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With the epidemic of human obesity, dietary fats have increasingly become a focal point of biomedical research. Epidemiological studies indicate that high-fat diets (HFDs), especially those rich in long-chain saturated fatty acids (e.g., Western Diet, National Health Examination survey; NHANES ‘What We Eat in America’ report) have multi-organ pro-inflammatory effects. Experimental studies have confirmed some of these disease associations, and have begun to elaborate mechanisms of disease induction. However, many of the observed effects from epidemiological studies appear to be an over-simplification of the mechanistic complexity that depends on dynamic interactions between the host, the particular fatty acid, and the rather personalized genetics and variability of the gut microbiota. Of interest, experimental studies have shown that certain saturated fats (e.g., lauric and myristic fatty acid-rich coconut oil) could exert the opposite effect; that is, desirable anti-inflammatory and protective mechanisms promoting gut health by unanticipated pathways. Owing to the experimental advantages of laboratory animals for the study of mechanisms under well-controlled dietary settings, we focus this review on the current understanding of how dietary fatty acids impact intestinal biology. We center this discussion on studies from mice and rats, with validation in cell culture systems or human studies. We provide a scoping overview of the most studied diseases mechanisms associated with the induction or prevention of Inflammatory Bowel Disease in rodent models relevant to Crohn’s Disease and Ulcerative Colitis after feeding either high-fat diet (HFD) or feed containing specific fatty acid or other target dietary molecule. Finally, we provide a general outlook on areas that have been largely or scarcely studied, and assess the effects of HFDs on acute and chronic forms of intestinal inflammation.
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Introduction

Many regions of the world are currently affected by an epidemic of obesity and chronic inflammatory disease in humans, which has been, in part, attributed to excessive dietary fat intake (1). In the United States, a ‘Western’ diet which is characteristically high in fat, particularly saturated fats, symbolizes the link between increased availability of fast food diets and public health risk for inflammatory diseases (1–3). Industrialized countries have experienced increased incidence and severity of chronic inflammatory diseases, especially inflammatory bowel disease (IBD), which is thought to be triggered by complex and dynamic interactions between diet, lifestyle, host genetics, the immune system and gut microbiota (4). The IBD subtypes Crohn’s disease (CD) and ulcerative colitis (UC) are chronic inflammatory disorders of the gastrointestinal tract for which there is no cure and which, over time, often require surgical resection of affected portions of the bowel. In the United States, 1.6 million Americans are IBD sufferers (5) who believe that diet, chiefly high-fat diet (HFD) triggers symptoms and flare-ups (6, 7).

Although there are overarching hypotheses linking diet and inflammation, the specific mechanisms mediating such deleterious effects (8), and why some individuals experience them while others do not, are not known. Epidemiological studies have quantified the relationship between fat intake and IBD etiology (3). For example, consuming a diet high in animal fat or polyunsaturated fat (PUFA) has been associated with CD (9), while high intake of monounsaturated or polyunsaturated fats increases the risk of UC (6). Further, obesity has been shown to increase the risk of IBD, while IBD severity (specifically CD) has been found to be greater in obese people (1, 2). Understanding the mechanisms of disease processes is important because it enables the development of strategies to promote human health.

The study of molecular mechanisms of disease in humans is limited by the technical and ethical difficulties, making experimental animals critical avenues for examining the physiological effects of numerous oral and parenteral fatty acid (FA)-derived nutrition combinations. Laboratory rodents, namely mice, exhibit close genetic proximity to the human genome (~90% of mouse genes being homologous to human) (10), thus offering a specific advantage, where precise genetic models of disease can be made. In addition, various rodent models have an increased susceptibility to chronic intestinal inflammation, which worsens with HFDs (11, 12), by immunological mechanisms that also resemble human IBD pathogenesis (e.g., cytokines IL-1β and TNFα, monocyte chemoattractant protein-1 (MCP1), and keratinocyte-derived chemokines) (12). Interestingly, recent evidence now suggests that IBD prevention could intriguingly be achieved by specific dietary FAs, for example, omega-3 (13). This review seeks to summarize proposed mechanisms of disease modulation by dietary FAs, with the ultimate objective to compile peer-reviewed evidence on the mechanisms that could trigger divergent pro- and anti-inflammatory responses.



Methods of Search

This study was based on a scoping review of published evidence conducted by our group to assess the effects of dietary fats on IBDs in laboratory rodents (rats and mice), and the mechanisms associated with the observed clinical effects on the animal gut. Using systematic search of peer-reviewed reports in PubMed, we identified rodent studies which used a wide array of spontaneous and chemically-induced models of IBD. The data on the type of dietary fats and their direct effect on IBD were extracted from 183 relevant articles published since 1970. We performed an open-term search in PubMed to identify secondary citations. Separate investigators took part in the search and the examination of selected final articles. The initial search assessed all full-text available titles, with the advanced search inclusion criteria of “dietary fat” plus one of the following: inflammatory bowel disease, ulcerative colitis, or Crohn’s disease. The extracted data were assessed for quality and categorized based on the mechanisms associated with either prevention or exacerbation of disease in experimental animals. The data were synthesized for each FA and presented to include chemical structure, the basic nomenclature, and an overview of its effect on intestinal inflammation, followed by a section describing mechanistic principles of modulation.



Chemical Structure of Fatty Acids

Understanding basic chemical features of dietary fat is important, considering that the pro- or anti-inflammatory effects of FAs are largely dependent on the saturation and length of the FA acyl chains. It is worth emphasizing that any dietary fat, be it animal- or plant-derived, reflects a complex combination of FAs and other molecules that vary with plantation cultivars (e.g., palm tree varieties) and is not always addressed in studies (14–16).

Fatty acids are carboxylic acids that act as principal components of fats such as butter and oils. Fatty acids comprise of a large group of structurally diverse compounds which allows wide range of FA responses to temperature and utilization by the body. Fatty acids are comprised of carbon chains that are either saturated (all carbon-hydrogen bonds are single, thus each carbon is “saturated”) or unsaturated (some carbon-hydrogen bonds are double bonds, thus leaving some carbons “unsaturated”, potentially allowing for saturation, or more hydrogens to be added). Of note, FAs have potent signaling and transcriptional regulatory activities, including in immune cells, while microorganisms use fats primarily as structural components in their cell walls to adapt to environmental changes. Short and unsaturated FAs have lower melting points vis-a-vis long and saturated FAs, and microorganisms adjust to the environmental temperature transitions altering FA composition and adjusting the unsaturation degree, hydrocarbon length, phospholipid charge, and headgroup (17).

Traditionally, dietary saturated FAs have been associated with cardiovascular disease; however, the effect of saturation on biology depends on the length of the FA carbon chain and the location and spatial effect of the hydrogen saturation within the carbon chain. An overview of FAs based on saturation/carbon chain length is described below and in Figure 1A.




Figure 1 | Fatty acid structure for saturated molecules. Examples of differences in fatty acid structure due to carbon length, the presence of methyl branch, and the cis- trans- configuration. (A) Fatty acids differing based on carbon chain length. (B) Fatty acid isomers differing in the addition of methyl branch group. Isoforms rotated to facilitate visualization. (C) cis- vs. trans- structure of a C18:4 n-3 (omega 3). Chemical designation and 2D structures are from PubChem (https://pubchem.ncbi.nlm.nih.gov/).




Fatty Acid Length

Fatty acids are divided into four categories based on chain length: short, medium, long, and very long. Most naturally occurring FAs have 4–28 carbons. Short chain fatty acids (SCFA; C:2-C:5) have less than six carbon atoms. These include volatile acetic (C2:0), propionic (C3:0) and butyric (C4:0) FAs, which are mainly produced via bacterial fermentation of dietary fiber in the gut and have been extensively studied. SCFAs are beneficial in maintaining intestinal health and considered protective against CD (18). Medium Chain Fatty Acids (MCFAs; C:6-C:12) are comprised of 6–12 carbons. Foods like coconut and palm kernel oils are highly enriched with MCFAs (up to 55% of total fat content). As part of medium-chain triglycerides (MCTs), MCFAs are excellent sources of energy, metabolized quickly and can potentially help in weight loss. Long Chain Fatty Acids (LCFAs; C:13-C:21) are often referred to as free or non-esterified FAs, i.e. not linked to glycerol backbone. LCFAs are straight chain FAs containing ≥12 carbon atoms, with carbon chains of 16 and 18 constituting the majority of FAs in animal tissues and animal diets. Very Long Chain Fatty Acids (VLCFA; ≥C22:0) contain ≥22 carbons and comprise a minority of FAs in a cell (19).

The complexity of the effects of FAs on intestinal inflammation depends on the chemical alterations of the carbon chain, which includes i) formation of unsaturated fatty acids by desaturation, i.e. formation of C=C double bonds by the dehydrogenation, which in turn cause ii) cis or trans configurations, and iii) the addition of a methyl group branch (branched FA) (Figures 1B, C). A comprehensive list of FAs based on carbon chain length (e.g., C1:0), number of saturated carbons (e.g., C16:4, for four saturated carbons), and the omega designation (e.g., n-3, for omega-3 FA; FA with presence of at least one saturation located  three carbons away from the methyl end) is shown in Table 1.


Table 1 | Unsaturated fatty acids and their fatty acid chain lengtha.






Fatty Acid Saturation

Fatty acids that have only single C-C bonds are referred to as saturated, while FAs that contain one or more double bonds (C=C) are referred to as unsaturated. The effects on gut health depend on the degree of fat saturation.

Saturated FAs are derived from animal fats and plant oils, including butter fat, meat fat, and tropical oils (palm, coconut, palm kernel). Common dietary saturated FAs include stearic acid (C18:0; meat, cocoa butter), palmitic acid (C16:0; palm oil, meat), myristic acid (C14:0, cow’s milk, dairy), and lauric acid (C12:0, coconut oil, palm kernel oil, breast milk).

Unsaturated FA can be monounsaturated FA (MUFAs), non-essential FAs that have only one double bond, and polyunsaturated FA (PUFAs), which have two or more double bonds. Common MUFAs include palmitoleic (16:1, n-7), cis-vaccenic (18:1, n-7) and oleic acids (18:1, n-9). Oleic acid [C18:1, n-9; ~92% of MUFA consumed in the USA (20)] is the main component of olive oil and macadamia oil. MUFAs are also found in meat/dairy products, although these contain saturated fats. PUFAs are long-chain FAs that include omega-3 (n-3; presence of a double bond in the n-3 position from terminal methyl group) and omega-6 (n-6; presence of a double bond in the n-6 position from the terminal methyl group) FAs. Dietary PUFAs are commonly found in animal and plant-based foods, such as oily fish (salmon), vegetable oils (avocado), and some nuts/seeds. n-3-PUFAs include three FA types; alpha-linoleic acid; ALA (C18:3, n-3; plant oils), eicosapentaenoic (EPA; C20:5, n-3) and docosahexaenoic acid (DHA; C22:6, n-3), both common in marine oils. Of the 11 n-6-PUFAS, linoleic acid (LA; C18:2, n-6) is the shortest-chained and, as with the n-3-PUFA ALA, is an essential FA that cannot be endogenously produced by mammals and thus must be obtained from the diet, namely, plant sources (21, 22) (Figure 2).




Figure 2 | Location of fatty acid saturations. Examples of fatty acids differing in the presence and location of double bond. (A) location of saturations for a C22 acid with a double bond in 3rd last carbon (omega-3, n-3). (B) location of saturations for a C20 and C22 acid with a double bond in 6th last carbon (omega-6, n-6). Chemical designation and 2D structures are from PubChem (https://pubchem.ncbi.nlm.nih.gov/).






Metabolism of Fatty Acids

Structural differences in FA length lead to differences in absorption, transport and tissue destination. SCFAs are water soluble, readily taken up by the cells and mitochondria, and rapidly metabolized by the liver and other peripheral tissues since they are direct precursors for acetyl-CoA (acetic FA), propionyl-CoA (propionate), and butyryl-CoA (butyrate). These CoA derivatives act as direct energy generating molecules in the mitochondria. As the result, SCFAs generated by the bacterial fermentation are present in very low concentrations due to high metabolism. MCFAs are also somewhat water-soluble and do not require transporters to cross the inner mitochondrial membrane and thus are more efficiently absorbed in the gut than LCFA, and more rapidly oxidized in the liver. LCFAs absorption and metabolism are slower since they require special lipoprotein particles (chylomicrons) which are transported through the lymphatic system and allow for greater uptake by the adipose tissue. Biosynthesis of VLCFAs occurs in the endoplasmic reticulum (ER), and unlike MCFAs and LCFAs, VLCFAs are too long to be metabolized in mitochondria. Once inside the cell, MCFAs do not require the carnitine shuttle to move into the mitochondria and appear to preferentially undergo FA oxidation, whereas LCFAs depend on the carnitine shuttle to enter the mitochondria. When long-chain triglycerides are replaced by MCFAs in the diet, differences in metabolic routes appear to promote weight control by stimulating satiety and increased energy expenditure (23).

The metabolism of FAs also depends on saturation. Both linoleic acid (LA, n-6) and alpha-linoleic acid (ALA, n-3) share a common metabolic pathway, wherein ALA competes with LA in delta-6-desaturase binding, which in turn diverts metabolism toward the n-3 PUFAs EPA, DHA and docosapentaenoic acid (DPA; C22:5, n-3) rather than that of pro-inflammatory arachidonic acid (AA; C20:4, n-6) (22). Following this, EPA and AA compete as substrates for lipoxygenase and cyclooxygenase (COX) to generate immunoregulatory eicosanoids including prostaglandins, thromboxanes, prostacyclins, and leukotrienes (LTs) (24). Oleic acid (C18:1, n-9) also plays a role in the metabolism of the essential FAs, serving as a key compound for various metabolic pathways, which may affect disease risk, and has been suggested to compete with LA as a substrate for enzymes involved in the linoleate metabolism (25, 26).

The different activities of AA-derived eicosanoids (pro-inflammatory) compared to those from EPA (anti-inflammatory) are one of the most important mechanisms explaining the anti-inflammatory properties of n-3-PUFAs in inflammatory disorders. This includes the local conversion of AA, LA, EPA and DHA by immune cells (macrophages) to substances known as oxylipins (resolvins, protectins, lipoxins, maresins) (27), potent anti-inflammatory bioactives that reduce tissue inflammation and organ injury (28). Of note, AA intake is associated with IBD development risk (29) and has been shown to accumulate in the IBD colonic mucosa (30), albeit the impact of AA and PUFA metabolism on the treatment/prevention of mucosal inflammation remains controversial (31).



Overall Fatty Acid Effect on Inflammation Is Variable

Of interest, MCFAs have been associated with anti-microbial/anti-inflammatory functions, whereas LCFAs have been linked to cardiovascular diseases and obesity (17, 32). While the approach to change diet as an intervention has varied considerably between studies, most have involved the replacement or supplementation of a fatty acid/fat (vs. complete removal from diet) to study the effect on IBD outcome. Partial or complete replacement of dietary LCFAs by MCFAs has been shown to decrease incidence of spontaneous colitis (33), as well confer protection against chemically-induced gut inflammation, in part, by attenuating pro-inflammatory cytokines and immune cell oxidative stress (enzyme myeloperoxidase; MPO) (34, 35). However, the method of colitis induction can influence outcome; when MCFAs were combined with dextran sodium sulfate (DSS) to form nano-vesicles which fused with the colonic membrane, this may have initiated an inflammatory response, potentially confounding results (36).

Unsaturated FAs (MUFAs, PUFAs) have been associated with lower cardiovascular disease risk, fat mass, waist circumference, blood pressure, and better lipid profiles (higher high-density lipoproteins and lower triglycerides) (37–39). Saturated FAs are associated with increased low-density lipoproteins and higher cardiovascular disease risk, and studies show that, saturated FAs in combination with lipopolysaccharide (LPS) of gram-negative bacteria in the gut, stimulate innate immunity (40).

Several encouraging human and rodent studies have shown that diets rich in n-3-PUFAs can reduce the severity of inflammation in ileum and colon (41), in part, by reducing oxidative stress/modifying the gut microbiota/inflammatory pathways (42–44). Furthermore, studies suggest that partial replacement of LA (n-6) with long chain n-3-PUFAs (at n-6:n-3 ratio of 10) (45) or with medium-chain triglycerides improves experimental colitis (46). Additionally, the ratio of n-3:n-6 plays an important role in disease outcome, with a ratio of 1:3 n-3:n-6 showing the most benefit (47).

In humans, the protective effect of n-3 FAs has been correlated with the decreased production of pro-inflammatory cytokines, through decreased alkaline phosphatase and bile duct injury. However, clinical trials addressing the benefit of n-3-PUFAs in IBD have yielded mixed results, with benefits differing based on the source of PUFA, suggesting differences in anti-inflammatory activity between marine-derived n-3-PUFAS are superior to that derived from plants (48). Addressing the effectiveness of n-3-PUFAs has largely focused on marine-derived fish oils on the notion that they provide EPA and DHA, whereas plant-derived n-3-PUFAs ALA and stearidonic acid are inefficiently converted to long-chain bioactive forms (49).

In mice, n-3-PUFAs have induced a more paradoxical response. Several studies have shown improved inflammatory scores in n-3-PUFA supplemented rodents (50–53), whereas others have noted worsening of intestinal inflammation severity (52, 54). In one study, attenuation of spontaneous ileitis in SAMP1/Yit mice by n-3 PUFA was due to inhibition of monocyte recruitment in the inflamed tissues (55), while two other studies in C57BL/6 mice showed that n-3-PUFAs exacerbated DSS-colitis due to decrease of adiponectin expression, one of which noting no change with n-6-PUFA or control diets (52, 54). In another study, 2,4,6-trinitrobenzenesulfonic acid (TNBS)-colitis rats given n-3-PUFA orally showed inhibition of pro-inflammatory eicosanoids, prostaglandin E2 (PGE2), and leukotriene, similar to treatment with 5-aminosalicylic acid (Peroxisome proliferator-activated receptor gamma; PPARγ agonist) (53), whereas others have suggested a decreasing effect over time, due to T-cell apoptosis/regrowth (56).



Discrepancies in Treatment Effect Between Animals to Humans

Discrepancies in treatment effect (benefit or harm) between animals and humans may reflect failure of animal models to adequately mimic clinical disease (57, 58). For instance, acute or chemically-induced rodent models of inflammation (e.g., DSS, TNBS) produce disease states within several days and may not reflect a chronic, relapsing disease state. In this regard, adoptive transfer models may prove better suited to study the chronic inflammatory responses (particularly T-cell mediated inflammation), although the lack of B-cells limits direct translation of results to human clinical disease. By comparison, genetically engineered KO mouse models (e.g., IL-10-/- mice), which allow a detailed investigation into mechanistic pathways of IBD, do not reflect the heterogeneous nature of IBD susceptibility (though patients with specific mutations do develop IBD, they are often quite rare) (59). While congenic mice may thus prove advantageous because inflammation develops spontaneously and predictably (e.g., SAMP1/YitFc mouse model), disease pathogenesis is, by definition, a consequence of several factors, making identification of exact mechanisms (without further genetic manipulation) challenging.

The ability for HF research diets to adequately mimic human fat intake is also important to consider given that HFD studies typically use diets with upwards of 60% fat whereas the typical ‘western’ diet contains ~36-40% fat rendering the fat content of experimental diets excessive. Shifts in the non-fat components of the diet to ‘offset’ the increased fat content (e.g., reducing carbohydrate content), as well as FA profiles which do not reflect that of a human diet also affect the translatability of experimental findings to human clinical disease (60–62).



Factors That Alter the Effect of Fatty Acids (Pro vs. Anti-Inflammatory)

Numerous rodent studies have investigated how HFD or FAs mediate inflammation in rodent IBD models. However, these studies have varied considerably based on i) the IBD mouse model, including the use of spontaneous, or chemically-induced or biologically-induced (C.rodentium) injury models, ii) how other factors (diet compounds, lifestyle, drugs, probiotics) could interact with the FA to modulate disease, iii) how the feeding trial duration or FA structure/dose affects disease, iv) how food sources or processing/manufacturing affect the pro- or anti-inflammatory activity of a FA, v) how cultivar or FA source (fish vs. krill) affect outcomes, vi) and the role gut microbiota in mediating the effect of a FA (Figure 3).




Figure 3 | Factors that alter the effect of fatty acids (pro vs. anti-inflammatory).



In mice, HFD can induce low-grade inflammation, increasing intestinal permeability (63, 64) and oxidative stress (4, 64–68), which is reversible by anti-inflammatory agents, such as 5-aminosalicylic acid (68), via inhibition of NF-κB activation (53). These pro-inflammatory changes in response to HFD often accompany gut microbiota alterations (68–71).

High-fat diets also exacerbate severity of DSS-colitis, independently of obesity (72–75), by disrupting intestinal barrier, upregulating pro-inflammatory cytokines (36, 76, 77) and increasing oxidative stress in colon tissue (78, 79). Exacerbation of mucosal damage by HFDs, particularly saturated fats (e.g., palm oil), is also reported in murine spontaneous ileitis (Mdr1a-/-) (80, 81), and colitis (e.g., Muc2-/-, TNFare; defective translational control of TNF mRNA) (72).

The inflammatory potential of HFDs can be enhanced or suppressed by other dietary compounds or lifestyle factors. In one study, the addition of carrageenan, a popular food additive used for decades in the food industry, elicited colitis in unchallenged mice fed a HFD, but not in mice fed standard chow (82). In another study, the combination of a HFD rich in saturated-FAs with antibiotic therapy impaired mitochondrial bioenergetics in the colonic epithelium, triggering gut microbiota alterations to favor pro-inflammatory Enterobacteriaceae and in turn, low-grade inflammation (83). By contrast, the addition of exercise (11, 84), probiotics (85–87), or the partial replacement and/or supplementation of ‘anti-inflammatory’ dietary fats (e.g., n-3 for n-6-PUFA), or other nutraceutical/dietary compounds (e.g., red kidney beans, oligosaccharides, choline) (45, 87–89) attenuate the pro-inflammatory effects of a HFD. Studies have explored the role of lifestyle factors such as exercise on intestinal inflammation. In one study, mice with HFD-induced obesity were noted to have less weight gain, improved metabolic disorders, and less expression of inflammatory mediators (preventing colonic inflammation) with increased PPARγ expression in the colon. Given the reversal of this effect by inhibiting PPARγ, the effect seems to be from upregulation of PPARγ (11). In another study, moderate, voluntary exercise was shown to have a beneficial effect in C57BL/6 mice fed a HFD (70% EAF with 200 mg/kg cholesterol) compared to sedentary mice. Exercise significantly decreased TNBS-colitis macroscopic and microscopic severity, increased colonic blood flow, and attenuated plasma TNFα, IL-6, MCP-1, IL-1β and leptin levels in mice fed either a HFD (70% EAF) or a standard regular chow diet compared to their sedentary counterparts (84).

Differences in the amount and type of FA studied, as well as the fat content of basal diets also affect outcome. For instance, one study evaluating diets with varying FA profiles but the same total fat content, found that a 12% saturated fat diet, similar to the standard American diet, lead to the greatest insulin resistance, adiposity, and macrophage infiltration, with 24% and 6% saturated fat diets having significantly lower rates of each of these (90). Further, different FAs can exert the same anti-inflammatory activity via different mechanisms. For instance, in C.Rodentium-colitis mice, supplementation with either fish or plant oil (flaxseed, ahiflower or sunflower) attenuated colitis, however fish oil reduced lipoxin and leukotriene B4 levels, whereas plant oils increased pro-resolving mediators D, E and T-series resolvins (48). The FA structure is also pivotal in disease outcome. In one study, the glycerol backbone position of palmitate influenced diet effect in Muc2 deficient mice, with beta-palmitate (palmitic acid bonded to middle position of glycerol backbone) associated with decreased intestinal mucosal damage by inducing an immunosuppressive T-cell response (80). Differences in the absorption/metabolism of substances between animals to humans may limit the ability to translate rodent results to humans, especially relating to doses and duration of studies, with dose-response curves rarely performed in either rodent or human studies.

Highlighting the importance of dietary background for supplement bioactivity, in one C.rodentium-colitis study (C57BL/6 mice) flaxseed oil exacerbated colitis in the setting of a reduced-fat diet (~12% energy as fat; EAF), but not a HFD (~36% EAF) (91). Flaxseed (linseed) oil, is a rich source of n-3 ALA (23%), yet also contains lignans, MUFAs (7.5%), PUFAs (6%), saturated-FAs (3.7%) and soluble/insoluble fibers (92). Notably, the exacerbating effects of flaxseed on murine colitis occurred despite increased n-3-PUFAs in intestinal tissues and increased cecal anti-inflammatory SCFAs (91).

With respect to method of IBD induction and basal diet composition/FA content, two partly comparable studies illustrated contrasting effects. Zarepoor et al. (93) found that ground flaxseed supplementation (10%, 6%, 4%) given to C57BL/6 mice (from Charles River Laboratories, Portage, MI) fed a AIN-93G basal diet worsened DSS-colitis and inflammatory cytokines (colonic tissue and systemically IL-6, IL-1β) and NF-κB related signaling genes (Nfkb1, Ccl5, Bcl2a1a, Egfr, Relb, Birc3, and Atf1). Whereas Power et al. (94) showed, in unchallenged C57BL/6 mice (also from Charles River Laboratories Portage, MI, USA), that flaxseed supplementation (10g/100g AIN-93G basal diet) had beneficial effects on gut barrier integrity (goblet cell density, mucin production, Muc2 expression and cecal SCFA content, as well as enhanced regenerating islet-derived protein-3-gamma (RegIIIγ) and reduced Muc1 and resistin-like molecule beta (RELMβ) mRNA expression indicating that altered microbial defense and injury repair responses are critical (94). While the effect of laboratory rodent providers/facilities on animal microbiota composition have been well documented (95, 96), as a potential explanation, we hypothesize that such discrepant results could have occurred due to the confounding (interacting effect) of the AIN-93G ingredients. That is, in the former study (93), the soybean oil component of the AIN-93G basal diet was replaced with corn oil to “avoid potential anti-inflammatory bioactives” (93), which highlights the important concept of dietary background when designing diets to test supplement bioactivity and the need for studies to ascertain the extent to which various oils, such as soy and corn oil within a basal diet could affect supplement bioactivity.

Supporting the importance of research diet design/manufacturing, and mouse genetics, Cohen et al. (97) found no attenuation of intestinal inflammation in IL-10 mice (129 Sv/Ev IL-10-/-) fed for 9-weeks (from weaning) a 10% flaxseed oil AIN-93D basal diet (vs. 10% corn oil) (97). However, in BALB/c mice fed a high-fat, high-sugar diet, only low-dose ALA supplementation (150 mg/kg vs. 300 mg/kg) was protective against TNBS-colitis resulting in significantly lower colonic IL-1, IFNγ, IL-4 and IL-2 cytokine production (97).

It is also important to consider all bioactive compounds within a ‘complex’ dietary fat/oil. For instance, sesame oil (7-day supplementation) accelerated healing of colonic inflammation in TNBS-colitis rats by inhibiting inflammation, acid mucin and fibrosis (98). While sesame oil contains ~83-90% MUFAs and PUFAs, mainly linoleic (37%–47%), oleic (35%–43%), palmitic (9%–11%), and stearic acid (5%–10%), the oil (like most oils) contains bioactive phytosterols, tocopherols and a unique class of lignans including sesamin and sesamolin, both shown, when supplemented alone, to exert anti-inflammatory/anti-oxidative activity in experimental IBD (99). Comparably, oleic acid (n-9) sourced from olive oil decreases chronic inflammation by interfering with AA and NF-κB signaling pathways (14), whereas olive oil-derived phenolic compounds protect against oxidative damage in colon cells. Notably, oleic acid and phenolic compounds appear to confer health benefits based on their site of action.

Differences in the source of murine oil (e.g., krill vs. fish oil) or extraction method, including phenolic compounds present between varieties of a single plant-based oil (e.g., olive oil) can exert variable inflammatory responses. For example, in unchallenged C57BL/6 mice, the protective effect of dietary supplementation with different extra-virgin olive oil cultivars on DSS-colitis severity in C57BL/6 mice, including reduction of IL-1β, TGF-β and IL-6 expression levels, was only observed in mice treated with cultivars Ogliarola, Coratina, or Cima di Mola, but not for Peranzana cultivar (14). Such differences have also been noted between krill vs. fish oil, namely differences in structure and antioxidant profiles, which influence intestinal absorption, bioavailability and downstream effects (15, 16). These cultivar studies strikingly illustrate that the effect of a dietary fat source may have altered irreproducible effects on animal experiments and/or susceptibility in humans because cultivars and geographical factors could alter the overall molecular composition of the diet ingredients. However, irrespective of the FA composition, there are well-defined mechanistic patterns of response that are induced by FAs which we summarize below.



Mechanisms of Action


Intestinal Mucosa Toxicity and Inflammation


Free Fatty Acids, Lipid Droplets, and Cideb

Several studies have reported alteration in free FA levels in intestinal tissues of animals fed a HFD or FA-enriched diet (78, 100, 101). Mammalian cells avoid lipotoxicity from intracellular FAs via their esterification and storage as lipid droplets (i.e. triglycerides). These lipid droplets are regulated by lipid-droplet associated proteins (LDPs) such as cell death–inducing DFF45-like effector b (Cideb) which is abundantly expressed in the intestinal mucosa and helps maintain lipid homeostasis (102, 103). In humans, Cideb is a protein-coding gene associated with specific language impairment, that interacts with the DFFA/DFFB complex and activates apoptotic DNA fragmentation. Cideb deficiency appears to interfere with lipid metabolism and lipid export from enterocytes leading to excessive lipid accumulation in the mucosa.

In humans, a recent study showed upregulated expression of Cideb in the colonic mucosa of patients with UC, as well as in both the protein and messenger RNA Cideb levels of DSS-treated mice (104). Further, administration of a HFD (60% EAF) was found to exacerbate the symptoms of DSS-induced colitis (body weight, histology) observed in Cideb-null mice fed a normal diet (10% EAF) compared to their wild-type counterparts (104). Additionally, DSS-treated Cideb-null mice exhibited elevated levels of cytokines IL-1β, IL-6, and TNFα (serum, colon tissues), higher colonic MPO activity and other oxidative stress markers, malondialdehyde, reactive oxygen species (ROS), glutathione (GSH), and superoxide dismutase activity, as well as lipid accumulation in fecal and colon tissues compared to wild-type controls, with more significant increases observed in HFD mice. In vitro studies using polarized and Cideb-infected Caco-2 cells treated with oleic acid verified the role of Cideb in lipid metabolism and oxidative stress response of enterocytes. The study revealed reduced lipid accumulation and oxidative stress after the overexpression of Cideb in Caco-2 cells, supporting the protective role of Cideb against colonic tissue injury, such as in UC (104).



Inflammatory Cytokine Profiles Vary With Fatty Acid Content

Studies have shown various effects of cytokine pathways which cannot be easily integrated into a single narrative. However, elevated expression of inflammatory markers such as TNFα, IL-6, IL-1β, and IFNγ (stimulates macrophages to induce innate/adaptive immune responses), among others, and their presence in serum are frequently reported in HFD/FA-enriched rodent studies with/without induction of experimental colitis (14, 50, 51, 75, 79, 105, 106). Obesity-induced inflammation caused by a HFD in mice has also been shown to promote macrophage polarization toward tumor promotion via increased IL-6 (107). HFD suppresses IL-10 while inducing TNFα expression via regulation of NF-κB in innate and adaptive immune cells (66, 85).



Antimicrobial Peptides

The human and animal genome are composed of gene sets that have the ability to produce numerous antimicrobial peptides, some of which have been shown to be modulated by dietary FAs. Cathelicidin antimicrobial peptides are a family of large molecules encoded by single genes, and that are produced in multiple species. Among these, LL-37, FALL-39 (in humans) and mCRAMP (in mice) are found in macrophages, polymorphonuclear leukocytes, neutrophils and epithelial cells, and play a critical role in the innate immune defense against bacterial infection. However, there is also evidence for their role in obesity, and in a model of HFD-induced obesity (45% EAF vs. rodent diet 6% EAF) administration of lentiviral cathelicidin was shown to decrease mesenteric fat and hepatic steatosis by inhibition of the CD36 receptor which in turn suppressed lipid accumulation in adipocytes and hepatic steatosis (108). Lentiviral cathelicidin administration significantly decreased pro-inflammatory cytokine TNFα mRNA expression and sciatica nerve aldose reductase, suggesting that cathelicidin also plays a role in pro-inflammatory gene expression associated with peripheral neuropathy (108).




Modulation of Pathways


Toll-Like Receptor Activation Varies With Diet

Microbial associated pathways can be influenced by diet, which could be recognized by immune cells via toll-like receptors (TLR). Thus, TLRs play a key role in innate immunity by recognizing microbe-derived pathogen-associated molecular patterns, which activate immune cell responses. Polymorphisms/mutations in the TLR-receptor/signaling pathways are involved in the etiology and treatment of several inflammatory disorders including IBD (109). Saturated FAs act as ligands of TLR4, and SFA-rich diets have been shown to cause low-grade inflammation and insulin resistance (110, 111). Additionally, HFD-induced changes to the gut microbiota exacerbates inflammation and obesity via TLR4 induction and NF-κB (66). Indeed, HFD-fed TLR4-deficient C57BL/10ScNJ mice exhibit attenuated colonic inflammation, reduced pro-inflammatory cytokines (TNFα, IL-1β, IL-6) as well as plasma/fecal endotoxin levels compared to that of C567BL/6 control mice (66). Notably, the dietary phytosterol, β-Sitosterol, which is structurally related to cholesterol and found in plant cell membranes ameliorates HFD-induced colitis in C57BL/6 mice by inhibiting LPS binding to TLR4 in the NF-κB (112).

In one TNBS-colitis model, n-3-PUFA was found to increase TLR-2 and IL-1A gene expression in rat colon tissue, whereas n-9 increased TLR-4 expression (113). Several studies have shown that by signaling through the G protein-coupled receptor 120 (GPR120), both EPA and DHA exert potent anti-inflammatory effects through inhibition of TNFα receptor and TLR4, inflammatory signaling pathways (114, 115). In adipocytes, EPA has been shown to attenuate palmitate-induced increases in inflammatory gene expression via GPR120 by inhibiting the TAK1/TAB1 interaction (114). Notably, TLR regulation by diet also depends on other food ingredients, for instance carrageenan, a red seaweed-derived food additive pervasively used by the food industry as an emulsifier. Increased TLR-4 expression was noted in C57BL/6 mice fed a 5% carrageenan containing HFD (45% EAF) compared to mice fed a 5% carrageenan low-fat diet (10% EAF) (82). Studies investigating the effect of dietary n-3-PUFA on TLR2 have yielded variable results, with some showing TLR2 downregulation by EPA in mouse adipose stem cells (116) and others reporting no effect from either n-3 or n-9 FA on TLR2 and TLR4 despite their downregulation of IL-6, TNFα and MCP-1 secretion in human adipose tissue and adipocyte cultures (117).



Peroxisome Proliferator-Activated Receptor (PPAR) and ABC Transporters

Proliferator-activated receptors (PPARs) are ligand-dependent nuclear receptors for endogenous lipids with 3 isoforms: α, β, and γ, each differing in function and tissue distribution.

PPARγ regulates FA storage and glucose metabolism, and was recently highlighted for its role in intestinal inflammation (118–121), with mutations in the PPARγ gene associated with IBD (122, 123). Expressed in adipose tissue and colonic epithelium, PPARγ acts as an antagonist of various transcription factors interfering with their inflammatory pathways, including nuclear factor of activated T-cells (NFAT), an important inducer of pro-inflammatory genes such as IL-4, IL-2 during T-cell activation (124, 125). In addition, PPARγ activity is modulated by dietary FAs and their metabolites (reviewed elsewhere) (126). The interaction between dietary fats and PPARγ has been well studied for their role in regulating inflammation. Attenuation of TNBS-colitis Sprague-Dawley rats administered dietary n−3-PUFAs (20 mg/day, intragastrically) was associated with enhanced PPARγ expression with a concomitant decrease in NFAT expression when compared to trans-FA (13 mg/day) treated rats, indicating that n-3-PUFA inhibits NFAT, potentially via PPARγ activation (50). The protective effect of conjugated linoleic acid (CLA) against IBD has been shown in vitro and in vivo to be mediated through PPARγ activation (22), although other n-PUFAs may antagonize the effects of CLA on PPARγ in experimental colitis (22). By contrast, no effect of dietary ALA-rich oil was seen on PPARγ activation in a TNBS-colitis rat model (127). In vitro induction of PPARγ was reported in enterocyte-like Caco-2 cells in response to IL-1β but not in HIMEC cells treated with IL-1β, or LPS-treated human dendritic cells (128, 129). Such discrepancies could be attributed to differences in cell type or DHA dosage, with lower doses serving to inhibit TLR4 signaling and induce PPARγ while higher doses increase IkB expression and decrease p38MAPK. Notably, both dosages inhibit intestinal inflammation. It is worth noting that understanding the effects of PUFAs will require better description, owing to the various types of chemical isoforms (e.g., CLA is a family of 28 structural isomers) and the effects of their storage. Figure 4 illustrates an example of the modulation of signaling pathways by PPAR nuclear receptor activation.




Figure 4 | Modulation of Signaling Pathways by High-Fat Diets and Fatty Acids.



In vitro studies have shown that pretreatment of bone marrow-derived dendritic cells with DHA followed by LPS stimulation (TLR4 ligand) profoundly inhibits members of the IL-12 family including IL-12p70, IL-23 and IL-27, an effect mediated by PPARγ and NF-κB inhibition (130, 131). Exposure to DHA also inhibited pro-inflammatory molecule production (IL-6, TNFα, CCL-4) and anti-inflammatory cytokine IL-10 (130), the latter finding in contrast to the upregulatory effects by CLA and subsequent inhibition of LPS-induced IL-12 in murine dendritic cells (132). While the intracellular pathways of DHA activity are not known, in vitro evidence suggests PPARγ, which is highly expressed in dendritic cells, macrophages, and T and B-cells, as a possible mediator [reviewed in (133–137)]. Data obtained from in vitro and in vivo studies also indicate that the anti-inflammatory effect of DHA on endothelial cells is mediated by decreased expression of VCAM-1 and VEGFR2 with concomitant reduction in PGE2 and LTB4 (129). Further, DHA-enriched fish oil has also been shown to enhance B-cell activation in vivo which may function to aid pathogen clearance and upregulation of the resolution phase of inflammation, in turn reducing total inflammatory response (138).

PPARα is a major regulator of energy homeostasis and regulation genes involved in beta-oxidation, and is highly expressed in tissues that rapidly oxidize FAs such as liver, heart, kidney, and intestine (139). PPARα is primarily activated via ligand binding by endogenous FAs, including AA and palmitoleic acid (140), as well as various other PUFAs and their metabolites, namely members of the 15-hydroxyeicosatetraenoic AA metabolite family and the LA metabolite 13-hydroxyoctadecadienoic (141). In mice, PPARα expression defects have been associated with DSS-induced bile duct injury, which was reversed following DHA supplementation (40 mg/day for 5 days) (142).

PPARδ plays an important role in colonic epithelial cell differentiation (143, 144) and exerts anti-inflammatory activity by inhibiting NF-κB signaling (144). Ligands for PPARδ, including n-3-PUFAs (145, 146), are anti-inflammatory, and at high concentrations PPARδ activation attenuates experimental colitis (147) and intestinal inflammation (148), whereas PPARδ null mice have increased sensitivity to DSS-colitis (149). Relevant evidence highlights the role of PPARδ activation in colon tumorigenesis, however this remains controversial (144, 150–154).

Given that PPARs depend on the entrance/expulsion of FAs from the cell, their effects could be understood/expulsion by factors that alter cell membrane transporters (e.g., ABC transporters). Indeed, Roy et al. (155) demonstrated that EPA- and AA-enriched diets downregulated ‘inflammatory’ genes TNF, IL6, S100A8, FGF7 and PTGS2, and upregulated PPARα, MGLL, MYLK, PPSS23, ABCB4, ABCB1 genes in IL-10-/- mice (B6.129P2-IL10<tm1Cgn>/J) inoculated with intestinal microflora and/or pure cultures of Enterococcus faecalis and E. faecalis background, compared to C57BL/6J control mice fed AIN-76A diet. Downregulation of the ABC genes such as ABCB1A and ABCB1B has been reported in both human and animal studies suggesting the involvement of ABC transporters during inflammation (156–158). Sundrud et al. (159) recently showed ABCB1A modulates the cell activation in the ileum in a bile-dependent manner (ABCB1 deficiency makes certain T-cell lines prone to bile toxicity) which triggers pro-inflammatory response.



PI3K/Akt pathway

Protein kinase B (PKB or Akt) plays a role in cell metabolism, proliferation, growth and survival, and its activation involves phosphoinositide-3-kinase (PI3K) (160). The PI3K/Akt pathway is highly conserved and activation of the pathway is known to inhibit the FOXO3 family. Recent studies have shown that Akt-regulated FOXO phosphorylation increases cellular oxidative stress which in turn induces NF-κB and mTOR activation (161). Additionally, HFD-induced intestinal inflammation was recently shown to be mediated by changes in the Akt-FOXO3 axis (66). Specifically, Akt and FOXO3 phosphorylation increased in mice fed a HFD compared to low-fat diet fed mice, suggesting that NF-κB activation through the Akt-FOXO3 signaling may be associated with intestinal inflammation.




Fatty Acids and T-Cell Biology

T-cells that infiltrate or reside in the intestinal mucosa sense and respond to pathogen-associated antigens presented by mucosal antigen-presenting cells, most commonly in Peyers patches of the small intestine or in mesenteric lymph nodes, to execute protective inflammatory responses. Mucosal homeostasis requires T-cell tolerance to commensal microbe-derived antigens. A breakdown in T-cell tolerance toward gut commensals is a major determinant of IBD.


T-Cell Function

Foxp3+ T regulatory (Treg) cells play critical roles in shaping immune tolerance. Treg cells can develop via two major pathways: i) as a separate lineage of CD4+ thymocytes (termed natural (n)Treg cells); or ii) as mature regulatory cells in the periphery derived from the TGFβ-mediated differentiation from naïve CD4+ T-cells (termed induced (i)Treg cells) (162). iTreg differentiation in the large intestine requires host-microbe interaction with the commensal microbiota, and thus fail to develop in germ-free mice, whereas germ-free animals colonized with defined microbial consortia restores intestinal iTreg development (163–165).

Microbe-derived SCFAs (e.g., butyrate) inhibit histone deacetylase enzymes (HDACs) and epigenetically stabilize Foxp3 gene expression in developing iTregs (164). Illustratively, butyrate produced by Faecalibacterium prausnitzii suppresses experimental colitis via HDAC1 inhibition, increasing colonic iTreg cell development/function (166). Microbial bile acid metabolism also modulates gut mucosal iTreg cells. Secondary bile acids, produced through bacterial metabolism of primary bile acids escaping ileal reabsorption (167), promote maintenance of colonic iTregs through the nuclear vitamin D receptor (VDR) (168). Together, bacterial SCFA and bile acid metabolism locally enforces colonic iTreg development to ensure that pro-inflammatory responses to commensal organisms, mediated by IFNу-expressing Th1, IL-4-producing Th2 and/or IL-17A-secreting Th17 effector cells, are tempered by iTreg-mediated immune suppression to prevent onset of chronic T-cell-mediated inflammation.

As an energy source, Tregs prefer FA β-oxidation to generate ATP (169) and it has been speculated that FA oxidation endow iTregs in non-lymphoid tissues, including the gut, a fitness advantage in tissue microenvironments where immune suppression is typically favored. This metabolic preference of iTreg cells for FA oxidation suggests that ingested dietary lipids preferentially regulate intestinal Treg development/function. Indeed, oleic acid has been implicated in promoting Treg function in non-lymphoid tissues, including in visceral adipose tissue and the central nervous system (170); oleic acid is reduced in adipose reservoirs of human multiple sclerosis, a relapsing-remitting autoimmune disorder in which Treg function is impaired, whereas addition of oleic acid to Tregs isolated ex vivo from multiple sclerosis patients restores suppressive activity (170). Molecularly, oleic acid enhances FA oxidation and mitochondrial respiration, supporting Foxp3 expression, as well as IL-2/IL-2R/Stat5 signaling, both necessary for Treg maintenance in vivo (170).



Glycolysis and FAs

In tumor microenvironments, Tregs are more abundant and have an advantage over T-conventional (Tconv) cells, due to supplemental energy gained via lipid metabolism (171). In mouse tumors, Tregs have intracellular lipid accumulation owing to increased FA synthesis, which is enhanced by increased glucose uptake. Therein, both oxidative and glycolytic metabolism contribute to Tregs expansion, which has been corroborated with increased Treg gene signatures on glycolysis and lipid synthesis in humans. Data suggest that signals from the tumor milieu could enable circuitries of glycolysis and FA synthesis/oxidation that confers advantage to Tregs. Less is known on gut wall inflammation, but studies on HFD indicate that certain types of FA result in variable rates of Treg expansion and prevention of IBD, depending on the mouse line (172). Recent studies integrating the gut microbiota with T-cells, have also shown that microbiota-derived SCFAs promote the memory potential of antigen-activated CD8+ T-cells (173), but less is known on how diet-derived LCFA modulate such functions.

T lymphocyte function has been extensively studied using DHA. One study in Smad3-/- colitis-prone mice found that in dietary DHA enhanced LPS-induced B-cell secretion of IL-6 and TNFα, and also increased CD40 expression versus controls. Mice displayed Th2-biasing cytokines as well as cecal IgA, supporting an increased B-cell function (138). In another study, DHA was as effective as sulfasalazine treatment in reducing DSS-induced colitis severity in BALB/c mice, partly by modifying DSS-responsive genes, namely pro-inflammatory cytokines IL-1β, CD14 antigen and TNF receptor superfamily member 1b (Tnfrsf1b), membrane remodeling protein (Mmp-3, -10, and -13) and acute phase protein (S100a8) (174). Downregulation of S100a8 was also reported in IL-10 null mice fed an EPA- and AA-enriched diet compared to control mice fed AIN-76A (155).




Fatty Acid Effect and Modulation Depends on Gut Microbiota

The gut microbiota is shaped by diet and plays an important role in IBD etiology and progression. Most importantly, HFD has been shown to elicit changes in the gut microbiota composition divergent to that of control diets lower in fat, namely increases in alpha diversity and in the Firmicutes to Bacteroidetes ratio, independent of obesity (66, 79, 175–178). The effect of DSS on gut microbiota composition is also more profound in the setting of a HFD, and has been shown to abrogate the higher abundance of Firmicutes to Bacteroidetes while increasing the abundance of Proteobacteria and Actinobacteria (vs. controls) (79). In a DSS-colitis mouse model, a HFD (60% EAF vs. rodent diet, 13% EAF) was associated with 3 phylotypes belonging to Proteobacteria; Trabulsiella, Sutterella, and Helicobacteraceae, as well as the phylotype Atopobioum, belonging to the phyla Actinobacteria (79). Of these, increased abundance of Trabulsiella and Atopobioum was also identified in mice fed a HFD without DSS-colitis suggesting that these taxa may exert a colitogenic effect under high-fat feeding conditions. Notably, the administration of colistin (but not vancomycin) ameliorated DSS-colitis severity in HFD mice, indicating that gram-negative bacteria, such as Proteobacteria mediate experimental colitis progression in mice fed a HFD (79).

Power et al. (94) demonstrated that flaxseed supplementation (10g/100g AIN-93G vs. AIN-93G) for 3 weeks in unchallenged C57BL/6 mice resulted in a 30-fold reduction in the mucin-degrading bacterium Akkermansia muciniphila despite the beneficial effects observed from flaxseed feeding on markers of gut barrier integrity, including mucin production and Muc2 gene expression. Similar reductions in A.muciniphila abundance with increases in Prevotella spp. were reported by Gulhane et al. (64) following prolonged HFD (46% EAF vs. rodent diet, 11% EAF) in C57BL/6 mice, which was largely reversed following IL-22 treatment (high dose; 100 ng/g) vs. low dose, 20 ng/g recombinant IL-22) in mice. In addition, IL-22 treatment decreased abundance of Escherichia coli in a dose-dependent manner, which correlated with decreased serum endotoxin levels. By contrast, Määttänen et al. (91) showed, that the exacerbating effects of ground flaxseed in context of a reduced-fat diet (~12% EAF) fed to C.rodentium-colitis C57BL/6 mice decreased relative abundance of A.muciniphila, as well as Parabacteroides distasonis (irrespective of % energy from fat), a bacterium shown in vitro to be dependent on Akkermansia presence for its growth, and previously reported to be decreased in inflamed intestinal tissues of IBD patients (179). Although administration of live P.distasonis (via oral gavage) has been reported to worsen DSS-colitis (180), its cellular components have a protective effect against DSS-colitis (181).

Studies suggest that LPS of gram-negative bacteria stimulate innate immune activity in the presence of saturated FAs (40). Conversely, increased abundance in Lactobacillus has been associated with dietary intake of n-3-PUFAs (182), with n-3-PUFA administration to Caco-2 cells shown to promote both the growth and adherence of probiotic Lacticaseibacillus casei (formerly Lactobacillus casei) (183) (Shirota) (184). In this regard, probiotics have been explored as a method to restore intestinal homeostasis in inflammatory states. In a study using Lactobacillus helveticus it was noted that the probiotic has varying ability to modulate host physiological function, depending on the diet type, with mice on a western diet showing less inflammation than on a standard chow diet (185). One study showed that probiotics corrected inflammation-driven metabolic dysfunction with strong reduction of the colonic expression of inflammatory cytokines TNFα, IL-6, and IFNγ, as well as reserved colonic downregulation of PPARγ, and other ligand-activated nuclear receptors in a TNBS-colitis mouse model (186). Intriguingly, other studies have demonstrated attenuation of HFD-induced (60% EAF; ~90:10% lard: soybean oil) colitis following the administration of lactic acid bacteria (LAB), namely Latilactobacillus sakei (formerly Lactobacillus sakei) (183) strains (OK67, PK16, S1) (85), as well as in HFD mice treated with IL-10 (anti-inflammatory cytokine) expression-inducing bacteria Bifidobacterium adolescentis HP1, Limosilactobacillus mucosae HP2 (formerly Lactobacillus mucosae HP2) (183), and Weissella cibaria HP3 (87). Administration of these bacterial strains appears to attenuate HFD-induced increases in colonic MPO activity, LPS production, NF-κB activation and TNFα expression while enhancing IL-10 expression, in part through inhibition of gut Proteobacteria (86, 87).

In addition to the ability of diet to modulate the gut microbiota, several bacterial taxa have demonstrated the ability to generate FAs. Bacterial end-products have exhibited anti-inflammatory effects and have been particularly well characterized in the case of SCFAs. Acetate, propionate, and butyrate acids are synthesized through cleavage of CoA via thioesterases, which are ubiquitously found (187, 188). Longer FAs, such as CLA, can be converted from dietary FAs by several genera, particularly, lactobacilli and bifidobacteria (189). Conversely, reduction of SCFAs has been shown to exert a pro-inflammatory effect. Decreased levels of Roseburia hominis, a butyrate producer, is frequently associated with IBD (190). As one might expect, there are also bacteria capable of producing pro-inflammatory FAs. Though bacterial production of non-SCFAs is less studied, bacterial taxa do exist that are capable of synthesizing longer chain FAs. For example, saturated LCFAs from Prevotella, lactobacilli, and Alistipes increased colitis-mediated death in rats (191). This mechanism of modulation is important to consider especially to try to elucidate the emerging roles of relatively recent gut commensal species such as the Alistipes genus which has been shown to have variable effects in humans and animal models (192).


Maternal High-Fat Diet

The maternal diet is well known to be one of the major factors influencing offspring microbial composition (193), but more recently, maternal HFD has been shown to modulate susceptibility to diseases, as well as exacerbate offspring susceptibility to chemically induced colitis (194–197) associated with increased IL-1β, IL-6 and IL-17 expression and upregulated NF-κB signaling (194). However, outcomes directly reflect type of FA administered, with one study revealing that the most severe colitis in offspring was from mothers fed (during gestation and lactation) a diet high in safflower oil (~72% 18:2, n-6) compared to those fed diets high in canola oil (18:3, n-3) or high in oleic safflower oil (18:1, n-9) (198).

Maternal HFD has also been shown to result in distinct microbiota differences in offspring compared to that of controls. Xie et al. (195) showed that offspring of C57BL/6 mice fed a HFD (60% EAF) during pregnancy and lactation had distinct differences in bacterial diversity at weaning compared to control offspring (maternal diet of 10% EAF), which continued even after consuming a control diet for 5 weeks after weaning. Furthermore, maternal high fat offspring exhibited significantly inhibited intestinal development and disruption of gut barrier function at 3 weeks of age, as well as accelerated DSS-induced colitis in 8-week-old mice fed a control diet compared to their control counterparts. Inflammation was associated with significant differences in microbiota between offspring groups. Specifically, the maternal HFD offspring had higher abundance of Echerichia/Shigella, Helicobacter, and Oscillibacter, with decreased abundance of mucosally beneficial Mucispirillum and Barnesiella, as well as Anaeroplama and the SCFA-producing species Lachnospiraeae inserta sedis (195). Babu et al. (196) demonstrated that alterations in intestinal microbiota of offspring from breeding mice exposed to a HFD was associated with increased IL-17, as well as increased abundance of Firmicutes (primarily Lactococcus) with decrease in Gammaproteobacteria (primarily Escherichia).

Maternal feeding of EPA and DHA (n-3-PUFAs) has also been found beneficial for protecting against inflammation in the intestine of premature pups by regulating eicosanoid and NF-κB related metabolite expression (199). Further, significantly lower incidence of necrotizing enterocolitis (NEC)-like colitis has been reported in pups of n-3-PUFA supplemented mothers (199, 200), associated with reduced IκBα/β levels and elevated PPARγ expression. Although the underlying mechanisms as to how a maternal HFD affects long-term inflammatory outcomes in offspring remains unclear, offspring of mothers exposed to a HFD have been shown to harbor a unique microbiota. In addition, these offspring have increased susceptibility to disrupted mucosal barrier function, low-grade inflammation and experience increased severity of experimentally induced colitis (195, 196). Specifically, one study found expansion of the ILC3 population in the lamina propria of maternal HFD offspring.




Promotion of Oxidative Stress or Antioxidant Activity

Numerous diets have long been known to possess an antioxidant effect but in the case of FAs, most of the literature highlights the opposite. That is, the promotion of oxidative stress pathways as a mechanism of induction of inflammation or tissue damage; which is often reported in experimental studies as worsening of histological scores. Oxidative stress is a process by which enzymes and chemical compounds participate in the oxidation and reduction of biological molecules of cell systems. In response to bacterial overload, immune cells have numerous enzymes to trigger oxidation/reduction reactions that have been shown to be modulated by dietary FAs. Figure 5 illustrates how HFD and FAs can modulate host immunity via alterations in gut barrier function and gut microbiota composition.




Figure 5 | High-Fat Diet and Fatty Acids Modulate Host Immunity via Alterations to Gut Barrier Function and Gut Microbiota Composition.




Myeloperoxidase Activity, Glutathione, and iNOS Expression

Neutrophils are phagocytic cells known as first responders in inflammatory reactions that play a key role in host immunity primarily via the release of pro-inflammatory enzymes (e.g., MPO), antibacterial molecules (calprotectin, lactoferrin, lipocalin) and DNA NETs to localize infections. Evidence shows that PUFAs, specifically n-6-PUFAs sourced from safflower oil (201), or the n-3-PUFA ALA (127), can elicit changes in neutrophil function and infiltration (decreased), whereas minimal response was seen with fish oil (n-3-PUFA), which had been thought to play a role previously (201). In this context, several rodent studies have shown that HFD, or feeding n-6-PUFA-enriched diet promotes oxidative stress, including increased MPO in the gut (45, 82). In one experimental colitis study, male C57BL/6 mice fed a HFD (60% EAF) for 4 weeks were shown to induce gp91, a NADPH oxidase subunit, and promote production of ROS in both colonic epithelial cells and lamina propria cells compared to their low-fat (10% energy from fat) counterparts following TNBS induction (78). The increased ROS production was accompanied by a concomitant induction of the myosin light chain kinase (MLCK) tight junction pathway as well as increased gut barrier permeability. Increased ROS production and activation of the MLCK pathway was observed in vivo, in HCT116 cells cultured with either palmitic acid or a combination of palmitic acid and TNFα. However, this effect was markedly diminished in the presence of a ROS scavenger, suggesting that experimental colitis and mucosal inflammation is promoted by a HFD through aggravation of mucosal oxidative stress, which in turn drives increased gut barrier permeability (78).

Studies have also reported beneficial effects of dietary n-3-PUFAs on oxidative stress. For example, administration of ALA (450 mg/kg) in rats showed a beneficial effect on colonic iNOS expression and GSH concentration and inflammatory stress (reduced secretion of TNFα and mRNA level) induced by TNBS-colitis. These protective effects were associated with reduced NF-κB activation as well as reduced lipid mediator concentrations, including leukotriene B4 (LTB4) and COX2 (127). In another study, dietary olive oil supplemented with n-3-PUFA (fish oil) was found to beneficially decrease colonic iNOS expression and GSH concentration in rat colon tissue following DSS-colitis (202).



Glutathione Transferase Omega 1 (GST01-1)

Excessive ROS production in the inflammatory response plays a critical role in tissue damage and the progression of inflammatory diseases (203). Studies have recently implicated GSTO1-1 for its TLR4-mediated role in pro-inflammatory response by macrophages (204, 205). TLR4 and MyD88 both play prominent roles in supporting low-grade inflammation in obesity, and deficiency in either protein attenuates obesity and metabolic alterations caused by a HFD (206, 207). Specifically, GSTO1-1 deficient cells failed to upregulate expression of NADPH oxidase 1 and produce ROS following LPS stimulation (208). GSTO1-1 deficient macrophage cells stimulated with LPS were also found unable to produce lactate or dephosphorylate adenosine monophosphate kinase (AMPK; metabolic stress regulator) (205), nor did they accumulate succinate or stabilize HIF1α, two responses important in maintaining pro-inflammatory state of activated macrophages (205, 209). Notably, GSTO1-1 knockout (KO) mice, which are resistant to LPS-induced inflammatory shock (vs. wild type mice), exhibited suppressed pro-inflammatory cytokine expression and attenuated ROS production compared to wild-type mice. Intriguingly, GSTO1-KO mice fed a HFD (23% EAF) for 13 weeks had significantly lower abdominal fat, abdominal adipose tissue inflammation on histology and steatosis compared to their wild type counterparts (210).



Glutathione Peroxidase 4

Glutathione peroxidase 4 (GPX4) protects against oxidation of biolipids, referred to as lipid peroxidation, that particularly affects PUFAs with biological membranes. In mice, deletion or inhibition of GPX4 induces ferroptosis, a distinct form of iron-dependent cell death which requires AA (n-6-PUFA) membrane enrichment. In context of the genetic association between GPX4 and CD (211), including evidence of GPX4-restricted AA oxidation in biological membrane (212, 213), a recent study revealed that a PUFA-enriched Western diet triggers GPX4-restricted mucosal inflammation in mice lacking one allele of GPX4 in intestinal epithelial cells (214).



Visceral Adipose Tissue Derived Exosomes

Exosomes are endosome-derived nanovesicles that have been recently described as important intracellular communication mediators, especially via crosstalk between organs, via transfer of encapsulated cargoes such as bioactive lipids, proteins and mRNAs and non-coding RNAs (215–218). Released by healthy cells, exosomes play an important role in the immune system function and have the potential to activate cellular stress and damage (219). Using a DSS-colitis mouse model fed either chow or a HFD it was recently shown that active biogenesis of exosomes occurs in adipose tissue and that these adipose tissue-derived exosomes preferentially circulate to the lamina propria, serving as an important adipokine (220). Further, the HFD-induced obesity altered the miRNA profile of the adipose exosomes, shifting the exosome from having an anti-inflammatory phenotype to that of pro-inflammatory. The intestinal inflammation caused by the circulation of inflammatory exosomes from the obese adipose tissue to the colon was promoted via macrophage M1 polarization predominantly via the pro-inflammatory cargoes. Most intriguingly, it was shown that colitis could be attenuated by delivering miRNA drugs from the adipose tissue to the lamina propria via exosomes encapsulating miR-155 inhibitor, suggesting that targeting the exosomal pathway between obese fat and the intestinal lamina propria could be used to therapeutically manage colitis (220).



Endoplasmic Reticulum Stress

Endoplasmic reticulum (ER) stress has been found to influence the pathology of various chronic diseases including IBD (221, 222). Highly secretory cells such as Paneth and goblet cells are extremely prone to ER stress, which activates the unfolded protein response and a cascade of cellular transduction events to restore ER homeostasis (223, 224). Failure of unfolded protein response (UPR) to maintain cellular viability and homeostasis can halt cellular protein synthesis and activate inflammatory signaling and apoptosis. The primary genetic variants within the UPR (Xbp1, Arg2, Ormdl2) encoded proteins rely on a robust secretory pathway (e.g., Muc2, Hlab27) and mutations in these genes lead to intestinal inflammation (225). In mice, missense mutations in the MUC2 gene (e.g., Winnie and Eeyore mouse models) result in spontaneous colitis associated with innate and Th17 immune responses, including ER stress which is accentuated by the prolonged HFD feeding in Winnie mice (64). Similarly, prolonged HFD in C57BL/6 mice was shown to induce expression of colonic genes that are markers of ER stress (sXbp1, Grp78, Edem1) and oxidative stress (NOS2), which corroborated with the increases in ER resident proteins Grp78 and Ire-1B (64).

Specific FAs and cytokines can suppress or exacerbate ER stress in secretory cells (226). For example, IL-10 and IL-22 has been shown to reduce/suppress ER stress via their actions on goblet cells (227) and secretory pancreatic B-cells, respectively (226). By comparison, non-esterified FAs such as palmitate administered in vitro to human colonic LS174T cells induced significant oxidative and ER stress. This resulted in reduced Muc2 secretion (mucin production), whereas administration of IL-22 suppressed oxidative and ER stress induced by palmitate (64). Those findings were consistent with in vivo studies showing a dose-dependent decrease in ER stress (sXbp1, Grp78, Edem1) in response to IL-22 treatment in HFD mice (226). Production of IL-22 is controlled by the aryl hydrocarbon receptor (AhR), an important regulator of metabolism, immune cell homeostasis, and intestinal immunity, activated by dietary ligand binding, namely the phytochemical indole-3-carbinol (228). The AhR regulates IL-22 production via intestinal epithelial cells, and AhR signaling has been demonstrated to inhibit inflammation induced by experimental colitis (229), whereas AhR-deficient mice are highly susceptible to DSS-induced colitis (230) suggesting that the AhR plays a key role in resolving intestinal inflammation. Notably, significantly lower AhR activation following feeding of a purified HFD has been reported in mice heterozygous for the AhR repressor gene compared to mice fed a normal, unpurified chow diet (AIN-93G), which contains phytochemicals and flavonoids (231). Furthermore, AhR is targeted by pelargonidins, a type of anthocyanidins thought to be beneficial for overall human health. A synthetic pelargonidin (Mt-P) transactivates AhR, and has been shown, in HFD-fed C57BL/6J mice, to attenuate body weight gain, intestinal and liver inflammation, and ameliorate insulin sensitivity, while worsening liver steatosis, of which were abrogated by gene ablation of AhR (232). Another study in DSS-colitis rats explored the effects of the anthocyanin, pelargonidin 3-glucoside (P3G), on IBD and metabolic syndrome. Findings revealed that P3G treatment attenuated DSS-induced IBD symptoms. Likewise, P3G treatment in rats fed a high-carbohydrate, HFD resulted in attenuation of metabolic syndrome (reduced systolic blood pressure, ventricular stiffness, cardiac and liver structure, abdominal fat, and body weight gain) (233), suggesting that anthocyanidins, specifically pelargonidins, target AhR, decreasing inflammation to attenuate symptoms of IBD and metabolic functions in metabolic syndrome. These findings are relevant considering that diets containing a high content of phytochemicals are generally rich in fruit and vegetables, which are typically lacking in a Western diet.



Malondialdehyde

Malondialdehyde is a widely used marker of oxidative lipid injury that results from lipid peroxidation by ROS of PUFAs (234, 235). Malondialdehyde is also a prominent product in Thromboxane A2 synthesis secondary to the metabolism of AA by cyclooxygenase-1 (COX1) or cycloxygenase-2 (COX2) to prostaglandin H2 by various cell types and tissues. Dietary lipid end products from ROS and lipid peroxidases (oxidative stress) such as malondialdehyde are also absorbed into circulation and have been shown to activate inflammatory responses in various tissues, including the gut itself (236). There is also evidence that malondialdehyde is able to regulate insulin through the WNT-pathway, in addition to having mutagenic capability (237).

In TLR4-deficient C57BL/10ScNJ mice, HFD-induced (60% EAF) intestinal inflammation and increased gut permeability was accompanied by the increases in MPO activity and lipid peroxidase levels of malondialdehyde and 4-hydroxy-2-nonenal compared to control C57BL/6 mice fed a low-fat diet (10% EAF) (66). Human studies have yielded contradictory results regarding oxidative stress levels in IBD patients, with some studies reporting significantly higher malondialdehyde levels in plasma of CD patients compared to controls and UC patients, and others showing no difference (238–240).




Intestinal Permeability


Tight Junction Barrier Proteins

Tight junctions are multi-protein junctional complexes which function to seal the paracellular pathway to prevent leakage or translocation of intestinal contents and bacteria across the intestinal epithelium. At least 40 different proteins comprise tight junctions, of which the 3 major transmembrane proteins include occludin, claudins, and junction adhesion molecules (JAM) proteins, which associate with peripheral membrane proteins (e.g., Z0-1) located on the intracellular side of the plasma membrane.

Many rodent studies have shown HFD with or without induction of experimental colitis-induced dysregulation in tight junction barrier protein expression (ZO-1, Claudin, occludin) in ileal and colonic tissue (66, 79, 241), with concomitant increases in serum endotoxin (consistent with increased gut permeability) (64). Notably, there is evidence that excessive dietary fat and/or the increased luminal bile content, and not genetic obesity, is responsible for the suppression of tight junction proteins and subsequent increased permeability associated with high-fat feeding (242, 243).

However, findings have varied between studies, with some reporting no dietary differences in tight junction expression (113). These discrepancies are possibly due to differences in the amount and type of FAs comprising the diet, duration of diet administration and rodent genetic line. Significant upregulation in expression of RhoA, which regulates tight junction assembly and actin organization, has also been reported following feeding HFD (79).

Vitamin D has also been shown to influence gut barrier integrity. Vitamin D is recognized to exert immunomodulatory effects via the VDR, and has been shown to exert protective effects in IBD, including amelioration of IBD symptoms in both human and animal following vitamin D supplementation. In one study, vitamin D supplementation (10,000 IU/kg of diet) in C57BL/6N mice fed a HFD (45% energy from fat) attenuated DSS-colitis compared to their counterpart HFD controls supplemented with less vitamin D (1000 IU/kg). Vitamin D supplementation had no effect in the C57BL/6N mice fed a standard diet (10% energy from fat). However, independent of the dietary fat content, all vitamin D-supplemented mice exhibited higher expression of colonic tight junction protein Cldn1 (P<0.05, but not Ocln and Zo1 mRNA levels P>0.05) whereas expression of colonic Cyp27b1 (but not VDR) was higher in the HFD vitamin D-supplemented mice vs. their HFD counterparts without supplementation (241).



Intraepithelial and Lamina Propria Lymphocytes

In one study, feeding a HFD (56.7% EAF) to C57BL/6 mice for 3 weeks was recently shown to impair the intestinal immune system and increase sensitivity to enteric epithelial damage compared to mice fed a standard diet (13.1% EAF) (244). Specifically, mice fed the HFD exhibited atrophy of the small intestine, colon and gut-associated lymphoid tissue (GALT), with reductions in the number of small intestinal intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL). The latter was also observed in mice within one day of receiving a HFD (244). Effects were independent of changes to the gut microbiota and continued for 2 weeks after returning animals to a standard diet. Intriguingly, reductions in IEL and LPL were also observed in mice supplemented with orally administered FAs, however, this was attenuated upon administration of a lipase inhibitor to reduce luminal free FAs. This suggests that intestinal damage from a HFD was due to the diet-derived free FAs, and that this “intestinal lipotoxicity” may explain, in part, the parallel increase in intestinal diseases, such as IBD, with consumption of a Westernized diet (244).

In another study, aggravated experimental colitis caused by HFD (60% EAF vs. normal fat; 13% EAF) following DSS-colitis in C57BL/6 mice was accompanied by extensive ulceration and inflammation with concomitant crypt regeneration (79). Here, chronic inflammation in high-fat DSS-colitis treated mice was characterized by a lower proportion of TCRγδ T-cells (tissue repair) among IELS while the proportion of TCRαβ T-cells was inversely higher, compared to controls. Both important lymphoid cells among IELs, TCRγδ T-cells and TCRαβ T-cells play a critical role in tissue repair (245) and in controlling intestinal immune responses whose dysregulation is linked to colitis development (246), respectively. High-fat feeding also led to significantly lower proportion of CD8α T-cells which play a unique protective role among IELs (230). Finally, analysis of myeloid cells revealed a higher proportion of CD11b+ monocytes expressing Ly6C in colonic epithelia of HFD fed mice compared to controls suggesting new recruitment of inflammatory monocytes. The concomitant higher proportion of resident CD11b+F4/80+ macrophages in high-fat fed mouse colonic epithelia further suggested a unidirectional change in both myeloid cell subsets (79). There were, however, no significant differences between diet groups in the proportion of pro- or anti-inflammatory cells in the lamina propria.



Paneth Cells and Goblet Cells

The intestinal barrier utilizes tightly regulated mechanisms to control and prevent the translocation of intestinal bacteria across the mucosal surface. This includes antimicrobial peptides (AMP) which are produced and secreted by Paneth cells as protective agents against bacterial pathogens, as well as the dense mucus layer of mucins which is produced by goblet cells (via Muc2) to serve as a mechanical barrier to prevent bacterial translocation across the epithelial wall (223).

Paneth cell dysfunction (viability and function), reductions in the number and mucin content of goblet cells and subsequent dysbiotic changes in gut microbiota composition has been reported in C57BL/6 mice fed a high-fat (60% EAF vs. control diet of 13% EAF, 25% protein, 62% carbohydrate) (79). Specifically, high-fat feeding resulted in significantly reduced Paneth cell area, reduction of lysozyme content within crypts and decreased expression of procryptdin (AMP exclusively produced by Paneth cells), as well as other AMPs produced at the crypt bottom (Defcr1, Defcr4, Defa-rs1c) (79). Mechanistically, reductions in goblet cells was associated with mTORC1 activation, Notch activation and a subsequent downregulation of Muc2 expression. By comparison, DSS-treated C57BL/6 mice fed a diet rich in extra-virgin olive oil cultivars (Ogliarola, Coratina, Peranzana) exhibited decreased neutrophil infiltration, reduced inflammatory infiltrate and epithelial damage as well as number of dystropohic goblet cells compared to control mice (14). In another study, disruption on mucosal barrier integrity caused by long term high-fat feeding corresponded with significant reduction in Muc2 mRNA potentially explained by concomitant decrease in the expression of klf4 and Spdef, two transcription factors involved in goblet cell differentiation (64). Similar reductions were observed in Tff3 mRNA (64), a secreted product of goblet cells that is key to epithelial restoration after injury (247).




Bile Acids, Prostaglandins, and Resolvins

Bile acids are steroid acids conjugated with taurine or glycine to generate a total of 8 possible conjugated bile acids, which are referred to as bile salts. Bile acids are important to facilitate FA absorption and are synthesized by the liver (primary bile acids) and by bacterial actions in the colon (secondary bile acids).


Deoxycholic Acid-Mediates Sphingosine-1-Phosphate Receptor 2

Prolonged exposure to high levels of fecal deoxycholic acid has been shown to disrupt epithelial integrity (248, 249) and contribute to IBD development. In two studies investigating the effect of HFD on bile salts like deoxycholate (known to increase in the colon in individuals on HFDs), wild type mice supplemented with deoxycholate developed inflammation (oxidative, angiogenesis, altered gene expression) (250), whereas Nos2 KO mice seem to be resistant to these changes (250). More recently, it was shown that excessive fecal deoxycholic acid levels in the gut caused by a HFD contribute to colonic inflammation by dose-dependently upregulating Sphingosine-1-Phosphate Receptor 2 (S1PR2) via activation of NLRP3 inflammasome as well as pro-inflammatory cytokine IL-1β production in macrophages (251). Activation of NLRP3 is achieved through downstream stimulation of extracellularly regulated protein kinase signaling pathway (ERK) and subsequent cathepsin B release. In this context, severity of DSS-colitis intestinal inflammation is significantly worsened in mice treated with deoxycholic acid enema but is alleviated by the blockage of S1PR2 as well as inhibition of cathepsin B release, in turn reducing mature IL-1β production.



Cyclooxygenase-2

Prostaglandin-endoperoxide synthase 2 (PTGS2) also known as COX2 catalyzes the conversion of AA to pro-inflammatory prostaglandin E2 formation. Cyclooxygenase 2, the inducible form of COX and linked to altered risk of developing IBD (252–254), is the rate limiting step in conversion of AA to prostanoids, pro-inflammatory mediators including protacyclins, prostaglandins and thromboxanes. Both COX2 and COX2-dependent prostaglandin E2 (PGE2) have been associated with maintaining adaptive immune tolerance to dietary antigens (255, 256), with COX2-total KO and COX2-myeloid specific KO mice shown to develop severe CD-like inflammation within the ileo-ceco-colic junctions significantly increasing intestinal permeability when fed a cholate-containing HFD (257, 258). Notably, COX2 can also promote the resolution of inflammation via induction of pro-resolving eicosanoid lipoxin A2 (LXA4) (259, 260).

In fat-1 mice, a transgenic mouse model that can efficiently convert n-6-PUFAs to n-3-PUFAs allowing controlled studies without dietary manipulation, the effect of endogenously synthesized n-3-PUFAs attenuated DSS-induced colonic inflammation accompanied by significant decreases in PGE2 production and COX2 expression as well as decreases in colitis-induced pro-inflammatory cytokines, monocyte chemoattractant proteins (MCP-1, -2, -3) and matrix metalloproteinase 9 (261). Compared to n-6 and n-9 diets, administration of n-3-PUFAs (e.g., ALA, DHA, EPA) has been reported to lower COX2 expression and the production of LTB4 and IL-6 in murine colonic tissue (53, 113, 127), and in endothelial cells in vitro (129).

Diets enriched in EPA and AA have been shown to downregulate PTGS2 gene expression in IL-10-/- mice (262) with concomitant downregulation of IL-6 and TNFα (155), findings consistent with an earlier study showing n-6-PUFA-induced (e.g., AA) inhibition of LPS- PTGS2 protein. Previous studies have shown in vitro that EPA, as well as other unsaturated FAs, are potent inhibitors of the AA-induced PTGS2 activity (263). It is possible that AA could also give rise to anti-inflammatory activity given evidence that prostaglandin E2 can suppress macrophage and monocyte production of TNFα and IL-6, as well as inhibit 5-lipoxygenase which in turn disrupting leukotriene X4 production (264).



Eicosanoids

Eicosanoids are factors that mediate defensive and inflammatory processes of the gut mucosa and have been shown to increase in experimental colitis. While eicosanoids are known to be regulated by neural and hormonal controls, their local synthesis within the gastrointestinal lumen is influenced by dietary FA intake (5, 265–267). For instance, n-3-PUFA intake has been associated with higher production of EPA eicosanoids (PGE3 and LTC5) and lower AA-derived eicosanoids (6-keto-PGF1 alpha, PGE2, TXB2, LTB4, and LTC4) by the gastric and intestinal mucosa in rats (vs. n-6-PUFA intake) (265), whereas fat-free diets have been shown to reduce eicosanoid production compared to controls (266). The role of eicosanoids in the gastrointestinal tract has been recently reviewed (268)



Resolvins, Protectins, and Maresins

Resolvins are anti-inflammatory mediators shown to control and reduce inflammation in a variety of experimental models of inflammatory disorders, mediated, in part, by dendritic cells. Resolvins are derived from n-3-PUFAs, specifically, EPA derives the E-series family of resolvins, while DHA derives the family of D-series resolvins (RvD), protectin D1, and maresins. Both EPA and DHA-derived resolvins participate in anti-inflammatory and pro-inflammatory subsistence via signaling pathways including MAPK, NF-κB, PPARу, PI3K, miRNAs, and apoptosis (269). Of the E-series, the three subtypes RvE1, RvE2, and RvE3 have been shown to inhibit leukocyte/neutrophil migration associated with reduced pro-inflammatory cytokine release and increased macrophage phagocytic activity (270). These lipid mediators have been shown to decrease TNFα and IL-6 (271, 272) which may be due to NF-κB signaling via its specific G protein-coupled receptor, ChemR23 and leukotriene B4 receptor 1, a receptor of the pro-inflammatory eicosanoid leukotriene B4 (273, 274). Notably, COX inhibitors such as 5-acetylsalicylic acid have been shown to increase formation of AA-derived anti-inflammatory pro-resolution lipoxins, as well as resolvins from n-3-PUFAs such as DHA, supporting the potential for combination therapies using ASA and DHA supplementation (275). The anti-inflammatory role of lipid mediators in the gastrointestinal tract has been recently reviewed (269, 270, 276)



Apolipoprotein A-1 (APOA1)

Apolipoprotein A-1 (APOA1) mimetic peptides comprise the main structural protein of high-density lipoprotein. Two of which, 4F and transgenic 6F (Tg6F) have been shown protective of inflammatory diseases, including that 4F, when orally or transgenically administered to low-density lipoprotein receptor-null mice fed a Western diet have the ability to lower pro-inflammatory FA metabolite levels in mouse enterocytes (277). Further, it was recently shown that COX-2 total KO mice fed a cholate-containing HFD and orally administered 4F and Tg6F function to inhibit both LPS and oxidized 1-palmitoyl-2-arachidonoyl-sn-phosphatidylcholine (oxPAPC) signaling in human macrophages and intestinal epithelium, as well as promote the clearance of pro-inflammatory lipids within the gut lumen (278).




Fatty Acid Effect on Adipokines and Other Hormones

Adipose tissue has been described for its involvement in endocrine (279), metabolic function and more recently for its interaction with the immune system via the release of adipokines namely adiponectin, leptin, and ghrelin from fat tissue (280–284). Adipose tissue is also a source of cytokines, including TNFα interleukins (283). Depending on the conditions during their release, these mediators can have pro-inflammatory, anti-inflammatory, or appetite-controlling functions (285, 286). There is also evidence that obesity induces dysregulation of adipokine circulating levels and that this may contribute to obesity-related diseases (287). Further, several studies suggest that adipose tissue-derived mediators, namely increases in circulating TNFα, adiponectin, ghrelin and resistin, with decreases in leptin may affect the pathophysiology of IBD. Discovery of adipokines in fat tissue has led to investigation into their role in inflammatory disorders such as IBD. The role of adipokines in IBD is of particular interest given the involvement of mesenteric ‘creeping’ fat present around inflamed areas of the gut in patients with CD (288, 289), and the recent evidence demonstrating similarities in expression patterns between mesenteric fat adipocytes obtained from obese patients to that of CD patients (290). The role of adipokines in inflammation has been previously reviewed (12, 291).


Adiponectin

Adiponectin is a protein hormone released by adipocytes that is involved in glucose regulation and FA oxidation. While several studies have suggested adiponectin to have anti-inflammatory activity (292), more recent studies have implicated its role in the pathophysiology of colitis, although its role remains controversial (293, 294) with some studies reporting an attenuated effect on colitis while others suggest that decreased adiponectin in colon subepithelial myofibroblasts exacerbates colitis (52, 295, 296).



Adiponectin Receptor 1 (AdipoR1)

The Adiponectin receptor 1 (AdipoR1) is an important receptor in the fat-intestinal axis during the regulation of inflammation of the colon. Similarities in the expression patterns between mesenteric fat isolated from obese patients and that from patients with IBD have been reported, with inflammation and lipid metabolism pathways showing the greatest overlap (290). Studies looking at the effect of diet-induced obesity on severity of TNBS-colitis and cytokine expression in mouse mesenteric fat suggest that adiponectin receptor 1 aggravates colitis (12). While obesity alone increases pro-inflammatory IL-1β, TNFα, MCP1, and keratinocyte-derived chemokine, obesity decreased the extent to which TNBS-colitis increased IL-2 and IFN-γ in mesenteric adipose and intestinal tissues. In vitro, fat-conditioned media lowered AdipoR1 in human colonic epithelial cells (NCM460), while in vivo intracolonic silencing of AdipoR1 in mice exacerbated TNBS-induced colitis (12). In another DSS-colitis study, induction of colitis significantly decreased adiponectin and increased expression in both AdipoR1 and adiponectin receptor 2 (AdipoR2) (52). Of interest, findings from McCaskey et al. (297) suggested that the effects of increased adiposity are dependent on genetic background and mechanism of colitis induction. In their SMAD3-/- (129-Smad3tm1Par/J) mouse model, HFD-induced obesity had no effect on Helicobacter hepaticus, colitis severity, whereas mice with low caloric intake experience 40% mortality due to infection (297).



Leptin

Leptin is a satiety hormone that regulates energy balance as a long-term regulator suppressing food intake preventing obesity. The role of leptin in IBD has been studied, but the results are conflicting and further investigation is required (298–300). Leptin promotes autoimmune diseases and its blockage is protective (pegylated leptin antagonist mutant L39A/D40A/F41A; PEG-MLA) (300). Recent studies with IL10-/- mice showed that the blockage of leptin prevents chronic spontaneous colonic inflammation (300). Although earlier studies in IL-10 mice having also a KO mutation in the leptin gene showed not to have inflammation prevention, compared to the single IL-10 KO deficiency (301). However, in IL-10 KO mice, the deletion of leptin resulted in increased apoptosis of lymphocytes in the lamina propria (301), which supports the hypothesis that inflammatory cells benefit and even survive longer in the presence of leptin ligands, promoting IL-10-driven chronic inflammation. It is possible that this effect supports the hypothesis that a feedback loop cycle could locally exist where a progressive state of intestinal inflammation leads to accumulated gut-mesenteric fat (creeping fat), which (e.g., adipocytes) could produce leptin, positively reinforcing a vicious inflammatory cycle locally.

Part of the modulating effect of leptin on inflammation has been supported by the presence of leptin receptors (LR mRNA gene expression detected) on hematopoietic cells, T-cells and lymphocytes (300), and in the gastric mucosa, where it can also be produced. The main producing tissue is the adipose tissue which increases with obesity. In patients with CD, VAT/FM ratio was associated with leptin and IL-6 concentrations, and higher in short-term than in long-term remission (289). Leptin also increases as a result of positive feedback from TNFα, and it has been proposed that this mechanism may be relevant in early inflammatory stages (302, 303).

The mechanism of how dietary fats may modulate inflammation in IBD could be directly dependent on the accumulation of adipose tissue, or indirectly/alternatively could be due to the effect of fats on gastric physiology, because leptin can be also produced by the gastric mucosa using a seemingly unique 19KD precursor molecule which is distinct to what occurs in the adipose tissue (300). In the stomach, leptin increases its levels according to the feeding regime, which in turn, modifies systemic circulating levels, which could reach cells in inflammatory sites to promote inflammation in cells if they are activated and primed with LR. Fasting and starvation are associated with high local levels of gastrin; but after a meal, leptin locally decreases but increases systemically. Additionally, it has been shown that slow gastric emptying can increase leptin levels in the stomach. Considering that dietary fats influence gastric emptying rates, it is possible that slow gastric emptying caused by a HFD influences leptin levels.

Most recently, differently expressed colonic genes from C57BL/6 mice in response to a HFD (45% EAF vs. normal diet, 15% EAF) have been reported. Of the 21 identified leptin-associated genes found to have an inverse relationship between the two dietary types (HFD, normal fat) Peli3, Creb1, Enpp2 and Centg1, four genes previously reported to play a role in obesity and colon-related diseases, were found to have either a positive or negative relationship between serum leptin or insulin concentration and consumption of either HFD or normal diet (304).



Ghrelin

It is known that bacterial lipopolysaccharides mediate diarrhea induced by bacterial infection in the gut (305). In ghrelin-treated mice, this endotoxinemia-induced dysmotility was improved, mainly via down-regulation of nitric oxide pathways in the gut (306), decreased production of pro-inflammatory cytokines IL-1β and TNFα, with concomitant increase in anti-inflammatory IL-10 (305, 307). The role of ghrelin in IBD is thought to be attributed to its antagonistic effect on leptin, although several in vivo and in vitro studies have described both pro- and anti-inflammatory effects from ghrelin (305).

In CD-IBD, Zhao et al. (308) reported upregulation of ghrelin and ghrelin receptor mRNA via NF-kB pathway activation and induction of IL-8 production in TNBS-colitis mice. By comparison, Gonzalez-Rey et al. (309) found ghrelin ameliorated severity of TNBS-colitis and suppressed IL-10 levels. Konturek et al. (310) also found accelerated colonic lesion healing in ghrelin treated TNBS-colitis via increased nitric oxide and PGE2 release. In UC-IBD, De Smet et al. (311) found that a lack of ghrelin delayed neutrophil infiltration and decreased disease activity index in a model of chronic DSS-colitis, whereas in C.rodentium-induced colitis (312) the late stages of infection were associated with increased ghrelin expression, with in vitro studies showing ghrelin induced marked proliferation of neurons.



Substance P and Obesity

Intracolonic administration of TNBS-colitis has been shown to cause severe acute colitis and changes in the mesenteric and epididymal fat depots arguably described as resemblants of changes in CD with increased pro-inflammatory mediators in these fat depots, including substance P (SP) (2, 12, 313, 314). Such findings indicate that human mesenteric pre-adipocytes contain functional substance P receptors that are linked to pro-inflammatory pathways, and that substance P can directly increase NK-1R expression. Thus, it is possible that mesenteric fat depots may participate in intestinal inflammatory responses via substance P-NK-1R-related pathways, as well as other systemic responses to the presence of an ongoing inflammation of the colon.





Discussion

Herein, we review the evidence on the role of HFDs on the severity of experimental ileitis and colitis in laboratory rodents to further advance our mechanistic understanding of the effects of FAs on intestinal inflammation. While studies conducted directly in humans provide prevalence, incidence and clinical estimates, studies using laboratory rodents performed under controlled conditions allow for mechanistic insights relevant to IBD. However, our review highlights considerable variability in findings between studies. Such discrepancies appear to be dependent on various factors including the rodent model of IBD used (including colitis induction method), feeding trial duration, amount/dosage/source and structural composition of the FA tested, as well as how other factors such as diet compounds, lifestyle, drugs, probiotics and the gut microbiota could interact with the FA to modulate disease. Whereas FA-mediated regulation of pro- and anti-inflammatory T-cell responses in vivo remains a largely nascent field, fundamental questions remain concerning FA uptake, intracellular transport and regulatory function. Existing studies give cause for optimism that understanding the molecular interplay between FAs and T-cells will reveal biologically novel and translationally-relevant insights toward the treatment of human diseases.

Despite the great advancement, a limitation to note is that while studies investigating a ‘HFD’ generate relevant data, many do not report in detail the nutritional composition of the diet, particularly the FA profile, and other husbandry factors (as recently discussed) (315), making such studies less reproducible. This is important considering that not only the amount by the type and structure of the FA can influence phenotypic outcomes of disease. In the future it is imperative to improve reporting and to conduct experiments that correlate the mechanisms described, the genetics of the host and the microbiome of the host refining methodological/the designs and the use of germ-free systems or in vitro/ex vivo organoids could help further elucidate these mechanisms.
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