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Abstract

Purpose of review—To review our current understanding of the relationship between 

absorption of nutrients and intestinal inflammatory response.

Recent findings—There is increasing evidence linking gut local inflammatory events with the 

intake of nutrients. Our recent studies, using the conscious lymph fistula rat model, demonstrate 

that fat absorption activates the intestinal mucosal mast cells. This is accompanied by a dramatic 

increase in the lymphatic release of mast cell mediators including histamine, rat mucosal mast cell 

protease II (RMCPII), as well as the lipid mediator prostaglandin D2 (PGD2). Clinical studies 

suggest that increased consumption of animal fat may play a role in the pathogenesis of 

inflammatory bowel disease. This impact of dietary fat may not be restricted to the gut but may 

extend to the whole body. There is evidence linking a high-fat diet-induced metabolic syndrome, 

with a low-grade chronic inflammatory state. In this review, we hope to convince the readers that 

fat absorption can have far reaching physiological and pathophysiological consequences.

Summary—Understanding the relationship between nutrient absorption and intestinal 

inflammation is important. We need a better understanding of the interaction between enterocytes 

and the intestinal immune cells in nutrient absorption and the gut inflammatory responses.
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Introduction

The gastrointestinal tract carries out divergent roles which include the absorption of 

nutrients and also defending the body from harmful pathogens, for example bacteria and 

viruses. The absorptive process involves the gut epithelium and is highly effective. 

However, it also involves processes that have the potential to compromise the integrity of 

the gut epithelium. Therefore the gut immune system, the largest immune system in our 

body, must respond to pathogens while at the same time remaining relatively unresponsive 

to the food ingested and the trillions of commensal gut microbiota that reside in the human 

gastrointestinal tract [1••,2]. The unique role played by the gut in the digestion and 

Correspondence to: Patrick Tso, PhD, Department of Pathology and Laboratory Medicine, University of Cincinnati College of 
Medicine, 2120 E. Galbraith Road, Building A, Cincinnati, OH 45237, USA, Tel: +1 513 558 2151; fax: +1 513 558 1006; 
tsopp@ucmail.uc.edu. 

HHS Public Access
Author manuscript
Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2015 July 30.

Published in final edited form as:
Curr Opin Clin Nutr Metab Care. 2011 July ; 14(4): 315–321. doi:10.1097/MCO.0b013e3283476e74.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



absorption of nutrients as well as host defense requires the close interaction and coordination 

of both the epithelial cells located in the gut epithelium and many immune cells situated in 

the lamina propria [3••]. Regulation of this homeostasis involves central and peripheral 

nervous system, gastrointestinal hormones and peptides, cytokines and chemokines secreted 

by enterocytes, as well as the intestinal immune cells [4,5]. Although the underlying 

mechanisms involved are complex and not well understood, the prevailing notion is that 

failure to maintain the balance between the host and its microbiota (as well as food antigens) 

has adverse consequences on both the health and well-being of the intestine and the body. 

Considerable information has been reported regarding the gut inflammation induced by 

commensal microbiota (please see reviews) [1••,2]. However, how this balance is influenced 

by daily events such as the digestion or absorption of nutrients especially the absorption of 

fat with the coincident assembly and transport of chylomicrons remains relatively poorly 

understood, with the exception of a few isolated studies [6,7]. A number of excellent studies 

have demonstrated a close link between dietary fat absorption and the intestinal immune 

system [7–10]. For instance, it has been reported that acute duodenal feeding or long-term 

consumption of fat (e.g. olive oil or saturated butter fat) increases lymphocyte trafficking in 

rat intestinal lymph [7], and increased production of cytokines like tumor necrosis factor-α 

(TNF-α), interferon or interleukin 6 (IL-6) by macrophages [8], intraepithelial lymphocyte 

[9], and intestinal epithelial cells [10]. These observations are further extended by our recent 

findings that a duodenal infusion of liposyn II, a lipid emulsion containing mainly 

polyunsaturated fatty acids (PUFAs) activated intestinal mucosal mast cells (MMC) 

resulting in the release of various mast cell mediators such as histamine, protease [rat mast 

cell protease II (RMCPII)], as well as the lipid mediator prostaglandin D2 (PGD2) into 

intestinal lymph (unpublished data). Clinical studies have also suggested that dietary fat 

intake not only plays a significant role in the pathogenesis of inflammatory bowel diseases 

(IBDs) [11,12], but it may also be involved in the systemic low-grade inflammation 

associated with obesity, type II diabetes, hyperlipidemia, fatty liver and cardiovascular 

diseases [13–15]. Both human and animal models raise the interesting and obviously 

important question of whether the consumption of fat in general or a certain type of fat 

specifically, can induce intestinal inflammatory reaction. How does the small intestine sense 

different types of nutrients, and how does the absorption of some nutrients, for example fat 

induce an inflammatory response, whereas others do not? We believe that a better 

understanding of the mechanisms involved will provide new insights in improving human 

health and in the clinical management of IBD and metabolic diseases such as diabetes, fatty 

liver storage and cardiovascular diseases. Therefore, in this review we will focus on recent 

ongoing research on fat-induced intestinal inflammation.

Events associated with fat absorption in the small intestine

Intestinal absorption of nutrients is associated with a marked increase in intestinal blood 

flow, as much as doubling of fasting blood flow and this phenomenon is called postprandial 

hyperemia [16]. Long-chain fatty acids are the most potent nutrients that can initiate 

hyperemia in the presence of bile salt, but glucose, proteins, and peptides can also induce 

hyperemia [16]. In addition to the increased blood flow in gut, there is an increase in 

vascular permeability in response to fat absorption. As a result of the increase in mesenteric 
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blood flow and in vascular permeability, gastrointestinal lymphatic flow and composition 

(such as an increase in protein concentration) also change dramatically during feeding 

[17,18]. In addition to the prevention of edema, the gastrointestinal lymphatic system is also 

coupled with other gastrointestinal function (transport of chylomicrons) [19].

Dietary fats are digested and absorbed by the enterocytes and packaged into chylomicrons. 

Chylomicrons are packaged by the enterocytes and secreted into the intercellular space by 

exocytosis [19]. The journey of the chylomicrons from the intercellular space to the lamina 

propria is hampered by the basement membrane (as indicated by the arrows in Fig. 1) and 

thus, they accumulate in the intercellular space. As a result, the intercellular space becomes 

greatly distended, which probably loosens the junctional complex between the enterocytes. 

The junctional complexes are comprised of tight junctions, adherens junctions, gap 

junctions, and desmosomes, which are dynamic structures that restrict the passage of 

macromolecules larger than 50 A° [20••]. To allow the chylomicrons to cross the basement 

membrane, one possible mechanism is that there is breakage of the basement membrane (as 

indicated by the two arrows in Fig. 2). Both chylomicrons, containing long-chain fatty acids, 

and lymphocytes are transported in the mesenteric lymph [19], and lymphatic flow, protein 

flux, and lymphocyte trafficking all increase dramatically during fat absorption [7,17,18]. 

Fat absorption also stimulates intestinal immune cells including macrophages and 

intraepithelial lymphocytes and enterocytes to release cytokines [7–10].

Lymphatic release of histamine and diamine oxidase during fat absorption

We recently demonstrated that the release of histamine into intestinal lymph increased 

dramatically after intra-duodenal infusion of fat emulsion liposyn II (20%) [21]. Our data 

suggest that the increased histamine release during fat absorption may contribute to the 

increased lymph flow and vascular permeability. This increase in the hydration (expansion) 

of the interstitial matrix in the lamina propria probably facilitates the movement of the 

chylomicron particles to the central lacteals [19]. Therefore, the release of histamine during 

fat absorption may facilitate the diffusive movement of chylomicron particles through the 

lamina propria.

Excessive histamine is, however, detrimental and can lead to a number of 

pathophysiological conditions such as anaphylaxis, food allergy, and IBD [22,23]. 

Enzymatic inactivation of circulating histamine is mediated by the enzyme diamine oxidase 

(EC 1.4.3.6, DAO) [24]. DAO is found in high concentrations in the small intestine, kidney 

and placenta of humans and other mammals [25]. Intestinal DAO is synthesized 

continuously by mature enterocytes and stored in plasma membrane-associated vesicular 

structures in the mucosal epithelial cells. DAO is secreted into the circulation upon 

stimulation and acts as a rate-limiting enzyme in the terminal catabolism of histamine and 

polyamines in vivo [24–26]. In the gut, DAO is considered to be a physiological barrier 

against luminal histamine, putrescine and cadaverine, which originate from ingested food 

and intestinal bacteria.

Studies in our laboratory have shown that DAO secretion into intestinal lymph significantly 

increases during active fat absorption [21,27]. Lymphatic histamine and DAO both peak at 
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the same time during fat absorption, suggesting a close relationship between the two. It is 

tempting to speculate that DAO is released during fat absorption to safeguard against the 

deleterious effect of the excessive histamine secretion during fat absorption. The increased 

release of histamine and DAO is specific to fat feeding and is not shared by carbohydrate or 

protein feeding [27].

Activation of mucosal mast cells and release of mast cell mediators during 

fat absorption

Release of histamine is considered a hallmark of mast cell activation [28]. Is the increase in 

lymph histamine during fat absorption originating from the mucosal mast cells? Utilizing the 

rat mucosal mast cell protease II (RMCPII), a specific marker of mucosal mast cell (MMC), 

we showed that there was a dramatic (~20-fold) increase in lymphatic concentration during 

active fat absorption (unpublished data).

Mucosal mast cells are resident cells of hematopoietic lineage which are derived from 

CD13+CD34+KIT (CD117) bone marrow progenitors [28]. As part of the intestinal immune 

system, large numbers of MMCs (2–3% of lamina propria cells) are present mainly in the 

lamina propria [28], located beneath the basement membrane. MMCs not only regulate 

epithelial function but also crosstalk with the other mucosal immune cells through the 

release of a wide range of mediators [29]. In addition, there is a close bidirectional 

connection between MMCs and enteric nerves that is of vital importance in the regulation of 

gastrointestinal functions [30]. Activated mast cells release a wide variety of bioactive 

mediators including preformed mediators stored in granules (e.g. histamine and proteases) as 

well as newly synthesized mediators (e.g. prostaglandins, leukotrienes and cytokines) [31]. 

The physiological significance of the activated MMCs during fat absorption is unknown. 

However, the MMC activation will likely have an impact on fat absorption through the 

release of the proinflammatory mediators which in turn could stimulate the nerves and/or 

other intestinal immune cells. MMCs have been shown to affect intestinal motility, increase 

intestinal hyperpermeability and serve as an important element in several physiological and 

immunological functions of the gastrointestinal tract [29,31,32].

Activation or recruitment of other inflammatory cells during fat absorption

Although the main role of epithelial enterocytes is absorption of nutrients, it has been shown 

that they serve the critical function of epithelial barrier by interacting with luminal antigens, 

commensal microbiota, and crosstalking with mucosal immune cells through cytokines 

(such as IL-6, TNF-α) or chemokines [1••,3••,29]. In addition, the other types of cells located 

in the gut epithelial layer, including M (microfold) cells, enteroendocrine cells, 

intraepithelial lymphocytes, and Paneth cells can sample the intestinal contents and provide 

information about microbiota or luminal nutrients to the intestinal immune cells localized in 

the inductive sites (Peyer’s patches, mesenteric lymph nodes, lymphoid follicles, and 

colonic patches) and the effector sites in which dendritic cells, T lymphocytes, B 

lymphocytes, macrophage, and MMCs are located [1••,2]. The function of these immune 

cells in the regulation of intestine immunity has been ably reviewed (please see the related 

reviews on dendritic cells [33], T lymphocytes [34], T-regulatory cells [35], and macrophage 
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[36]). The activation of enterocytes and intestinal immune cells including lymphocytes, 

macrophages, dendritic cells and intraepithelial lymphocytes during fat absorption has been 

reported [7–10,37]. Considering the important role of MMCs in the enteric neuro-endocrine-

immune network [30,38] and the significant role they play in the development of IBD 

[23,32], it is reasonable to emphasize the importance of targeting mast cells in the treatment 

of gastrointestinal disorders [39].

Regulation of immune function by different types of fatty acids

Studies have shown that it is long-chain fatty acids (LCFAs) (C14 : 0–C24 : 0), rather than 

medium-chain fatty acids (MCFAs) (C6 : 0–C12 : 0), that activate intestinal lymphocytes, 

intraepithelial lymphocytes, dendritic cells and intestinal epithelial cells to secrete 

inflammatory cytokines [7–10,37]. In our studies, we also found that active absorption of the 

long-chain triglyceride (trilinolein, C18 : 2) but not the medium-chain triglyceride 

(trycaprylin, C8) activated the MMCs (unpublished data). These findings clearly support the 

notion that LCFAs act differently from MCFAs on the intestinal immune cells and the 

inflammatory responses. How does the gut sense different types of fatty acid and respond 

differently? Over the past few years, several G-protein-coupled receptors (GPRs), a large 

and diverse family of proteins, located in the gastrointestinal tract have been reported to 

respond to nutrients and their breakdown products, that is fatty acids, sugars, amino acids 

and proteolytic products (please see reviews [40,41]). For instance, luminal contents activate 

GPRs in the enteroendocrine cell membranes, transduce extracellular stimuli into 

intracellular signals, leading to increased intracellular Ca2+ levels and the release of peptide 

hormones [41]. Of these receptors, a variety of long-chain free fatty acids (FFAs) have been 

identified as ligands for the FFA1 (previously termed GPR40, GRP84 and GRP120 

receptors, whereas short-chain FFAs activate FFA2 and FFA3 (previously termed GPR43 

and GPR41, respectively) [40]. It is not completely understood how the GPRs sense 

different types of fatty acids and either activate or suppress the intestinal immune reaction 

during fat absorption. However, nuclear factors such as nuclear factor kappa B (NF-κB) or 

peroxisome proliferator-activated receptor gamma (PPAR-γ) (please see the related reviews 

[42,43]) have been shown to either activate or inhibit intestinal inflammatory reaction and 

we need to better understand how they are involved in the interplay between absorption of 

nutrients and the gut epithelial and immune cells in health and disease. A recent exciting 

study has shown that GPR 120 is a functional n-3 fatty acid receptor/sensor and mediates 

potent anti-inflammatory and insulin-sensitizing effects in vivo by suppressing macrophage-

induced tissue inflammation [44].

Significance of the nutrient-induced intestinal inflammation

The observations of the activation of intestinal immune cells by LCFAs raise important 

questions, why the intestinal immune cells are activated during the normal process of fat 

absorption? Do they play a role in fat absorption or whether their activation is merely 

corollary to this process?
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Mucosal mast cell activation and gut permeability

As mentioned earlier, we believe that in order for the chylomicron particles to pass through 

the basement membrane and gain access to the central lacteals it probably involves the 

breakage of the basement membrane (Fig. 2) [19]. This notion is further supported by a 

previous study demonstrating that during fat absorption, the jejunal epithelium is 

temporarily injured and the ‘injury’ is rapidly repaired (by epithelial restitution) within 50 

min after the termination of lipid infusion [6]. There is considerable evidence showing that 

intestinal transcellular, and/or paracellular permeability are affected by mast cell mediators 

including interferon-γ, TNF-α, IL-1β, IL-4 and IL-13, tryptase via protease activation 

receptor-2 [45••]. In-vitro studies also showed that RMCPII directly increases epithelial 

permeability by decreasing the expression of the tight junction associated protein occludin 

and ZO-1 [46]. In addition, RMCPII can selectively attack type IV collagen, which is found 

in intestinal basement membranes [47]. Therefore, it is tempting to speculate that the role of 

the transient activation of the MMCs might be related to the perforation of the basement 

membrane coupled with the loosening of the junctional complex as a result of the 

accumulation of a large number of chylomicron particles during the normal process of fat 

absorption. Further experiments are needed to understand the role of MMC activation on the 

transport of chylomicrons and fat absorption.

Fat absorption, mucosal mast cell activation and inflammatory bowel disease

Diet, in particular dietary fat is thought to have an important role in the pathogenesis and 

treatment of IBD (Crohn’s disease and ulcerative colitis) [11,12,48]. As a result of a 

breakdown of the balance between absorbing essential nutrients and preventing the entry as 

well as responding to harmful luminal contents, the intestinal barrier is disrupted and leads 

to permeability defects in IBD [20••,49]. Although the pathogenesis is only partially 

understood, increased permeability via both the transcellular and paracellular routes, and 

increased apoptosis of epithelial cells are major characteristics of IBD [20••,49]. On the basis 

of our previous findings [6,19], if the acute consumption of a lipid meal can result in the 

temporary ‘injury’ of the intestinal epithelium, what would happen if the gastrointestinal 

tract is exposed chronically to a high-fat diet? It is entirely possible that the chronic 

consumption of a high-fat diet can compromise the integrity of the intestinal barrier by 

disrupting the balance of epithelial injury and restitution [50], due to inappropriate and 

exaggerated mucosal immune responses that can potentially result in increased entry of 

pathogens or microorganisms into the body from the intestinal lumen. The integrity of the 

tight junction is compromised by the chronic consumption of a high-fat diet [51,52]. 

Therefore, pathological conditions of the gut such as IBD may develop. The fact that the 

proinflammatory factors such as histamine, TNF-α and interleukins (e.g. IL-8, IL-13) that 

are found to be produced in excessive amounts in IBD [49] are also produced during active 

fat absorption [8,9] raises the possibility that chronic ingestion of a high-fat diet may initiate 

the release of these proinflammatory factors by mast cells as well as by other immune cells. 

Thus, it is not surprising to find numerous reports linking chronic consumption of high fat 

and the increased incidence of IBD [11,12,48,49]. The importance of disrupted intestinal 

barrier in IBD [20••] and the role of mast cells and their major secretory products in IBD 

have been reviewed [23,32].
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Mucosal mast cell activation by fat absorption and metabolic syndrome

Is the small intestine an important contributor of circulating inflammatory mediators? Could 

the gut-derived inflammatory factors contribute to the pathogenesis of metabolic syndrome 

(obesity, type II diabetes, insulin resistance) that is associated with chronic low-grade 

inflammation, characterized by the increased circulating levels of proinflammatory 

cytokines [53–55]? Our recent finding that circulating RMCPII is increased during lipid 

infusion (unpublished data) provides evidence that activation of MMC and the release of 

MMC mediators by fat absorption can definitely contribute to the circulating inflammatory 

mediators. What about the other MMC mediators like TNF-α which is mainly from the gut 

or IL-6, an important proinflammatory factor found in metabolic syndrome [53–55]? A 

further study of the circulating proinflammatory factors including cytokines and chemokines 

that originate from the gut may provide new insight to our understanding of the 

physiological origin and significance of the systemic low-grade inflammatory syndrome. In 

recent years, much attention has concentrated on the role of macrophages in adipose tissues 

and the release of adipokines in the pathogenesis of metabolic syndrome [55,56]. 

Considering the fact that dietary fat is first exposed to the intestine and has the potential to 

induce inflammatory reaction of the gastrointestinal tract [7–10]. This chain of events not 

only occurs daily, but is also influenced by the chronic feeding of a high-fat diet and also the 

presence of microbiota in the gastrointestinal tract [57] and therefore may represent a major 

source of the circulating proinflammatory factors. This notion is further supported by the 

recent finding that high-fat diet promotes intestinal inflammation [58], which precedes and 

correlates with obesity and insulin resistance in mice [57]. Therefore, we propose that the 

intestinal MMC (activated by fat absorption) may also be an important source of the 

circulating proinflammatory mediators. This notion is further supported by the recent and 

very exciting finding that genetic deficiency as well as pharmacological stabilization of mast 

cells reduce diet-induced obesity and diabetes in mice [59].

Conclusion

In conclusion, fat absorption involves not only the participation of a single layer of epithelial 

cells, but also the participation of intestinal immune cells as well. In addition, the impact of 

fat absorption may not only be restricted to the gut, but may also have profound impact on 

the systemic circulating proinflammatory mediators and the associated metabolic 

consequences. To better understand if the inflammatory reaction is required for the normal 

process of fat absorption, how the gut senses different types of fatty acids and induces 

proinflammatory or anti-inflammatory reactions, and how gastrointestinal homeostasis is 

maintained to allow the efficient absorption and transport lipids with minimal activation of 

the mast cells and other inflammatory cells are all important questions that need to be 

examined. A better understanding of the processes involved may offer new therapeutic 

approaches for the treatment of IBD and diet-induced metabolic syndrome.
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Key points

• Fat absorption and intestinal inflammatory reaction.

• Activation of intestine mucosal mast cells and release of mast cell mediators by 

long-chain fatty acids.

• The role of intestinal inflammatory reaction in chylomicron transport.

• Dietary fat and inflammatory bowel disease and diet-induced metabolic 

syndrome.
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Figure 1. Basal portion of jejunal absorptive cells and basement membrane from a rat absorbing 
lipid
Note large intracellular spaces (ISs) between absorptive cells and chylomicrons contained 

within it. Continuous basement membrane is applied closely to basal plasma membrane of 

absorptive cells (magnification ×27 600). BM, basement membrane. Used with permission 

from American Physiological Society.
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Figure 2. This electron micrograph demonstrates a break at basement membrane (arrows) and 
chylomicrons can be seen moving from intercellular space to lamina propria (magnification ×27 
600)
IS, intercellular space; LP, lamina propria. Used with permission from American 

Physiological Society.
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