, which is necessary for the transcytosis of 

secretory IgA into the mucus. (Modified from Leppkes et al. 2014). 

 

1.3. Anti-TNF-α drugs 
 

The blockage of TNF-α has been proved to be effective in the control of different 

inflammatory diseases. Therefore, biological drugs such as monoclonal antibodies have 

been developed to target TNF-α (Table 1). Nevertheless, studies show that around 30-

40% of the patients do not improve after the therapy. In other cases, loss of response 

may occur over time (Argollo et al., 2017; Bradley, 2008). 

 
Table 1. Anti-TNF-α drugs (Argollo et al. 2017). 

 

Anti-TNF-α drug Active principle Disease treatment

Infliximab Chimeric monoclonal antibody IgG1 (mouse/human) IBD, psoriasis, ankylosing spondylitis, RA

Adalimumab Human monoclonal antibody IgG1 RA, IBD, psoriasis, ankylosing spondylitis

Certolizumab Human Fab fragment conjugated with polyethylene glycol RA, psoriasis, ankylosing spondylitis

Golimumab Human monoclonal antibody IgG1 RA, ankylosing spondylitis

Etanercept Fusion protein of TNFR2 and IgG1 Fc component RA, psoriasis, ankylosing spondylitis

Rituximab Monoclonal antibody IgG1 (mouse/human) RA
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2. Intestine  
 

The intestine is the largest physical and biochemical barrier between the organism 

and the external environment. It is particularly adapted to maintain the homeostasis 

between microbial colonization and the risk of infection and inflammation (Peterson & 

Artis, 2014). Special structural features of the small intestine facilitate the process of 

digestion and absorption. These features include circular folds, villi and microvilli. The 

villi are finger-like projections of the mucosa that are surrounded by opening of 

glandular structures called crypts of Lieberkuhn. The cells lining the villi are responsible 

for nutrients and electrolytes absorption, whereas the crypt cells participate in 

secretion. The intestinal cells are continuously renewed by pluripotent intestinal 

epithelial stem cells allocated in the crypts. The most abundant cells on the villi are the 

absorptive cells called enterocytes (Peterson & Artis, 2014; Shaker et al., 2010). 

Enterocytes are attached to their neighboring cells by tight junctions and placed on the 

lamina propria. They are polarized cells with two specialized and differentiated 

membranes, the apical membrane with numerous microvilli forming the “brush 

border”, and the basolateral membrane. Each membrane contains a different 

population of transporters to allow the absorption process from the lumen to the 

blood.   

 
2.1. Intestinal absorption 
 

Intestinal absorption of sugars and amino acids from the diet occurs through the 

transcellular pathway. This implies the existence of a variety of membrane 

transporters with different location (apical or basolateral), kinetic characteristics, 

substrate selectivity and Na+ dependence.  

 
2.1.1. Sugar absorption 

 
SGLT1 

The sodium glucose cotransporter SGLT1 is the major glucose transporter in the 

apical membrane of enterocytes. It was the first eukaryote cotransporter to be cloned 

(Hediger et al., 1989). It belongs to the SLC5 gen family of membrane transporters 

(member SLC5A1). SGLT1 contains 664 amino acid residues arranged in 14 trans-
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membrane α-helices (Wright et al., 2004) with a molecular weight of 75 kDa (Wright et 

al., 2011). It is a high affinity (K0.5 ~0.5-1 mM) glucose and galactose transporter, 

specifically inhibited by phlorizin (Díez-Sampedro et al., 2000). SGLT1 uses the 

electrochemical gradient of Na+ to transport glucose and galactose, with a 2:1 ratio, 

into the enterocytes against its concentration gradient. SGLT1 is also able to transport 

water and urea, coupled to Na+ and glucose during the transport cycle, suggesting and 

alternative function for SGLT1 in small intestine as water and urea transporter (Wright 

et al., 2011; Wright et al., 2004). 

 
GLUT2 

The facilitative glucose transporter member 2 (GLUT2) is a low affinity (K0.5 ~15-20 

mM) transporter for glucose, galactose, mannose and fructose, but a high affinity 

transporter for glucosamine (K0.5 ~0.8 mM) (Uldry & Thorens, 2004). GLUT2 belongs to 

the facilitative membrane transporter family SLC2 (member SLC2A2); it comprises 

~500 amino acid residues arranged in 12 transmembrane domains, and shows a 

molecular weight of ~60 kDa (Mueckler & Thorens, 2013). GLUT2 is expressed in the 

basolateral membrane of the enterocytes and is responsible of the downhill transport 

of glucose, galactose and fructose from the enterocytes to the blood. During 

postprandial periods, in which glucose concentration in the intestinal lumen increases, 

GLUT2 is recruited to the brush border membrane to facilitate the transport of sugars 

into the enterocytes without energy expenditure (Karasov, 2017; Kellett & Helliwell, 

2000).   

 
GLUT5 

The facilitative glucose transporter member 5, GLUT5 (SLC2A5) is a high affinity 

(K0.5 ~1.4 mM) fructose transporter, the major transporter for fructose across 

membrane.  It does not transport glucose or galactose (Douard & Ferraris, 2008). 

GLUT5 highest expression is found the small intestine. It is located in the brush border 

membrane where is in charge of fructose transport from the intestinal lumen into the 

enterocytes (Douard & Ferraris, 2008; Uldry & Thorens, 2004).   
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Figure 4. Diagram of sugar transport across the enterocyte. 

 

2.1.2. Glutamine absorption 

Glutamine (Gln) is the main energy source for the intestine, necessary for the 

maintenance of the gut barrier function and intestinal cell proliferation and 

differentiation (Chun et al., 1997). Gln is considered a semi-essential amino acid due to 

its high requirement in some physiopathological conditions as physical trauma, intense 

exercise, immune deficiencies or cancer. (Lenaerts et al., 2005). Over-expression of 

TNF-α in mice reduced intestinal barrier integrity, which was recovered by Gln 

supplementation (Noth et al., 2013). 

The main Gln transporters in the brush border of the small intestine are B0AT1 and 

ASCT2 (Romeo et al., 2006; Bröer, 2008). 

 
B0AT1 

The broad neutral amino acid transporter 1 (B0AT1) belongs to the SLC6 gene 

family of membrane transporters (member SLC6A19). It comprises 630 amino acids 

arranged in 12 transmembrane helices domains, with intracellular N- and C-termini, 
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and a molecular weight of 72 kDa (Margheritis et al., 2016). Human B0AT1 show a K0.5 

of 0.25 mM (Souba et al., 1992). It is a Na+-dependent transporter with a stoichiometry 

of 1Na:1Gln (Bröer et al., 2004).  B0AT1 needs the carboxypeptidase angiotensin-

converting enzyme 2 (ACE2) and collectrin (non-peptidase homolog of ACE2) as key 

regulators for the insertion in the membrane and function (Camargo et al., 2009; 

Fairweather et al., 2012; Kowalczuk et al., 2008). PKB/Akt up-regulates B0AT1 

increasing its expression in the membrane (Bogatikov et al., 2012). 

  
ASCT2 

ASCT2 is a Na+-dependent small neutral amino acid exchanger, whose three 

preferred substrates are alanine, serine and cysteine. Its expression is higher in the 

jejunum that in the duodenum (Bröer, 2008).  It belongs to the SLC1 gene family of 

membrane transporters (member SLC1A5). ASCT2 transports small amino acids with 

K0.5 of 20 µM. Glutamine transport and ASCT2 mRNA are upregulated by phorbol 

myristate (PMA) in Caco-2 cells involving stimulation of MAPK and PKC (Bröer, 2008). 

 
Figure 4. Diagram of glutamine transport in enterocytes (modified from Pochini et al., 2014). ASCT2: 

Na+-glutamine/neutral amino acids antiporter; B0AT1: Na+-glutamine co-transporter (electrogenic); 

SNAT5/7: Na+-glutamine/H+ antiporter (electroneutral); LAT1: Glutamine/large neutral amino acids 

antiporter; SNAT1/2: Na+-glutamine co-transporter (electrogenic). 

 
ASCT2 could also help to equalize neutral amino acid composition in epithelial 

cells, but ASC-like activity is only about 1/10 of system B0 activity in the intestine 

(Munck & Munck, 1999). 
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2.2. Intestine and inflammation 
 

Inflammation is a prototypical reaction of the immune system in response to 

tissue or cell damage, microbial attack or invasion, radiation, hypoxia, pH changes and 

other threats to tissue homoeostasis. However, the cause of inflammatory bowel 

disease (IBD) is diverse and not clearly identified.  IBD is characterized by chronic 

inflammation of the gastrointestinal mucosa, due to dysregulation of the immune 

system, with high concentrations of TNF-α (Tabas & Glass, 2013; Vitale et al., 2017). 

The major forms of IBD are ulcerative colitis (UC) and Chron’s disease (CD) (Tabas & 

Glass, 2013). Genome, diet and intestinal microbiota are implicated in the 

pathogenesis of IBD (Albenberg et al., 2012). Cytokines play a crucial role in this 

pathogenesis as they orchestrate many aspects of intestinal inflammation (Soufli et al., 

2016). Usually, after the inflammatory process, that includes neutrophils and 

macrophages infiltration, the resolution phase starts. In IBD that resolution phase fails. 

Moreover, there are more than 250 genetic susceptibility factors that increase the risk 

of IBD (Rogler, 2017). During intestinal inflammation, the expression and activity of 

many nutrients and electrolytes transporters can be modified (Barrenetxe et al., 2013; 

Bertolo et al., 2002b; Foley et al., 2007; Sharma et al., 2005), which may explain the 

characteristic malabsorption and diarrhea found in IBD patients. As a consequence, 

patients may lose weight and suffer from vitamins, micronutrients and protein 

deficiency (Hébuterne et al., 2009). In that line, we have previously demonstrated, in 

the human intestinal epithelial cell line Caco-2, that TNF-α inhibits αMG (a glucose 

analog) uptake by decreasing SGLT1 expression in the brush border membrane 

(Barrenetxe et al., 2013). 
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3. Adipose tissue 
 
Adipose tissue contains adipocytes as the major cell type, together with pre-

adipocytes, mesenchymal stem cells, macrophages and other immune cells. 

Adipocytes are classified in white adipocytes, which store energy in the form of 

triglicerydes, and brown adipocytes, which produce heat by uncoupling the respiratory 

chain. There is a third adipocyte category, the beige or brite adipocytes which can be 

considered inducible brown-like cells with thermogenic properties, found in white fat 

depots. White and beige adipocytes proceed from the same mesenchymal stem cells 

(Rodríguez et al., 2015). 

 
3.1. White adipose tissue (WAT) 

 

Mature white adipocytes (~70%), cells of the stromal vascular fraction (pre-

adipocytes, fibroblast, endothelial cells) and immune cells, such as macrophages or 

lymphocytes, conform white adipose tissue (WAT) (Scherberich et al., 2013). White 

adipocytes are cells with a peripheral nucleus, few mitochondria, thin cytoplasm and a 

big unilocular lipid droplet (Le Lay et al., 2009). The main function of white adipocytes 

is energy storage, lipolysis and secretion (Rodríguez et al., 2015). Thus, WAT is 

considered the main energy storage organ of the body, and also an endocrine organ 

since it secretes important regulatory molecules, the adipokines (Scherer, 2006). 

Adipokines are involved in the regulation of multiple metabolic functions including 

appetite, satiety, energy expenditure, insulin sensitivity and secretion, glucose and 

lipid metabolism and fat distribution, among others (Blüher, 2013). WAT is the main 

adipose tissue in adulthood and one of the largest organs. This organ has a highly 

variable weight between individuals. Changes on size (hypertrophy) and/or number 

(hyperplasia) of adipocytes are the main pathways to increase body fat accumulation 

(Rutkowski et al., 2015; Virtue & Vidal-Puig, 2010). However, body fat distribution is 

important. Central adiposity increases the risk of mortality, type 2 diabetes and 

cardiovascular disease (Farb & Gokce, 2015).  
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3.2. Obesity and intestinal inflammation 
 

Obesity is a low grade chronic inflammatory state where inflammation results in 

secondary diseases in the long run, and impacts the progression of other illnesses 

(Rocha & Folco, 2011). It was recognized as a disease in 1948 by the World Health 

Organization (WHO) (James, 2008). Actually, obesity has gained pandemic proportions 

(Rodríguez et al., 2015). Obesity is characterized by increase of body fat, defined as an 

excess of adiposity, associated with the onset of other pathologies, such as type 2 

diabetes, cardiovascular disease, rheumatoid arthritis and IBD (Rodríguez et al., 2015).  

During obesity, the excessive energy intake is accumulated in the adipocytes 

through hypertrophy and hyperplasia. In obesity, there is an altered secretory pattern 

with an increase in pro-inflammatory protein secretion, including monocyte 

chemoattractant protein-1 (MCP-1), IL-6 and TNF-α (Moreno-Aliaga et al., 2010; 

Weisberg et al., 2003). Moreover, T cells and macrophages activation and infiltration 

into the adipose tissue occurs (Kraakman et al., 2014). These activated macrophages 

form a crown-like structure surrounding the adipocytes (Cinti, 2002). Finally, this 

pathological condition can develop a chronic systemic inflammation (Moller, 2000).  

Obesity is associated with a worst diagnosis and development of IBD (Gonçalves et 

al., 2015; Max et al., 2013). Patients with IBD exhibit ectopic adipose tissue extending 

from the mesenteric depot along the intestinal surface. Dysfunctional inflamed 

mesenteric adipose tissue in obesity could also contribute to the chronic intestinal 

inflammation in IBD (Sideri et al., 2015). Independently of body weight, a characteristic 

hyperplasia of the mesenteric fat-tissue, called creeping fat, appear in IBD patients 

(Kredel & Siegmund, 2014). In normal to mildly overweight healthy women, it was 

found a positive association between visceral adiposity and intestinal permeability 

(Gummesson et al., 2011). Moreover, in obesity, high amount of pro-inflammatory 

adipokines, such as TNF-α, are secreted from the adipocytes and activates 

macrophages that produce intestinal inflammation (Moller, 2000). Also, it has been 

observed that TNF-α acts as link between obesity, insulin resistance and intestinal 

inflammation (Ding & Lund, 2011). 
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4. Macrophages 
 

Macrophages are derived from monocytes, a type of white blood cells (WBCs). 

Monocytes are characterized by small cytoplasmic granules, kidney-shape nucleus and 

a blue-gray cytoplasm due to azurophilic lysosomes. There are tissue resident 

macrophages but, under a pathogen stimulus, monocytes migrate from the blood into 

the tissues, where they enlarge and differentiate into macrophages. Macrophages 

destroy microbes and clean up cellular debris by phagocytosis after infection. 

Macrophages are classified as pro-inflammatory M1 macrophages and immuno-

modulatory M2 macrophages (Mantovani et al., 2013). During inflammation, M2 

macrophages are activated and switch to M1, which produces high amount of pro-

inflammatory cytokines. 

 

4.1. Macrophages and intestinal inflammation 
 

Macrophages are an important part of the innate immune system. Their role on 

intestinal mucosa is to remove debris, but they are also important in the 

pathophysiology of IBD (Bain & Mowat, 2014). In the small intestine, there are tissue 

resident M2 macrophages underneath the lamina propria (Mahida et al., 1989) that 

can be activated and recruited to the intestinal lumen in the inflammatory process. 

Also, M1 macrophages are recruited from blood circulation (Peluso & Palmery, 2016; 

Weisberg et al., 2003). The monocyte chemoattractant protein-1 (MCP-1) is related 

with the invading and differentiation of macrophages during IBD (Spoettl et al., 2006). 

Moreover, during intestinal inflammation disease, there is increased secretion of pro-

inflammatory cytokines such as TNF-α (Kamada et al., 2008; Schenk et al., 2007; Zareie 

et al., 2001). By contrast, in healthy intestinal mucosa, there is high number of M2 

type macrophages with tolerogenic and inflammation-resolving properties (Lissner et 

al., 2015; Zhu et al., 2014). 
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5. Omega-3 polyunsaturated fatty acids (n-3 PUFAs) 
 

The fatty acids contained in the diet are classified, attending to the number of 

double bound in the hydrocarbon chain, into saturated and unsaturated fatty acids. 

Saturated fatty acids do not contain double bonds in its chain. They are present in 

animal sources like meat. Unsaturated fatty acids are divided into monounsaturated 

(one double bond) and poly-unsaturated (more than one double bond) fatty acids. 

They are predominantly found in food derived from fish or plants such as olive oil, nuts 

and seeds.  

Long chain omega-6 polyunsaturated fatty acids (n-6 PUFAs) have the first double 

bound in the 6th carbon of their chains. They are considered to have pro-inflammatory 

properties. Arachidonic acid (AA, 20:4, n-6) is a precursor of pro-inflammatory 

eicosanoids in the body (Marventano et al., 2015).   

Long chain omega-3 polyunsaturated fatty acids (n-3 PUFAs) receive this name 

because the first double bond is allocated in the 3rd carbon of their chains. The major 

n-3 PUFAs contained in fish oil (marine origin) are eicosapentaenoic acid (EPA, 20:5 n-

3) and docosahexaenoic acid (DHA, 22:6 n-3). They can be found in salmon, tuna, 

mackerel and anchovy.  Alpha-linolenic acid (ALA, 18:3) is the most relevant n-3 PUFA 

from vegetal source (linseed, flaxseed oil, nuts). Since mammals cannot produce ALA, 

this is considered an essential fatty acid. After ALA is obtained from the diet, mammals 

can metabolize it to EPA and DHA. However, this rate of conversion is low and not 

enough to obtain the necessary levels of EPA and DHA for the organism; for that 

reason, it is required to obtain them from the diet (Burdge et al., 2002; Burdge & 

Wootton, 2002).  

Marine n-3 PUFAs have been widely recognized to exert favorable anti-

inflammatory actions on inflammatory-related pathologies such as cardiovascular 

diseases, atherosclerosis, Alzheimer disease, asthma, arthritis, obesity and intestinal 

inflammation (Calder, 2015; Lorente-Cebrián et al., 2013; 2015; Martinez-Fernandez et 

al., 2015). Nowadays, industrialized countries have increased the consumption of n-6 

PUFAs contained in vegetable oils, such as maize and sunflower oils (Blasbalg et al., 

2011). However, the increase n-3 PUFA:n-6 PUFA, ratio protects against the 

development of IBD (Ananthakrishnan et al., 2014; Pai et al., 2014; Tjonneland et al., 
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2009). Different international organizations have recognized n-3 PUFAs beneficial 

actions of reducing hypertriglyceridemia and cardiovascular risk (Kris-Etherton et al., 

2003; Lavie et al., 2009; Mozaffarian & Wu, 2011). Based on that, the Food and 

Agriculture Organization (FAO) recommends a daily intake of 250 to 500 mg of EPA and 

DHA in healthy adults to prevent diseases (European Food Safety Authority, 2009; FAO, 

2010); and the American Heart Association recommends 2-4 g/day of EPA and DHA 

supplements for hypertriglyceridemia treatment (Bradberry & Hilleman, 2013; Kris-

Etherton et al., 2003).  

 
5.1. EPA 

 

Eicosapentaenoic acid (EPA) is a marine n-3 PUFA (20:5, n-3) (Fig. 5) (Brinton & 

Mason, 2017) that was identified in 1952 (Klenk & Bongard, 1952). EPA has beneficial 

actions in obesity and insulin resistance by reducing TNF-α gene expression and 

increasing adiponectin secretion by adipocytes (Pérez-Matute et al., 2007; Pérez-

Echarri et al., 2008; 2009). In humans, EPA supplementation also regulates the 

production of important adipokines, such as leptin, and adipose tissue gene expression 

(Huerta et al., 2015; 2016; 2017). In a rat IBD model, PUFA-rich diet ameliorates 

inflammation (Hassan et al., 2010; Mbodji et al., 2013). Also, EPA has beneficial effects 

in other pathologies, such as cardiovascular disease, hypertriglyceridemia, gestational 

diabetes and osteoporosis (Breslow, 2006; Kruger et al., 1998; Patel & Budoff, 2016; 

Yessoufou et al.,  2015).  

 

5.2. DHA 
 

Docohexaenoic acid (DHA) is a marine n-3 PUFA (22:6, n-3) (Fig. 5) (Wright et al., 

1987). In 1953, Hammond and Lundberg firstly purified DHA and determined its 

structure. Later, in 1960, the metabolic pathway of DHA conversion from ALA was 

determined (Klenk & Mohrhauer, 1960).  
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Figure 5. Pathway of the biosynthesis of EPA and DHA (modified from Serham 2013). 

 
Several beneficial actions has also been reported for DHA on inflammatory diseases 

such as obesity, intestinal inflammation, cardiovascular disease and Alzheimer 

(Horrocks & Yeo, 1999; Swanson et al., 2012; Yurko-Mauro et al., 2010). DHA is the 

main structural fatty acid of the membranes in the central nervous system (Lauritzen 

et al. 2016). Moreover, DHA increase on membrane fluidity is higher than that 

produced by EPA (Hashimoto et al., 1999). In this sense, it has been hypothesized that 

the incorporation of DHA-rich domains into the plasma membrane would be 

responsible, in part, of the health benefits from dietary consumption of DHA (Wassall 

& Stillwell 2008) 

 

5.3. GPR120 
 

GPR120, also known as free fatty acid receptor 4, is a cell-surface receptor, 

member of the G protein-coupled receptors (GPCRs) superfamily, which can bind 

unsaturated medium-to long chain fatty acids (Hirasawa et al., 2005; Ichimura, Hara & 

Hirasawa, 2014). GPR120 is widely expressed in several organs, including intestine, and 

it is involved in several homeostatic functions such as inflammation, glucose 

homeostasis and insulin sensitivity (Ichimura, Hara & Hirasawa, 2014). It has been 
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observed that the anti-inflammatory effects of EPA and DHA are mediated by GPR120 

acting as a sensor/receptor (Oh et al., 2010). Thus, it has been proved that GPR120 

stimulation by n-3 PUFAs inhibits inflammatory responses mediated by TNF-α (Calder, 

2015; Oh & Lagakos, 2011). Nevertheless, EPA and DHA might act through three 

possible alternative mechanisms: 1) binding and activation of GPR120; 2) interfering 

with early membrane events involved in other receptors activation; 3) diffusing 

through the membrane and activation of PPAR-γ (Calder, 2015). 

 

5.4. n-3 PUFAs and inflammation 
 

There are strong evidences that n-3 PUFAs have anti-inflammatory properties by 

decreasing anti-inflammatory cytokines synthesis, stimulating M1 switch into M2 

macrophages, reducing n-6 derived metabolites and promoting the formation of pro-

resolutive lipid mediators (Barbalho et al., 2016; Calder, 2013; Martínez-Fernández et 

al., 2015).   

In adipocytes, n-3 PUFAs down-regulate the production of pro-inflammatory 

adipocytokines including MCP-1, IL-6 and TNF-α, and induce the release of anti-

inflammatory ones (Ding et al., 2014; Figueras et al., 2011; Kalupahana et al., 2010; 

Kang & Weylandt, 2008; Pérez-Echarri et al., 2008; Rossmeisl et al., 2012; Sato et al., 

2010). Also, n-3 PUFAs reduce leukocyte chemotaxis (Todoric et al., 2006) and 

decrease macrophage infiltration and activation. In Caco-2 cells and a mice colitis 

model, it was observed that DHA decreased NF-κB activation, which is involved in TNF-

α signaling pathway (Anbazhagan et al., 2016; Zhao et al., 2017). In IL‐10 KO mice 

(spontaneous model of colitis) feeding with fish oil significantly reduced colonic 

inflammation (Chapkin et al., 2007). EPA and DHA reduce production of arachidonic 

acid-derived pro-inflammatory lipid mediators (Corey et al., 1983; González-Périz & 

Clària, 2010; Hudert et al., 2006; Needleman et al., 1979). Furthermore, n-3 PUFAs can 

be enzymatically converted into specialized pro-resolving lipid mediators (SPMs) within 

the organism (Poulsen et al., 2008; Serhan & Chiang, 2009; Serhan, 2007).   
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6. Specialized Pro-Resolving Lipid Mediators (SPMs) 
 

EPA and DHA serve as substrates for the formation of specialized pro-resolving 

lipid mediators (SPMs), with potent anti-inflammatory and pro-resolving properties, 

namely resolvins (Rv), maresins (MaR) and protectins (PD). These bioactive lipid 

mediators are classified depending on their precursor. The E-series Resolvins (RvE1-3) 

derive from EPA and the D-series Resolvins (RvD1-6), Protectins (NPD1 and PDX), and 

Maresins (MaR1-2) derive from DHA (Serhan, 2014). These SPMs are produced by 

oxidation, epoxidation and peroxidation through 5-, 12- and 15- lipoxigenase (LOX) and 

the cyclooxygenase-2 (COX2) (Serhan, 2007) (see Fig. 6). T-series Resolvins derive from 

the n-3 PUFA docosapentaenoic acid (DPA), after aspirin or atorvastatin stimulation 

(Dalli et al., 2015; Dalli et al., 2013). Interestingly, the n-6 PUFA arachidonic acid, which 

is known to have pro-inflammatory actions, also serves as substrate for lipoxins, that 

promote resolution of inflammation (Börgeson et al., 2015). 

 
Figure 6. Human SPM biosynthetic routes from EPA and DHA (modified from Martínez-Fernández et 

al. 2015). 
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6.1. MaR1 
 

“Macrophage mediator in resolving inflammation” 1 or MaR1, derives from DHA via 12-

LOX through macrophages participation (Fig. 7). MaR1 is the first member of the maresin 

family identified. It was discovered in mouse peritonitis exudates during the resolution of the 

inflammation (Serhan et al., 2009). Maresins have been predominantly detected as products 

synthetized by monocytes/macrophages upon acute inflammatory response and related with 

strong anti-inflammatory effects and potent pro-resolutive actions (Serhan et al., 2009), 

although they have pro-healing properties too (Serhan et al., 2012; Tang et al., 2013). MaR1 

has also been found in joints synovial fluid from rheumatoid arthritis patients  (Serhan & 

Chiang, 2013) and in a murine model of acute respiratory distress syndrome (Abdulnour et al., 

2014).  

 

 
Figure 7. Maresin 1 biosynthetic pathway (modified from Serhan, 2017). 

 
6.1.1. MaR1 and inflammation 

 

Preclinical studies have reported important beneficial effects of MaR1 on 

inflammatory processes in endothelial cells, lung, brain, gut, kidney, liver and adipose 

tissue (Abdulnour et al., 2014; Chatterjee et al., 2014; Gong et al., 2014, 2015; Laiglesia 

et al., 2017-J Cell Physiol; 2017-Int J. Obesity; Li et al., 2016; Martínez-Fernández et al., 

2017; Nordgren et al., 2015; Serhan et al., 2012; Viola et al., 2016; Wang et al., 2016). 

MaR1 mechanism of action includes decreasing neutrophil infiltration, increasing 

macrophage phagocytosis, inhibiting NF-κB activation as well as limiting pro-

inflammatory cytokines production, among others (Chatterjee et al., 2014; Dalli et al., 

2016). 

Interestingly, MaR1 seems to have a role in hemostasis, since a recent study has 

proved that it enhances the spreading and aggregation of platelets. These effects 

suggest that MaR1 promotes a favorable scenario for wound healing (Lannan et al., 

2017). In relation with these data, it has been demonstrated that the production of 
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MaR1 by macrophages reduce the regeneration time and pain in mice (Serhan et al., 

2012). Given the importance of tissue regeneration in different diseases, it may be 

hypothesized that MaR1 would have an important function in wound healing as other 

SPMs such as RvD1-2 (Spite et al., 2014; Tang et al., 2013).  

A recent study from our group has shown that MaR1 improve insulin sensitivity 

and attenuate WAT inflammation in obese mice (Martínez-Fernández et al., 2017), 

suggesting that MaR1 might be an attractive therapeutic approach to counteract the 

dysfunctional inflamed WAT and the subsequent insulin resistance associated to 

obesity. In this context, MaR1 was able to ameliorate TNF-α-induced alterations on 

lipolysis and to reduce autophagy in 3T3-L1 adipocytes and liver steatosis (Laiglesia et 

al., 2017a, 2017b). In a mice model of colitis, MaR1 treatment improved the mucosa 

barrier due to reduction on pro-inflammatory markers (including TNF-α) and inhibition 

of NF-κB pathway (Marcon et al., 2013). Remarkably, Caco-2 cells exposed to LPS can 

also produce MaR1 (Le Faouder et al., 2013). 

 

6.2. Resolvins (RvD1 and RvD2) 
 

Resolvins are defined by their potent actions as bioactive local mediators 

(autacoids). RvD1 and RvD2 received the name from resolvins of the D series 1 or 2 

(Serhan, 2007). Resolvins means resolution-phase interaction products. The name 

makes reference to biomolecules that are endogenous mediators, synthesized during 

the resolution phase of inflammation, that have potent anti-inflammatory and 

immunoregulatory actions (Serhan et al., 2002). Their functions include reduction of 

neutrophil traffic, cytokine synthesis and reactive oxygen species production, and  

induction of M1 macrophages differentiation towards M2 phenotype,(Serhan, 2007). 

Efferocytosis increases SPM biosynthesis, including RvD1 and RvD2 (Norling et al., 

2012). RvD1 and RvD2 modulate inflammatory pain (Xu et al., 2010). GPR32 acts as 

RvD1 receptor (Spite et al., 2014) and GPR18 as RvD2 receptor (Figure 8, Chiang et al., 

2017). 
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6.2.1. Resolvins and inflammation 

 
Resolvins and SPMs are locally produced and act as autacoids to terminate acute 

inflammatory responses, but circulating levels of these molecules at the concentration 

ranges for anti-inflammatory and pro-resolving actions, have been found (Mas et al., 

2012). RvD1 reduces neuroinflammation produced in Alzheimer's disease through 

GPR32 (Mizwicki et al., 2013). It also reduces immune cells infiltration and promotes 

M1 macrophages switch to M2 in smoke-induced lung inflammation mice (Titos et al. 

2011; Hsiao et al., 2013). Intravenous administration of RvD1 and RvD2 to a mice 

model of colitis, reduces pro-inflammatory cytokines secretion in the gut (Bento et al., 

2011). Interestingly, Lee et al. (2017) found, in intestinal mucosa of mice with induced-

colitis, increased levels of RvD1, together with decreased levels of its precursor DHA, 

suggesting initiation of healing by endogenous lipids.  

RvD1 promotes the secretion of anti-inflammatory cytokines in human visceral 

adipose tissue from obese subjects (Titos et al., 2016). In obese mice with non-

alcoholic steatohepatitis, RvD1 increases the hepatic resolution process by reducing 

the inflammatory component (Rius et al., 2014). RvD1 and RvD2 also counteract both 

local pro-inflammatory adipokine production and monocyte accumulation in obesity-

induced adipose tissue inflammation (Clària et al., 2012).  
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Figure 8. RvD1 and RvD2 in inflammatory resolution (modified from Chiang & Serhan, 2017; Spite et 

al., 2014).  
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1. Justification for the study 
 

Tumor necrosis factor alpha (TNF-α) is a pro-inflammatory cytokine 

produced by activated T-lymphocytes and macrophages that acts by binding to 

its receptors TNFR1 and TNFR2. This binding induces the activation of the 

nuclear factor NF-κB which, in turn, stimulates the production of other 

cytokines, including TNF-α itself (Rossol et al., 2007). This cytokine is implicated 

in numerous diseases with an inflammatory component, as inflammatory 

bowel disease (IBD) and obesity (Argollo et al., 2017; Peluso & Palmery, 2016).   

The Inflammatory Bowel Disease (IBD) is characterized by chronic 

inflammation of the gastrointestinal mucosa due to a dysregulation of the 

immune system (Tabas & Glass, 2013). High concentration of TNF-α is involved 

in the pathogenesis of intestinal inflammation (Vitale et al., 2017; Tabas & 

Glass, 2013).  

Obesity is a low grade chronic inflammatory state, responsible for 

secondary diseases and the progression of other illnesses (Rocha & Folco, 

2011). Dysfunctional inflamed mesenteric adipose tissue in obesity could also 

contribute to the chronic intestinal inflammation in IBD (Sideri et al., 2015). 

Increase of pro-inflammatory cytokines expression has been found in a colitis 

mice model supplemented with high fat diet (Teixeira et al., 2011).  

During the triggering of intestinal inflammation, different mediators induce 

the switch of tissue-resident M2 macrophages into pro-inflammatory M1 

macrophages (Mahida et al., 1989; Peluso & Palmery, 2016; Labonte et al., 

2014) and M1 macrophages infiltration. In turn, M1 macrophages secrete pro-

inflammatory cytokines, including TNF-α (Kamada et al., 2008; Schenk et al., 

2007; Zareie et al., 2001). Obesity would impact the intestinal function  through 

the recruitment and activation of pro-inflammatory macrophages (Neuman, 

2007; Nishimura et al., 2009). 

Marine omega-3 polyunsaturated fatty acids (n3-PUFAs) show anti-

inflammatory actions on inflammatory-related pathologies such as 

cardiovascular diseases, atherosclerosis, obesity and colitis (Calder, 2015; 

Lorente-Cebrián et al., 2013; 2015; Martínez-Fernández et al., 2015). 
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Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the main n-3 

PUFAs in fish oil (Calder, 2013). Thus, an alternative or complementary 

treatment for IBD therapy is the supplementation of the diet with n-3 PUFAs 

(Neuman & Nanau, 2012; Stewart et al., 2011). Moreover, fish oil 

supplementation improves intestinal integrity in LPS-induced intestinal injury, 

by reducing TNF-α expression (Liu et al., 2012). N-3 PUFAs serve as substrates 

for the formation of specialized pro-resolving lipid mediators (SPMs) with 

potent anti-inflammatory and pro-resolving properties, namely maresins 

(MaR), resolvins (Rv) and protectins (PD) (Chatterjee et al., 2014; Serhan, 2007; 

Bento et al., 2011). 

In the enterocytes, glucose is actively transported by the Na+/glucose 

cotransporter SGLT1. Glutamine, an essential amino acid for the maintenance 

of the gut barrier function and the intestinal cell proliferation (Chun et al., 

1997), is mainly transporter by the Na+-dependent glutamine transporter B0AT1 

(Pochini et al., 2014). 

During intestinal inflammation, nutrients and electrolytes malabsorption 

may occur in relation to alterations on the expression and activity of their 

intestinal transporters (Powel, 1990; Bertolo et al., 2002; Foley et al., 2007; 

Sharma et al., 2005). We have previously demonstrated, in the human 

intestinal epithelial cell line Caco-2, that TNF-α inhibits αMG transport by 

decreasing SGLT1 expression in the brush border membrane (Barrenetxe et al., 

2013). 

 

2. Hypothesis 
 

Based on the mentioned observations, the hypothesis of the present 

Doctoral Thesis was double: 1) That omega-3 fatty acids and its specialized pro-

resolving lipid mediators can counteract TNF-α-induced inhibition of nutrients 

intestinal transport, acting from the apical membrane of the enterocytes; 2) 

That basolateral TNF-α, in relation with obesity, can inhibit nutrients transport 

and induce its own expression in the enterocytes.  

 



Hypothesis and aims 

 

51 

 

3. Objectives 
 

The specific objectives to demonstrate the working hypothesis were the 

following: 

1. To study the ability of EPA to block apical TNF-α-induced inhibition of sugar 

uptake in Caco-2 cells, as well as to investigate the potential involvement 

of ERK1/2, AMPK and GPR120 in the EPA blocking effect (Chapter 1).  

2. To investigate the potential blocking effect of DHA and its derived lipid 

mediators, MaR1, RvD1 and RvD2 on apical TNF-α-induced inhibition of 

sugar and glutamine uptake in Caco-2 cells (Chapter 2). 

3. To investigate the possible effect of basolateral TNF-α on sugar and 

glutamine uptake and the regulation of pro-inflammatory protein genes in 

Caco-2 cells (Chapter 3). 

4. To study the potential basolateral effect of secreted medium from 

adipocytes of lean, overweight and morbidly obese subjects and 

macrophages on sugar uptake in Caco-2 cells, and its relation with the 

regulation of pro-inflammatory protein genes (Chapter 3). 

5. To investigate the effect of diet induced obesity on intestinal sugar 

transport and on pro-inflammatory protein genes expression in jejunal 

mucosa (Chapter 2 and 3).  
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1. Justificación del estudio 
 

El factor de necrosis tumoral alfa (TNF-α) es una citoquina pro-inflamatoria 

producida por linfocitos T activados y macrófagos, que actúa uniéndose a sus 

receptores TNFR1 y TNFR2. Esta unión induce la activación del factor nuclear 

NF-κB que, a su vez, estimula la producción de otras citoquinas, incluyendo el 

propio TNF-α (Rossol et al., 2007). Esta citoquina está implicada en numerosas 

enfermedades con un componente inflamatorio, como la enfermedad 

inflamatoria intestinal (EII) y la obesidad (Argollo et al., 2017; Peluso & 

Palmery, 2016).  

La enfermedad inflamatoria intestinal  se caracteriza por una inflamación 

crónica de la mucosa gastrointestinal debida a una desregulación del sistema 

inmune (Tabas & Glass, 2013). Concentraciones altas de TNF-α están implicadas 

en la patogénesis de la inflamación intestinal (Vitale et al., 2017; Tabas & Glass, 

2013). 

La obesidad es un estado inflamatorio crónico de bajo grado responsable 

de la aparición y progresión de otras enfermedades (Rocha & Folco, 2011). El 

tejido adiposo mesentérico inflamado disfuncional en la obesidad también 

podría contribuir a la inflamación intestinal crónica en la EII (Sideri et al., 2015). 

Así, en un modelo de ratón con colitis suplementado con una dieta rica en 

grasas se ha observado un aumento de la expresión de citoquinas pro-

inflamatorias (Teixeira et al., 2011).  

Durante la inflamación intestinal, diferentes mediadores estimulan la  

transformación de los macrófagos M2, residentes bajo la mucosa intestinal, a 

macrófagos pro-inflamatorios M1 (Mahida et al., 1989; Peluso & Palmery, 

2016; Labonte et al., 2003), así como la infiltración de macrófagos M1. Éstos, a 

su vez, secretan citoquinas pro-inflamatorias incluyendo TNF-α (Kamada et al., 

2008; Schenk te al., 2007; Zareie et al., 2001). La obesidad puede afectar a la 

función intestinal a través del reclutamiento y activación de macrófagos pro-

inflamatorios (Neuman, 2007, Nishimura et al., 2009). 

Los ácidos grasos poliinsaturados omega-3 (n-3 PUFAs) de origen marino 

muestran acciones antiinflamatorias sobre patologías relacionadas con la 
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inflamación como enfermedades cardiovasculares, aterosclerosis, obesidad y 

colitis (Calder, 2015, Lorente-Cebrián et al., 2013; 2015; Martínez-Fernández et 

al., 2015). El ácido eicosapentaenoico (EPA) y el ácido docosahexaenoico (DHA) 

son los principales n-3 PUFAs en el aceite de pescado (Calder, 2013). Por lo 

tanto, un tratamiento alternativo o complementario para la terapia contra la EII 

es la suplementación de la dieta con n-3 PUFAs (Neuman & Nanau, 2012; 

Stewart et al., 2011). De hecho, la suplementación con aceite de pescado 

mejora la integridad intestinal alterada por LPS, por disminución de la 

expresión de TNF-α (Liu et al., 2012). Los n-3 PUFAs sirven como sustratos para 

la formación de mediadores lipídicos pro-resolución (SPMs), con potentes 

propiedades antiinflamatorias y pro-resolutivas llamados maresinas (MaR), 

resolvinas (Rv) y protectinas (PD) (Chatterjee et al., 2014; Serhan, 2007; Bento 

et al., 2011). 

En los enterocitos, la glucosa es transportada activamente por el 

cotransportador de Na+/glucosa SGLT1. La glutamina, un aminoácido esencial 

para el mantenimiento de la función de barrera intestinal y la proliferación de 

las células intestinales (Chun et al., 1997), es principalmente transportada por 

el transportador de glutamina dependiente de Na+ B0AT1 (Pochini et al., 2014). 

Durante la inflamación intestinal, puede producirse malabsorción de 

nutrientes y electrolitos en relación con alteraciones en la expresión y actividad 

de sus transportadores intestinales (Powel, 1990; Bertolo et al., 2002; Foley et 

al., 2007; Sharma et al., 2005). En la línea de celular enterocitaria humana 

Caco-2, hemos demostrado previamente que el TNF-α inhibe el transporte de 

αMG al disminuir la expresión de SGLT1 en la membrana del borde de cepillo 

(Barrenetxe et al., 2013). 
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2. Hipótesis 
 

En base a las observaciones mencionadas, la hipótesis del presente trabajo 

doctoral fue doble: 1) Que los ácidos grasos omega-3 y sus derivados lipídicos 

pro-resolutivos pueden contrarrestar la inhibición inducida por TNF-α sobre el 

transporte intestinal de nutrientes, actuando desde la membrana apical de los 

enterocitos; 2) Que el TNF-α basolateral, en relación con la obesidad, puede 

inhibir el transporte de nutrientes e inducir su propia expresión en los 

enterocitos. 

 

3. Objetivos 
 

Los objetivos específicos para demostrar la hipótesis de trabajo fueron los 

siguientes: 

1. Estudiar la capacidad del EPA para bloquear la inhibición de la captación de 

azúcar en células Caco-2 inducida por TNF-α apical, así como investigar la 

posible implicación de ERK1/2, AMPK y GPR120 en los efectos bloqueantes 

del EPA (Capítulo 1).  

2. Investigar el potencial efecto preventivo del DHA y sus derivados lipídicos, 

MaR1, RvD1 y RvD2, sobre la inhibición de la captación de azúcar y 

glutamina en células Caco-2 inducida por TNF-α apical (Capítulo 2). 

3. Investigar el posible efecto del TNF-α basolateral sobre la captación de 

azúcar y glutamina y la regulación de genes de proteínas pro-inflamatorias 

en células Caco-2 (Capítulo 3). 

4. Estudiar el potencial efecto basolateral de medios secretados por 

adipocitos provenientes de sujetos delgados, con sobrepeso y obesos 

mórbidos, así como de medios secretados por macrófagos, sobre la 

captación de azúcar en células Caco-2, y su relación con la regulación de 

genes de proteínas pro-inflamatorias (Capítulo 3). 

5. Investigar el efecto de la obesidad inducida por la dieta sobre el transporte 

intestinal de azúcar y la expresión de proteínas pro-inflamatorias en la 

mucosa de yeyuno (Capítulos 2 y 3). 
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1. Cell culture 

 
1.1. Caco-2 cells 

 
The epithelial colorectal adenocarcinoma cell line (Caco‐2) clone PD7 was kindly 

donated by Dr. Brot‐Laroche (INSERM, UMR S 872, Centre de Recherches de 

Cordeliers, Paris).  These cells grow as a monolayer with enterocytes morphology and 

phenotype, and strong tight junctions between adjacent cells (Natoli et al., 2012). 

Caco-2 cells present low glucose metabolism, low glycogen content and high 

expression of metabolic enzymes and membrane transporter, in both apical and 

basolateral membranes (Mahraoui et al., 1994; Zweibaum, 1993). 

 
1.1.1. Passage and cell culture 

Caco-2 cell line was maintained in the laboratory with Dubelcco's Modified Eagle 

medium (DMEM (1X) + GlutaMAX, Gibco) supplemented with 10% fetal bovine serum 

(FBS, Gibco), 1% non-essential amino acids (MEN eagle NEAA 100X, LONZA), 1% 

penicillin (10,000 U/ml)–streptomycin (10,000 µg/ml) (Gibco) and 1% amphotericin B 

(250 µg/ml, Gibco). For storage, cells were diluted in culture medium supplemented 

with 10 % dimethyl sulfoxide (DMSO) (Sigma) at a concentration of 1-1.5 million cells 

per tube, and frozen in an ultra-low temperature freezer (-140 °C model; Sanyo).  

For the experiments, cells were rapidly thawed to avoid possible cellular damage 

by DMSO, and transferred into a 25 cm2 surface plastic flask (Costar) with 5 mL of fresh 

culture medium. They were maintained in a CO2 incubator (MCO-18 AIC UV; Sanyo) at 

37 °C with 5 % CO2, 95 % O2 and 90 % of relative humidity. The medium was changed 

every 2-3 days until the cells reached 80 % cellular confluence in the flask (3-5 days).  

Next, cells were dissociated with 0.5 mL of a trypsin-EDTA solution (Composition 

in g/L: trypsin 5, EDTA 2 and NaCl 8.5 (Gibco BRL) without Ca+2 and Mg+2, previously 

warmed at 37°C. After 5 min in the CO2 incubator, the reaction was stopped by adding 

fresh culture medium; the cellular suspension was homogenized, and the cells were 

counted in a Neubauer’s chamber of 0.1 mm3 depth.  
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The number of cells/mL was calculated applying the following formula:   

 

 

v = Counted cell volume that is equal to 0.1 mm3 or 10-4 mL.  

n = Average of the cells number counted in at least four fields of the chamber.  

 
Once this value was calculated, the cells were seeded in 25 cm2 flasks at a density 

of 200,000 cells per cm2, in order to maintain cell culture. 

Uptake experiments in Caco-2 cells were performed in cells seeded, at a density of 

60,000-200,000 cells per cm2, on 24-well plates, 12-well plates or 12-well insert plates 

(TranswelTM Costar). The insert consists on a support contained a polycarbonate 

membrane (filter) of 12 mm of diameter, an area of 1 cm2 and micropores of 0.4 µm. 

The insert placed in the well allows to distinguish between apical and basal sides (Fig. 

9). 

 

Figure 9. Caco-2 culture in well-plate and well insert-plate 

 
Before seeding the Caco-2 cells on the filters, 1 mL of growth medium was added 

to each well. The cells were observed routinely with an optical microscope to control 

the development. After 15-21 days, the cells were ready for the experiments.  

Transepithelial resistance (TER) was measured (ohms per cm2) with a Millicel ERS 

electrode (Millipore) to verify the integrity of the Caco-2 cell monolayer grown on the 

filters. The transepithelial resistance increased as the cell monolayer grew.  When it 

reached a maximum TER value between 350-450 ohm.cm2, it was considered that the 

monolayer presented optimal conditions for the experiments (Natoli et al., 2012). 

 
  

cells/mL= n/v= n  104 
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1.2.  Human Mesenchymal Stem Cells (hMSC) 

 
Human mesenchymal stem cells (hMSC) were kindly provided by Dr. Arbones-

Mainar (Instituto Aragonés de Ciencias de la Salud). They were obtained from 

subcutaneous abdominal and visceral adipose tissue of three subjects with different 

body mass index (BMI), undergoing elective laparoscopic surgery: lean (24 kg/m2), 

overweight (27 kg/m2) and morbidly obese (44.1 kg/m2) (see Table 2 for 

overweight/obesity classification). None of the individuals presented chronic 

pathologies associated with metabolic syndrome. All donors signed the written 

consent, and the study was approved by the local Institutional Review Board (CEIC-A) 

and the Ethics Committee of the University of Navarra. Human mesenchymal stem 

cells were isolated as previously described (Perez-Diaz et al., 2017).  

 
Table 2. Weight categories and their corresponding range of BMI (Nuttal 2015)  

Weight categories BMI (kg/m2) 

Lean/normal weight 18.5-24.9 

Overweight 25-29.9 

Obese 30-34.9 

Severely obese  35-39.9 

Morbidly obese >40 

 

1.2.1. Passage and cell culture 

Human MSC were maintained in the laboratory using low-glucose DMEM (Lonza) 

supplemented with 10% FBS and 1% penicillin–streptomycin. For the differentiation, 

high-glucose DMEM (Gibco) was supplemented with 500 µM IBMX, 1.67 µM insulin, 1 

µM dexamethasone, 1 µM rosiglitazone, and 10% FBS. Cells were stored as previously 

described for Caco-2 cells.  

To use the cells, they were rapidly thawed and transferred into a 75 cm2 surface 

plastic flask (Costar) with 10 mL of fresh culture medium. They were maintained in a 

CO2 incubator (MCO-18 AIC UV; Sanyo) at 37 °C with 5 % CO2, 95 % O2 and 90 % of 

relative humidity. The medium was changed every 2-3 days until the cells reached 80 

% cellular confluence in the flask (7-10 days).  Next, cells were dissociated with trypsin-

EDTA solution and counted as previously described for Caco-2 cells.  
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For the experiments, the cells were grown on 12 well plates and seeded at a 

density of 200,000 cells per cm2. After confluence, hMSC were differentiated into 

adipocytes by adding the differentiation medium for 3 days. Then, the medium was 

refreshed with new differentiation medium and the cells were incubated for 3 more 

days. Next, 10% FBS high-glucose medium was added until cells displayed typical 

features of mature white adipocytes (hMSC-derived adipocytes, hMSC-DA). 

 
1.3. THP-1 cells  

 
Transformed human mononuclear cell line (THP-1) is an immortalized human 

leukemia monocytic cell line, used to study monocyte/macrophage functions, 

mechanisms, signaling pathways, and nutrients and drugs transport (Chanput et al., 

2014). This cell line presents some advantages: Reduced average doubling time, no 

infectivity, can be cultured in vitro up to passage 25 without changes of cell sensitivity 

and activity, can be stored for several years, and presents homogenous genetic 

background that minimizes phenotype variability (Chanput et al., 2014).  

 
1.3.1. Passage and cell culture 

THP-1 cell line was maintained in the laboratory with RPMI-1640 medium (ATCC) 

supplemented with 10% FBS and 1% penicillin–streptomycin. The cells were stored, 

thawed and maintained as described for Caco-2 cells, although they grew in 

suspension. In order to change the medium, every 2 days, THP-1 cells were 

centrifuged, counted and diluted in the appropriate volume of fresh medium.  

When the number of cells/mL necessary for the assays were reached, cells were 

placed in 12-well plates at a density of 2x105 cells/cm2 and differentiated into inactive 

macrophages by the treatment with 200 nM phorbol myristrate acetate (PMA) for 2 

days. Then, inactive macrophages were activated by 4 h treatment with LPS.    
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2. Uptake assays 

 
2.1. Uptake in Caco-2 cells 

 
2.1.1. Media 

For the sugar uptake assays, cells were incubated in Dulbecco’s Modified Eagles 

Medium without glucose (DMEM, Gibco). For the glutamine assays, the medium used 

was a Krebs modified saline solution (5.4 mM KCl, 2.8 mM CaCl2, 1 mM MgSO4, 0.3 mM 

NaH2PO4, 137 mM NaCl, 0.3 mM KH2PO4, 10 mM glucose and 10 mM HEPES/Tris, pH 

7.5). Both media were supplemented with 1% BSA free fatty acids (Sigma) in the 

experiments that contained n-3 PUFAs (EPA or DHA). Media were supplemented with 

NEAA when performing the long-term experiments (24h). 

Uptake solution contained 0.1 mM α-methylO-D-glucose (αMG; Sigma) with traces 

of [14C]-α-methyl-glucoside (0.08 µCi/ml; ARC 0131), or 0.1 mM L-Glutamine (Gln; 

Sigma) with traces of [14C]-L-Glutamine (0.1 µCi/ml; ARC 0196) in DMEM or Krebs 

modified buffer, respectively.  

 
2.1.2. Procedure 

Similar experimental procedure was performed with Caco-2 cells grown on plates 

and filters. The specific characteristics of incubations and pre-incubations of each 

uptake assay are described in their correspondent chapter. 

Cells were incubated for 15 min at 37 °C with 500 µL of uptake solution. Then, the 

uptake was stopped by the addition of 500 µL ice-cold free-substrate buffer, followed 

by aspiration. Next, cells were again washed twice with ice-cold buffer to eliminate 

non-specific radioactivity. Cells were solubilized in 500 µL of 1 % Triton X-100 in NaOH 

1M and kept at 37°C for 1 h and 30 min to liberate the radioactive cell content. In the 

assays using inserts, the membrane of every filter was cut and introduced in an 

eppendorf with Triton X-100 solution. 

After this time, 100 µL of sample were taken for duplicate and, after the addition 

of 2 mL of scintillation liquid (AquaLight Hidex), the radioactivity was counted in a 

liquid scintillation counter (Hidex 300 SL). The protein content was measured by the 

standardized method of Bradford (Bio-Rad Protein Assay; Bio-Rad laboratories). 
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  The final αMG or glutamine uptake was calculated by applying the following 

formula:  

 

Uptake (
nmol

mg
prot) =

Cpm𝑚

Cpm𝑖
 𝑥 

[substrate] x V𝑖x V𝑑

V𝑐  x mg prot
 

 

[substrate] = Substrate concentration (mM)  

Cpmm = Counts per min in the TritonX-100 medium 

cpmi = Counts per min in the initial medium 

Vi = Sample volume of initial medium (0.01 mL) 

Vd= Triton X-100 volume (0.5 mL) 

Vc = Triton X-100 sample volume (0.1 mL) 

 
2.2. Uptake in everted jejunal rings  

 
The uptake assays using intestinal everted rings were performed following the 

procedure described by Crane & Mandelstam (1960).  

 
2.2.1. Animal model 

C57BL/6J male mice were purchased from Harlan Laboratories and fed as 

previously described (Martínez-Fernández et al., 2017) to obtain the obese phenotype. 

Diet-induced obesity (DIO) mice were divided into two groups (n=8), DIO-MaR1 and 

DIO groups, that received for 10 days a daily gavage of oral Maresin 1 (MaR1) (50 

μg/kg BW) or the vehicle, respectively. The lean (control) group, received vehicle 

(Laiglesia et al., 2017). 

Mice were sacrificed and jejunum (8 cm) was isolated for the uptake assays.  

Samples of jejunal mucosa were also extracted and kept at -80 °C for Western blot 

analysis. All experimental procedures were performed under protocols approved by 

the University of Navarra Ethics Committee for the Use of Laboratory Animals, 

according to the National and Institutional Guidelines for Animal Care and Use 

(Protocols 029-12 and 047-15).  
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2.2.2.  Media 

The incubation medium used was Krebs-Ringer-Tris (KRT) saline solution (140 mM 

NaCl, 5.6 mM KCl, 3 mM CaCl2, 1.4 mM KH2PO4, 1.4 mM MgSO4, 6.1 mM Tris, 4.9 mM 

HCl, pH 7.4).  Uptake medium contained 1 mM αMG with traces of [14C]-αMG (0.0025 

µCi mL-1) and 10 ng/mL of recombinant mouse TNF-α (Peprotech Inc.) dissolved in KRT 

saline solution.   

 
2.2.3.  Experimental procedure 

Isolated jejunum was rapidly soaked in physiological serum (NaCl 0.9 %) at 4 °C. 

Using a syringe, the jejunum was washed with serum, in order to eliminate the 

possible food content and, the remaining fat adhered to the serous layer was also 

carefully removed with tweezers. Then, the intestine was everted and cut in small 

fragments of approximately 0.2-0.3 cm and 5-15 mg weight. Ten intestinal rings were 

obtained from each of the 4 animals per experimental group (lean, DIO and DIO-

MaR1), and divided into 2 groups of 5 rings each: control and plus TNF-α. Intestinal 

rings were distributed in tubes containing 5 mL of uptake medium (KRT).   

Incubation of the rings was performed at 37 °C for 15 min, under continuous 

shaking and gassed with O2. Before the beginning of the incubation period, a 200 µL 

sample of the uptake medium was collected to obtain the initial cpm. After the 

incubation, rings were washed in ice-cold KRT solution, dried on a filter paper and 

weighed individually in an analytical balance (Newclassic ML 104/01; Mettler Toledo). 

Next, the rings were incubated for 24 h in a solution containing 0.1 HN03 to denature 

the proteins and allow the exit of the cellular radioactivity. Finally, duplicated samples 

of 200 µL from each tube were collected and, after the addition of 2 mL of scintillation 

liquid (AquaLight Hidex), the radioactivity was counted in a liquid scintillation counter 

(Hidex 300 SL). The uptake in each ring was calculated by the following formula:  
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µmol
substrate

g wet weight
=  

cpmts

cpmi
 𝑥 

[substrate] x Vt x Vi

Vts x Ww
 

 

 
[Substrate] = Substrate concentration (mM) in the incubation medium 

Ww= Wet weight of the intestinal ring (g).  

cpmts = Counts per minute in 0.1 HNO3 solution. 

cpmi = Counts per minute of the initial medium.  

Vt = Volume of nitric acid (0.5 mL).  

Vi = Volume of initial medium sample (0.2 mL). 

 Vts = Volume of denatured medium sample (0.2 mL). 

 
For the calculation of the substrate accumulation in the rings, it was considered 

that the tissue has approximately 70 % of water content.  

 

3. Western blot experiments 
 
Western blot studies were performed to analyze the expression of SGLT1 and 

B0AT1 in the brush border membrane, as well as to determine the intracellular 

expression of ERK 1/2 and AMPK. 

 
3.1. BBMV isolation 

 
Caco-2 cells grown on 75 cm2 plastic flasks were incubated under the different 

experimental conditions described in each chapter. After the incubation period, brush 

border membrane vesicles (BBMV) were isolated using the method of Shirazi-Beechey 

(Shirazi-Beechey et al., 1990) with some modifications (Garriga et al., 1999). BBMV 

were also obtained from jejunal mucosa of lean, DIO and DIO-MaR1 mice following the 

same procedure. 

 
  



Experimental design and methods 

 

71 

3.1.1. Media and reagents  

• Buffer A: 100 mM mannitol, 0.2 mM Phenylmethyl sulfonyl fluoride (PMSF), 2 

mM Hepes/TRIS, 0.41 µM sodium azide and 0.2 mM benzamidine. The buffer 

was adjusted at pH 7.4. 

• Buffer B: 300 mM mannitol, 20 mM Hepes/TRIS, 0.1 mM MgS04.7 H2O, 0.41 µM 

sodium azide. The buffer was adjusted at pH 7.4. 

• Protease inhibitor cocktail complete mini (1 pill/10 mL; Roche). 

• MgCl2 1 M. 

 
3.1.2. Experimental procedure 

All the manipulations were performed at 4 °C to avoid protein degradation of the 

samples. 

Caco-2 cells were homogenized in 5 mL of buffer A. Then, 1 mM of MgCl2 was 

diluted in the cell homogenate until a final concentration of 20 mM MgCl2. After 20 

min with constant shaking, the solution was centrifuged at 5,200 rpm during 15 min to 

remove precipitated cellular material and organelles. The supernatant containing 

mainly brush border membranes was centrifuged at 15,000 rpm during 35 min. The 

pellet was resuspended in buffer B (100 µL). Finally, the pellet was homogenized with a 

tip to cycle the vesicles that were stored at -80 °C (Fig. 10). 

The jejunal mucosa suffered the same experimental procedure but with 2 extra 

centrifugations, as indicated in Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

http://www.bio-world.com/productinfo/4_60_449/118933/PMSF-Phenylmethyl-sulfonyl-fluoride.html
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Figure 10. Scheme of brush border membrane isolation from tissue and cell culture 
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3.2. Whole Cell lysate  

 
Caco-2 cells grown on 12 well plates were treated as described in the 

corresponding chapter.  

 
3.2.1. Media and reagents 

• Lysis buffer: 8 mM NaH2PO4, 42 mM Na2HPO4, 1 % SDS, 0.1 M NaCl2, 0.1 % 

NP4O, 1 mM NaF, 10 mM sodium orthovanadate, 2 mM PMSF, 10 mM EDTA 

and 1% protease inhibitor cocktail 1 (Sigma). 

• PBS buffer (Gibco). 

 
3.2.2. Experimental procedure 

The cells were collected in PBS and centrifugate for 15 min at 13,000 rpm to 

obtain the precipitated cells. Then, the cells were resuspended in lysis buffer and 

homogenized using a sonicator.  

 
3.3. Protein surface biotinylation 

 
Caco-2 cells grown on 12-well plates were treated under the different 

experimental conditions as described in each chapter. 

 
3.3.1. Media and reagents 

• PBS (Gibco) with 0.1 mM CaCl2 and 1.0 mM MgCl2 (PBS+Ca+Mg) 

• Sulfo-NHS-SS-biotin (1.5 mg/ml; 100 µL/well; Thermo Scientific) 

• Biotinylation buffer: 20 mM Hepes, 150 mM NaCl and 2 mM CaCl2, pH 8.5 

• Glycine buffer: 100 mM glycine diluted in PBS+Ca+Mg  

• Lysis buffer: 8 mM NaH2PO4, 42 mM Na2HPO4, 1 % SDS, 0.1 M NaCl2, 0,1 % 

NP4O, 1 mM NaF, 10 mM sodium orthovanadate, 2 mM PMSF, 10 mM EDTA 

and 1% protease inhibitor cocktail (Sigma). 

• StreptAvidin-agarose beads (100 µL/ 150 µg protein; Thermo Scientific) 

• Loading buffer 2x with 100 μM dithiothreitol (DTT) 
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3.3.2. Experimental procedure 

The cells were washed with PBS+Ca2++Mg2+and incubated for 1 h under 

continuous shaking with sulfo-NHS-SS-biotin in biotinylation buffer. Next, cells were 

washed with glycine buffer (15 min) and PBS+Ca2++Mg2+. Then, they were lysate in lysis 

buffer, homogenized with sonicator, and centrifuged at 13,000 rpm for 5 min. 

Supernatant was mixed with Streptavidin-agarose beads and incubated overnight to 

pull down biotinylated antigens. Next, samples were centrifuged at 13,000 rpm to 

allow pelleting of the beads containing the membrane surface protein bound to them. 

Beads were washed with 100 µL lysis buffer and centrifuged for 5 min at 13,000 rpm. 

This procedure was repeated three times. Biotinylated fractions were boiled in gel 

loading buffer containing 100 μM DTT to separate the beads from the proteins 

 
3.4. Determination of protein concentration 

 
The protein content of the samples was determined by the standardized method 

of Bradford (Bio-Rad Protein Assay; Bio-Rad laboratories). 

 
3.5. Western blot assays 

 
This technique involves the separation of the proteins of a sample by 

polyacrylamide gel electrophoresis under denaturing conditions, and subsequent 

transfer to a membrane in which the protein of interest is immunodetected, using 

specifics antibodies. 

 
3.5.1. Electrophoresis 

Solubilized proteins (30-40 µg) in Laemmli buffer were resolved by electrophoresis 

on 12% SDS-PAGE. The BBMV was heated at 90 °C during 5 min and then placed on ice 

during 1 min previously to the loading into the gel. The 12 % gels were allocated in the 

cassette and covered with Running Buffer 1X (1/10 dilution from Running buffer 10X 

Bio-Rad). Then, the samples and the Ladder (molecular weight marker) were loaded 

inside the wells. Samples were run for 15 min at 90 V (until the proteins ended the 

stacking part of the gel) and 90 min at 120 V (to separate the different proteins in the 

resolving gel). 
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3.5.2. Protein transfer 

Once the proteins were separated by electrophoresis, the blot was transferred 

onto a polyacrylamide membrane (PVDF, needed methanol activation, Amersham) or 

nitrocellulose membrane (Hybond P, GE Healthcare). The gel was allocated in the 

negative part of the cassette and the membrane in the positive, to allow the 

transference of the proteins (negatively charged) from the gel to the membrane. The 

process was performed using transfer buffer 1X (1/10 dilution from transfer buffer 10X 

Bio-Rad) at 400 mA for 1 h. 

 
3.5.3. Protein immunodetection 

Immunodetection blotting provides a simple and effective method for identifying 

specific antigens in a complex mixture of proteins. The membrane containing the 

transferred proteins was blocked in TBS-Tween 1X buffer (TBS-T 1X) with 10% of milk 

(Sveltesse, Nestle) for 1 h at room temperature, and incubated overnight at 4 °C with 

the corresponding primary rabbit antibodies used at 1:1000. Then, the membranes 

were washed out four times in TBS-T 1X and incubated for 1 h at room temperature 

with the corresponding peroxidase conjugated secondary antibody at 1:10,000. 

Membrane stripping was performed, with re-blot Plus (Millipore), to reprobe the 

membrane with a different primary antibody. 

The immunoreactive bands were detected by enhanced chemiluminescence 

(Super Signal West Dura; Thermo Scientific) and quantified by densitometry analysis 

(Image Studio Lite). The results are expressed in percentage of the control value, which 

was set to 100. 

     

 Table 3: List of antibodies used for the Western Blot studies. 

 

Antibody Manufacturer Ref Source

Actin Sigma-Aldrich A1978 Mouse

Phospho AMPK (Thr172) Cell Signaling Technology 2535 Rabbit

AMPK Cell Signaling Technology 2532 Rabbit

B0AT1 Abcam Ab180516 Rabbit

Phospho ERK 1/2 (Thr202/Tyr204) Cell Signaling Technology 4370 Rabbit

MAPK (ERK 1/2) Cell Signaling Technology 9102 Rabbit

SGLT1 Santa Cruz Biotechnologies sc-98974 Rabbit

Goat anti-mouse Santa Cruz Biotechnologies sc-2005 Goat

Goat anti-rabbit Santa Cruz Biotechnologies sc-2004 Goat
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4. Gene expression by Real-Time PCR 

 
4.1. RNA extraction from cells and intestinal mucosa 

 
Cells (Caco-2 or hMSC-DA from individual wells) or jejunal mucosa (10 mg) were 

homogenized in a phenol solution (TRIzol™ Reagent) that protects the sample from the 

degradation by RNAses  

4.1.1. Media and Reagents  

• TRIzol™ Reagent (500 µL; Sigma) 

• Chloroform (200 µL; Scharlau) 

• Isopropyl alcohol (250 µL; Scharlau) 

• Ethanol-DEPC at 75 % (With DEPC-treated water 0.01 %; 500 µL; Scharlau)  

• RNase and DNase free water (∼12 µL; Ambion) 

• Spray anti-RNases (RNAse Zap, Ambion) 

 
4.1.2. Experimental procedure 

Cells or homogenized tissues were incubated for 10 min with Trizol on ice under 

continuous agitation. Then, the samples were incubated for 5 min at room 

temperature to allow the complete dissociation of the nucleoprotein complex. After 

that, 200 µL of chloroform was added to separate the RNA from the proteins and the 

DNA. Samples were shaken for 20 seconds, maintained during 2-3 min at room 

temperature and centrifuged for 15 min at 13,000 rpm and 4 °C. The colorless upper 

aqueous phase that contained the RNA was carefully transferred to a new tube. Then, 

isopropyl alcohol (250 µL) was added and the samples kept at -80 °C for 24-48 h to 

allow the RNA precipitation. Next, RNA samples were maintained at room temperature 

for 10 min and centrifuged for 10 min at 13,000 rpm (4 °C) to separate RNA from the 

alcohol.  The white pellet appearing after the centrifugation was washed 2 times with 

75 % ethanol-DEPC and precipitated by centrifugation for 10 min at 13,000 rpm (4 °C). 

Finally, the samples were dried and resuspended in 20 µL of molecular water.  
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4.2. DNAse Treatment  

 
This process is performed to remove traces of DNA from the RNA preparations.  

 
4.2.1. Media and Reagents  

The kit DNAfree (Ambion) contained the following reagents:  

• rDNase I (1 µL/sample) 

• 10X DNase I Buffer (2 µL/sample) 

• DNase inactivation reagent (1 µL/sample) 

• Nuclease-free Water (5 µL/sample) 

 
4.2.2. Experimental procedure 

The rDNase I and the 10x DNase I buffer were added to the RNA samples and 

incubated for 30 min at 37 °C to eliminate the possible contamination of the samples 

with DNA. Then, DNase activity was stopped by the addition of DNase inactivation 

reagent (2 min at room temperature). Next, samples were centrifuged at 13,000 rpm 

for 1.5 min and the supernatant containing the clean RNA was transferred to a new 

tube. 

 
4.3. Retrotranscription 

 
 The reverse transcription is the synthesis of complementary DNA (cDNA) from 

RNA samples. 

 
4.3.1. Media and Reagents  

• dNTP (10 mM of dATP, dCTP, dGTP, and dTTP at neutral pH; 1 µL/sample; 

Bioline)  

• Oligo dT (hexamers, 1 µL/sample; Invitrogen) 

• Buffer 5X (4 µL/sample; Invitrogen)  

• 0.1 M DTT (2 µL/sample; Invitrogen)  

• RNasin® Plus RNase Inhibitor (1 µL/sample; Takara) 

• M-MLV Reverse Transcriptase (1 µL/sample; Invitrogen) 
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4.3.2 Experimental procedure 

RNA was mixed with dNTP and different hexamers and incubated for 5 min at 37 

°C. Then, buffer 5X, DTT, RNasin and M-MLV were added to the sample and incubated 

for 50 min at 37 °C and for additional 15 min at 70 °C to finally obtain the cDNA. 

 
4.4. Real-time PCR 

 
Real-time PCR is a quantitative PCR used to detect relative or absolute gene 

expression level. All qPCR involves the use of fluorescence to detect the threshold 

cycle (Ct) during PCR, the level of fluorescence gives a signal over the background and 

this signal is in the linear portion of the amplified curve. This Ct value is the reference 

for the accurate quantization of qPCR.  In this study, we have used the TaqMan® 

Master Mix containing ROX fluorescent dye that penetrates within the double-

stranded DNA. The qPCR machine (ABI PRISM 7900HT Fast Sequence Detection 

System) detects the fluorescence level and the corresponding software calculates Ct 

values related to fluorescence. 

 
4.4.1. Media and Reagents  

• Master mix (5 µL/sample; TaqMan® Applied Biosystems) 

• Probes (0.5 µL/sample; TaqMan® Applied Biosystems) 

• RNase and DNase free water (0.5 µL/sample; Ambion) 

• cDNA diluted 1:20 

 
4.4.2. Experimental procedure 

Each PCR plate well was loaded with 4.5 µL/well of the sample and 5.5 µL/well of a 

mix containing master mix, probe and water. Then, a gently vortex was given to the 

PCR plate to mix all the reagents, before placing the plate into the qPCR machine. The 

qPCR cycles were: 50 °C for 2 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 sec and 60 

°C for 1 min. 
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   Table 4: List of Taqman probes used for RT-PCR. 

 

 

5. Statistical analysis 

 
Statistical analysis was performed using the program Stata v12 (Stata, RRID: 

SCR_012763). Parametric and non-parametric tests (One-way ANOVA, t-student, 

Kruskal- Wallis test, Median test) followed by the corresponding post-hoc test (Tukey, 

SNK, Bonferroni) were run depending on the sample size and the normality of the 

data. Results were expressed as means ± Standard Error of the Mean (SEM), and 

differences were considered significant at a p value <0.05. 

  

Name Ref Source
IL-1β Hs00174097_m1 Human

IL-1β Mm00434228_m1 Mus musculus

IL-6 Hs00985639_m1 Human

IL-6 Mm00446190_m1 Mus musculus

MCP1 Hs00234140_m1 Human

MCP1 Mm00441242_m1 Mus musculus

TNF-α Hs00174128_m1 Human

TNF-α Mm00443258_m1 Mus musculus

18S Hs03003631_g1 Human
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CHAPTER 1.  

EPA blocks TNF-α-induced inhibition of sugar uptake in Caco-2 

cells via GPR120 and AMPK 
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Abstract 

 
The aim of the present work was to investigate in Caco-2 cells whether 

eicosapentaenoic acid (EPA), an omega-3 polyunsaturated fatty acid, could block the 

inhibitory effect of tumor necrosis factor-α (TNF-α) on sugar transport, and identify the 

intracellular signaling pathways involved. 

After pre-incubation of the Caco-2 cells with TNF-α and EPA for 1 h, EPA prevented 

the inhibitory effect of the cytokine on α-methyl-D-glucose (αMG) uptake (15 min) and 

on SGLT1 expression at the brush border membrane, measured by Western blot. The 

ERK1/2 inhibitor PD98059 and the AMPK activator AICAR also prevented the inhibitory 

effect of TNF-α on both αMG uptake and SGLT1 expression. Interestingly, the AMPK 

inhibitor, Compound C, abolished the ability of EPA to prevent TNF-α-induced 

reduction of sugar uptake and transporter expression. The GPR120 antagonist, 

AH7614, also blocked the preventive effect of EPA on TNF-α-induced decrease of αMG 

uptake and AMPK phosphorylation. 

In summary, TNF-α inhibits αMG uptake by decreasing SGLT1 expression in the 

brush border membrane through the activation of ERK1/2 pathway. EPA prevents the 

inhibitory effect of TNF-α through the involvement of GPR120 and AMPK activation. 

 
Key words: AMPK, EPA, GPR120, SGLT1, TNF-α. 
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1. Introduction 

 
The Inflammatory Bowel Disease (IBD) is characterized by chronic inflammation of 

the gastrointestinal mucosa due to a dysregulation of the immune system (Tabas & 

Glass, 2013). Genome, diet and intestinal microbiota are implicated in the 

pathogenesis of IBD (Albenberg et al., 2012). In IBD patients, the gastrointestinal 

mucosa contains high concentrations of pro-inflammatory molecules such as the 

tumor necrosis factor α (TNF-α) (Tabas & Glass, 2013). TNF-α is a cytokine produced by 

activated T-lymphocytes and macrophages that acts in an autocrine and paracrine way 

by binding to its receptors TNFR1 and TNFR2. This binding induces the activation of the 

nuclear factor NF-κB which, in turn, stimulates the production of other cytokines, 

including TNF-α itself (Rossol et al., 2007). It has been found that the levels of TNF-α 

are a hundred times higher in the intestine and blood of IBD patients than in healthy 

people (Komatsu et al., 2001). 

During intestinal inflammation, the expression and activity of many nutrients and 

electrolytes transporters can be modified (Bertolo et al., 2002; Sharma et al., 2005; 

Foley et al., 2007), which may explain the characteristic malabsorption and diarrhea 

found in IBD patients. As a consequence, patients may lose weight and suffer from 

vitamins, micronutrients and protein deficiency (Hébuterne et al., 2009). In this sense, 

we have previously demonstrated in the human intestinal epithelial cell line Caco-2, 

that TNF-α inhibits sugar uptake by decreasing the expression of the Na+-glucose 

cotransporter SGLT1 in the brush border membrane (Barrenetxe et al., 2013). 

The omega-3 long-chain polyunsaturated fatty acids (n-3 PUFAs) have been 

proposed to exert beneficial actions in a great variety of human diseases such as 

asthma, hypertension, myocardial infarction, some cancers and inflammatory diseases 

such as obesity, atherosclerosis and rheumatoid arthritis (Figueras et al., 2011; Hur et 

al., 2012; Lorente-Cebrián et al., 2013, 2015). In patients with IBD, it has been shown 

that treatment with n-3 PUFAs produces protection against development of illness, 

improves the intestinal mucosa histology, reduces inflammatory markers (TNF-α) and 

protects against the effects of oxidative stress (Barbalho et al., 2016). Furthermore, it 

has been found a strong correlation between the incidence of Crohn’s disease and the 

decrease in n-3 PUFAs in the diet (Shoda et al., 1996; Issa & Saeian, 2011). 
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The eicosapentaenoic acid (EPA) is an n-3 PUFA found in fish oil. In high-fat-fed 

rats, it has been observed that EPA blocks the increase of TNF-α production in adipose 

tissue (Pérez-Matute et al., 2007). In murine cultured adipocytes, EPA directly inhibits 

the stimulation of lipolysis induced by TNF-α through mechanisms that include 

inhibition of the pro-inflammatory pathways ERK1/2 and NF-κB, and stimulation of the 

AMPK pathway (Lorente-Cebrián et al., 2009, 2012).  

GPR120, also known as free fatty acid receptor 4, is a cell-surface receptor, 

member of the G protein-coupled receptors (GPCRs) superfamily, which can bind 

unsaturated medium-to long chain fatty acids (Hirasawa et al., 2005; Ichimura et al., 

2014). GPR120 is widely expressed in several organs, including intestine, and it is 

involved in several homeostatic functions such as inflammation, glucose homeostasis 

and insulin sensitivity (Ichimura et al., 2014). Furthermore, it has been observed that 

the anti-inflammatory effects of EPA and DHA are mediated by GPR120 acting as a 

sensor/receptor (Oh et al., 2010). 

The goal of the present study was to analyze the ability of EPA to block the 

inhibitory effect of TNF-α on intestinal sugar transport. Moreover, we aimed to unravel 

the potential involvement of ERK1/2, AMPK and GPR120 in EPA actions.  

 

2. Material and methods 

 
2.1. Cell culture 

 
Caco-2 cells (RRID: CVCL_Z580) were maintained at 37°C and 5% CO2 in a 

humidified atmosphere. The cells were grown in Dulbecco‘s Modified Eagles medium 

(DMEM (1X) + GlutaMAX, Gibco) supplemented with 10% fetal bovine serum (FBS, 

Gibco), 1% non-essential amino acids (NEAA 100X, LONZA), 1% penicillin (10000 

U/ml)–streptomycin (10000 µg/ml) (Gibco) and 1% amphotericin B (250 µg/ml, Gibco). 

The culture medium was changed every 2 days. When cells reached 80% confluence, 

confirmed by microscopic observance, they were dissociated with 0.05% trypsin-EDTA 

(0.25% trypsin 1X, Gibco) and subcultured on 75 cm2 plastic flasks at a density of 

25x104 cells/cm2. For the uptake studies, the cells were seeded at a density of 6x104 

cells/cm2 in 24-well culture plates. Experiments were performed 15-19 days post 

seeding. 
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2.2. Sugar uptake in the presence and absence of TNF-α and EPA 

 
Cells were grown in 24-well culture plates. The cells were pre-incubated for 1 or 

24 h in Dulbecco’s Modified Eagles Medium without glucose (DMEM, Gibco), 

supplemented with 1% BSA free fatty acids (Sigma) in control conditions and in the 

presence of 10 ng/ml TNF-α (PeproTech, Inc.) without or with 10 or 100 µM EPA 

(Cayman). This EPA concentration range has been reported to be comparable to 

plasma concentrations of this fatty acid after intake of dietary EPA (Murata et al., 

2000; Perez-Matute et al., 2005). After the pre-incubation period, cells were incubated 

for 15 min with 0.1 mM α-methyl-D-glucose (αMG) and traces of [14C]-α-methyl-

glucoside (0.3µCi/ml). After incubation, the reaction was stopped by adding 500 µL of 

cold Phosphate Buffered Saline with calcium and magnesium (PBS, Sigma Aldrich). 

Cells were then washed three times with PBS and solubilized by adding 500 µL 1 % 

Triton X-100 in 1M NaOH for 1 h 30 min at 37°C.  After this time, samples were 

analyzed in the scintillation counter. 

 
2.3. Identification of the intracellular signaling pathways and the implication of 

GPR120 on EPA effect 

 
Cells were grown in 24-well culture plates. For the intracellular signaling pathways 

studies, the cells were pre-incubated for 1 h with 10 ng/ml TNF-α in the absence or in 

the presence of 100 µM EPA plus 1 mM Aicar (AMPK activator), 50 µM PD98059 (ERK 

inhibitor) or 20 µM Compound C (CC, AMPK inhibitor). To allow the permeability of CC 

and PD, cells were incubated with each of these compounds for 30 min before starting 

the pre-incubation period.  For the studies about the implication of GPR120 on EPA 

effect, the cells were pre-incubated for 1 h with 10 ng/ml TNF-α in the absence or in 

the presence of 100 µM EPA and the GPR120 antagonist AH7614 (Tocris) at 100 µM. 

After the pre-incubation, cells were incubated for 15 min with 0.1 mM αMG and traces 

of [14C]-α-methyl-glucoside and treated as described in section 2.2. All experiments 

were performed in DMEM supplemented with 1% BSA free fatty acids. 
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2.4. Western Blot Analysis  

 
Cells grown on 75 cm2 plastic flasks were treated as described in section 2.3. After 

the incubation period, brush border membrane vesicles (BBMV) were isolated using 

the method of Shirazi-Beechey (1990) with some modifications (Garriga et al., 1999), 

we also obtained the cytosolic fraction with this technique. All the manipulations were 

carried out at 4 °C to avoid protein degradation of the samples.  The protein content of 

the vesicles was determined by the standardized method of Bradford (Bio-Rad Protein 

Assay; Bio-Rad laboratories). Solubilized proteins from BBMV or cytosolic fractions (20 

µg) were resolved by electrophoresis on 12% SDS-PAGE mini-Protean TGX gels (Bio-

Rad). The resolved proteins were transferred to a PVDF membrane (Hybond P, GE 

Healthcare) which was then blocked in TBS-Tween 1X buffer (TBS-T 1X) with 10% of 

milk (Nestle, Sveltesse) for 2 h at room temperature and incubated overnight at 4 °C 

with the corresponding primary rabbit antibodies used at 1:1000. The primary 

antibodies were anti SGLT1 (Santa Cruz Biotechnology, Cat# sc-98974, RRID: 

AB_2191582), anti AMPKα (Cell Signaling Technology, Cat# 2532, RRID: AB_330331), 

anti Phospho-AMPKα (Cell Signaling Technology, Cat# 2535, RRID: AB_331250), anti 

ERK1/2(Cell Signaling Technology Cat# 4695, RRID: AB_390779) and anti Phospho-

ERK1/2 (Cell Signaling Technology Cat# 4370, RRID: AB_2315112). The β-actin (Santa 

Cruz Biotechnology Cat# sc-47778, RRID: AB_626632) mouse antibody was also used at 

1:1000. After the incubation with the corresponding antibody, the membranes were 

washed out four times in TBS-T 1X and incubated for 1 h at room temperature with the 

corresponding peroxidase conjugated secondary antibody, goat anti-rabbit (Santa Cruz 

Biotechnology, Cat# sc-2004, RRID: AB_631746) and goat anti-mouse (Santa Cruz 

Biotechnology, Cat# sc-2005, RRID: AB_631736) at 1:10000. The immunoreactive 

bands were detected by enhanced chemiluminescence (Super Signal West Dura; 

Thermo Scientific) and quantified by densitometry analysis (Image Studio Lite, RRID: 

SCR_014211). The results were expressed in percentage of the control value, which 

was set to 100. 
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2.5. Statistical analysis 

 
Statistical analysis was performed using the program Stata v12 (Stata, RRID: 

SCR_012763). Parametric or non-parametric tests (One-way ANOVA, Kruskal- Wallis 

test, Median test) followed by the corresponding post-hoc test (Tukey, SNK, 

Bonferroni) were run depending on the sample size and the normality of the data. 

Results were expressed as means ± Standard Error of the Mean (SEM), and differences 

were considered significant at a p value <0.05. 

 

3. Results 

 
3.1. Sugar uptake in the presence of TNF-α and EPA 

 
As presented in figure 1, 10 ng/ml TNF-α (1 h) decreased 0.1 mM αMG uptake in 

Caco-2 cells by ~30%, similar as shown by Barrenetxe et al. (2013).  Pre-incubation of 

the cells for 1 h with 100 µM EPA totally blocked TNF-α inhibition of αMG transport. 

EPA alone did not have any effect on sugar uptake (Fig. 1). A similar preventive effect 

on TNF-α action was observed after chronic treatment (24 h) with 100 µM EPA, while 

10 µM EPA for 1h was not able to significantly counteract the actions of the cytokine 

on αMG uptake (data not shown). 

 

Figure 1. EPA blocks TNF-α inhibition of αMG uptake. Caco-2 cells were pre-incubated for 1h with 10 

ng/ml TNF-α in the absence or in the presence of 100 µM EPA before measuring the uptake of 0.1 mM 

αMG for 15 min. Data (n=12) are represented as mean ± SEM. * p<0.05 vs. control; && p<0.01 vs. TNF-α. 
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3.2. Implication of the ERK1/2 intracellular pathway in the preventive effect of EPA 

on TNF-α inhibition of αMG uptake 

 
Since previous studies in adipocytes have shown that EPA acts through the 

inhibition of the ERK1/2 pathway (Lorente-Cebrián et al., 2012), we first decided to 

investigate whether ERK1/2 intracellular pathway was involved in the TNF-α inhibition 

of αMG uptake. As shown in figure 2A, the incubation of the cells with 10 ng/ml TNF-α 

was accompanied by an increase of ERK1/2 phosphorylation (activation). As expected, 

the ERK1/2 inhibitor PD98059 (50 µM) alone or together with TNF-α, induced a clear 

decrease on ERK1/2 phosphorylation. Moreover, the pre-incubation of the cells with 

PD98059 blocked TNF-α-induced decrease of sugar uptake (Fig. 2B). In agreement with 

these results, TNF-α reduced the amount of SGLT1 in Caco-2 cells BBMV, but the 

ERK1/2 inhibitor PD98059 prevented this reduction (Fig. 2C). PD98059 alone did not 

have any effect on αMG uptake or SGLT1 expression in the apical membrane (Fig. 2B 

and C). All these results demonstrated that TNF-α decreases αMG uptake by 

diminishing SGLT1 expression in the apical membrane through ERK1/2 activation.  

Next, we studied whether EPA could act through the ERK1/2 pathway to prevent 

TNF-α-inhibition of sugar uptake. As shown in figure 2D, EPA alone did not alter 

ERK1/2 phosphorylation with respect to control. On the other hand, the incubation of 

the cells with 100 µM EPA in the presence of TNF-α did not modify the increase on 

ERK1/2 phosphorylation levels observed after TNF-α treatment (Fig. 2D). In addition, 

αMG uptake in the presence of EPA, TNF-α and PD98059 was not altered when 

compared to control (Fig. 2E), which further suggests that the ERK1/2 pathway is not 

involved in the EPA blocking effect of TNF-α inhibition of sugar uptake. 
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Figure 2. Implication of the ERK1/2 intracellular pathway, using its inhibitor PD98059 (50 µM), in the 

preventive effect of 100 µM EPA on 10 ng/ml TNF-α inhibition of αMG uptake. Caco-2 cells were pre-

incubated for 1h under the different conditions indicated, before measuring the uptake of 0.1 mM αMG 

for 15 min A. Expression of phospho ERK 1/2 (P-ERK) and total ERK 1/2 (T-ERK) in the presence of TNF-α 

was measured in the cytosolic fraction of the cells and referred to the expression of β-actin. The mean 

ratio P-ERK/T-ERK densities (n=4-6) is represented. A representative Western blot image is shown. The 

molecular weight of both immunoreactive bands was ~45 kDa. B. Effect of PD98059 on TNF-α action on 

αMG uptake. Data (n=12) are represented as mean ± SEM. C. Effect of PD98059 and TNF-α on SGLT1 

expression in BBMV. The ratio SGLT1/β-actin is expressed as % of control (n=3). A representative 

Western blot image is shown. SGLT1 appears as a ~75 kDa immunoreactive band. D. Expression of 

phospho ERK 1/2 (P-ERK) and total ERK 1/2 (T-ERK) in the presence of TNF-α and EPA was measured in 

the cytosolic fraction of the cells and referred to the expression of β-actin. The mean ratio P-ERK/T-ERK 

densities (n=4-6) is represented. A representative Western blot image is shown. The molecular weight of 

both immunoreactive bands was ~45 kDa. E. Effect of PD98059 on EPA and TNF-α action on αMG 

uptake. Data (n=12) are represented as mean ± SEM. *p<0.05 vs. control; & p<0.05 vs. TNF-α; # p<0.05 

vs. EPA+TNF-α.  
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3.3. Implication of AMPK activation in the preventive effect of EPA on TNF-α 

inhibition of αMG uptake  

 
It is known that EPA activates the AMPK intracellular pathway (Wu et al., 2012). 

Moreover, AMPK is entailed in the EPA blocking effect of lipolysis induced by TNF-α 

(Lorente-Cebrián et al., 2009, 2012). Therefore, we decided to investigate whether 

AMPK could be also involved in the preventive effect of EPA on TNF-α inhibition of 

αMG uptake. Our data showed that the phosphorylation (activation) of AMPK was 

diminished by the incubation of the cells with 10 ng/ml TNF-α (Fig. 3A). Interestingly, 

in the presence of 100 µM EPA, TNF-α did not modify AMPK phosphorylation levels 

compared with the control condition (Fig. 3A). To deepen in the role of AMPK in the 

effect of EPA, we performed a new set of experiments using the AMPK inhibitor CC (20 

µM) and its activator AICAR (1 mM). As expected, the AMPK inhibitor alone reduced 

the phosphorylation of AMPK and also reversed the ability of EPA to prevent the 

inhibition of AMPK phosphorylation induced by TNF-α (Fig. 3A). On the other hand, 

AICAR increased AMPK phosphorylation and this stimulatory effect was maintained in 

the presence of TNF-α (Fig. 3A).  

The uptake studies showed that the treatment of the cells with the AMPK inhibitor 

CC inhibited αMG uptake in the same magnitude than TNF-α (~40%). In line with figure 

3A, EPA was not able to block the inhibitory effect of TNF-α on sugar uptake in the 

presence of CC. On the other hand, AICAR prevented the decrease of αMG transport 

induced by TNF-α treatment (Fig. 3B), as occurred with EPA.  

Regarding SGLT1 expression in the brush border membrane, as previously shown 

(Fig. 2C), pre-incubation of the cells with TNF-α decreased the expression of the sugar 

transporter, whereas in the presence of EPA or AICAR, the inhibition induced by TNF-α 

on SGLT1 expression was not observed (Fig. 3C). However, CC totally abolished the 

ability of EPA to prevent the reduction of SGLT1 expression in the apical membrane 

induced by TNF-α (Fig. 3C).  

As expected, EPA diminished the inhibitory effect of CC on AMPK phosphorylation, 

sugar uptake and SGLT1 expression in the plasma membrane (supplementary figure 1). 
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All these results demonstrated that the AMPK intracellular pathway is implicated 

in the insertion of SGLT1 in the plasma membrane and that this pathway is regulated 

by both, EPA and TNF-α. 
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Figure 3. Implication of the AMPK intracellular pathway in the preventive effect of 100 µM EPA on 10 

ng/ml TNF-α inhibition of αMG uptake, using its inhibitor Compound C (CC, 20 µM) and its activator 

AICAR (1mM). Caco-2 cells were pre-incubated for 1h under the different conditions indicated before 

measuring 0.1 mM αMG uptake for 15 min. A. Effect of TNF-α, EPA and the AMPK regulators CC and 

Aicar, on AMPK- phosphorylation. Expression of phospho AMPK (P-AMPK) and total AMPK (T-AMPK) was 

measured in the cytosolic fraction of the cells and referred to the expression of β-actin. The mean ratio 

P-AMPK/T-AMPK densities (n=4-6) is represented. A representative Western blot image is shown. The 

molecular weight of both immunoreactive bands was ~62 kDa.  B. Effect of TNF-α, EPA and the AMPK 

regulators, CC and Aicar, on αMG uptake. Data (n=6-8) are represented as mean ± SEM. C. Effect of TNF-

α, EPA and the AMPK regulators, CC and Aicar, on SGLT1 expression in BBMV. The intensity ratio 

SGLT1/β-actin is expressed as % of control (n=3-4). A representative Western blot image is shown. 

SGLT1 appears as a ~75 kDa immunoreactive band. *p<0.05, **p<0.01, ***p<0.01 vs. control condition; 

& p<0.05, && p<0.01 vs. TNF-α; @ p<0.05, @@ p<0.01 vs. EPA; #p<0.05, ##p<0.01 vs. EPA+TNF-α. 



    Results (Chapter 1) 

 

99 

 
Supplementary 1. Effect of EPA (100 µM) on Compound C (CC, 20 µM) inhibition of AMPK 

phosphorylation, sugar uptake and SGLT1 expression. Caco-2 cells were pre-incubated for 1 h under 

the different conditions indicated before measuring 0.1 mM αMG uptake for 15 min. A. Effect of CC 

alone and in the presence of EPA on AMPK- phosphorylation. Expression of phospho AMPK (P-AMPK) 

and total AMPK (T-AMPK) was measured in the cytosolic fraction of the cells and referred to the 

expression of β-actin. The mean ratio P-AMPK/T-AMPK densities (n=5) is represented. A representative 

Western blot image is shown. The molecular weight of both immunoreactive bands was ~62 kDa.  B. 

Effect of CC alone and in the presence of EPA on αMG uptake. Data (n=15) are represented as mean ± 

SEM. C. Effect of CC alone and in the presence of EPA on SGLT1 expression in BBMV. The intensity ratio 

SGLT1/β-actin is expressed as % of control (n=6). A representative Western blot image is shown. SGLT1 

appears as a ~75 kDa immunoreactive band. *p<0.05, **p<0.01 vs. control condition; $ p<0.05, $$ 

p<0.01 vs. CC- treated cells. 

 



Results (Chapter 1) 

 

100  

To investigate if ERK1/2 activation is involved in TNF-α effect on AMPK we 

analyzed the phosphorylation of AMPK in the presence of PD98059 (ERK1/2 inhibitor) 

alone and with TNF-α. As shown in figure 4, the decrease induced by TNF-α on AMPK 

phosphorylation was partially prevented by PD98059. In the presence of PD98059 

alone, AMPK phosphorylation level was similar than in the control condition (Fig. 4). 

These results suggest that TNF-α inhibition of AMPK may occur through ERK1/2 

activation. 

 

Figure 4. Effect of the ERK1/2 inhibitor PD98059 (50 µM) and TNF-α (10 ng/ml) on AMPK 

phosphorylation. Expression of phospho-AMPK (P-AMPK) and total AMPK (T-AMPK) was measured in 

the cytosolic fraction of the cells and referred to the expression of β-actin. The mean ratio P-AMPK/T-

AMPK densities (n=5) is represented. A representative Western blot image is shown. The molecular 

weight of both immunoreactive bands was ~62 kDa. * p<0.05 vs. control. 

 
3.4. Implication of GPR120 in EPA effect on TNF-α-induced inhibition of αMG uptake  

 
Finally, we investigated whether EPA action on αMG uptake was mediated 

through the EPA receptor GPR120. Our data showed that in the presence of the 

GPR120 antagonist AH7614 (100 µM), EPA was not able to block either TNF-α 

inhibitory effect on αMG uptake (Fig. 5A) or TNF-α- induced inhibition of AMPK 

phosphorylation (Fig. 5B). These results suggest the involvement of GPR120 

stimulation in the effect of EPA on TNF-α-induced inhibition of sugar uptake. 
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Figure 5. Effect of the ERK1/2 inhibitor PD98059 (50 µM) and TNF-α (10 ng/ml) on AMPK 

phosphorylation. Expression of phospho-AMPK (P-AMPK) and total AMPK (T-AMPK) was measured in 

the cytosolic fraction of the cells and referred to the expression of β-actin. The mean ratio P-AMPK/T-

AMPK densities (n=5) is represented. A representative Western blot image is shown. The molecular 

weight of both immunoreactive bands was ~62 kDa. * p<0.05 vs. control. 
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4. Discussion 

 
Our group previously demonstrated in Caco-2 cells that TNF-α, via TNFR1 receptor, 

decreases galactose and αMG uptake by down-regulating the expression of the 

Na+/glucose cotransporter SGLT1 in the apical membrane (Barrenetxe et al., 2013).  

 In the present work, we show that TNF-α reduces sugar transport in Caco-2 cells 

through the activation of ERK1/2 that would inhibit the AMPK pathways which, in turn, 

would induce the recruiting of SGLT1 from the apical membrane into intracellular 

compartments. Other authors have demonstrated that the activation of intracellular 

MAPKs-dependent signaling pathways (ERK, P38 and JNK) regulates the expression of 

rabbit SGLT1 (Castaneda-Sceppa et al., 2010). Also, it has been shown in muscle cells, 

that endoplasmic reticulum stress activates ERK which, in turn, decreases AMPK 

activity. The ERK inhibitor U0126, recovered AMPK phosphorylation (Hwang et al., 

2013). Regarding the role of AMPK in the regulation of intestinal sugar transport, we 

show that activation of AMPK by AICAR enhances SGLT1 expression in the brush 

border membrane of Caco-2 cells, as it has been previously observed (Sopjani et al., 

2010). Moreover, AMPK inhibition by CC reduces the levels of SGLT1 in the brush 

border membrane, supporting a role of AMPK in the regulation of this sugar 

transporter. In this context, we have recently shown that Cardiotrophin-1, a cytokine 

of the IL-6 family, decreases sugar transport by reducing SGLT1 expression in Caco-2 

cells apical membrane through the inhibition of AMPK (López-Yoldi et al., 2016).  

In the last years, the potential beneficial effects of n-3 fatty acids on intestinal 

inflammation have been widely studied (Belluzzi et al., 1996; Almallah et al., 1998; 

Calder, 2008). At the molecular level, EPA and DHA show anti-inflammatory properties 

in premature rat pups by regulating eicosanoid- and nuclear factor-κB-related 

metabolite expression (Ohtsuka et al., 2011). Here, we demonstrate for the first time, 

that EPA prevents the inhibitory effect of TNF-α on sugar uptake by activating AMPK. 

In line with these results, glucose transport in weaning piglets’ jejunum is up-regulated 

when feeding n-3 PUFA during gestation and lactation via activation of AMPK, which 

increases SGLT1 and GLUT2 expression (Gabler et al., 2007). The implication of AMPK 

on the physiological effect of EPA has already been demonstrated in 3T3-L1 

adipocytes, where EPA blunts the lipolytic effect of TNF-α trough the stimulation of 
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this intracellular pathway (Lorente-Cebrián et al., 2012). Also, in diet-induced obese 

mice, diet containing n-3 PUFAs increases AMPK phosphorylation levels in several 

tissues (González-Périz et al., 2009; Kopecky et al., 2009). 

It has been proved that GPR120 stimulation by n-3 fatty acids inhibits 

inflammatory responses mediated by TNF-α (Oh & Lagakos, 2011; Calder, 2015). 

Moreover, it is widely known that GPR120 usually acts as EPA receptor (Oh & Lagakos, 

2011). GPR120 is expressed in Caco-2 cells, where binding of n-3 and n-6 PUFAs 

induces its activation, which in turn activates Gαq leading to an increase of cytosolic 

Ca2+ and activation of ERK1/2 (Mobraten et al., 2013). Also, it has been demonstrated 

that ligand activation of GPR120 in intestinal epithelial Caco-2 cells exert anti-

inflammatory effects via inhibition of NF-κB activation (Anbazhagan et al., 2016). All 

this data supports our current results which strongly suggest that the ability of EPA to 

reverse the inhibitory effect of TNF-α on αMG uptake and AMPK phosphorylation is 

mediated by the binding to the receptor GPR120. Other authors have shown that DHA, 

another marine n-3 PUFAs, stimulates glucose uptake in skeletal muscle through the 

phosphorylation of AMPK via GPR120 (Kim et al., 2015)                                                                                                               

 
4.1. Conclusion 

 
We have demonstrated that TNF-α decreases sugar transport in Caco-2 cells by 

the activation of ERK1/2 and the inhibition of AMPK pathways. Most importantly, we 

have shown that EPA prevents TNF-α inhibition of SGLT1 expression in the plasma 

membrane and sugar uptake by activating the AMPK signaling pathway, probably 

through GPR120 (Graphical abstract). These results open perspectives to investigate 

the use of EPA as a beneficial fatty acid for the treatment of nutrients absorption 

disorders in patients suffering intestinal inflammation.  
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Graphical abstract 
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Abstract  

 
Tumor necrosis factor alfa (TNF-α) is a pro-inflammatory cytokine which is highly 

involved in the pathogenesis of intestinal inflammation. Omega-3 polyunsaturated fatty 

acids (n3-PUFAs) show anti-inflammatory actions on inflammatory-related pathologies 

including intestinal inflammation. We have previously demonstrated that the omega-3 EPA 

prevents TNF-α inhibition of sugar uptake in Caco-2 cells through the involvement of 

GPR120. The goal of the present work was to investigate whether the n3-PUFA DHA and its 

derived specialized pro-resolving lipid mediators (SPMs) MaR1, RvD1 and RvD2, can block 

TNF-α inhibition of intestinal sugar and glutamine uptake in Caco-2 cells. 

DHA blocked TNF-α-induced inhibition of αMG uptake and SGLT1 expression in the 

apical membrane, through a pathway which seemed to be independent of GPR120. MaR1, 

RvD1 and RvD2 showed the same preventive effect. In diet-induced obese (DIO) mice, αMG 

intestinal transport and SGLT1 expression in the brush border membrane was lower than in 

lean animals.  Oral administration of MaR1 to DIO mice did not reverse those effects.  

However, MaR1 did reverse the up-regulation of the pro-inflammatory cytokines found in 

the DIO intestinal mucosa. TNF-α also inhibited glutamine uptake in Caco-2 cells being this 

inhibition also prevented by EPA, DHA and the DHA derived SPMs. Interestingly, TNF-α 

increased the expression in the membrane of the glutamine transporter B0AT1. This increase 

was partially avoided by the omega-3 fatty acids. These data reveal DHA and its specialized 

pro-resolving lipid mediators as promising biomolecules to restore intestinal nutrients 

transport during intestinal inflammation. 
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1.Introduction  

 
Tumor necrosis factor alfa (TNF-α) is a pro-inflammatory cytokine which is highly 

involved in the pathogenesis of intestinal inflammation (Tabas & Glass, 2013; Vitale et al., 

2017). The blockage of TNF-α has been proved to be effective in the control of intestinal 

bowel disease (IBD). Therefore, biological drugs such as monoclonal antibodies have been 

developed to target TNF-α for the treatment of IBD (Argollo et al., 2017; Cohen et al., 2013). 

Nevertheless, studies show that around one third of the patients do not improve after the 

therapy. In other cases, loss of response may occur over time (Argollo et al., 2017). Hence, 

the discovery of other agents/biomolecules to counteract TNF-α deleterious effects is 

needed for the treatment of intestinal inflammation diseases.   

Marine omega-3 polyunsaturated fatty acids (n3-PUFAs)  show  anti-inflammatory 

actions on inflammatory-related pathologies such as cardiovascular diseases, 

atherosclerosis, Alzheimer’s disease, asthma, arthritis and colitis (Calder, 2015). Indeed, 

there is a positive association between high consumption of n-3 PUFAs in the diet and the 

reduction of ulcerative colitis (UC) risk (Ananthakrishnan et al., 2014; Hou et al., 2011). In 

animal models of chronic intestinal inflammation, n-3 PUFA-rich diet ameliorates 

inflammation (Hokari et al., 2013; Mbodji et al., 2013). Liu et al. (2012) reported that fish oil 

supplementation improved intestinal integrity in LPS-induced intestinal injury, by reducing 

TNF-α expression and inhibiting TLR4 and NOD2 signaling pathways. Thus, an alternative or 

complementary treatment for IBD therapy is the supplementation of the diet with n-3 PUFAs 

(Neuman & Nanau, 2012; Stewart et al., 2011). 

Eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) are the 

main n-3 PUFAs in fish oil (Calder, 2013). EPA and DHA serve as substrates for the formation 

of specialized pro-resolving lipid mediators (SPMs) with potent anti-inflammatory and pro-

resolutive properties, namely maresins (MaR), resolvins (Rv), protectins (PD) (Bento et al., 

2011; Chatterjee et al., 2014; Serhan, 2007). Different from their precursors, the SPMs exert 

potent actions at picomolar to nanomolar range in vivo (Serhan et al., 2002). Maresin 1 

(MaR1) is a macrophage-derived mediator from DHA (Serhan & Chiang, 2009). 

Administration of MaR1 exerts protective actions in different experimental colitis mice 
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models by reducing pro-inflammatory cytokines levels (TNF-α) and enhancing the switch of 

pro-inflammatory M1 macrophages towards the anti-inflammatory M2 phenotype. As a 

consequence, it reduces body weight loss and colonic tissue damage (Marcon et al., 2013). 

Serie D Resolvins (resolution-phase interaction products) derived from DHA, such as RvD1 

and RvD2, are also endogenous lipid mediators with strong anti-inflammatory and 

immunomodulatory properties (Serhan & Chiang, 2009). In the ulcerative colitis (UC) mice 

model, endovenous administration of RvD1 and RvD2 reduced neutrophil infiltration and 

pro-inflammatory cytokines expression (Bento et al., 2011). After the treatment of mice with 

dextran sodium sulfate to induce intestinal inflammation, Lee et al. (2017) observed 

increased levels of RvD1 along with decreased levels of its precursor DHA and EPA (precursor 

of resolvin E), suggesting initiation of mucosal healing by endogenous lipids.  

During intestinal inflammation, nutrients and electrolytes malabsorption may occur in 

relation to alterations on the expression and activity of their intestinal transporters (Bertolo 

et al., 2002; Foley et al., 2007; Powell, 1990; Sharma et al., 2005). We have previously 

demonstrated, in the human intestinal epithelial cell line Caco-2, that TNF-α inhibits αMG 

uptake by decreasing SGLT1 expression in the brush border membrane (Barrenetxe et al., 

2013), through the activation of ERK1/2 pathway (Castilla-Madrigal et al., 2017). EPA 

prevents the inhibitory effect of TNF-α through the involvement of GPR120 and AMPK 

activation (Castilla-Madrigal et al., 2017). 

Here, we set out to investigate the possible blocking effect of DHA and its derived lipid 

mediators, MaR1, RvD1 and RvD2 on TNF-α inhibition of sugar and glutamine uptake in 

Caco-2 cells. N-3 PUFAs, maresins and resolvins also show anti-inflammatory actions in 

adipose tissue during obesity (Martinez-Fernandez et al., 2015; 2017), but their actions on 

intestinal nutrients uptake and inflammation in obesity are poorly explored. Therefore, we 

also aim to study the effect of MaR1 on intestinal inflammation and sugar uptake in diet-

induced (DIO) mice. 
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2. Material and methods 

 
2.1. Cell culture 

 

The human intestinal epithelial cell line Caco-2 was maintained at 37°C and 5% CO2 in a 

humidified atmosphere. The cells were grown in Dulbecco‘s Modified Eagles medium 

(DMEM (1X) + GlutaMAX, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 

1% non-essential amino acids (NEAA 100X, LONZA), 1% penicillin (10000 U/ml)–streptomycin 

(10,000 µg/ml) (Gibco) and 1% amphotericin B (250 µg/ml, Gibco). The culture medium was 

changed every 2 days. When cells reached 80% confluence, confirmed by microscopic 

observance, they were dissociated with 0.05% trypsin-EDTA (0.25% trypsin 1X, Gibco) and 

subcultured on 75 cm2 plastic flasks at a density of 25x104 cells/cm2. For the uptake studies, 

the cells were seeded at a density of 6x104 cells/cm2 in 24-well culture plates. Experiments 

were performed 15-20 days post seeding, when the cells were differentiated into 

enterocytes. 

 

2.2. Mice model 

 
C57BL/6J male mice were purchased from Harlan Laboratories and fed as previously 

described (Laiglesia et al., 2017) to obtain the obese phenotype. Diet-induced obesity (DIO) 

mice were divided into two groups (n= 8), DIO-MaR1 and DIO groups, that received for 10 

days a daily oral gavage of MaR1 (50 μg/kg body weight) or the vehicle respectively. The lean 

(control) group, received vehicle (Laiglesia et al., 2017).  

All experimental procedures were performed under protocols approved by the 

University of Navarra Ethics Committee for the Use of Laboratory Animals, according to the 

National and Institutional Guidelines for Animal Care and Use (Protocols 029-12 and 047-15).  
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2.3. Uptake assays 
 

2.3.1. Uptake assays in Caco-2 cells 

Caco-2 cells were grown in 24-well culture plates and pre-incubated for 1 h in 

Dulbecco’s Modified Eagles Medium without glucose (DMEM, Gibco), for αMG uptake 

studies, or in Krebs modified buffer (5.4 mM KCl, 2.8 mM CaCl2, 1 mM MgSO4, 0.3 mM 

NaH2PO4, 137 mM NaCl, 0.3 mM KH2PO4, 10 mM glucose and 10 mM HEPES/Tris, pH 7.5), for 

glutamine uptake assays. Both media were supplemented with 1% BSA free fatty acids 

(Sigma). The pre-incubations were performed in control conditions and in the presence of 10 

ng/ml TNF-α (PeproTech, Inc.) without and with 100 µM EPA (Cayman), 100 µM DHA 

(Cayman), 100 nM RvD1 (Cayman), 100 nM RvD2 (Cayman) or 100 nM MaR1 (Cayman). For 

the studies of the implication of the free fatty acid receptor 4, GPR120, on DHA effect, cells 

were pre-incubated with 10 ng/ml TNF-α in the presence of 100 µM DHA plus the GPR120 

antagonist AH7614 (Tocris) at 100 µM. Uptake assays were performed by incubating the 

cells for 15 min with 0.1 mM α-methyl-D-glucose (αMG; Sigma) and traces of [14C]-α-methyl-

glucoside (0.08 µCi/ml; ARC 0131) or with 0.1 mM L-Glutamine (Gln; Sigma) and traces of 

[14C]-L-Glutamine (0.1 µCi/ml; ARC 0196). The reaction was stopped by adding 500 µL of cold 

Phosphate Buffered Saline with calcium and magnesium (PBS, Sigma Aldrich). Cells were 

washed three times with PBS and solubilized by adding 500 µL 1% Triton X-100 in 1M NaOH 

for 1 h 30 min at 37°C.  Samples (100 µL) were taken to measure radioactivity by liquid 

scintillation counter. Protein concentration was determined by the Bradford method (Bio-

Rad Protein Assay). 

 
2.3.2. Uptake assays in everted intestinal rings 

Uptake of αMG was measured in everted jejunal rings from lean (control), DIO and DIO-

MaR1 mice to determine the effects of diet-induced obesity and the administration of MaR1 

on sugar uptake. Four animals from each experimental group were used. After the sacrifice, 

a portion of jejunum was removed, everted and cut in small rings. Rings were incubated in 

Krebs-Ringer-Tris (KRT) solution with 1 mM αMG and traces of [14C]-αMG (0.0025 µCi mL-1). 

The incubation was performed at 37 °C for 15 min, under continuous shaking and gassed 

with O2. Then, rings were washed in ice cold KRT solution, and incubated for 24 h in a 
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solution containing 0.1 M HNO3 to denature the proteins and allow the exit of the cellular 

radioactivity, which was finally determined by liquid scintillation counting (Ducroc et al., 

2010). 

All uptake results are expressed as nmol mg-1 of protein. Data are presented as % 

compared to controls which are normalized at 100 %. 

 
2.4. Proteins isolation and Western blot analysis 

 

2.4.1. Brush border membrane vesicle extraction 

Caco-2 cells grown on 75 cm2 plastic flasks were incubated under the different 

experimental conditions as described in section 2.3.1. After the incubation period, brush 

border membrane vesicles (BBMV) were isolated using the method of Shirazi-Beechey et al. 

(1990) with some modifications (Garriga et al., 1999). BBMV were also obtained from jejunal 

mucosa of lean, DIO and DIO-MaR1 mice following the same procedure. 

 
2.4.2. Protein surface biotinylation  

Caco-2 cells grown on 12-well plates were treated under the different experimental 

conditions as described in section 2.3.1. Then, the cells were washed with PBS with 0.1 mM 

CaCl2 and 1.0 mM MgCl2 and incubated for 1 h under continuous shaking with sulfo-NHS-SS-

biotin (1.5 mg/ml; 100 µL/well; Thermo Scientific) in biotinylation buffer (20 mM Hepes, 150 

mM NaCl and 2 mM CaCl2; pH 8.5). Next, cells were washed with glycine buffer (15 min; 100 

mM Glycine in PBS) and PBS with 0.1 mM CaCl2 and 1.0 mM MgCl2. Then, they were lysed in 

lysis buffer (8 mM NaH2PO4, 42 mM Na2HPO4, 1 % SDS, 100 mM NaCl, 0,1 % NP4O, 1 mM 

NaF, 10 mM sodium orthovanadate, 2 mM PMSF, 10 mM EDTA and 1% protease inhibitor 

cocktail, Sigma), homogenized with sonicator, and centrifuged at 13.000 rpm for 5 min. 

Supernatant was mixed with StreptAvidin-agarose beads (100 µL/ 150 µg protein; Thermo 

Scientific) and incubated overnight to pull down biotinylated antigens. Next, samples were 

centrifuged at 13,000 rpm to allow pelleting of the beads containing the membrane surface 

protein bound to them. Beads were washed with 100 µL lysis buffer and centrifuged for 5 

min at 13,000 rpm. This procedure was repeated three times. Biotinylated fractions were 

boiled in gel loading buffer containing 100 μM DTT to separate the beads from the proteins. 
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All the manipulations were carried out at 4°C to avoid protein degradation of the 

samples.  The protein content of the samples was determined by the standardized method 

of Bradford (Bio-Rad Protein Assay; Bio-Rad laboratories). 

 
2.4.3. Western blot analysis 

Solubilized proteins (30-40 µg) were resolved by electrophoresis on 12% SDS-PAGE. The 

resolved proteins were transferred to a nitrocellulose membrane (Hybond P, GE Healthcare) 

which was then blocked in TBS-Tween 1X buffer (TBS-T 1X) with 10% of milk (Sveltesse, 

Nestle) for 1 h at room temperature, and incubated overnight at 4°C with the corresponding 

primary rabbit antibodies, used at 1:1000. The primary antibodies were: anti SGLT1 (Santa 

Cruz Biotechnology, Cat# sc-98974, RRID: AB_2191582) and anti-B0AT1 (Abcam, Cat# 

ab180516). The β-actin mouse antibody (Santa Cruz Biotechnology Cat# sc-47778, RRID: 

AB_626632) was also used at 1:1000. After the incubation with the corresponding primary 

antibody, the membranes were washed out four times in TBS-T 1X and incubated for 1 h at 

room temperature with the corresponding peroxidase conjugated secondary antibody, goat 

anti-rabbit (Santa Cruz Biotechnology, Cat# sc-2004, RRID: AB_631746) and goat anti-mouse 

(Santa Cruz Biotechnology, Cat# sc-2005, RRID: AB_631736) at 1:10000. The immunoreactive 

bands were detected by enhanced chemiluminescence (Super Signal West Dura; Thermo 

Scientific) and quantified by densitometry analysis (Image Studio Lite, RRID: SCR_014211).  

The results are expressed in percentage of the control value, which was set to 100. 

 
2.5. Gene expression by Real-Time PCR 

 

Total RNA was isolated from mice jejunal mucosa using TRIzol® reagent (Invitrogen, CA, 

USA) according to manufacturer’s procedures. RNA-concentrations and quality were 

measured using Nanodrop Spectrophotometer ND1000 (Thermo Scientific, DE, USA). RNA 

was reverse transcribed to cDNA using Moloney Murine Leukemia Virus (M-MLV) reverse 

transcriptase (Invitrogen). Interleukin-1β (IL-1β), Interleukin-6 (IL-6), Monocyte 

chemoattractant protein 1 (MCP1/ CCL2) and TNF-α mRNA levels were determined using 

predesigned Taqman® Assays-on-Demand and Taqman Universal Master Mix (Applied 
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Biosystems, CA, USA). Amplification and detection of specific products were performed in 

the ABI PRISM 7900HT Fast Sequence Detection System (Applied Biosystems). 

The levels of mRNA were normalized to 18S as housekeeping gene obtained from 

Applied Biosystems. Samples were analyzed in duplicate. Ct values were generated by the 

ABI PRISM 7900HT (Applied Biosystems). Finally, the relative expression of the genes was 

calculated by the 2-ΔΔCt method (Livak & Schmittgen, 2001). 

 
2.6. Statistical analysis 

 

Statistical analysis was performed using the program Stata v12 (Stata, RRID: 

SCR_012763). Parametric or non-parametric tests (Kruskal-Wallis test, Student’s t test and 

Mann Whitney’s U test) were run depending on the sample size and the normality of the 

data. Results were expressed as means ± Standard Error of the Mean (SEM), and differences 

were considered significant at a p<0.05. 

 

3. Results 

 

3.1. Effect of DHA on the inhibition of αMG uptake by TNF-α in Caco-2 cells 

 

Alpha methyl-glucose (αMG) is a glucose analog, specific substrate for the Na+/glucose 

cotransporter (SGLT) family (Bormans et al., 2003). 

We first investigated whether DHA was able to block TNFα-induced inhibition of αMG in 

Caco-2 cells. As we previously reported, 10 ng/ml TNF-α decreased 0.1 mM αMG uptake by 

~30% (Barrenetxe et al., 2013).  Pre-incubation of the cells for 1 h with 100 µM DHA totally 

blocked TNF-α inhibition of αMG transport. DHA alone did not have any effect on sugar 

uptake (Fig. 1A). These effects were accompanied by a reduction of SGLT1 expression in 

BBMV in TNF-α treated cells (Barrenetxe et al., 2013) that was prevented by DHA (Fig.1 B).  

Then, we investigated whether DHA action on αMG uptake was mediated through the DHA 

receptor GPR120. Our data showed that, in the presence of the GPR120 antagonist AH7614 

(100 µM), DHA was also able to prevent TNF-α inhibitory effect on αMG uptake (Fig. 1C).  

This suggested that GPR120 stimulation was not involved in the blocking effect of DHA on 

TNF-α actions. 
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Figure 1. Effects of DHA on the inhibition of αMG uptake by TNF-α in Caco-2 cells. A. Caco-2 cells were pre-

incubated for 1 h with 10 ng/mL TNF-α in the absence and in the presence of 100 µM DHA before measuring 

the uptake of 0.1 mM αMG for 15 min. Data (n= 16) are represented as mean ± SEM. B. SGLT1 expression in 

BBMV from Caco-2 cells treated as in A. The ratio SGLT1/β-Actin is expressed as % of control (n= 4). A 

representative Western blot image is shown. SGLT1 appears as a ~75 kDa immunoreactive band. C. Caco-2 

cells were pre-incubated for 1 h with 10 ng/ml TNF-α in the absence and in the presence of 100 µM of the 

GPR120 antagonist AH7614 and 100 µM DHA, before measuring the uptake of 0.1 mM αMG for 15 min. Data 

(n= 16) are represented as mean ± SEM. * p<0.05, ** p<0.01 vs. control; && p<0.01, &&& p<0.001 vs. TNF-α. 
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3.2. Effect of MaR1, RvD1 and RvD2 on the inhibition of αMG uptake by TNF-α in Caco-2 

cells 

 

Next, we investigated whether the DHA lipid mediators MaR1, RvD1 and RvD2 showed 

the same blocking effect than its precursor on TNF-α inhibition of αMG uptake. As shown in 

Figures 2A, 2B and 2C, the three SPMs were able to block TNF-α effect by preventing the 

decrease of SGLT1 expression in the BBMV induced by the cytokine (Fig. 2D, 2E and 2F, 

respectively). 
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Figure 2. Effect of MaR1, RvD1 and RvD2 on the inhibition of αMG uptake by TNF-α in Caco-2 cells. A-C: Caco-2 cells were pre-incubated for 1 h with 10 ng/mL TNF-

α in the absence and in the presence of 100 nM MaR1 (A, n=18), 100 nM RvD1 (B, n=10) or 100 nM RvD2 (C, n=10) before measuring the uptake of 0.1 mM αMG for 

15 min. Data are represented as mean ± SEM. D-F: SGLT1 expression in BBMV from Caco-2 cells treated as previously described with 100 nM MaR1 (D, n=5), 100 nM 

RvD1 (E, n=4) or 100 nM RvD2 (F, n=5). The ratio SGLT1/β-actin is expressed as % of control. A representative Western blot image is shown. SGLT1 appears as a ~75 

kDa immunoreactive band. * p<0.05, ** p<0.01 vs. control; & p<0.05, && p<0.01, &&& p<0.001 vs. TNF-α. 



Results (Chapter 2) 

123 

3.3. Effect of the administration of MaR1 on αMG intestinal uptake in DIO mice 

 
Obesity is known as a low-grade chronic inflammatory disease (Gonçalves et al., 

2015; Max et al., 2013) in which there is an increase in the secretion of pro-

inflammatory cytokines (Maurizi et al., 2017; Mazur-Bialy et al., 2017). In obesity, 

visceral adipose tissue surrounding the intestine grows, triggering intestinal 

inflammation (Kredel & Siegmund, 2014). To get closer to the in vivo model, we 

decided to study αMG intestinal transport in diet-induced obese (DIO) mice and DIO 

mice treated with MaR1 (DIO-MaR1) by oral gavage, and compare it with the transport 

in lean animals.   

Uptake of 0.1 mM αMG by intestinal rings of DIO mice was decreased (~30%) 

when compared with the uptake of lean mice. However, MaR1 did not significantly 

reverse this reduction (Fig. 3A). In line with these results, SGLT1 expression in BBMV 

was reduced in the DIO mice. In DIO-MaR1 mice, the transporter expression showed 

an intermediate value between the expression observed in lean and DIO mice (Fig. 3B). 

We also determined the gene expression of some pro-inflammatory proteins in 

the jejunal mucosa from the three experimental groups. The expression of Tnf-α, Il-1β 

and Il-6 genes was increased in the DIO mice compared to the lean animals. The values 

returned to the control levels after treatment with MaR1. Macrophage chemotactic 

protein (MCP1) expression was not modified in any of the DIO groups compared to the 

control mice (Fig. 3C).  
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Figure 3. Effect of administration of MaR-1 (oral gavage) on αMG intestinal uptake in DIO mice. A. 

Uptake of 1 mM αMG (15 min) in intestinal everted jejunal rings from lean (control), DIO and DIO-MaR1 

mice. Data (n= 15) are represented as mean ± SEM. B. SGLT1 expression in BBMV from lean (control), 

DIO and DIO-MaR1 mice jejunum. The ratio SGLT1/β-Actin is expressed as % of control (n= 3-4). A 

representative Western blot image is shown. SGLT1 appears as a ~75 kDa immunoreactive band. C. 

mRNA expression levels of the pro-inflammatory cytokines Tnf-α, Il-1β, Il-6 and the monocyte 

chemotactic protein-1 Mcp1 in jejunal mucosa from lean, DIO and DIO-MaR1 mice. Data (n= 5-7; mean ± 

SEM) are expressed as fold change (2−ΔΔCT) relative to control group set as 1.  * p<0.05, ** p<0.01 vs. 

control; && p<0.01 vs. DIO. 
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3.4. Effects of TNF-α and EPA or DHA on glutamine uptake in Caco-2 cells  

 

Glutamine is an essential amino acid for the maintenance of the gut barrier 

function and the intestinal cell proliferation and differentiation (Chun et al., 1997; 

Reeds & Burrin, 2001; Windmueller, 1978). The main Gln transporter in the small 

intestine is the Na+-dependent neutral amino acid transporter B0AT1 (Bröer et al., 

2004; Pochini et al., 2014). We decided to investigate whether TNF-α could also inhibit 

Gln uptake and B0AT1 expression in the brush border membrane in Caco-2 cells and, if 

that was the case, whether n-3 PUFAs (EPA and DHA) could block these TNF-α effects. 

As observed in Figures 4A and 4B, 10 ng/ml TNF-α significantly inhibited Gln 

uptake by ~20%. This inhibition was blocked by both EPA and DHA. EPA alone but not 

DHA increased Gln uptake. Interestingly, brush border membrane expression of B0AT1 

was significantly increased by TNF-α (Fig. 4C and 4D). This increase was partially 

blocked by EPA and DHA. EPA and DHA alone slightly increased B0AT1 recruitment into 

the apical membrane (Fig. 4C and 4D). 
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Figure 4. Glutamine uptake in the presence of TNF-α and EPA or DHA. A-B: Caco-2 cells were pre-

incubated for 1 h with 10 ng/mL TNF-α in the absence and in the presence of 100 µM EPA (A) or 100 µM 

DHA (B) before measuring the uptake of 0.1 mM Gln for 15 min. Data (n= 18) are represented as mean ± 

SEM. C-D: B0AT1 expression in brush border biotinylated proteins from Caco-2 cells treated as in the 

uptakes assays. The ratio B0AT1/β-Actin is expressed as % of control (n= 4). A representative Western 

blot image is shown. B0AT1 appears as a ~75 kDa immunoreactive band. * p<0.05, ** p<0.01 vs. control; 

&&& p<0.001 vs. TNF-α.  
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3.5. Effects of MaR1, RvD1 and RvD2 on glutamine uptake in the presence of TNF-α 

in Caco-2 cells  

 

Finally, we investigated if the DHA lipid mediators MaR1, RvD1 and RvD2 showed 

the same blocking effect than its precursor on TNF-α inhibition of Gln uptake. As 

shown in Figures 5A, 5B and 5C, the three SPMs were able to block TNF-α effect.  

 

Figure 5. Glutamine uptake in the presence of TNF-α and MaR1, RvD1 or RvD2. Caco-2 cells were pre-

incubated for 1 h with 10 ng/mL TNF-α in the absence and in the presence of 100 nM MaR1 (A),100 nM 

RvD1 (B) or 100 nM RvD2 (C) before measuring the uptake of 0.1 mM Gln for 15 min. Data (n= 18) are 

represented as mean ± SEM. * p<0.05, ** p<0.01 vs. control; && p<0.01, &&& p<0.001 vs. TNF-α. 
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4. Discussion 

 

Some previous studies from our group and others have suggested the ability of n-3 

PUFAs to regulate intestinal inflammation and sugar uptake (SGLT1) in vitro and in vivo 

(Gabler et al. , 2007; Castilla-Madrigal et al., 2017; Cabré et al., 2012; Zhao et al., 

2015). In the present study, we have demonstrated that DHA, as previously reported 

for EPA (Castilla-Madrigal et al., 2017), blocks TNFα-inhibition of sugar uptake by 

preventing the recruitment of SLGT1 from the apical membrane into intracellular 

compartments. Moreover, we observed that contrary to EPA (Castilla-Madrigal et al., 

2017), DHA action did not seem to implicate the omega-3 fatty acid receptor GPR120 

(Oh et al., 2010) activation. In this context, several previous works have shown 

different outcomes concerning the involvement of GPR120 in the actions of DHA. Thus, 

it has been described in Caco-2 cells that DHA decreases NF-κB activation, included in 

TNF-α signaling pathway, by binding to GPR120 (Anbazhagan et al., 2016). Accordingly, 

in a mice colitis model (IL-10 KO mice), DHA partially reduces inflammation through 

the inhibition of the NF-κB signaling pathway by activating GPR120 (Zhao et al., 2017). 

Arantes et al. (2016) observed that skin wound healing was improved by topical DHA, 

which induced TGF-β1 production in the keratinocytes through GPR120. However, 

TGF-β1 synthesis by fibroblast was independent of GPR120, since the receptor is not 

expressed in these cells. Interestingly, the protective effects of n-3 PUFAs against 

insulin-resistance and inflammation in obesity was also observed in GPR120 KO mice, 

suggesting that GPR120 signaling is not required for these effects (Pærregaard et al., 

2016). EPA and DHA might act through three possible alternative mechanisms: 1) 

Binding and activation of GPR120; 2) Interfering with early membrane events involved 

in other receptors activation; 3) Diffusing through the membrane and activation of 

PPAR-γ (Calder, 2015). In the present work, DHA seems to exert its effect by a 

mechanism different from the binding to GPR120. Nevertheless, further studies are 

needed to confirm this.   

It has been suggested that n-3 PUFAs-derived SPMs are able to counteract 

inflammation (Spite et al., 2014). We found that MaR1, RvD1 and RvD2, as their 

precursor DHA, block TNF-α-induced inhibition of αMG uptake and SGLT1 expression 
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in the apical membrane of Caco-2 cells, but with a concentration a thousand times 

lower.  

Cytokines secreted by adipose tissue are closely associated with intestinal 

inflammation (Teixeira et al., 2011). In DIO mice, Martínez-Fernández et al.  (2017) 

found that the intraperitoneal administration of MaR1 ameliorated obesity-induced 

insulin resistance and up-regulated adiponectin and GLUT4 genes. It also reduced 

adipose tissue inflammation, revealed by the decrease of pro-inflammatory M1 

macrophage phenotype and MCP-1, TNF-α, and IL-1β gene expression in adipose 

tissue. In our DIO model, we did not find reversion of the decrease on intestinal sugar 

uptake or SGLT1 expression in the DIO mice by MaR1, but we did observe reversion on 

the increase of the pro-inflammatory cytokines TNF-α, IL-1β and IL-6 gene expression 

in the intestine. In line with these results, intraperitoneal administration of MaR1 in 

mice with spontaneous colitis attenuated histological colitis and diminished the 

concentration of TNF-α, IFN-γ, IL-6 and IL-17, which improved iron-deficient anemia 

(Wang et al., 2016). Likewise, in mice with induced experimental colitis, intraperitoneal 

administration of MaR1 reduced TNF-α levels and enhanced macrophages M2 

phenotype, reverting colon damage (Marcon et al., 2013). Also, in vascular endothelial 

and smooth muscle cells, MaR1 diminished TNF-α inflammatory pathway (Chatterjee 

et al., 2014).  Similarly, intravenous administration of RvD1 and RvD2 to a mice model 

of colitis reduced pro-inflammatory cytokines secretion (Bento et al., 2011). 

Interestingly, Lee et al. (2017) found in intestinal mucosa of colitis model mice, 

increased levels of RvD1, together with decreased levels of its precursor DHA, 

suggesting the initiation of healing by endogenous lipids. Remarkably, Caco-2 cells 

exposed to LPS can also produce MaR1 (Le Faouder et al., 2013). In our work, the fact 

that MaR1 was able to block TNF-α-induced decrease on sugar uptake in Caco-2 cells, 

but not in the mice model, may suggest that longer treatment with MaR1 would be 

required to achieve the recovery of sugar transport in the DIO mice model.  

Glutamine is the main energy source for intestine and is necessary to maintain the 

gut integrity (Pochini et al., 2014). Intravenous administration of Gln to protein 

malnourished mice, previously injected with LPS, reduced synthesis and circulating 

levels of TNF-α (Santos et al., 2016).  
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Here, we show that TNF-α inhibits Gln uptake in Caco-2 cells, contrary to the 

findings of Souba et al. (1992). As occurs for sugar, EPA (Castilla-Madrigal et al., 2017), 

DHA and its derived lipid mediators MaR1, RvD1 and RvD2 prevented TNF-α-induced 

inhibition of Gln uptake. However, while decrease of sugar uptake by the cytokine was 

due to SGLT1 expression reduction in the apical membrane (Barrenetxe et al., 2013), 

TNF-α inhibitory effect of Gln transport was accompanied by an increase on the Na+-

dependent glutamine transporter B0AT1 expression in membrane. This increase was 

partially blunted by EPA and DHA. In a rabbit model of chronic enteritis, glutamine 

uptake by the intestine was decreased due to B0AT1 expression reduction in the 

plasma membrane (Arthur et al., 2012). However, in the same animal model, the 

activity of ATB0 (a Na+-dependent neutral amino-acid cotransporter) and PepT1 (a H+- 

dipeptide transporter) was diminished due to a reduction on their substrate affinity, 

without modification on their expression in the membrane (Sundaram et al., 2006; 

Talukder et al., 2008). In rat colon and Caco-2 cells, TNF-α down-regulates the Na+/K+ 

ATPase (Markossian & Kreydiyyeh, 2005). These data suggest that in Caco-2 cells, TNF-

α would indirectly decrease B0AT1 activity by reducing the Na+ gradient across the 

membrane. In the case of the reduction of sugar uptake by TNF-α, the internalization 

of SGLT1 does not exclude the implication of the Na+ gradient in the decrease of its 

activity. TNF-α could also alter B0AT1 function by inducing its phosphorylation (Böhmer 

et al., 2010; Pochini et al., 2014), that would alter its turnover rate or affinity, as it 

happens in other transporters  (Vayro & Silverman, 1999).  The decrease of B0AT1 

activity, in turn, would be a signal for the insertion of more molecules of B0AT1 into 

the membrane.  

In conclusion, DHA and its lipid mediators MaR1, RvD1 and RvD2 block the TNF-α-

induced inhibition of αMG and Gln uptake. Thus, n-3 PUFAs and their derived pro-

resolving lipid mediators are presented as promising biomolecules to restore intestinal 

nutrients transport during intestinal inflammatory processes. 
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Abstract 

 
We have previously demonstrated in the human intestinal epithelial cell line Caco-

2, that TNF-α inhibits sugar uptake, acting from the apical membrane, by decreasing 

the expression of the Na+-glucose cotransporter SGLT1 in the brush border membrane. 

The goal of this study was to investigate the hypothesis that in obesity, TNF-α from 

abdominal adipose tissue (adipocytes and macrophages) would decrease sugar 

transport acting from the basolateral membrane of the enterocytes.  

Basal TNF-α (10 ng/mL, 24 h incubation) decreased α-methyl-D-glucose (αMG) and 

glutamine uptake (15 min). The apical medium derived from these Caco-2 cells and 

placed apically for 1 h in another set of cells, also reduced sugar and glutamine 

transport. RT-PCR analysis demonstrated up-regulation of TNF-α, IL-1β and MCP1 gene 

expression in Caco-2 cells expose to basal TNF-α. Similarly, αMG uptake was inhibited 

after Caco-2 cells were incubated for 24 h with medium from subcutaneous or visceral 

overweight human mesenchymal stem cells derived adipocytes (hMSC-DA) placed in 

the basal compartment. The apical medium collected from those Caco-2 cells, placed 

in the upper side of other set of cells, also induced reduction of sugar uptake. None of 

these effects were observed with medium from morbidly obese subcutaneous or 

visceral hMSC-DA. RT-PCR analysis demonstrated up-regulation of TNF-α, IL-1β, IL-6 

and MCP1 in overweight visceral hMSC-DA but not in morbid visceral hMSC-DA.  Basal 

presence for 24 h of medium derived from LPS-activated macrophages and non-

activated macrophages also decreased αMG uptake. Diet induced obesity (DIO) 

produced an increase in the visceral adipose tissue surrounding the intestine in mice. 

In this physiological condition, there was a decrease on αMG uptake in jejunal everted 

rings which was not further decreased in the presence of TNF-α.  

These results suggest that basolateral TNF-α, which can be produced by 

macrophages and adipocytes during obesity, would be able to activate pro-

inflammatory cytokines expression in the small intestine and diminish intestinal sugar 

uptake.   
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1. Introduction 

 

Tumor necrosis factor α (TNF-α) is a pro-inflammatory cytokine involved in the 

regulation of many important cellular processes such as proliferation, differentiation, 

growth and immune response (Hayashi et al., 2013). This cytokine is also implicated in 

numerous diseases with an inflammatory component, as inflammatory bowel disease 

(IBD) (Argollo et al., 2017) and obesity (Peluso & Palmery, 2016).   

IBD is characterized by chronic inflammation of the gastrointestinal mucosa due to 

a dysregulation of the immune system (Tabas & Glass, 2013). Genome, diet and 

intestinal microbiota are implicated in the pathogenesis of IBD (Albenberg et al., 2012). 

Cytokines play a crucial role in this pathogenesis of IBD as they orchestrate many 

aspects of intestinal inflammation. A disturbed balance between pro-inflammatory and 

immunoregulatory cytokines has been reported in IBD (Soufli et al., 2016). 

Obesity is a low grade chronic inflammatory state where inflammation results in 

secondary diseases in the long run, and impacts the progression of other illnesses 

(Rocha & Folco, 2011). Obesity is associated with a worst diagnosis and development 

of IBD (Gonçalves et al., 2015; Max et al., 2013). Patients with IBD exhibit ectopic 

adipose tissue extending from the mesenteric depot along the intestinal surface. 

Dysfunctional inflamed mesenteric adipose tissue in obesity could also contribute to 

the chronic intestinal inflammation in IBD (Sideri et al., 2015). Fat accumulation can 

also be locally restricted (Kredel & Siegmund, 2014). In normal to mildly overweight 

healthy women, it was found a positive association between visceral adiposity and 

intestinal permeability (Gummesson et al., 2011). A progressive increase in visceral 

adiposity is also observed with aging (Huffman & Barzilai, 2009; Lumeng et al., 2011). 

Macrophages are classified as pro-inflammatory M1 macrophages and immuno-

modulatory M2 macrophages (Mantovani et al., 2004). Directly underneath the 

epithelium of the intestine there are tissue-resident intestinal M2 macrophages 

(Mahida et al., 1989, Davies et al., 2013; Mantovani et al., 2013). During the triggering 

of intestinal inflammation different mediators stimulate the switch of M2 resident 

macrophages into M1, and also induce M1 macrophages infiltration. These M1 

macrophages, in turn, secrete pro-inflammatory cytokines such as TNF-α, IL-6, IL-8, IL-
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23, IL-1β, and IFNγ as well as the chemokine MCP1 (Kamada et al., 2008; Schenk et al., 

2007; Zareie et al., 2001), which maintain the inflammatory state. In obesity, there is 

recruitment and activation of macrophages (Nishimura et al., 2009) that can impact 

the intestinal function (Neuman, 2007). 

We have previously demonstrated in the human intestinal epithelial cell line Caco-

2, that TNF-α inhibits sugar uptake, acting from the apical membrane, by decreasing 

the expression of the Na+-glucose cotransporter SGLT1 in the brush border membrane 

(Barrenetxe et al., 2013).  

The goal of this study was to investigate the hypothesis that in obesity, TNF-α 

from abdominal adipose tissue (adipocytes and macrophages) would decrease sugar 

transport acting from the basolateral membrane of the enterocytes. For this purpose, 

Caco-2 cells were exposed to secretions from human mesenchymal stem cells derived 

adipocytes (hMSC-DA) of lean, overweight and morbidly obese individuals, and from 

LPS-activated and non-activated macrophages. 

 

2. Material and methods 

 

2.1. Cells culture 

 

The human intestinal epithelial cell line Caco-2 was maintained at 37°C and 5% 

CO2 in a humidified atmosphere. The cells were grown in Dulbecco‘s Modified Eagles 

medium (DMEM (1X) + GlutaMAX, Gibco) supplemented with 10% fetal bovine serum 

(FBS, Gibco), 1% non-essential amino acids (NEAA 100X, LONZA), 1% penicillin (10,000 

U/ml)–streptomycin (10,000 µg/ml) (Gibco) and 1% amphotericin B (250 µg/ml, 

Gibco). The culture medium was changed every 2 days. For the uptake studies, the 

cells were seeded at a density of 2x105 cells/cm2 in 12-well culture plates or 12-well 

insert plates (Transwel TM Costar). Experiments were performed 15-20 days post 

seeding, when the cells were differentiated into enterocytes. 

Human mesenchymal stem cells (hMSC) were kindly provided by Dr. Arbones-

Mainar (Perez-Diaz et al., 2017). They were obtained from subcutaneous abdominal 

and visceral adipose tissue from three subjects with different body mass index (BMI): 

lean (24 kg/m2), overweight (27 kg/m2) and morbidly obese (44.1 kg/m2), undergoing 

elective laparoscopic surgery. None of the patients presented chronic diseases derived 
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from metabolic syndrome. All donors signed the written consent, and the study was 

approved by the local Institutional Review Board (CEIC-A) and the Ethics Committee of 

the University of Navarra. Human mesenchymal stem cells were isolated as previously 

described (Perez-Diaz et al. 2017) and grown in low-glucose DMEM (Lonza) 

supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin (10,000 

U/ml)–streptomycin (10,000 µg/ml) (Gibco) at 37 °C and 5% CO2 in a humidified 

atmosphere. Cells were seeded at a density of 2x105 cells/cm2 in 12-well culture 

plates. After confluence, the cells were differentiated into adipocytes by adding an 

adipogenic cocktail (500 µM IBMX, 1.67 µM insulin, 1 µM dexamethasone, 1 µM 

rosiglitazone, and 10% FBS high-glucose DMEM) for 3 days. Then, the medium was 

refreshed with new adipogenic cocktail and the cells incubated for three more days 

with 10% FBS high-glucose medium until cells displayed typical features of mature 

white adipocytes (hMSC-derived adipocytes, hMSC-DA).  

Transformed human mononuclear cell line (THP-1) was maintained at 37°C under 

a humidified atmosphere of 5% CO2, and cultured with RPMI-1640 medium (ATCC) 

supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin (10000 

U/ml)–streptomycin (10000 µg/ml) (Gibco). The cells were differentiated to 

macrophage-like cells (inactivated macrophages), by treatment for 2 days with 200 nM 

phorbol myristate acetate (PMA) in 12-well plates at a density of 2x105 cells/cm2. The 

inactivated macrophages were activated by 4 h treatment with LPS. 

 
2.2. Experimental design for uptake studies 

 

Uptakes in Caco-2 cells were performed by incubating the cells for 15 min with 

apical 0.1 mM α-methyl-D-glucose (αMG; Sigma) and traces of [14C]-α-methyl-

glucoside (0.08 µCi/ml; ARC 0131) or with 0.1 mM L-Glutamine (Gln; Sigma) and traces 

of [14C]-L-Glutamine (0.1 µCi/ml; ARC 0196). Then, the reaction was stopped by adding 

500 µL of cold Phosphate Buffered Saline with calcium and magnesium (PBS, Sigma 

Aldrich). Cells were washed three times with PBS and solubilized by adding 500 µL 1% 

Triton X-100 in 1M NaOH for 1 h 30 min at 37°C.  Samples (100 µL) were taken to 

measure radioactivity by liquid scintillation counter. Protein concentration was 
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determined by the Bradford method (Bio-Rad Protein Assay). Alpha-methyl-D-glucose 

is specific substrate of the Na+-glucose cotransporter SGLT1. 

Results of uptake experiments were expressed as nmol mg-1 of protein. All data 

are presented as % compared to controls which were normalized at 100 % 

 
2.2.1. Experimental design for the uptake assays after basal exposure of Caco-2 cells to 

TNF-α 

Scheme 1 depicts the experimental design which is described below. 

Caco-2 cells were grown in 12-well insert plates and pre-incubated for 24 h with 

Dulbecco’s Modified Eagles Medium without glucose (DMEM, Gibco) for αMG uptake 

studies, or with Krebs modified buffer (5.4 mM KCl, 2.8 mM CaCl2, 1 mM MgSO4, 0.3 

mM NaH2PO4, 137 mM NaCl, 0.3 mM KH2PO4, 10 mM glucose and 10 mM 

HEPES/Tris, pH 7.5), for Gln uptake assays. Both media were supplemented with 1% 

non-essential amino acids (NEAA 100X, LONZA) and placed in the apical compartment. 

The pre-incubations were performed in the absence (control) and in the presence of 

10 ng/ml TNF-α (PeproTech, Inc.), placed in the basal compartment and diluted in the 

same DMEM or Krebs media without NEAA. A pre-incubation of 24 h was performed to 

allow secretion by the cells. Next, the apical media were collected and placed for 1 h in 

the apical side of Caco-2 cells grown on plates while αMG and Gln uptake (15 min) was 

measured in the inserts. After the 1 h incubation, the apical media were removed and 

the uptake of αMG and Gln was measured as well. 
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Scheme 1. Experimental design for the uptake assays after basal exposure of Caco-2 cells to TNF-α. 
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2.2.2. Experimental design for the uptake assays after basal exposure of Caco-2 cells to 

human mesenchymal stem cell derived adipocytes (hMSC-DA) media 

Scheme 2 depicts the experimental design which is described below.  

Subcutaneous and visceral hMSC-DA from lean, overweight and morbidly obese 

donors were incubated with high-glucose DMEM in the absence or presence of 10 

ng/ml TNF-α for 24 h. After that time, the media were removed and new fresh DMEM 

was added to the cells for another 24 h to allow secretion. The collected medium from 

the hMSC-DA cells treated with TNF-α was kept for the following pre-incubation of 

Caco-2 cells. 

After the 24 h incubation, the media were collected and placed in the basal 

compartment of Caco-2 cells grown on filters. Those media were named: Conditioned 

DMEM, TNF-α-conditioned medium and TNF-α medium (collected medium from the 

first incubation of the hMSC-DA). Fresh DMEM was placed in the basal compartment 

of another insert as control. Then, Caco-2 cells were pre-incubated for 24 h with the 

different media to allow secretion. After that, the apical medium from each 

experimental condition was collected and placed for 1 h in the apical side of Caco-2 

cells grown on plates, while αMG uptake (15 min) was measured in the Caco-2 cells 

grown on filters. After the 1 h incubation, the apical media were removed and uptake 

of αMG was measured as well. 
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Scheme 2. Experimental design for the uptake assays after basal exposure of Caco-2 cells to human mesenchymal stem cell derived adipocytes (hMSC-DA) 

media. 
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2.2.3. Experimental design for the uptake assays after basal exposure of Caco-2 cells to 
human macrophages media 

Scheme 3 depicts the experimental design which is described below.  

LPS-activated and non-activated macrophages were incubated for 24 h with RPMI. 

Then, each media was placed for 24 h in the basal compartment of Caco-2 cells grown 

on filters. Fresh RPMI was used as control. Next, the apical media from each 

experimental condition was collected and placed in the apical side of Caco-2 cells 

grown on plates for 1 h, while αMG uptake (15 min) was measured in the filters. After 

the 1 h incubation, the apical media were removed and uptake of αMG was measured 

as well. 
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Scheme 3. Experimental design for the uptake assays after basal exposure of Caco-2 cells to human macrophages media 
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2.3. Uptake assays in everted intestinal rings from diet-induced obese mice 
 

C57BL/6J male mice were purchased from Harlan Laboratories and fed as 

previously described to obtain the obese phenotype (Laiglesia et al., 2017). 

All experimental procedures were performed under protocols approved by the 

University of Navarra Ethics Committee for the use of laboratory animals, according to 

the National and Institutional Guidelines for Animal Care and Use (Protocols 029-12 

and 047-15).  

The effects of diet induced obesity (DIO) on the uptake of αMG, was determined 

in everted jejunal rings obtained as previously described (Ducroc et al., 2010). Four 

animals from lean (control) and DIO experimental groups were used. After the 

sacrifice, a portion of jejunum was removed, everted and cut in small rings. Rings were 

incubated in Krebs-Ringer-Tris (KRT) solution with 1 mM αMG and traces of [14C]-αMG 

(0.0025 µCi mL-1), in the absence or presence of 10 ng/ml TNF-α. The incubation was 

performed at 37 °C for 15 min, under continuous shaking, and gassed with O2.  

After the incubation period, rings were washed in ice cold KRT solution and then, 

incubated for 24 h in a solution containing 0.1 M HNO3 to denature the proteins and 

allow the exit of the cellular radioactivity, which was finally determined by liquid 

scintillation counting (Ducroc et al., 2010). 

 
2.5. Gene expression by Real-Time PCR 

 

Total RNA was isolated from the cell lines and mice jejunal mucosa using TRIzol® 

reagent (Invitrogen, CA, USA) according to manufacturer’s procedures. RNA-

concentrations and quality were measured using Nanodrop Spectrophotometer 

ND1000 (Thermo Scientific, DE, USA). RNA was reverse transcribed to cDNA using 

Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen). 

Interleukin-1β (Il-1β), Interleukin-6 (Il-6), Monocyte chemoattractant protein 1(Mcp1/ 

Ccl2) and Tnf-α mRNA levels were determined using predesigned Taqman® Assays-on-

Demand and Taqman Universal Master Mix (Applied Biosystems, CA, USA). 

Amplification and detection of specific products were performed in the ABI PRISM 

7900HT Fast Sequence Detection System (Applied Biosystems). 
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The levels of mRNA were normalized to 18S as housekeeping gene. Samples were 

analyzed in duplicate. Ct values were generated by the ABI PRISM 7900HT (Applied 

Biosystems). Finally, the relative expression of the genes was calculated by the 2-ΔΔCt 

method (Livak & Schmittgen, 2001). 

 
2.6. Statistical analysis 

 

Statistical analysis was performed using the program Stata v12 (Stata, RRID: 

SCR_012763). Parametric and non-parametric tests (One-way ANOVA, t-student, 

Kruskal- Wallis test, Median test) followed by the corresponding post-hoc test (Tukey, 

SNK, Bonferroni), were run depending on the sample size and the normality of the 

data. Results were expressed as means ± Standard Error of the Mean (SEM), and 

differences were considered significant at a p value <0.05. 

 

3. Results 

 

3.1. Effect of basal TNF-α on αMG and glutamine uptake and pro-inflammatory 

protein genes expression in Caco-2 cells  

 
In order to investigate whether basal TNF-α could inhibit sugar uptake, Caco-2 

cells grown on inserts were pre-incubated with 10 ng/ml TNF-α present in the basal 

compartment for 24 h. Next, the apical medium was collected and placed for 1 h in the 

upper side of Caco-2 cells grown on plates to check if it could affect sugar uptake. 

Then, uptake of 0.1 mM αMG was measure for 15 min in both, the cells exposed to 

basal TNF-α and the cells incubated with the apical medium. Similar experiments were 

performed with Gln to verify whether another nutrient uptake could be altered. 
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Figure 1. Effect of basal TNF-α on sugar (αMG) and glutamine (Gln) uptake in Caco-2 cells. A-B:  Caco-2 

cells were pre-incubated for 24 h with 10 ng/ml TNF-α placed in the basal side, before 15 min uptake of 

0.1 mM αMG (A) and 0.1 mM Gln (B). C-D:  Caco-2 cells were pre-incubated for 1 h with apical medium 

from Caco-2 cells exposed to basal TNF-α for 24 h, before 15 min uptake of 0.1 mM αMG (C) and 0.1 

mM Gln (D). Data (n=12-18) are represented as mean ± SEM.*p<0.05, **p<0.01, ***p<0.001 vs control 

group. 

 
As shown in figure 1A and B, basal TNF-α treatment significantly decreased (by 20-

30%) αMG and Gln uptake. Interestingly, the apical medium derived from the Caco-2 

cells exposed basally to TNF-α also significantly reduced the nutrients uptake (Fig.1C 

and D). These data suggested the presence of TNF-α in the apical medium of the cells 

pre-incubated with the basal cytokine. In order to check if TNF-α was able to up-

regulate its own secretion by the Caco-2 cells, we analyzed TNF-α gene expression by 

RT-PCR. We also studied the expression of IL-1β, another pro-inflammatory cytokine 

with local and systemic effects, which also decreases intestinal sugar transport 

(Bertolo et al., 2002), and the expression of MCP1 (monocyte chemotactic protein-1). 
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Figure 2 shows significant increases on the gene expression of TNF-α, IL-1β and 

MCP1, three pro-inflammatory proteins. 

 

 

Figure 2. Effects of basal TNF-α treatment on TNF-α, IL-1β and MCP1 gene expression in Caco-2 

cells. Caco-2 cells grown in 12 well-plate inserts were incubated for 24 h with 10 ng/ml of TNF-α present 

in the basal compartment before RNA extraction and RT-PCR. Data (n=11; mean ± SEM) are expressed as 

fold change (2−ΔΔCT) relative to control group considered as 1. *p<0.05, ***p<0.001 vs. control group. 

 
The data demonstrate that basal TNF-α treatment inhibits αMG and glutamine 

uptake in Caco-2 cells and stimulates its own expression, together with that of IL-1β 

and MCP1. 

 
3.2. Effect of basal exposure of Caco-2 cells to hMSC-DA secretions on αMG uptake   
 

In pathophysiological conditions, TNF-α that access to the basolateral membrane 

of the enterocytes may come from the blood, due to systemic inflammation, such as 

sepsis or obesity, or from inflamed intestine (inflammatory bowel diseases) and 

surrounding tissues (visceral fat in obese individuals).  Under inflammatory stimulus, 

enterocytes can also contribute to the secretion of TNF-α (Jung et al., 1995). 

Since obesity is a low grade chronic inflammatory disease, accompanied by higher  

secretion of TNF-α from adipose tissue (Tzanavari et al., 2010), we decided to 

investigate whether the exposure of Caco-2 cells to the medium coming from mature 
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adipocytes inhibited sugar uptake. The adipocytes derived from human mesenchymal 

stem cells (hMSC-DA) of subcutaneous and visceral fat from lean, overweight and 

morbidly obese donors. 

The detailed experimental procedures are described in the Material and Methods 

(section 2.2.2) 

αMG uptake was significantly inhibited in Caco-2 cells exposed in the basal side to 

conditioned-DMEM from overweight subcutaneous adipocytes compared to control 

(Fig. 3A). However, non-significant changes were observed in Caco-2 cells incubated 

with the TNF-α medium or TNF-α-conditioned medium from overweight hMSC-DA (Fig. 

3 B and C). In the assays using the apical media collected from the former Caco-2 cells, 

that was apically placed for 1 h in another Caco-2 cells grown on plates, αMG uptake 

was also significantly inhibited by conditioned-DMEM and TNF-α medium from 

overweight hMSC-DA (Fig. 3D, E). Conditioned media coming from subcutaneous 

adipocytes of a morbidly obese subject did not produce any effect on sugar uptake. 

Visceral adipose tissue differs in cellular composition and molecular properties 

from subcutaneous adipose tissue due to enhanced secretion of pro-inflammatory 

factors (Caesar et al., 2010). For this reason, we performed similar studies using 

visceral hMSC-DA from overweight and morbidly obese patients. 

Interestingly, as observed with subcutaneous hMSC-DA, αMG uptake was 

significantly inhibited, compared to control, by conditioned-DMEM and TNF-α medium 

from overweight hMSC-DA, both in the basal (Fig. 4 A, B) and apical assays (Fig. 4 D 

and E).  

These results suggest that the hMSC-DA from overweight individuals would be the 

most active secretor adipocytes of pro-inflammatory cytokines, both in basal condition 

and after stimulation with TNF-α. The TNF-α medium may contain traces of this 

cytokine (see scheme 2) together with TNF-α secreted by overweight adipocytes, since 

the medium obtained from lean or morbidly obese hMSC-DA did not inhibit sugar 

uptake. 
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Figure 3. Effect of basal exposure of Caco-2 cells to subcutaneous hMSC-DA media on αMG uptake. A-C: Caco-2 cells grown on inserts were pre-incubated, in the basal compartment 
for 24 h, with the media obtained from subcutaneous hMSC-DA that have been incubated during 24 h with and without TNF-α. Then, the upper medium was collected and uptake of 
0.1 mM αMG was measured for 15 min. D-F:  The mentioned collected medium was placed on the apical side of Caco-2 cells grown on plates for 1h. Then, the medium was removed 
and uptake of 0.1 mM αMG was measured for 15 min. Conditioned-DMEM, medium coming from hMSC-DA 24 h incubated solely with DMEM; TNF-α medium, medium coming from 
hMSC-DA incubated with TNF-α; TNF-α-conditioned medium, medium coming from hMSC-DA after 24 h removal of TNF-α. Data (n=6-12) are represented as mean ± SEM. *p<0.05, 
**p<0.01 vs. control.
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Figure 4. Effect of basal exposure of Caco-2 cells to visceral hMSC-DA media on αMG uptake. A-C: Caco-2 cells grown on inserts were pre-incubated, in the basal compartment for 24 

h, with the media obtained from visceral hMSC-DA that have been incubated during 24 h with and without TNF-α. Then, the upper medium was collected and uptake of 0.1 mM αMG 

was measured for 15 min. D-F:  The mentioned collected medium was placed on the apical side of Caco-2 cells grown on plates for 1h. Then, the medium was removed and uptake of 

0.1 mM αMG was measured for 15 min. Conditioned-DMEM, medium coming from hMSC-DA 24 h incubated solely with DMEM; TNF-α medium, medium coming from hMSC-DA 

incubated with TNF-α; TNF-α-conditioned medium, medium coming from hMSC-DA after 24 h removal of TNF-α. Data (n=6) are represented as mean ± SEM. *p<0.05, **p<0.01 vs. 

control. 
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3.3. Expression of pro-inflammatory genes in hMSC-DA.  

 
Human MSC-DA from the overweight subject seemed to be the most active 

secretor cells of pro-inflammatory cytokines. To check this hypothesis, we set out to 

investigate the gene expression of the pro-inflammatory cytokines TNF-α, IL-1β and IL-

6, and the chemotactic protein MCP1, in visceral hMSC-DA from overweight and also 

from morbidly obese individuals. For that, we used the hMSC-DA employed for the 

uptake experiments (section 3.3 of Results). Briefly, matured adipocytes derived from 

hMSC where incubated for 24 h with DMEM or 10 ng/ml TNF-α. Next, the media were 

collected, and the cells were incubated for another 24 h with fresh DMEM. Then, 

media were recovered again for the Caco-2 uptake studies (section 3.3) and hMSC-DA 

used for mRNA isolation and RT-PCR. The cells were named conditioned DMEM and 

TNF-α- conditioned medium respectively. 

Figure 5 A shows higher expression of TNF-α, IL-1β, IL-6 and MCP1 in overweight 

visceral hMSC-DA compared to adipocytes from a morbidly obese subject in basal 

conditions (incubation with DMEM, conditioned-DMEM). In the cells incubated first 

with TNF-α and afterwards with DMEM, only the IL-6 expression was significantly 

higher in the overweight adipocytes (Fig. 5 B). Moreover, the gene expression levels of 

the pro-inflammatory proteins were higher in overweight hMSC-DA from conditioned 

DMEM than in the overweight cells from TNF-α-conditioned medium. 
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Figure 5. TNF-α, IL-1β, IL-6 and MCP1 gene expression in visceral hMSC-DA from overweight and 

morbidly obese individuals. Visceral matured adipocytes derived from hMSC where incubated for 24 h 

with DMEM or 10 ng/ml TNF-α. Next, the media were collected, and the cells were incubated for 

another 24 h with fresh DMEM. Then, media were recovered for the Caco-2 uptake studies and hMSC-

DA used for mRNA isolation and RT-PCR. The cells were named conditioned DMEM and TNF-α- 

conditioned medium respectively. Data (n=5-6; mean ± SEM) are expressed as fold change (2−ΔΔCT) 

relative to morbidly group considered as 1. *p <0.05, ***p <0.001 vs. overweight group. 

 
Taken together, these results suggest that mature adipocytes derived from hMSC 

of overweight subjects, in basal conditions, may secrete pro-inflammatory cytokines 

which would produce inhibition of sugar uptake in Caco-2 cells.  

 
3.4. Effect of basal exposure of Caco-2 cells to macrophages secretions on αMG 

uptake and genes expression 

 

Macrophages are directly implicated in the development of inflammation 

(Johnson et al., 2012). Among their actions, they secrete pro-inflammatory cytokines 

including TNF-α (Kamada et al., 2008; Schenk et al., 2007; Zareie et al., 2001). Deposits 

of M2 macrophages are found underneath the enterocytes (Mahida et al., 1989). 

During inflammation, M2 macrophages switch into the pro-inflammatory M1 

macrophages. In obese subjects, it has been observed increase of M1 macrophages 

(Peluso & Palmery, 2016; Weisberg et al., 2003). 

We decided to investigate whether secretions from LPS-activated and non-

activated macrophages could inhibit sugar uptake in Caco-2 cells. Before that, we 

analyzed the expression of anti-inflammatory and pro-inflammatory genes in both 

types of macrophages. As observed in figure 6, the pro-inflammatory genes TNF-α, IL-

1β and IL-6 were increased in the LPS-activated macrophages compared to the non-

B 
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activated ones. However, the gene expression of MCP1 was significantly decreased in 

the LPS-activated macrophages. As expected, the anti-inflammatory cytokine IL-10 was 

significantly decreased in the LPS-activated macrophages compared to the non-

activated. 
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Figure 6. TNF-α, IL-1β, IL-6, IL-10 and MCP1 gene expression in LPS-activated and non-activated 

macrophages. Data (n=6; mean ± SEM) are expressed as fold change (2−ΔΔCT) relative to non-activated 

macrophages group considered as 1. *p<0.05, **p<0.01 vs. non-activated macrophages. 

 
As it is shown in figure 7 A, the presence in the basal side (24 h) of the media 

secreted by both LPS-activated and non-activated macrophages, significantly reduced 

αMG uptake, being the inhibition higher in the Caco-2 cells incubated with medium 

from the LPS-activated macrophages (35% for LPS-activated macrophages vs. 20% for 

the non-activated macrophages). On the other hand, the apical medium collected from 

those Caco-2 cells and placed for 1 h in the apical compartment of another Caco-2 set 

of cells had no effect on αMG uptake (Fig. 7B).  

Increase on TNF-α, IL-1β, IL-6 and MCP1 expression was found in Caco-2 cells 

basally exposed to LPS-activated macrophages secretion, being significant for IL-1β and 

IL-6 compared to control. In Caco-2 cells basally exposed to non-activated 

macrophages secretion, a non-significant increased on IL-1β, IL-6 and MCP1 was 

observed compared to control (Fig. 7C). 



Results (Chapter 3)  

160  

 

Figure 7. Effect of basal exposure of Caco-2 cells to macrophages media on αMG uptake and Caco-2 

cells pro-inflammatory gene expression. A. Caco-2 cells were grown on filters and pre-incubated for 24 

h with medium derived from LPS-activated and non-activated macrophages placed in the basal 

compartment. Then, the upper medium was collected and uptake of 0.1 mM αMG was measured for 15 

min. B. The mentioned collected medium was placed on the apical side of Caco-2 cells grown on plates 

for 1h. Then, the medium was removed and uptake of 0.1 mM αMG was measured for 15 min. Data 

(n=8) are represented as mean ± SEM. C. TNF-α, IL-1β, IL-6 and MCP1 gene expression in Caco-2 cells 

grown on inserts and pre-incubated for 24 h with medium derived from LPS-activated and non-activated 

macrophages placed in the basal compartment. Data (n=4; mean ± SEM) are expressed as fold change 

(2−ΔΔCT) relative to control group considered as 1. *p<0.05, **p<0.01 vs. control. 

 
3.5. Effect of diet induced obesity on intestinal αMG uptake  

 

To get closer to the in vivo model, we set out to investigate whether intestinal 

sugar uptake was altered in diet-induced obese mice, a physiological condition in 

which the secretion of pro-inflammatory cytokines by adipose tissue is increased 

(Makki et al., 2013). 

Figure 8A shows, at the moment of the sacrifice, that DIO mice presented more 

adipose tissue around the intestine than the control mice. 

In the lean animals, uptake of 0.1 mM αMG in intestinal everted rings was 

significantly decreased by the presence of 10 ng/mL TNF-α, as we previously reported 
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(Bertolo et al., 2002). Sugar uptake in the DIO animals was also decreased by the same 

magnitude (~40%) when compared to lean animals uptake (Fig. 8B) as shown in 

chapter 2. Interestingly in the DIO animals, the presence of TNF-α maintained the 

same inhibition level of αMG uptake, indicating that the cytokine did not cause 

additional effect on αMG uptake. 

 

Figure 8. Effect of diet induced obesity (DIO) on intestinal αMG uptake. A. Visceral adipose 

tissue surrounding the intestine in lean and DIO mice. B. Uptake of 1 mM αMG (15 min) in jejunal 

everted rings from lean (control) and DIO mice in the absence and presence of 10 ng/ml TNF-α. Data 

(n=15) are represented as mean ± SEM. **p<0.01, ***p<0.01 vs. control. 

 
4. Discussion 

 

In the present work, we have demonstrated in Caco-2 cells that αMG uptake is 

decreased by basolateral exposure to TNF-α, to secretions from human visceral and 

subcutaneous obese adipocytes and to secretions from macrophages. Intestinal αMG 

uptake is also diminished in diet-induced obese (DIO) mice, but TNF-α does not 

increase this inhibition. These functional data are accompanied by increase of TNF-α 

and other pro-inflammatory genes expression in the Caco-2 cells and in human visceral 

obese adipocytes. 

A 

B 

C 

B 

A 
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We have previously demonstrated that TNF-α decreases galactose and αMG 

uptake in Caco-2 cells via apical TNFR1, by down-regulating the expression of the 

Na+/glucose cotransporter SGLT1 in the brush border membrane (Barrenetxe et al., 

2013). Likewise, apical TNF-α decreases glutamine uptake (chapter 2). Here, we show 

that TNF-α, acting from the basolateral membrane, is also able to inhibit αMG and 

glutamine uptake. In fact, TNFR1 is expressed in the basolateral membrane of Caco-2 

cells where it responds to TNF-α (Sonnier et al., 2010). 

 We also have demonstrated that basal TNF-α stimulates in the Caco-2 cells its 

own gene expression, together with the expression of IL-1β and MCP1. Similarly, basal 

TNF-α induces apical IL-8 secretion (Sonnier et al., 2010). On the other hand, apical 

TNFα and IL-1 stimulation of human colon epithelial cells up-regulates gene expression 

and apical secretion of TNF-α, IL-1, IL8 and MCP1 (Jung et al., 1995; Wang et al., 2010). 

We have found that apical medium from Caco-2 cells activated with basal TNF-α 

and placed in the apical side of other set of cells, also decreases sugar and Gln uptake. 

We can anticipate that this medium will contain pro-inflammatory cytokines, secreted 

by the Caco-2 cells, able to inhibit nutrients transport as TNF-α (Barrenetxe et al., 

2013; Foley et al., 2007; Johnson et al., 2004) and IL-1β (Viñuales et al., 2013). 

Whether basal TNF-α signaling is directly contributing to the regulation of the nutrients 

transporters, would need further investigation. 

Obesity is known as a low-grade chronic inflammatory disease (Gonçalves et al., 

2015; Max et al., 2013) in which there is an increase on the secretion of pro-

inflammatory cytokines (TNF-α, IL-1, IL-6 among others) by adipocytes (Maurizi et al., 

2017; Mazur-Bialy et al., 2017) and macrophages (Kredel & Siegmund, 2014; Trayhurn 

& Wood, 2004).  

In overweight adipocytes derived from human mesenchymal stem cells (hMSC-DA) 

of visceral origin, we found up-regulation of the pro-inflammatory cytokines TNF-α, IL-

1 β, IL-6. The medium coming from these cells and also from overweight hMSC-DA of 

subcutaneous origin, acting from the basolateral membrane, produces a decrease on 

αMG uptake in Caco-2 cells. Moreover, the apical medium of these exposed Caco-2 

cells is also able to decrease sugar uptake in other set of intestinal cells.  This would 

suggest that the overweight hMSC-DA would secrete pro-inflammatory cytokines to 

the medium. In turn, the medium would activate cytokines secretion by Caco-2 cells 
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that would inhibit sugar uptake. In vivo, this would mean that in obesity, visceral 

adipose tissue surrounding the intestine would decrease intestinal nutrients transport 

through the secretion and diffusion of TNF-α and other pro-inflammatory cytokines. 

Subcutaneous fat depots would contribute to the alteration of nutrients absorption 

through systemic TNF-α.  

Interestingly, medium from morbidly obese hMSC-DA did not modify sugar uptake 

in Caco-2 cells. Solá et al. (2009) have shown that morbidly obese patients show an 

extreme chronic inflammatory state, due to an increase in pro-inflammatory cytokine 

secretion. In these subjects, moderate weight loss did not ameliorate this pro-

inflammatory state. We hypothesize that in this chronic inflammatory condition, 

infiltrated macrophages and T-lymphocytes (Kredel & Siegmund, 2014) would maintain 

the inflammatory state, and adipocytes would acquire inflammatory resistance to the 

secretion of pro-inflammatory cytokines. In fact, we demonstrate that expression of 

TNF-α, IL-1β and IL-6 and Mcp1 genes is downregulated in morbidly obese hMSC-DA 

compared to overweight hMSC-DA from visceral origin. 

Surprisingly, the medium coming from TNF-α stimulated hMSC-DA did not alter 

αMG uptake in none of the experimental conditions. These results would suggest that 

the exposure of the adipocytes to TNF-α could induce resistance to the secretion of 

pro-inflammatory cytokines, at least in our experimental model. In line with these 

results, we found very low expression of TNF-α, IL-1β, IL-6 and MCP1 in these TNF-α 

stimulated hMSC-DA in comparison to the non-stimulated cells. 

The growth of the adipose tissue in obesity triggers the recruitment and activation 

(M2 shift into pro-inflammatory M1 phenotype) of macrophages (Nishimura et al., 

2009; Odegaard & Chawla, 2013). These macrophages produce pro-inflammatory 

cytokines that are involved in the generation of low grade chronic inflammation, being 

TNF-α one of the main mediators (Hamdy et al., 2006; Peluso & Palmery, 2016; 

Weisberg et al., 2003). Macrophages in the lamina propria of the small intestine can be 

stimulated by pro-inflammatory cytokines coming from the surrounding adipose tissue 

and, in turn, secrete TNF-α, IL-1β, IL-6, IL-12 (Peluso & Palmery, 2016)  which enhances 

local inflammation (Neuman, 2007) altering intestinal function. 
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We have found that secretions from LPS-activated and non-activated 

macrophages inhibit sugar uptake in Caco-2 cells, acting from the basolateral 

membrane. This inhibition is higher in the Caco-2 exposed to LPS-activated medium 

which is in agreement with the higher expression of TNF-α and IL-1β in LPS-activated 

macrophages. Other authors have also found expression of IL-1β, IL-6, IL-8 and TNF-α 

in non-activated macrophages. Moreover, co-culture of Caco-2 cells with those 

macrophages for 48 h, triggered Caco-2 cells damage through TNF-α binding to TNFR1 

(Satsu et al., 2006). Tanoue et al. (2008) observed that LPS-stimulated-RAW264.7 cells 

(murine macrophages), in co-culture with Caco-2 cells, secreted TNF-α which induced 

Il-8 mRNA expression in the Caco-2 cells. Our Caco-2 cells exposed to LPS-activated and 

non-activated macrophages secretions did not significantly increase TNF-α expression. 

These data could explain the lack of effect of the apical medium of these cells on sugar 

uptake in another set of Caco-2 cells. 

We have found that diet induced obesity in mice showed a development of the 

visceral adipose tissue surrounding the intestine. This was accompanied by up-

regulation of the pro-inflammatory cytokines Tnf-α, Il-1β, Il-6 genes expression in the 

jejunum and decrease on αMG uptake by intestinal rings and SGLT1 expression in the 

apical membrane of the enterocytes (chapter 2). The sugar uptake reduction was of 

the same magnitude than that observed in the lean animals intestinal rings in the 

presence of TNF-α. Interestingly, in DIO mice there was not further decrease of sugar 

uptake by addition of TNF-α, which would suggest resistance to the cytokine in the 

obese animals 

Our earlier data support these results and confirm our hypothesis. Thus, obesity 

would induce the growth of visceral adipose tissue next to the intestine. TNF-α coming 

from adipocytes would bind to the basolateral receptor TNFR1 (Sonnier et al., 2010) 

and stimulate TNF-α apical secretion by the enterocytes which, in turn, would inhibit 

sugar transport by binding to apical TNFR1 (Barrenetxe et al., 2013). Secretion from 

activated macrophages would also inhibit sugar uptake by directly signaling from the 

basolateral membrane.  
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The results obtained in the present work have been discussed in detail in each 

chapter; here, a general discussion is presented. 

The gastrointestinal mucosa is continuously exposed to external potential 

antigenic substances. As a consequence, the immune system is activated and 

inflammatory reaction may occur. If this reaction is not properly controlled, chronic 

inflammation can develop, with high production of pro-inflammatory cytokines as TNF-

α (Tabas & Glass, 2013; Vitale et al., 2017). Under inflammatory stimulus, enterocytes 

also contribute to the secretion of TNF-α (Jung et al., 1995). TNF-α can bind to its 

receptors, TNFR1 and TNFR2, located in the apical and basolateral membrane of the 

enterocytes, in an autocrine and paracrine way (Sonnier et al., 2010).   

During intestinal inflammation, nutrients and electrolytes malabsorption may 

occur in relation to alterations on the expression and activity of their intestinal 

transporters (Powel, 1990; Bertolo et al., 2002; Foley et al., 2007; Sharma et al., 2005). 

We have previously demonstrated, in the human intestinal epithelial cell line Caco-2, 

that TNF-α, acting from the apical membrane, inhibits αMG uptake by decreasing  the 

Na+/glucose cotransporter  SGLT1 expression in the brush border membrane 

(Barrenetxe et al., 2013).  

Marine omega-3 polyunsaturated fatty acids (n-3 PUFAs) show anti-inflammatory 

actions on inflammatory-related pathologies, including intestinal inflammation and 

obesity (Calder, 2015; Martínez-Fernández et al., 2015). EPA and DHA are the main n-3 

PUFAs in fish oil (Calder, 2013). N-3 PUFAs serve as substrates for the formation of 

specialized pro-resolving lipid mediators (SPMs) with potent anti-inflammatory and 

pro-resolving properties, namely maresins (MaR), resolvins (Rv) and protectins (PD) 

(Bento et al., 2011; Chatterjee et al., 2014; Serhan, 2007). To our knowledge, the 

possible beneficial actions of the n-3 PUFAs and SPMs on nutrients intestinal transport 

affected during intestinal inflammation, remains unknown. 

In the present work, we have demonstrated that apical TNF-α decreases sugar 

uptake and SGLT1 expression in the brush border membrane of Caco-2 cells, by the 

activation of ERK 1/2 and the inhibition of AMPK pathways. EPA, DHA, MaR1, RvD1 and 

RvD2 block apical TNF-α-induced inhibition of sugar uptake and SGLT1 expression in 

the brush border membrane. EPA prevents these TNF-α effects by activating the AMPK 

signaling pathway, probably through GPR120. Interestingly, DHA acts through a 
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mechanism different from the binding to GPR120. Apical TNF-α also decreases 

glutamine uptake in Caco-2 cells, but increases the expression in the brush border 

membrane of the Na+-dependent glutamine transporter B0AT1, suggesting an 

alteration on the activity of the transporter. EPA, DHA and DHA derived SPMs blunt 

TNF-α-induced inhibition of glutamine transport. EPA and DHA also partially block the 

B0AT1 increased expression in the membrane. Altogether, our data suggest that EPA, 

DHA and DHA derived SPMs are presented as promising biomolecules to restore 

intestinal nutrients transport during intestinal inflammation processes. 

Obesity is a low grade chronic inflammatory state, where inflammation results in 

secondary diseases in the long run, and impacts the progression of other illnesses 

(Rocha & Folco, 2011). In obesity, there is an increase of the secretion of pro-

inflammatory cytokines by adipocytes (Mazur-Bialy et al., 2017; Maurizi et al., 2017) 

and macrophages (Trayhurn & Wood, 2004; Kredel & Siegmund, 2014). TNF-α 

production in obesity may access the basolateral membrane of the enterocytes coming 

from the blood or diffusing from the visceral adipose tissue surrounding the intestine 

or from infiltrated macrophages.    

Here, we show that TNF-α and the secretions from overweight adipocytes (hMSC-

DA) and LPS-activated and non-activated macrophages, acting from the basolateral 

membrane of Caco-2 cells, decrease sugar uptake. In Caco-2 cells under basolateral 

TNF-α stimulation and in overweight hMSC-DA, there is up-regulation of TNF-α, IL-1β 

and MCP1 gene expression.    

To approach our in vitro results to the in vivo model, we used diet induced obese 

(DIO) mice. DIO mice presented a clear increase in visceral adipose tissue surrounding 

the intestine. In these animals, intestinal sugar transport is decreased in comparison to 

lean animals. This effect is accompanied by a reduction on SGLT1 expression in the 

brush border membrane of the enterocytes, and by an increase on Tnf-α, Il-1β and Il-6 

expression in the jejunal mucosa. Oral administration of MaR1 reverses the increase of 

the pro-inflammatory cytokines genes expression, but not the decrease on sugar 

uptake or SGLT1 amount in the brush border membrane. 

Thus, it can be suggested that in obesity, TNF-α coming from adipocytes of the 

visceral fat next to the intestine would bind to the basolateral TNF-α receptor TNFR1 

(Sonnier et al., 2010) and stimulate TNF-α apical secretion by the enterocytes which, in 
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turn, would inhibit sugar transport by binding to the apical TNFR1 (Barrenetxe et al., 

2013). Secretion from infiltrated macrophages would also inhibit sugar uptake by 

signaling from the basolateral membrane.  

In conclusion, the results of this work support that TNF-α secreted by the small 

intestine, macrophages and adipocytes during intestinal inflammation and obesity can 

decrease sugar and glutamine absorption and that the omega-3 EPA, DHA and the DHA 

derived pro-resolving lipid mediators are able to block this effect. 
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1. Apical TNF-α decreases sugar uptake and SGLT1 expression in the brush border 

membrane of Caco-2 cells by the activation of ERK 1/2 and the inhibition of AMPK 

pathways. EPA prevents these TNF-α effects by activating the AMPK signaling 

pathway, probably through GPR120. 

2. DHA and its derived specialized pro-resolving lipid mediators (SPMs) MaR1, RvD1 

and RvD2 also block apical TNF-α-induced inhibition of sugar uptake and SGLT1 

expression in the brush border Caco-2 cells.  DHA may exert its effect through a 

mechanism different from GPR120 binding. 

3. Apical TNF-α decreases glutamine uptake in Caco-2 cells but increases B0AT1 

expression in the brush border membrane. EPA, DHA and DHA derived SPMs blunt 

TNF-α-induced inhibition of glutamine transport. EPA and DHA also partially block 

the increased expression of B0AT1. 

4. Basolateral TNF-α is able to inhibit sugar and glutamine uptake and stimulate TNF-α 

IL-1β and MCP1 gene expression in Caco-2 cells. 

5. Media from subcutaneous and visceral overweight hMSC-DA decrease sugar uptake 

in Caco-2 cells acting from the basolateral membrane. In turn, apical media from 

these Caco-2 cells also reduce sugar uptake. In visceral overweight hMSC-DA there 

is gene up-regulation of the pro-inflammatory cytokines TNF-α, IL-1β and IL-6. None 

of these effects are observed with media from morbidly obese hMSC-DA.   

6. Media from LPS-activated and non-activated macrophages decrease sugar uptake in 

Caco-2 cells acting from the basolateral membrane. TNF-α expression was not 

significantly increase in these Caco-2 cells. Apical media from these Caco-2 cells do 

not alter sugar uptake.   

7. Diet-induced obese (DIO) mice show a higher content of visceral adipose tissue 

surrounding the intestine. This is accompanied by up-regulation of Tnf-α, Il-1β, Il-6 

gene expression in the jejunal mucosa.  Also, there is a decrease on intestinal sugar 

uptake and SGLT1 expression in the bush border membrane of DIO mice. Oral 

administration of MaR1 to DIO mice reverses the increase in the expression of the 

pro-inflammatory cytokines, but not the decrease on sugar uptake or SGLT1 

expression observed in DIO mice. 
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GENERAL CONCLUSION 

 
In conclusion, the results of this work suggest that TNF-α secreted by the small 

intestine, macrophages and adipocytes during intestinal inflammation and obesity can 

decrease sugar and glutamine absorption and that the omega-3 EPA, DHA and the DHA 

derived pro-resolving lipid mediators (MaR1, RvD1 and RvD2) are able to block this 

effect. 
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1. El TNF-α apical disminuye la captación de azúcar y la expresión de SGLT1 en la 

membrana de borde en cepillo de las células Caco-2, por activación de la vía 

intracelular de ERK 1/2 e inhibición de AMPK. EPA previene los efectos de TNF-α por 

activación de la vía de AMPK, probablemente mediante la unión a su receptor 

GPR120. 

2. DHA y sus mediadores lipídicos pro-resolutivos (SPMs) MaR1, RvD1 and RvD2 

también pueden bloquear la inhibición de la captación de azúcar inducida por el 

TNF-α apical y de la expresión de SGLT1 en la membrana en cepillo de células Caco-

2. El DHA no parece ejercer sus efectos a través de la unión con GPR120.  

3. El TNF-α apical disminuye la captación de glutamina en células Caco-2, pero 

aumenta la expresión de B0AT1 en la membrana de borde en cepillo. EPA, DHA y 

SPMs derivados de DHA bloquean el efecto inhibitorio de TNF-α en la captación de 

glutamina. EPA y DHA también bloquean parcialmente el aumento en la expresión 

de B0AT1. 

4. El TNF-α basolateral es capaz de inhibir la captación de azúcar y glutamina y 

estimular la expresión de los genes de TNF-α, IL-1β y MCP1 en células Caco-2. 

5. Medios procedentes de hMSC-DA, con origen subcutáneo y visceral de un paciente 

con sobrepeso, disminuyen la captación de azúcar en células Caco-2 actuando 

desde la membrana basolateral. A su vez, los medios apicales de estas células Caco-

2 también reducen la captación de azúcar. En las hMSC-DA viscerales de un 

paciente con sobrepeso hay un aumento de la expresión de genes de las citoquinas 

pro-inflamatorias TNF-α, IL-1β e IL-6. Ninguno de estos efectos se produce con 

hMSC-DA procedentes de un paciente obeso mórbido.  

6. Medios procedentes de macrófagos activados con LPS y macrófagos sin activar 

disminuyen la captación de azúcar en células Caco-2 actuando desde su membrana 

basolateral. La de TNF-α expresión no estaba significativamente aumentada en 

estas células Caco-2.  Los medios apicales obtenidos de estas células Caco-2 no 

alteran la captación de azúcar.   

  



Conclusiones 

 

184  

7. Ratones con obesidad inducida por la dieta (DIO) muestran un aumento de la grasa 

visceral que recubre el intestino. Esto está acompañado por un aumento en la 

expresión de los genes de Tnf-α, Il-1β, Il-6 en la mucosa del yeyuno. Además, estos 

ratones DIO presentan una disminución de la captación de azúcar en el intestino y 

de la expresión de SGLT1 en la membrana del borde en cepillo de los enterocitos. La 

administración oral de MaR1 a los ratones DIO revierte el aumento en la expresión 

de citoquinas pro-inflamatorias, pero no la disminución en la captación de azúcar y 

la expresión de SGLT1.  

 
Conclusión general 

 
En resumen, los resultados de este trabajo sugieren la hipótesis de que el TNF-α 

secretado por el intestino delgado, macrófagos o adipocitos durante el proceso de 

inflamación intestinal u obesidad, pueden disminuir la absorción de azúcar y 

glutamina, y que los omega-3, EPA y DHA, así como los derivados lipídicos pro-

resolutivos del DHA (MaR1, RvD1 y RvD2), son capaces de bloquear estos efectos 

adversos. 
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Tumor necrosis factor alfa (TNF-α) is a pro-inflammatory cytokine that acts in an 

autocrine and paracrine way by binding to its receptors TNFR1 and TNFR2. This 

cytokine is implicated in numerous diseases with an inflammatory component, as 

inflammatory bowel disease (IBD).  Obesity is a low grade chronic inflammatory state 

that could contribute to the chronic intestinal inflammation in IBD. Also, high amounts 

of TNF-α have been found during obesity. During the triggering of intestinal 

inflammation different mediators induce the switch of tissue-resident M2 

macrophages into pro-inflammatory M1 macrophages, and M1 macrophages 

infiltration. In turn, M1 macrophages secrete pro-inflammatory cytokines including 

TNF-α. Obesity would impact the intestinal function through the recruitment and 

activation of macrophages.  

Omega-3 polyunsaturated fatty acids (n3-PUFAs) and its derived lipid mediators 

show anti-inflammatory actions on inflammatory-related pathologies, including 

intestinal inflammation.   

In enterocytes, glucose is actively transported by the Na+/glucose cotransporter 

SGLT1. Glutamine, an essential amino acid for the maintenance of the gut barrier 

function and the intestinal cell proliferation, is mainly transported by the Na+-

dependent glutamine transporter B0AT1. We have previously demonstrated, in the 

human intestinal epithelial cell line Caco-2, that TNF-α inhibits αMG uptake by 

decreasing SGLT1 expression in the brush border membrane. 

The goal of this study was to investigate the double hypothesis: 1) That n-3 PUFAs 

and DHA derived specialized pro-resolving lipid mediators (MaR1, RvD1 and RvD2) can 

counteract TNF-α-induced inhibition of nutrients intestinal transport, acting from the 

apical membrane of the enterocytes. 2)  That basolateral TNF-α, in relation with 

obesity, can inhibit nutrients transport and induce its own expression in the 

enterocytes. 

This research demonstrates that, after pre-incubation of the Caco-2 cells with 

apical TNF-α and EPA, EPA prevented the inhibitory effect of the cytokine on α-methyl-

D-glucose (αMG) uptake and on SGLT1 expression at the brush border membrane, 

measured by Western blot. The ERK1/2 inhibitor PD98059 and the AMPK activator 

AICAR also prevented the inhibitory effect of TNF-α on both αMG uptake and SGLT1 

expression. Interestingly, the AMPK inhibitor, Compound C, abolished the ability of 
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EPA to prevent TNF-α-induced reduction of sugar uptake and transporter expression. 

The GPR120 antagonist, AH7614, also blocked the preventive effect of EPA on TNF-α-

induced a decrease of αMG uptake and AMPK phosphorylation. 

Moreover, DHA blocked apical TNF-α-induced inhibition of αMG uptake and SGLT1 

expression in the apical membrane, through a pathway which seemed to be 

independent of GPR120. MaR1, RvD1 and RvD2 showed the same preventive effect on 

TNF-α action, but acting at concentration 1,000 times lower. TNF-α also inhibited 

glutamine (Gln) uptake in Caco-2 cells being this inhibition also blunted by EPA, DHA 

and the DHA-SPMs. Interestingly, TNF-α increased the expression in the membrane of 

the glutamine transporter B0AT1. This increase was partially avoided by the omega-3 

fatty acids. These data present DHA and its specialized pro-resolving lipid mediators as 

promising biomolecules to restore intestinal nutrients transport during intestinal 

inflammation. 

On the other hand, TNF-α and the secretions from overweight adipocytes (hMSC-

DA) and macrophages (inactive and active), acting from the basolateral membrane of 

Caco-2 cells, decrease sugar uptake. In Caco-2 cell under basolateral TNF-α stimulation 

and in overweight hMSC-DA, there is up-regulation of TNF-α, IL-1β and MCP1 gene 

expression.    

To approach our in vitro results to the in vivo model, we used diet induced obese 

(DIO) mice. In DIO mice, αMG intestinal transport and SGLT1 expression in the brush 

border membrane was lower than in lean animals. This effect was accompanied by an 

increase on Tnf-α, Il-1β and Il-6 gene expression in the jejunal mucosa. Oral 

administration of MaR1 reversed the up-regulation of the pro-inflammatory cytokines 

found in the DIO intestinal mucosa, but not the decrease on sugar uptake or SGLT1 

amount in the brush border membrane. 

In conclusion, the results of this work support that TNF-α secreted by the small 

intestine, macrophages and adipocytes during intestinal inflammation and obesity can 

decrease sugar and glutamine absorption. They also support that the omega-3 EPA, 

DHA and the DHA derived pro-resolving lipid mediators are able to block TNF-α effect 

This suggest that EPA, DHA and DHA-SPMs could be beneficial biomolecules to restore 

intestinal nutrients transport in patients suffering intestinal inflammation.  

 


