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Abstract: Inflammatory bowel disease (IBD), which includes both ulcerative colitis and Crohn’s
disease, is a chronic relapsing inflammation of the gastrointestinal tract, and is difficult to treat.
The pathophysiology of IBD is multifactorial and not completely understood, but genetic components,
dysregulated immune responses, oxidative stress, and inflammatory mediators are known to be
involved. Animal models of IBD can be chemically induced, and are used to study etiology and to
evaluate potential treatments of IBD. Currently available IBD treatments can decrease the duration of
active disease but because of their adverse effects, the search for novel therapeutic strategies that can
restore intestinal homeostasis continues. This review summarizes and discusses what is currently
known of the effects of amino acids on the reduction of inflammation, oxidative stress, and cell death
in the gut when IBD is present. Recent studies in animal models have identified dietary amino acids
that improve IBD, but amino acid supplementation may not be adequate to replace conventional
therapy. The animal models used in dietary amino acid research in IBD are described.
Keywords: inflammatory bowel disease; animal models; amino acids

1. Introduction
Inflammatory bowel disease (IBD) is a chronic, idiopathic and relapsing inflammation of the
gastrointestinal tract with characteristics of severe diarrhea, electrolyte loss, bleeding and abdominal
pain, and causes significant morbidity [1,2]. IBD also increases the risk of developing colorectal
cancer [3]. Crohn’s disease and ulcerative colitis, the two types of IBD, have distinct pathological and
clinical characteristics: Crohn’s disease can involve any part of the gastrointestinal tract, but most
commonly affects the terminal ileum and perianal regions [2,4]. Ulcerative colitis usually affects the
large intestine and the rectum [2,4]. Transmural inflammation is characteristic of Crohn’s disease,
but in ulcerative colitis, inflammation is typically limited to the mucosa and caused by white blood
cell infiltration [1,4]. Because of its complex etiology and complicated symptoms, IBD is very difficult
to treat.
Genetics, environmental and microbial factors, components of the innate and adaptive immune
systems, oxidative stress, and inflammatory mediators, are all known to be risk factors of IBD [4,5],
but little is known about how they interact with each other in the progression of IBD. Experimental
chemical-induced, immune-mediated, spontaneous, genetically engineered, and transgenic mouse and
pig models can mimic the progression of IBD [5]. They have been used to study the pathophysiology
and etiology of human IBD and for drug discovery and development.
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Amino acids are required for intestinal growth and maintenance of mucosal integrity and barrier
function. They are used by small intestinal mucosal cells as essential precursors for metabolically
active proteins, glutathione (GSH), nitric oxide, polyamines, and other molecules [6]. They are also
used as building blocks of macromolecule synthesis for intestinal mucosal wound healing, and energy
substrates of enterocytes [7]. The gut bacteria can utilize the amino acid to synthesize proteins and
varieties of metabolites [8]. Amino acid metabolism in gut microbiota plays an important role in
nutrition and physiology of the host [8]. Some studies, primarily conducted in rodents and pigs, are of
interest because they have provided evidence that certain amino acids, particularly glutamine and
arginine, may influence the progress of IBD [7]. They may act to reduce inflammation, oxidative stress,
and the levels of proinflammatory cytokines. The current use of animal models in IBD research and
the potential for use of specific amino acids in IBD treatment are reviewed below.
2. Animal Models of IBD—The Chemical-Induced Models
The complexity of IBD may account for the successful development of several different types of
animal models. The chemical-induced models, include dextran sulfate sodium (DSS), trinitrobenzene
sulfonic acid (TNBS), or acetic acid-induced models, are widely used experimentally because they are
reproducible and easy to work with. In this section, the use of these models to study the pathogenesis
of IBD and to test novel amino acid therapies are reviewed (Table 1).
Table 1. Examples of chemical-induced inflammatory bowel disease (IBD) animal models.
Colitis Models

Procedure

Animals

References

DSS

1.5–5% (wt/vol) DSS (molecular weight 36–50 kDa) in the drinking water for 5–7 days
1.25 g DSS per kg body weight twice a day for 5 days
Chronic colitis: cyclic treatment with 2% DSS repeated 3 times for 30 days

rodent
piglets
C57BL/6 mice

[9–15]
[16]
[9]

C57BL/6 mice
Wistar rats
Sprague-Dawley rats
piglets
minipigs
adult mongrel dogs

[9]
[17]
[18]
[19]
[20]
[21]

rats
rats

[22]
[23,24]

TNBS

acetic acid

2 mg/100 mL of TNBS in 45% ethanol
30 mg TNBS in 0.25 mL 50% ethanol
15 mg TNBS in 0.6 mL 50% ethanol
15 mg/kg TNBS in 5 mL 50% ethanol
30-mL of 120 mg/kg TNBS in 50% ethanol
10 mL of 100% ethanol and 1 g of TNBS in 10 mL of distilled water
4% acetic acid for 15 s
1 mL of 4% acetic acid in 0.9% NaCl

DSS, dextran sulfate sodium; TNBS, trinitrobenzene sulfonic acid.

2.1. DSS
DSS is a sulfated polymer that alters tight junction proteins, leading to the disruption of the
intestinal barrier, and is toxic to epithelial cells. Results obtained in DSS-induced animal IBD models
have helped to understand the pathogenesis of IBD and to screen potential therapeutic agents.
DSS-induced IBD is simple and reproducible and results in symptoms resembling those of ulcerative
colitis. The development of acute, chronic, or relapsing symptoms of IBD is dose-dependent, and the
size of the DSS is key not only in the induction of colitis but also the location. A comparative study
found that colitis developed in animals treated with 5 kDa and 40 kDa DSS but not 500 kDa, and severe
colitis developed in the lower colon following administration of 40 kDa, whereas mild colitis developed
in the cecum and upper colon after 5 kDa [25]. Various DSS dosage and duration are used to induce
IBD in some animal models (Table 1) [9–16]. Following DSS administration, animals usually develop
colitis with weight loss and severe, bloody diarrhea [11,13,16,26,27]. DSS colitis is characterized by
mucosal ulceration, leukocyte infiltration, intestinal crypt distortion and epithelial hyperplasia [11,13].
It is believed that DSS colitis results in epithelial cell injury and increases the permeability of
the intestinal mucosa to large molecules. DSS colitis is accompanied with dysregulation of the gut
microbiota [28,29], and is associated with stimulation of innate and adaptive lymphoid elements
and secretion of proinflammatory cytokines and chemokines [30,31]. The percentages of CD3+
T lymphocytes in Peyer’s patches, natural killer (NK) and B lymphocytes in mesenteric lymph
nodes, and NK CD8− cells in intraepithelial lymphocytes are elevated in DSS-treated animals [32].
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Expression of P-selectin glycoprotein ligand-1, leukocyte function-associated antigen-1, and C-C
chemokine receptor type 9 by T helper and cytotoxic T cells also increase after DSS treatment [10].
Tissue cytokine and chemokine levels, including interleukin (IL)-1α, IL-1β, IL-6, IL-17, granulocyte
colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, eotaxin-1, monocyte
chemoattractant protein 1, macrophage inflammatory protein (MIP)-1α, and MIP-1β also change
following exposure to DSS [14]. Redox status is also disturbed as shown by decreased GSH and
catalase (CAT) and increased reactive oxygen species (ROS), malondialdehyde (MDA), nitric oxide
and myeloperoxidase (MPO) [26,33]. Activation of the nuclear factor-κB (NF-κB) pathway has been
linked with the pathogenesis of DSS-induced colitis [11], and DSS induces cell death signaling by
modulating B-cell lymphoma (Bcl)-2 and Bcl-2-associated X protein (Bax) apoptosis factors [34,35],
and receptor-interacting protein 3, mixed lineage kinase domain-like protein, and caspase-8 necroptosis
factors [35–37]. Intestinal inflammation resulting from increased cell death has been reported to occur
in IBD [34,36,38].
2.2. TNBS
TNBS elicits dysregulation of the intestinal immune system, and induces both acute and chronic
colonic inflammation and ulceration [39]. Animal models that present characteristics similar to
those of human IBD, predominantly Crohn’s disease, have been developed by injection of TNBS in
ethanol. The model advantages include simple induction, rapid establishment, and development
of reproducible, long-lasting colon damage accompanied by inflammatory cell infiltration and ulcer
formation [40]. In the TNBS model, ethanol facilitates disruption of the intestinal barrier and helps
TNBS enter the mucosal layer to induce colitis [41,42]. Various dosage combinations of TNBS and
ethanol have been reported to induce IBD in various animal models (Table 1) [9,17–21].
Clinical phenotypes in TNBS/ethanol-induced animal models include diarrhea, weight loss,
high mortality, and severe inflammation [9,39,43]. Massive bowel edema, and disruption of epithelial
cells by large ulcerations are frequent, severe macroscopic injuries [9]; severe and intense transmural
inflammation and/or diffuse necrosis, inflammatory granulomas, and submucosal neutrophil
infiltration are also characteristic of this model [39].
Oxidative, inflammatory, and apoptotic damage may be among the causes of TNBS-induced
colitis [44,45], leading to increased generation of prostaglandin E2 (PGE2 ) [18], increased MDA [44],
NF-κB [44], MPO [46], nitric oxide synthase (iNOS) [18], and caspase-3 [44], increases of IL-1α, IL-1β,
IL-4, IL-6, tumor necrosis factor (TNF)-α [17,46], and cyclooxygenase (COX)-2 [18], and decreased
GSH in colon tissue [44]. Increased CD3+ , CD4+ and CD8+ T lymphocytes in peripheral blood have
also been reported in TNBS-induced colitis animal models [43].
2.3. Acetic Acid
Acetic acid-induced colitis is a common experimental IBD model. Animals treated with acetic acid
develop many pathological and histopathological characteristics in common with human ulcerative
colitis. Rectal application of acetic acid damages the mucosal epithelium and produces ulcerative
colitis [47]. The severity of the mucosal lesions that develop in acetic acid-induced colitis depends on
the acetic acid concentration and the length of exposure. Injection of 25% acetic acid into the gastric
lumen causes larger ulcerative lesions than injection of 5% acetic acid [48]. Different concentrations of
acetic acid and different exposure times have been reported to induce IBD in rat model (Table 1) [22–24].
Transmural necrosis in all layers of the bowel wall, severe neutrophil infiltration of the intestinal
tissue, goblet cell depletion, edema, and submucosal ulceration are common manifestations of this
model [23,49–51]. Bloody diarrhea [52], reduction of the intestinal mucus [51], decreased nucleic
acid (DNA and RNA) and total protein content [51], and increased colon weight [23,51] and vascular
permeability [50] have also been observed. MPO activity and MDA levels are elevated, and contents
of GSH, superoxide dismutase (SOD) and CAT are significantly reduced in acetic acid-induced
colitis [53,54]. Serum nitrate [53] and lactate dehydrogenase [50], caspase-3 [54,55], proinflammatory
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mediators iNOS, COX-2, IL-1β, IL-6, and TNF-α [49–51,55] were all significantly increased in acetic
acid-treated animals. Acetic acid-induced colitis is also associated with changes NF-κB, inhibitor of κB
(IκB) and IκB kinase expression [49].
The chemically induced IBD models are relatively easy and rapid to develop and can be used
with wild-type mice or other normal animals. Thus, these models have been most commonly used
to identify potential therapeutic agents [56]. However, the acute models may provide only limited
information about the pathogenesis of IBD in humans, as the chemical damage to the intestinal barrier
results in self-limiting inflammatory response rather than chronic disease [56]. Hence, these models are
more relevant in research about acute inflammation. In fact, the intestinal microbiota signature may be
different in animals suffering from chronic colitis [57]. In addition, these models may only partially
reflect the human situation, e.g., in terms of genetics, environmental factors, dysbiosis, inflammatory
response or disturbed permeability in human IBD [56]. Hence, findings in animal models of IBD may
not always be consistent with observations in human IBD.
3. Potential Roles of Amino Acids in IBD
Aminosalicylates, corticosteroids, and thiopurines can decrease the duration of active disease and
contribute to the maintenance of IBD remission, but these treatments have adverse effects, especially
with long-term use [58]. Novel adjunct therapies are thus needed to overcome the limitations of
current pharmacological treatment. Interestingly, serum amino acid levels have been shown to differ in
IBD patients and healthy controls, suggesting the existence of a link between amino acid profiles and
IBD [12,14,59]. Moreover, malnutrition in IBD patients is common, and nutritional therapy is frequently
used to overcome nutrient deficiencies and to alter the inflammatory status [58]. Amino acids,
as therapeutic candidates, may ultimately help to maintain intestinal integrity in IBD patients (Table 2
and Figures 1 and 2).
Table 2. Summary of the effect of amino acid supplementation on IBD in animal models.
Amino Acids

Effects

Animal Models

References

C57BL/6 mice; DSS

[10]

Sprague-Dawley rats; acetic acid

[60]

Wistar rats; TNBS

[17]

↑HO-1, GSH
↓MDA, caspase-3, NF-κB

Wistar-albino rats; TNBS

[44]

↑GSH
↓MDA, caspase-3

Wistar-albino rats; TNBS

[61]

Wistars rats; acetic acid

[49]

Wistar rats; TNBS

[62]

C57BL/6 mice; DSS

[11]

ICR mice; DSS

[12]

Sprague-Dawley rats; DSS

[15]

↓oxidative stress, ER stress, apoptosis

Wistar rats; TNBS

[45]

↑PCNA-positive cells, SOD, Bcl-2
↓MDA, Bax, caspase-3, TNF-α, IL-1β

Sprague-Dawley rats; TNBS

[63]

iNOS−/− C57BL/6 mice; DSS

[14]

ICR mice; DSS

[12]

Wistar rats; acetic acid

[64]

↓body weight loss, colon edema, endothelial adhesion molecules,
infiltrating Th cells, PSGL-1, LFA-1, CCR9
↓epithelium injury and loss, mucosal hypoplasia
↓disruption of colonic architecture, submucosal and serosal fibrosis,
collagen Iα2, collagen III, TGFβ, phosphorylated Smad3, PDGF, CTGF

Glutamine

↓histopathological scores, cytosolic concentration of TBARS,
hydroperoxide-initiated chemiluminescence, NF-κB, iNOS, COX-2
↓histopathological scores, cytosolic concentration of TBARS,
hydroperoxide-initiated chemiluminescence, MPO, iNOS, COX-2, NF-κB,
TNF-α, IFN-γ, phosphorylated forms of STAT1, STAT5, Akt
↑Th22 and Treg cell expression
↓Th1/Th17-associated cytokine expression
↓NF-κB, PI3K-Akt
↑HSP25, HSP70
↓diarrhea

Glutamate

↑iNOS
↓mucosal permeability, number of MPO-positive neutrophils, and
expression of pro-inflammatory cytokine and chemokine
Arginine

↑T-SOD
↓Akt, MLCK
↓body weight loss, colon weights, macroscopic and microscopic damage of
colonic tissues
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Amino Acids

Effects

↓colon lesions, cytoskeleton damage, serum amyloid A, TNF-α
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↑caspase-8
Yorkshire piglets; DSS
[16]
↓chemokine, neutrophil influx, TNF-α, IL-6, IL-12p40, IL-1β, cFLIP
and↓macroscopic
Bcl-xL
colonic damage, histopathologic changes, MPO,
ROS,cell
TNF-α,
IL-1β
number,
protein/DNA ratio, claudin-1
↑goblet
piglets; acetic acid
[54]
↑GSH,
SODcaspase-3, MPO, MDA, TNF-α
↓IEL
number,
Wistar albino rats; acetic acid
[24]
↓MPO, MDA, TNF-α, IL-1β, IL-6
↑GSH, SOD, CAT
Wistar-albinorats;
rats;TNBS
acetic acid
↓COX2,
PGE2
Sprague-Dawley
[18][65]
Sulphur-containing ↓MPO,
MDA
amino acids
↓chronic ulcerative colitis-associated colorectal adenocarcinoma
C57BL/6J mice; DSS
[66]
↑PON1,GSH
development
BALB/c mice; DSS
[26]
↓macroscopic colonic damage, histopathologic changes, MPO, ROS,
↓body
weight loss, frequency of bloody stools, nitrotyrosine
TNF-α,
IL-1β
C57black6 mice; DSS
[67]
content of the colonic tissues
↑GSH, SOD
↑caspase-8, Bax
Wistar albino rats; acetic acid
[24]
↓MPO, MDA, TNF-α, IL-1β, IL-6
Tryptophan
↓gut permeability, TNF-α, IL-6, IFN-γ, IL-12p40, IL-1β, IL-17, ILPiglets; DSS
[68]
PGE2
Sprague-Dawley rats; TNBS
[18]
↓COX2,
8, ICAM-1
↑Ahr, ulcerative
IL-22, STAT3
colitis-associated colorectal
↓chronic
C57BL/6 WT
and KOmice;
mice;DSS
DSS
[69][66]
C57BL/6J
↓colitis symptoms,
IL-6, TNF-α, IL-1β, Ccl2, Cxcl1, Cxcl2
adenocarcinoma
development
↓diarrhea,
weight loss,
MPO,
IL-1β, TNF-α,
↓body
weight body
loss, frequency
of ulceration,
bloody stools,
nitrotyrosine
content of the Wistar rats; TNBS/DSS
Glycine
[70][67]
C57black6 mice; DSS
CINC,
MIP-2
colonic
tissues
Histidine
↓histologic damage, colon weight, TNF-α, IL-6, NF-κB
IL-10−/− mice
[71]
↑caspase-8, Bax
Piglets; DSS
[68]
Tryptophan
↓gut permeability,
TNF-α, IL-6,
IFN-γ,
IL-12p40,
IL-1β,B;IL-17,
ICAM-1
Ahr, aryl hydrocarbon
receptor;
Akt,
protein
kinase
Bcl,IL-8,
B-cell
lymphoma; Bax, Bcl-2-associated X
IL-22, STAT3
↑Ahr,catalase;
protein; CAT,
CCR9, C-C chemokine receptor type 9; cFLIP, FLICE-like
C57BL/6 WT inhibitory
and KO mice;protein;
DSS
[69]
↓colitis symptoms, IL-6, TNF-α, IL-1β, Ccl2, Cxcl1, Cxcl2
CINC, cytokine-induced neutrophil chemoattractant; COX-2, cyclooxygenase-2; CTGF, connective
Glycine
↓diarrhea, body weight loss, ulceration, MPO, IL-1β, TNF-α, CINC, MIP-2
Wistar rats; TNBS/DSS
[70]
tissue growth factor; DSS, dextran sulfate sodium; ER, endoplasmic reticulum; GSH, glutathione; HO[71]
Histidine
↓histologic damage, colon weight, TNF-α, IL-6, NF-κB
IL-10−/− mice
1, heme oxygenase-1; HSP, heat shock protein; ICAM-1, intracellular adhesion molecule-1; ICR,
Ahr, aryl hydrocarbon receptor; Akt, protein kinase B; Bcl, B-cell lymphoma; Bax, Bcl-2-associated X protein;
institute for cancer research; IEL, intraepithelial lymphocyte; IFN, interferon; IL, interleukin; iNOS,
CAT, catalase; CCR9, C-C chemokine receptor type 9; cFLIP, FLICE-like inhibitory protein; CINC, cytokine-induced
inducible
nitric oxide synthase;
leukocyte function-associated
antigen;
MDA, malondialdehyde;
neutrophil
chemoattractant;
COX-2,LFA,
cyclooxygenase-2;
CTGF, connective
tissue growth
factor; DSS, dextran
sulfate
sodium;
ER, endoplasmic
reticulum; GSH,
glutathione;
HO-1,myosin
heme oxygenase-1;
HSP, kinase;
heat shockMPO,
protein;
MIP-2,
macrophage
inflammatory
protein-2;
MLCK,
light chain
ICAM-1, intracellular adhesion molecule-1; ICR, institute for cancer research; IEL, intraepithelial lymphocyte;
myeloperoxidase; NF-κB, nuclear factor-κB; PCNA, proliferating cell nuclear antigen; PDGF, plateletIFN, interferon; IL, interleukin; iNOS, inducible nitric oxide synthase; LFA, leukocyte function-associated
2, prostaglandin
E2; PI3K, protein-2;
phosphoinositide-3-kinases;
PON1,
derived
growth
factor; PGE
antigen;
MDA,
malondialdehyde;
MIP-2,
macrophage inflammatory
MLCK, myosin light chain
kinase;
MPO,
myeloperoxidase;
NF-κB,
nuclear
factor-κB; PCNA,
proliferating
cell nuclear
paraoxonase
1; PSGL,
P-selectin
glycoprotein
ligand;
ROS, reactive
oxygenantigen;
species;PDGF,
SOD,platelet-derived
superoxide
growth
factor; PGE
E2 ; PI3K,and
phosphoinositide-3-kinases;
PON1,TBARS,
paraoxonase
1; PSGL, P-selectin
2 , prostaglandin
dismutase;
STAT,
signal transducers
activators of transcription;
thiobarbituric
acid
glycoprotein ligand; ROS, reactive oxygen species; SOD, superoxide dismutase; STAT, signal transducers and
reactiveof substances;
growth
factor-β;
Th, T-helper;
TNBS, trinitrobenzene
activators
transcription;TGF-β,
TBARS,transforming
thiobarbituric acid
reactive
substances;
TGF-β, transforming
growth factor-β;
TNF-α,
tumor necrosis
factor-α;
Treg,tumor
T regulatory.
Th,sulfonic
T-helper;acid;
TNBS,
trinitrobenzene
sulfonic
acid; TNF-α,
necrosis factor-α; Treg, T regulatory.
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domain protein; PI3K, phosphoinositide-3-kinases; STAT, signal transducers and activators of
transcription; TLR, toll like receptor.
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3.1. Glutamine
Glutamine is an important gut nutrient, required by enterocytes, and a precursor for biosynthesis
of GSH, other amino acids, nucleic acids, and other biologically important molecules [72,73].
Glutamine supplementation is beneficial in improving disease symptoms and intestinal structure
and barrier function [72,73]. This amino acid can increase intestinal-friendly microbiota (Bacteroidetes
and Actinobacteria), while decrease pernicious bacteria (Oscillospira and Treponema) [74]. Its role
in IBD is controversial [72,75–78], but the results of most glutamine studies support further
evaluation as a potential therapeutic agent. In animal models, glutamine was found to protect
against TNBS-, DSS- or acetic acid-induced intestinal damage and preserve gastrointestinal function.
Weight loss [10], epithelium injury and loss [60], mucosal hypoplasia [60], submucosal and
serosal fibrosis [17], colon edema [10], and disruption of colonic architecture [17] characteristic of
chemically induced models were attenuated by glutamine administration. The evidence suggests
glutamine may have antioxidant, antiapoptotic, and anti-inflammatory activity in IBD. In IBD
models, glutamine has been found to decrease MDA level and caspase-3 activity and increase
GSH level and heme oxygenase 1 expression [44,61]. The therapeutic effect of glutamine in
experimental colitis results from a decrease in inflammation by modulation of NF-κB [49,62] and signal
transducers and activators of transcription (STAT) signaling pathways [62], and from suppression
of T cell migration [10,11]. Glutamine supplementation has been shown to regulate NF-κB and
phosphoinositide-3-kinases (PI3K)-protein kinase B (Akt) signaling in vivo in a DSS-induced colitis
model [12] and to enhance heat shock protein (HSP) expression both in vitro and in vivo in an
experimental colitis models [15]. San-Miguel et al. [17] reported that glutamine supplementation
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prevented fibrosis development in TNBS-treated rats by down-regulating expression of collagen
Iα2, collagen III, transforming growth factor-β, phosphorylated Smad3, platelet-derived growth
factor, and connective tissue growth factor genes. Crespo et al. [45] reported that the protective effect
of glutamine in colitis was associated with changes in the endoplasmic reticulum stress response
(cytosine-cytosine-adenosine-adenosine-thymidine enhancer-binding protein homologous protein,
binding immunoglobulin protein, and caspase-12), unfolded protein response signaling branches
(activating transcription factor (ATF) 4, ATF6, and spliced X-box-binding protein-1), Jun N-terminal
kinase, Bcl-2 family proteins, and caspase activation [45].
3.2. Glutamate
In most cells, the immediate enzyme-converted product of glutamine metabolism is glutamate [79],
which is active as an excitatory neurotransmitter [80], participates in enterocyte oxidative
metabolism [81], is a precursor of various polyamines, amino acids, and GSH [82], and regulates
oxidative reactions [83] and metabolic pathways [83]. In an inflammation model, we previously
demonstrated that glutamate could improve intestinal barrier function, alleviate inflammation
and inhibit protein degradation via corticotropin-releasing hormone (CRH)/CRH receptor 1,
toll-like receptor (TLR) 4 and nucleotide-binding oligomerization domain protein (NOD)/NF-κB,
and mammalian target of rapamycin (mTOR) signaling, respectively [84,85]. Given its unique role
in the gastrointestinal tract, glutamate may be an adjuvant IBD treatment with broad application,
which has been confirmed by Li et al. [63]. In a rat model of ulcerative colitis, microinjection of
glutamate into the hypothalamic paraventricular nucleus (PVN) promoted cell proliferation (increase of
proliferating cell nuclear antigen-positive cells) and increased antioxidant levels (reduced MDA content
and elevated SOD activity), inhibited apoptosis (upregulation of Bcl-2 protein and downregulation
of Bax and caspase-3 protein), and the expression of proinflammatory factors TNF-α and IL-1β [63].
The glutamate mechanism of action may depend on binding to a glutamate receptor on the membrane
of PVN neurons.
3.3. Arginine
Arginine is a conditionally essential amino acid and a precursor of numerous physiologically
active molecules including nitric oxide and polyamines. Dietary arginine induces a shift in the
Firmicutes:Bacteroidetes ratio to favor Bacteroidetes in gut [86]. Arginine has important functions
in intestinal nutrition and health, is considered as a crucial nutrient for fetuses and neonates,
and, especially in the disease states [87]. A study that assessed the expression of arginine transporters
and downstream metabolic enzymes, revealed altered arginine metabolism in the gut tissue of IBD
patients [88]. Tissue arginine level is also decreased in IBD patients [88], suggesting that dietary arginine
supplementation might compensate the arginine deficiency in IBD tissues. Arginine administration
has been shown to maintain normal intestinal physiology and to facilitate mucosal healing when
the intestine is affected by inflammation [89–91]. Arginine treatment of mice with DSS colitis was
shown to reduce mucosal permeability, the number of MPO-positive neutrophils, and expression of
proinflammatory cytokines and chemokines and to increase iNOS activity [14]. Other evidence from
animal models indicates that dietary arginine may improve clinical and biochemical parameters in
DSS colitis via effects on PI3K-Akt and myosin light chain kinase signaling [12]. Histopathological
evaluation has revealed alleviation of macroscopic and microscopic damage of colonic tissues
induced in an acetic acid IBD model by arginine supplementation [64]. The protective effects were
attributed to arginine’s nitric oxide donating property and modulation of NF-κB expression [64].
When it was combined with glutamine, arginine had synergistic effects on reduction of major
proinflammatory cytokines mediated by the NF-κB and p38 pathways in active Crohn’s disease [92].
Oral coadministration of garlic and arginine attenuated the alterations induced by acetic acid,
and increased GSH content [53].
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3.4. Sulfur-Containing Amino Acids (Methionine and Cysteine)
Methionine is known to improve intestinal antioxidant capacity, villus morphology and
development, transepithelial electrical resistance, and abundance of tight junction proteins, and
to reduce plasma urea nitrogen [93,94]. Interestingly, reduction in dietary methionine intake has
also resulted in improvement of epithelial barrier function [95] and suppression of colonic tumor
development [96]. Consistent with this, rats fed with methionine-restricted diet were found to have
higher transepithelial electrical resistance and claudin-3 protein expression, and decreased severity of
epithelial injury in an ulcerative colitis model induced by DSS [97]. However, methionine-deficient
diets can cause enterotoxigenic Escherichia coli adhesion, reduce autophagy and accelerate death of
intestinal epithelial cells infected with enterotoxigenic Escherichia coli [98]. S-adenosylmethionine,
a GSH precursor and the activated form of methionine, can inhibit lipopolysaccharide-induced
TNF-α expression in macrophages [99]. Colon lesions, increased serum amyloid A and TNF-α,
and cytoskeleton damage of cells in the intestinal mucosa in DSS-treated mice were reversed when
treated with S-adenosylmethionine [27].
Cysteine is a sulfur-containing amino acid, and although high intake of cysteine is extremely toxic
in animals [100], dietary cysteine has important anti-inflammatory and antioxidation activities [101].
Kim et al. [16] reported that cysteine attenuated IBD symptoms by restoring gut immune homeostasis
and susceptibility of activated immune cells to apoptosis. Cysteine decreased chemokine expression,
neutrophil influx, expression of TNF-α, IL-6, IL-12p40, and IL-1β inflammation-related cytokines and
FLICE-like inhibitory protein and Bcl-xL prosurvival genes, and increased caspase-8 expression [16].
N-acetylcysteine (NAC), the precursor of cysteine, is rapidly metabolized by the gut to generate
GSH [102], and improve intestinal bacteria with an increase in Lactobacillus and Bifidobacterium
counts and a decrease in Escherichia coli count [103]. NAC is protective of intestinal health, and has
beneficial effects in pathological conditions. Supplementation with exogenous GSH or NAC has been
shown to attenuate dimethyl fumarate-induced necroptosis of CT26 murine colon adenocarcinoma
cells [104]. In a pig model, dietary supplementation with 500 mg/kg NAC increased goblet cell
number, and protein/DNA ratio, claudin-1 protein expression, and prevented increase of intraepithelial
lymphocytes and caspase-3 protein expression in the colonic mucosa [54]. Cetinkaya et al. [65]
demonstrated that intraperitoneal or intrarectal NAC decreased MPO activity and MDA level, elevated
GSH level and SOD and CAT activities in an acetic acid-induced rat IBD model. Others have
shown that NAC attenuated macroscopic colonic damage and histopathologic changes, decreased
colonic MPO activity and ROS, upregulated paraoxonase 1 (an antioxidant enzyme), and scavenged
oxygen-derived free radicals in a mouse DSS colitis model [24,26]. In addition to restoring normal
levels of antioxidant enzymes, NAC administration also decreased TNF-α, IL-1β, IL-6 proinflammatory
cytokines [24,54]. Rectal administration of 13 mg/kg NAC limited TNBS-induced intestinal damage
in rats by suppressing COX2 gene expression and PGE2 level [18]. NAC (0.2%) has the potential to
suppress chronic ulcerative colitis-associated colorectal adenocarcinoma development, as shown by
inhibition of cellular damage and inflammation-related hyperproliferation [66]. The evidence strongly
suggests an NAC benefit in colitis, with alleviation of colitis-induced inflammation, oxidative stress,
and tissue damage. The effects of NAC have been reported to be correlated with PI3K/Akt/mTOR,
epithelial growth factor receptor, and TLR4/NF-κB signaling, AMP-activated protein kinase (AMPK),
and type I interferon [102,105].
3.5. Threonine
Threonine is an essential amino acid necessary for intestinal mucosal protein synthesis,
especially mucin, and for intestinal integrity, immune barrier function, and oxidative status [106,107].
Supplementation with 1 or 3 g/kg threonine for 21 days resulted in an increase in intestinal
villus height, goblet cell density, mucin-2 expression, and immunoglobulin G, immunoglobulin M
and secretory immunoglobulin A concentrations in young broiler chickens [107]. Threonine also
decreased Escherichia coli and Salmonella colonies, and increased the Lactobacillus colonies in the cecal
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contents [107]. The mechanisms of threonine-induced protection of intestinal epithelial cells may
involve cytoskeletal stabilization, HSP upregulation and nuclear translocation, and a decrease in
apoptosis [108]. Pathological conditions (e.g., ileitis and sepsis) may increase the amount of threonine
required by the gastrointestinal tract [106]. In a TNBS-induced minipig ileitis model, Rémond et al. [20]
reported that intestinal inflammation increased the gastrointestinal tract requirement for threonine.
Indeed, generation of mucosal layer and mucin are often quantitatively and qualitatively impaired in
IBD [109] and the increased threonine requirement reflects the increased demand for mucin production
during intestinal inflammation. Faure et al. [110] reported that increased feeding of an amino acid
cocktail containing threonine promoted mucin production and a healthy microbiota and favor colonic
protection and mucosal healing in DSS-treated rats. An adequate threonine supply appears crucial to
restoration of intestinal integrity during IBD and therefore to enhance recovery.
3.6. Tryptophan
Tryptophan regulates intestinal intracellular protein turnover, expression of tight junction
proteins [111] and microbiota diversity [112], and reduces intestinal inflammation [113]. It is a precursor
of serotonin (5-hydrotryptamine) [67], which is associated with the pathogenesis of experimental
colitis [114]. Decreased serum tryptophan observed in IBD patients was shown to reflect a reduction in
availability of tryptophan and its metabolites in gut cells and/or an increase in consumption during the
inflammatory process [115]. The effect of low serum tryptophan on serotonin biosynthesis can result
in impaired quality of life and depression, and tryptophan deficiency may result in immunodeficiency
in the presence of persistent immune activation [116]. Tryptophan seems to have a role in IBD,
as tryptophan treatment attenuates the symptoms and severity of DSS-induced colitis. In a mouse
IBD model, a tryptophan diet ameliorated body weight loss and frequency of bloody stools [67].
It also improved histological evidence of colitis, and decreased the nitrotyrosine content of colon
tissues following DSS treatment [67]. A study of its effects on mucosal inflammation found that
tryptophan supplementation reduced gut permeability, expression of proinflammatory cytokines,
and increased expression of the apoptosis initiators caspase-8 and Bax [68]. In a study comparing the
responses of wild-type and aryl hydrocarbon receptor (Ahr)-deficient mice, Islam et al. [69] found that
colitis symptoms and production of intestinal inflammatory cytokines were suppressed by activation
of Ahr with a 0.5% tryptophan diet. Ahr is a key transcription factor involved in the regulation
of inflammation and immunity. Tryptophan was also associated with increased IL-22 and STAT3
expression and protection of epithelial integrity [69]. Thus, tryptophan could be considered as a
promising candidate for the treatment of IBD.
3.7. Glycine
Glycine, although can be synthesized from serine, is a nutritionally essential amino acid for
neonatal growth and development, and appears to protect against ischemic-reperfusion injury [117],
oxidative stress [118], endotoxemia [119], and necrotizing enterocolitis [120]. It has been shown to have
anti-inflammatory, immunomodulatory, and direct cytoprotective activity [121–123]. We previously
demonstrated that glycine administration increased intestinal protein content, protein/DNA,
RNA/DNA, and villus height/crypt depth ratios and the activities of several tricarboxylic acid
cycle enzymes (citrate synthase, isocitrate dehydrogenase and the α-ketoglutarate dehydrogenase
complex) under inflammatory conditions [122]. Glycine downregulated proinflammatory cytokines
and enhanced protein mass via regulation of TLR4, NOD, AMPK and mTOR signaling [122].
The experimental evidence is sufficient to support a hypothesis that glycine can protect against
IBD. Tsune et al. [70] confirmed that glycine alleviated diarrhea, body weight loss, ulceration,
and inflammatory changes in the colon caused by TNBS and DSS in animal models. TNBS- or
DSS-induced increases in colon MPO activity, proinflammatory IL-1β and TNF-α cytokines and
cytokine-induced neutrophil chemoattractant and MIP-2 chemokine secretion were largely blunted
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in animals fed glycine-supplemented diets [70]. These results suggest that glycine might have
prophylactic and therapeutic activity against colitis; data on the effect of glycine on IBD is still limited.
3.8. Histidine
Histidine is a conditionally essential amino acid, and is an efficient scavenger of hydroxyl radicals
and singlet oxygen [124]. Histidine decarboxylase initiates an immunologically significant pathway
for histidine utilization by generating histamine, which can affect acute and chronic inflammation and
regulate key events of the immune response [125]. Histidine supplementation can suppress oxidative
stress- and TNF-α-induced IL-8 secretion in intestinal epithelial cells [126]. Hasegawa et al. [127]
reported that histidine exhibited anti-inflammatory effects in THP-1 human monocytic leukemia cells,
and speculated that histidine may also have therapeutic efficacy in IBD. Consistent with this, dietary
histidine ameliorated colitis in an IL-10-deficient (IL-10−/− ) cell transfer model of Crohn’s disease,
by regulation of NF-κB activation, and subsequent inhibition of proinflammatory cytokine production
by macrophages [71]. Other recent results suggest that decreased plasma histidine predicts risk of
relapse in patients with ulcerative colitis in remission [128]. The collective evidence suggests that
histidine may be an effective agent in treating various immunopathologic conditions.
3.9. Other Amino Acids
Aspartate, asparagine and proline also participate in immune responses [129] that may maintain
intestinal health and protect against animal and human diseases. We previously demonstrated that
aspartate and asparagine improved intestinal tissue integrity, enhanced mucosal energy status via
AMPK signaling, and reduced proinflammatory cytokine expression (via TLR4, NODs and p38)
and enterocyte apoptosis (via p38 and extracellular signal-regulated kinase 1/2) in pathological
conditions [130–133]. Proline inhibited lipopolysaccharide-induced inflammation in vivo in weaned
piglets [134]. Dietary threonine, serine, proline, and cysteine supplementation improved mucin
production, restored healthy microbiota, protected gut epithelium and promoted mucosal healing in
DSS-treated rats [110].
Experimental studies investigating the efficacy of amino acids such as glutamine and arginine in
animal models of IBD are promising. Some clinical studies with oral supplementation of glutamine
in IBD patients are disappointing, but new formulations and targeting at the site of mucosal lesions
could improve the efficacy of glutamine [135]. The role of arginine in IBD patients still remains
controversial [135]. However, the effects of these amino acids in IBD patients have been poorly
investigated. The clinical effects of other amino acids should also be investigated in the future.
4. Conclusions
IBD is a complex disease with complex pathogenesis, and no single animal model can fully
reflect the entire spectrum of human IBD phenotypes. However, the available models are useful for
the study of various aspects and mechanisms of IBD pathogenesis. Amino acids may be necessary
for maintaining normal immunocompetence and protecting against human and animal diseases.
We predict that these nutrients will likely be used as alternative or ancillary IBD treatments. Additional
research is also warranted to add to the understanding of the underlying mechanisms of IBD, and to
investigate the clinical effects of these amino acids.
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