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Abstract Recently, proteomics studies have provided

important information on the role of proteins in health

and disease. In the domain of inflammatory bowel dis-

ease, proteomics has shed important light on the patho-

genesis and pathophysiology of inflammation and has

contributed to the discovery of some putative clinical

biomarkers of disease activity. By being able to obtain a

large number of specimens from multiple sites and con-

trol for confounding environmental, genetic, and meta-

bolic factors, proteomics studies using animal models of

colitis offered an alternative approach to human studies.

Our aim is to review the information and lessons acquired

so far from the use of proteomics in animal models of

colitis. These studies helped understand the importance of

different proteins at different stages of the disease and

unraveled the different pathways that are activated or

inhibited during the inflammatory process. Expressed

proteins related to inflammation, cellular structure,

endoplasmic reticulum stress, and energy depletion

advanced the knowledge about the reaction of intestinal

cells to inflammation and repair. The role of mesenteric

lymphocytes, exosomes, and the intestinal mucosal bar-

rier was emphasized in the inflammatory process. In

addition, studies in animal models revealed mechanisms

of the beneficial effects of some therapeutic interventions

and foods or food components on intestinal inflammation

by monitoring changes in protein expression and paved

the way for some new possible inflammatory pathways to

target in the future. Advances in proteomics technology

will further clarify the interaction between intestinal

microbiota and IBD pathogenesis and investigate the

gene-environmental axis of IBD etiology.

Keywords Proteomics � Inflammatory bowel disease �
Biomarkers � Animal models of colitis, inflammation

Introduction

Proteomics refers to the total protein complement able to

be encoded by a given genome [1]. Unlike genes, the

number of proteins in the human proteome is difficult to

measure, since proteome is a dynamic mixture of proteins

that contains subproteomes restricted to certain cells [2].

The proteome owes its complexity mainly to posttrans-

lational modifications as modulation in proteins activity

depends on posttranslational modification rather than the

expression of their genes [2, 3]. The goal of proteomics

has been described as a ‘‘comprehensive, quantitative

description of protein expression and its changes under

the influence of biological perturbations’’ [3] leading to
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the construction of proteomic maps of functions in an

organism, and the understanding of its response to envi-

ronmental changes [4, 5]. Proteomics is now used in

many fields such as signal transduction, structural biol-

ogy, protein interactions, and biomarker discovery, thus

providing a deeper understanding of the role of specific

proteins in health and disease [2]. At the time being, the

application of proteomics in inflammatory bowel disease

(IBD) is at its discovery stage. Several approaches have

been taken in the past several years that rely mainly on

the idea of assessing the differences in proteins between

normal controls and certain diseased states [6]. Recent

proteomics research has shed light on some aspects of the

pathogenesis [7] and pathophysiology [8–11] of IBD and

helped in the search for some biomarkers for disease

activity as well as for differentiation between ulcerative

colitis (UC) and Crohn’s disease (CD) [12–14]. Studies

used blood or tissue samples to look at the difference in

protein expression between control and IBD patients

using the techniques of 2D electrophoresis and mass

spectrometry [2, 6]. Other studies relied on intestinal cells

removed from the colon [8, 10, 11] or on colonic

epithelial cell lines [15–17] to study the effect of

inflammation on protein production. Due to the multiple

factors in the pathogenesis and the pathophysiology of

IBD, proteomics studies in humans are faced with many

difficulties related to the huge number of proteins to be

tested, the small number of patients included in the

studies, the environmental and genetic heterogeneity, and

the biological variation of the populations studied and

their metabolic state [12, 13]. Animal models may pro-

vide an alternative approach that could control for con-

founding environmental, genetic, and metabolic factors.

In addition, a large number of specimens could be col-

lected from multiple sites that will help understand the

importance of different proteins at different stages of the

disease and unravel the different pathways that are acti-

vated or inhibited during the inflammatory process. Fur-

thermore, animal models may help discover markers of

disease [13] and study the mechanism of the beneficial

effects of some therapeutic interventions and foods or

food components on intestinal inflammation by monitor-

ing changes in protein expression [18].

Animal Models of Colitis

With nearly 60 animal models of intestinal inflammation

having been developed, animal models of IBD have been

useful in the identification of those immune responses

uniquely involved in IBD pathogenesis and in defining the

important roles of environmental influences, such as nor-

mal luminal bacterial flora and the genetic composition of

the host, in modifying IBD-associated inflammation [19].

This has provided new insights into the pathogenetic

mechanisms and the development of new therapies.

Although these models do not represent the complexity of

human disease and do not replace studies with patient

material, they are valuable tools for studying many

important disease aspects in controlled and reproducible

in vivo systems. In proteomics studies, a defined genetic

mutation or a defined pathogenesis of inflammation would

help decipher the exact proteins produced during a

specific immune activation or cascade and abrogate the

inconsistent results obtained from human studies, most

likely secondary to activation of different pathways

reflecting the multiple pathogenetic mechanisms for IBD

development.

Animal models of IBD could be divided into four broad

categories: (i) inducible colitis models, (ii) spontaneous

colitis models, (iii) adoptive transfer models, and (iv)

genetically engineered models such as knockout (KO)

models and transgenic models. (For excellent reviews on

the subject see references [20–23].) The most widely used

models in proteomics research are the IL-10-deficient mice,

the multi-drug-resistant Mdr1a mice, dextran sulfate

sodium (DSS)-induced colitis, and trinitrobenzene sulfonic

acid (TNBS)-induced colitis.

Interleukin-10-Knockout (IL-102/2) Mouse Model

IL-10 is produced by T cells, B cells, macrophages,

thymic cells, and keratinocytes. It downregulates the

function of T helper (Th)-1 cells, NK cells, and macro-

phages. It inhibits the production of inflammatory

cytokines such as IL-1, IL-6, and tumor necrosis factor a
(TNF-a) by stimulated macrophages. IL-10-/- mice

spontaneously develop chronic inflammation in the whole

intestine, but mainly in the duodenum, proximal jejunum,

and ascending colon. The activation of CD4? Th1 cells

and the depletion of their inhibitor, the regulatory T cells,

are presumed to be the cause of the inflammation [24]. As

the development of colitis is quite predictable, this model

can be used to study the longitudinal production of serum

and intestinal proteins during various stages of colonic

inflammation and help look for disease markers in IBD,

and investigate the effect of diet on inflammation.

Moreover, because colitis develops only after exposure to

commensal bacteria, this model is useful in studying the

complex interaction between colonic epithelium and

intestinal microbiota. The potential to control and com-

pare different bacterial exposures, and cross-check

simultaneous human IBD microbiome profiles, makes the

spontaneous colitis–metaproteome analysis a unique

platform for uncovering host–bacteria interactions in

human IBD.
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Multi-Drug Resistance Targeted Mutation

(Mdr1a 2/2) Model

In this model, mice lack a functional MDR1a gene which

encodes for P-glycoprotein, a membrane drug efflux pump

expressed in several cell types, including the apical surface

of colonic epithelial cells. These mice spontaneously

develop intestinal inflammation with pathology similar to

human Crohn’s disease [25]. The gene expression changes

in inflamed colon tissue overlap with genes modulated in

IBD patients [26] making this model an appropriate model

for IBD studies. Similarly to IL-10-deficient model, this

model has also the potential to study the interaction

between microbiota and IBD pathogenesis as colitis occurs

after exposure to commensal bacteria.

DSS Model

The administration of DSS dissolved in water to mice or

rats causes hematochezia, body weight loss, shortening of

the intestine, mucosal ulcers, and infiltration of neutrophils.

This model can be used for both acute and chronic colitis.

Chronic colitis is considered to be caused by CD4? T cells

that are activated by cytokines secreted by activated mac-

rophages [27, 28]. The advantage of this model is that it is

accessible, inexpensive, highly reproducible, and relatively

easy to induce and handle. However, the resulting inflam-

mation is generally less representative of the specific

immunohistopathology present in the inflamed colons of

patients with UC or Crohn’s colitis. Yet, this model can be

quite useful for the study of acute colonic tissue injury and

repair mechanism as the acute inflammation is considered

to be driven by the innate immune system.

TNBS Model

Colitis would also occur in mice by treatment with a

TNBS enema after destruction of the mucosal barrier with

an ethanol enema [22]. Granulomas with infiltration of

inflammatory cells in all layers of the intestine can be

seen in this model. The isolated macrophages and lym-

phocytes produce large amounts of IL-12, IFN-c, and IL-

2. This evidence suggests that colitis seen in this model is

induced by a Th type-1 response, constituting a CD model

[29]. In this model, it is easy to induce an inflammation in

the colon that pathologically resembles Crohn’s colitis

but may not be a good representative of human CD.

Therefore, the trigger for inflammation and the upregu-

lated or downregulated proteins may not be identical to

the ones encountered in CD. However, it may give a good

idea about the different activated pathways during

inflammation.

Application of Proteomics in Exploring Molecular
Pathogenesis and Biomarkers According
to Animal Models

Proteomics studies in animal models of colitis were able to

describe the proteins expressed at different stages of the

disease even before inflammation has started. This provided

important information on the activated pathways in animals

predisposed to inflammation. Expressed proteins related to

inflammation, cellular structure, endoplasmic reticulum

stress, and energy depletion helped understand the reaction

of intestinal cells to inflammation and repair. The role of

mesenteric lymphocytes, exosomes, and the intestinal

mucosal barrier was emphasized in the inflammatory pro-

cess. Furthermore, the differential expression of proteins

during some therapeutic interventions and various food

administrations provided some explanation on the mode of

action of these agents and paved the way for new possible

inflammatory pathways to target in the future (Table 1).

Markers of Disease at Different Stages

of Inflammation

In a longitudinal study of protein markers in IL-10 (-/-)

animal model of colitis, a total of 15 proteins were iden-

tified and confirmed by ELISA and Western blot to dif-

ferentially accumulate in serum samples from mid-stage to

late stages of colonic inflammation as compared to early

non-inflamed IL-10 (-/-) mice [30]. Some proteins like

alpha 1B glycoprotein (A1BG) were decreased, while

others were increased throughout the establishment of the

disease (pregnancy zone protein (PZP), haptoglobin (HP),

and hemopexin (HPX)), and some others were transiently

increased (peroxiredoxin-2 (PRDX2)) or increased later in

disease progression (transferrin (TF)). To investigate the

specificity of these findings and to come up with a protein

signature for the different stages of inflammation, protein

profiles were repeated in another model of acute colitis

(DSS) and in a model of arthritis. PZP and PRDX2 were

not increased in mice treated with DSS suggesting that

these markers are specific for a chronic inflammatory state.

On the other hand, HP and HPX were increased in both

colitis models implying that these markers are non-specific

for chronic colitis and may be general markers of any form

of intestinal inflammation. Additionally, some proteins

were found to be specific for the development of arthritis

(serum amyloid P component and transthyretin), while

other proteins were found to have an altered expression in

any inflammatory condition (HP, HPX, C3, and A1BG).

Serum protein profiling of early-stage CD in humans was

also investigated in order to improve the comprehension of

the very early pathologic mechanisms. Inflammatory
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proteins such as alpha 1-antitrypsin, alpha 1-antichy-

motrypsin, and complement 3 chain C (C3c) were found to

be over-expressed in the serum during early stage of CD,

whereas clusterin, retinol-binding protein, alpha 1-mi-

croglobulin, and transthyretin were under-expressed com-

pared to controls. The under-expressed proteins returned to

normal in the late stage ofCD [31]. Like animal studies, these

findings reflect the different inflammatory pathways acti-

vated during different stages of CD.

In addition, there is a differential expression of proteins

in pediatric compared to adult CD. Vaiopoulou et al. [32]

provided evidence that there is a differential serum protein

expression of apolipoprotein B-100 and ceruloplasmin in

children compared to adults with CD, whereas the protein

clusterin was significantly upregulated in adult CD patients

compared to pediatric CD patients. These findings suggest

that children and adult CD patients may exhibit different

immunological responses to the disease manifesting in

Table 1 Results of proteomic studies in different animal models of colitis

Animal model Source of specimen Findings Reference

IL-10 (-/-) mice

DSS

Serum 15 proteins preferentially increased in mid-stage to late stages of inflammation

in IL-10 (-/-) mice. Unique protein signature that may be used to

discriminate between colitis and non-colitis, and between different stages of

colitis

Viennois

[30]

IL-10 (-/-) mice

Monoassociated with

Enterococcus fecalis

Intestinal epithelial cells 14 proteins preferentially increased in chronic infection. Increased expression

levels of Grp78 and cleaved caspase-3. Decreased hydroxymethylglutaryl-

CoA synthase 2, creatine kinase, pyruvate kinase, and cadherin

Shkoda

[35]

IL-10 (-/-) mice Colonic tissue Increased expression of cellular stress and immune response proteins.

Decreased expression of proteins from pathways of metabolism and

digestion/absorption/excretion of nutrients/ions

Knoch

[37]

Cooney

[38]

Mdr1a (-/-) mice Colonic tissue 33 proteins upregulated related to immune/inflammatory response, heat shock

proteins, PI3 K pathway. Downregulated xenobiotic metabolism and

cytoskeletal/structural proteins

Cooney

[39]

DSS in mice Colonic tissue Upregulated: hydroxymethylglutaryl-CoA synthase 2 and serpinb1a.

Downregulated: disulfide isomerase A3, peroxiredoxin-6, and vimentin

Naito

[40]

IL-10 (-/-) mice

Monoassociated with

Enterococcus fecalis

Intestinal epithelial cells Composition of differentially expressed proteins 2 weeks after colonization is

completely different as compared to wild mice despite the absence of colonic

inflammation

Werner

[36]

TNBS colitis is rats Colonic mucosa Increased expression of ubiquitinated-Grp75

Decreased expression of ubiquitinated-Grp78

Bertrand

[17]

TNBS colitis is rats Lymphocytes from

mesenteric lymph

nodes

26 differentially expressed proteins. 17 upregulated and 9 downregulated.

Involved in inflammation, apoptosis, metabolism, regulation of cell cycle and

cell proliferation, and signal transduction

Liu [43]

DSS in mice Exosomes from mice

serum

56 proteins differentially expressed in exosomes related to complement and

coagulation cascades

Wong

[47]

TNBS in rats Dorsal root ganglia

(DRG)

Spinal cord (SC)

DRG: 12 proteins upregulated and 14 downregulated. SC: 9 proteins

upregulated and 10 downregulated. Altered proteins involved in

inflammatory/immune responses, cell signaling, sulfate transport, redox

homeostasis, and cellular metabolism

Zhang

[49]

IL-10 (-/-) mice Colonic tissue Polyunsaturated fatty acids (PUFA) treatment showed anti-inflammatory

activity; n-3 eicosapentaenoic acid (EPA) acts via the PPARa pathway,

whereas n-6 arachidonic acid (AA) increases energy metabolism and

cytoskeletal organization and reduces cellular stress responses

Knoch

[37]

Cooney

[38]

Mdr1a (-/-) mice Colonic tissue Increased proteins associated with immune and inflammatory response and

fibrogenesis pathways

Green tea polyphenols decreased these proteins and increased proteins

associated with xenobiotic metabolism pathways

Barnett

[50]

Mdr1a (-/-) mice Colonic tissue Curcumin increased remodeling/barrier repair, alpha-catenin signaling and

xenobiotic metabolism

Cooney

[39]

TNBS colitis is rats Colonic mucosa Eight proteins less ubiquitinated and four proteins more ubiquitinated.

Glutamine enema restored the latter four proteins to normal

Bertrand

[51]
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different proteins expression and identifying potential

biomarkers associated with children CD onset using

proteomics.

The statistical analysis of a combination of several

specific and non-specific biomarkers of inflammation (in-

cluding global inflammatory markers, intestinal inflamma-

tion specific markers, and chronic intestinal inflammation

markers) in the above animal model of colitis allowed the

investigators to define a unique protein signature that may be

used to discriminate between colitis and non-colitis as well

as between different stages of colitis. This study emphasized

the concept that a panel of proteins rather than only one

protein should be used as biomarker of disease severity,

progression, or response to treatment. A similar conclusion

was reached in humans. For example, the Brignola score

using multiple markers including alpha 2 globulin, alpha 1

glycoprotein, and alpha 2-antitrypsin may predict relapse in

asymptomatic Crohn’s disease patients [33]. Recently,

Wasinger et al. [34] reported a panel of protein markers

differentially expressed in active and quiescent UC and CD.

Two proteins [phosphoprotein 24 (SPP24) and a-1
microglobulin] were reported to be able to differentiate IBD

patients and healthy controls, while guanylin and secre-

togranin-1 differentiated UC and CD. Furthermore, three of

these proteins (secretogranin-1, SPP24, and a-1 microglob-

ulin) were able to distinguish between active and quiescent

disease in UC and CD.

Pathogenesis and Pathophysiology

Expression of Inflammatory and Stress Proteins

Using the chronically inflamed IL-10 (-/-) mice

monoassociated with Enterococcus fecalis model, Shkoda

et al. [35] showed preferential expression of 14 proteins in

primary intestinal epithelial cells as compared to wild

mice. These proteins are involved in signal transduction,

stress response, and cellular homeostasis. Specifically,

there was an increased expression level of the glucose-

regulated endoplasmic reticulum (ER) stress protein (Grp)-

78, a finding that was confirmed in intestinal cells from

patients with IBD. In addition, TNF-a induced an increase

in Grp78 in primary intestinal cells from IL-10 (-/-) mice

with a maximal response after 60 min. The investigators

came to the conclusion that IL-10 modulates ER stress

response and in the absence of adequate control, ER stress

response may lead to a loss of epithelial function and play a

role in the pathogenesis and progression of IBD. To further

examine the relationship between bacterial colonization

and epithelial response, the same group studied protein

expression at an early stage (two weeks) after monoasso-

ciated Enterococcus fecalis colonization [36]. Despite the

absence of colonic inflammation, the composition of

differentially regulated proteins was completely different

in primary intestinal epithelial cells from wild and IL-10

(-/-) mice two weeks after colonization. Therefore, the

absence of IL-10 may have primed the epithelium toward a

completely different response leading to its failure to

counteract the effect of bacteria in inducing chronic colitis.

In proteomics and transcriptomics studies, Knoch et al.

[37] and Cooney et al. [38] identified 172 spot/feature

changes that were consistently detected in the colon of IL-

10 (-/-) mice as compared to C57 mice. There was an

increased abundance of 120 proteins of cellular stress and

inflammatory responses. Interestingly, there was a limited

concordance between proteomics and transcriptomics pro-

file for the two different genotypes supporting the need for

multi-omics to study complex diseases such as IBD.

Cooney et al. [39] identified 33 unique proteins differ-

entially expressed in colonic tissue of Mdr1a(-/-) mice as

compared to wild FVB mice. There was an increased

expression of proteins associated with cellular stress

response and inflammation. Using a DSS model of colitis,

Naito et al. [40] identified five differentially expressed

proteins of which two were upregulated and three down-

regulated in the intestinal mucosa of mice with colitis in

comparison with control. The proteins hydroxymethylglu-

taryl-CoA synthase 2 (HMGCS2) and serpinb1a were

upregulated, whereas disulfide isomerase A3 (PDIA3),

peroxiredoxin-6 (PRDX6), and vimentin were downregu-

lated. HMGCS2 plays an important role in ketogenesis, an

undesirable metabolic characteristic of the proliferating

cell [41]. Serpinb1a is localized in neutrophils and mono-

cytes and contributes to innate immunity [42]. It is

important to note that the deregulated proteins were not

identical in these three models emphasizing different

pathophysiologic mechanisms and inflammatory pathways

that were induced. Thus, this proteome analysis might

provide important, novel clues for understanding IBD

biology and reveal candidates for different therapeutic

targets.

The importance of Grp and the role of the ubiquitin

proteasome system (UPS) were also studied by Bertrand

et al. [17]. Using proteomics approach, the investigators

identified differential expression of ubiquitinated proteins

in human intestinal HCT-8 cells during inflammatory

conditions and then the ubiquitination states of identified

proteins were evaluated in an animal model of TNBS-

treated rats. Thus, the role of UPS in the regulation of

Grp75 and Grp78 in the colonic mucosa during intestinal

inflammation was investigated. Compared to controls, rats

with colitis had a significant increased expression of

ubiquitinated-Grp75 (associated with a decrease in free

Grp75), whereas ubiquitinated-Grp78 was less expressed

(associated with an increase in free Grp78). These changes

were not observed in acute restraint stressed rats.

2270 Dig Dis Sci (2017) 62:2266–2276
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Therefore, ubiquitination of these proteins is modulated

during the inflammatory response and thus could partici-

pate in pathological intestinal epithelium injury by regu-

lating apoptosis and disrupting UPR mechanism. Further

studies are needed to identify which ubiquitin ligase E3

enzymes are responsible for this protein ubiquitination.

To get more information on the pathogenesis of IBD,

protein profile of lymphocytes isolated from mesenteric

lymph nodes of colitic rats treated with TNBS was studied

[43]. Twenty-six proteins with at least a twofold difference

in abundance between colitis and control groups were

identified, 17 were upregulated, and 9 were downregulated.

The altered proteins included inflammatory factors (such as

myeloid-related protein 14, a potential mediator of p38

mitogen-activated protein kinases-dependent functional

responses), apoptosis-related proteins, metabolic enzymes

(such as ATP citrate synthase), regulators of cell cycle and

cell proliferation, and signal transduction factors (such as

nucleoside diphosphate kinases and ubiquitin-conjugating

enzyme E2N).

Role of Exosomes

Proteomics studies in animal models have also contributed

to our understanding of the role of exosomes in IBD.

Exosomes are 40–150-nm microvesicles of endosomal

origin released from different cell types and are found in a

variety of physiological fluids, including serum, and can

participate in intercellular communication and mediate the

immune response [44]. It was recently shown that exo-

somes activate macrophages [45] and thus may play a role

in IBD pathogenesis. In addition, a recent study found that

serum levels of annexin A1-containing exosomes were

elevated in IBD patients and were correlated with the

inflammatory activity of the disease [46]. Wong et al. [47]

studied the effect of exosomes isolated from DSS-induced

colitis on macrophage activation and identified exosome

proteins that could play a role in this activation. Treatment

of macrophages with exosomes isolated from serum of

DSS-treated mice induced phosphorylation of p38 and

extracellular signal regulated kinases (ERK) and produc-

tion of tumor necrosis factor when compared to treatment

with exosomes isolated from control mice. Proteomics

analysis of these exosomes identified 56 differentially

expressed proteins, a majority of which were acute-phase

proteins (14) and immunoglobulins (16) that were mainly

involved in the complement and coagulation cascade.

These findings provided a better understanding of the role

of circulating serum exosomes in acute colitis and the role

of macrophage activation in the pathogenesis of IBD.

Serum exosome concentration and specific exosome pro-

teins are potential inflammatory markers of IBD. Recently,

it was found that salivary exosomal proteasome subunit

alpha type-7 (PSMA7) differed significantly between

healthy individuals and patients with UC and CD. This

could be an ideal biomarker of IBD [48]. Surely, further

studies on the importance of exosomes and their proteins in

patients with IBD are needed.

Cytoskeletal and Structural Proteins

Many animal studies showed a disturbance of cytoskeletal

and structural proteins during intestinal inflammation that

can explain the ‘‘leaky gut.’’ An increased level of cleaved

caspase-3 and a decreased level of cadherin [35] as well as

VIL 1 and KRT8 [38] in IL-10-deficient mice pointed to a

disturbed intestinal mucosal barrier. In addition, a

decreased expression of cytoskeletal and structural proteins

associated with cellular assembly and organizational pro-

cesses was identified in Mdr1a (-/-) mice. For example,

multiple cytoskeletal assembly proteins important for bar-

rier integrity, including gelsolin (GSN) and vinculin

(VCL), were expressed at lower levels in the inflamed

colon of Mdr1a (-/-) mice compared with non-inflamed

FVB mice emphasizing the importance of the gut barrier in

the pathogenesis of colitis [39].

Cell Metabolism Proteins

Multiple proteins related to cell metabolism were found to

be decreased in colitis. A decrease in hydroxymethylglu-

taryl-CoA synthase 2, creatine kinase, pyruvate kinase was

described in IL-10-deficient mice [35]. Using the same

animal model, a decrease in 52 metabolism-related proteins

including carbohydrate, lipid, amino acid, and energy

metabolism was identified emphasizing the fact that

chronic intestinal inflammation represents an energy defi-

ciency state [37, 38] and may contribute to ER stress [35].

Similarly, in human studies performed by Shkoda et al.

[11], 32% of all detected differentially regulated proteins

associated with IBD were involved in energy metabolism.

Proteins involved in energy generation like H?-transport-

ing two-sector ATPase (ATP5B), mitochondrial malate

dehydrogenase (MDH2), and triosephosphate isomerase

were found to be downregulated in colonic mucosa of UC

patients [7].

Mechanism of Extraintestinal Manifestation of IBD

In an attempt to understand the mechanism of extrain-

testinal manifestations of IBD like neuropathic pain,

cerebrovascular events, white matter lesions, and visceral

pain, Zhang et al. [49] studied the differential expression of

proteins in the dorsal ganglia (DRG) and spinal cord (SC)

in TNBS-induced colitis in rats. In the DRG, 26 proteins

were differentially expressed, 12 of which were

Dig Dis Sci (2017) 62:2266–2276 2271
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upregulated and 14 were downregulated, whereas in the SC

a total of 19 proteins were differentially expressed, 9 of

which were upregulated and 10 were downregulated. The

altered proteins are involved in a number of biological

functions including inflammatory/immune responses like

proteasome subunit a type-1 (PSMA1); cell signaling like

adenylylcyclase-associated protein 1 (Cap1); sulfate

transport; redox homeostasis like superoxide dismutase

(Sod2); and cellular metabolism. These findings provided

useful proteins for further investigation on the neurological

manifestations of IBD.

Use of Proteomics to Investigate the Effect of Food
on Intestinal Inflammation

Animal models of colitis have been also used to investigate

the mechanisms by which some food components may

have a beneficial effect on intestinal inflammation using the

omics technology [18]. Such food components included

polyunsaturated fatty acids [37, 38], polyphenol-rich green

tea extract [50], curcumin [39], and glutamine [51].

Knock et al. [37] and Cooney et al. [38] used IL-10-

deficient mice to study proteomics profile after adminis-

tration of monounsaturated (OA) or polyunsaturated fatty

acid diets (n-3 eicosapentaenoic acid (EPA) and n-6

arachidonic acid (AA)) and described their possible func-

tional pathways in attenuating inflammation. Whereas EPA

modulated the expression of the heat shock protein

HSP90AB1 and therefore exerted its anti-inflammatory

effects via PPARa, AA increased proteins involved in

energy metabolism and cytoskeletal assembly and organi-

zation. These findings support studies suggesting that

dietary polyunsaturated fatty acids supplementation, or

consumption of foods rich in these compounds may reduce

IBD symptoms and therefore may play a part in an overall

IBD treatment regime. However, care must be taken when

extrapolating data to a human clinical situation. Further

research is required to confirm the beneficial effects of

polyunsaturated fatty acid on the outcome of patients with

IBD.

Barnett et al. [50] studied the effect of a diet rich in

green tea extract in polyphenols (GrTP) on colonic

inflammation and protein expression in the multi-drug

resistance targeted mutation Mdr1a (-/-) mouse model of

IBD. The GrTP-rich diet resulted in a decrease in colonic

inflammation and a differential expression of 33 unique

proteins. Proteins involved with cellular stress, immune

response, and inflammation like albumin, heat shock pro-

teins, and macrophage migration inhibitory factor were

downregulated. On the other hand, upregulated proteins

were those associated with cellular assembly like desmin,

or with energy metabolism like ATP synthase.

Dietary supplementation of Mdr1a (-/-) mice with

curcumin resulted in modulation of 35 unique proteins

involved with cellular stress, immune response, and

inflammation [39]. Curcumin, a food additive extracted

from the medicinal plant Curcuma longa, has been previ-

ously found to significantly ameliorate diarrhea, decrease

severity of colitis, and decrease MPO activity in TNBS-

induced colitis in mice [52]. This effect was associated

with a decrease in mucosal level of IFN-c and IL-12 and

inhibition of NF-jB. The downregulated proteins included

those associated with negative acute-phase response like

albumin and apolipoprotein A1; endoplasmic reticulum

stress response like heat shock proteins; and inflammation

and inflammatory response like macrophage migrating

inhibitory factor. A newly discovered activation of a-
catenin resulting in upregulation of multiple cytoskeletal

assembly proteins important for barrier integrity, including

actin, desmin, and gelsolin, was described. Therefore,

curcumin’s anti-inflammatory activity in Mdr1a (-/-)

mouse colon may be mediated through decreased neu-

trophil migration by inhibition of PI3 K complex and p38

MAPK and increased remodeling of epithelial adherin

junctions/repair of barrier mediated through inhibition of

IFN-c and activation of a-catenin.
The conditionally essential amino acid glutamine was

found to have a beneficial effect on intestinal inflammation

in experimental animal models by increasing defense sys-

tems and maybe by regulating the ubiquitination process of

other proteins. Bertrand et al. [51] evaluated the result of

intestinal inflammation on differential proteins ubiquitina-

tion in colonic mucosa and the effect of rectal glutamine

enema in TNBS-treated rats. Eight proteins were less

ubiquitinated, and four proteins were more ubiquitinated in

TNBS group compared with controls. Glutamine restored

the latter four proteins to normal. Twelve ubiquitinated

proteins, mostly involved in metabolic pathways, were

only affected by glutamine. Although glutamine did not

affect histological inflammatory grade in the colon, this

study demonstrated that glutamine can affect proteasome-

mediated protein degradation in health and disease.

Advances in Technology and Tools for Proteomics
Research

The technological basis of modern translational proteomics

is a hybrid instrument that couples a liquid chromatograph

(LC) with a tandem mass spectrometer (MS/MS). With this

analytical system (LC–MS/MS), a pre-proteolyzed bio-

logical sample can have its constituent peptides identified

and quantified by the collection of a number of critical

characteristics such as chromatography retention time,

mass, ion abundance, and fragmentation pattern, that is
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matched with empirical and in silico entries in curated LC–

MS/MS databases [53].

One of the primary challenges for complete proteome

coverage is the resolving power of LC–MS/MS to sequence

all peptides in complex biologically derived mixtures [54].

Technological developments in this field have thus worked

to overcome this hurdle through advances in chromato-

graphic separation and MS/MS hardware, employing

multi-dimensional chromatography columns to separate

peptides based on two or more properties, such as

hydrophobicity, charge, and size, and through new MS/MS

systems with ever-increasing mass accuracy and sensitiv-

ity. Among these advances, recent innovations in MS/MS

data-independent acquisition (DIA) workflows such as

Sequential Window Acquisition of all Theoretical Mass

Spectra (SWATH-MS) and MSE have added novel tools for

increasing proteome coverage.

DIA is a MS methodology that aims to increase the

number of peptides sequenced per sample subject to LC–

MS/MS. While in traditional data-dependent acquisition

(DDA) MS ions with strong signals (high abundance within

the sample) are biased for fragmentation selection, in DIA,

all ions within a specified time or m/z window (irrespective

of abundance) are sent for fragmentation and can, hence, be

sequenced using proteomic databases [55].

MSE is a DIA method that sequences all peptides irre-

spective of time or m/z window, utilizing a dynamic

switching of high and low collision energies to simulta-

neously survey all ions within a full mass range (typically

300–2000 m/z) and fragmenting them for sequencing

information [54, 56].

SWATH-MS is a DIA method that has been enabled by

advances in MS/MS hardware giving instruments

unprecedented mass accuracy and scan speed capabilities

for producing complex, high-resolution datasets. In

SWATH-MS, complete MS/MS is performed on all ions in

a sample in overlapping 25 m/z windows across a set mass

range of interest [54]. The resulting high-resolution, com-

prehensive a priori dataset that contains information for

highly confident identifications and quantification (superior

to multiple reaction monitoring, the gold standard for

peptide and small molecule identification and quantifica-

tion in the chemical and pharmacological laboratory) can

then be mined by the proteomics scientist for peptides and

proteins of interest. The crux of this technique is a novel

data analytics principle—the ability to interrogate a highly

accurate and rich proteome dataset ad libitum [57].

Besides these advances in label-free quantitative mass

spectrometry, there have also been vast improvements to

imagingMS,which allows scrutiny of the spatial distribution

of proteins on tissue surfaces, making it particularly appli-

cable to investigations of the gastrointestinal mucosal bar-

rier. Matrix-assisted laser desorption ionization (MALDI) is

the most widely used form of imaging MS, using a chemical

matrix to assist in the desorption of proteins from sample

tissue as it gets exposed to an ultraviolet (UV) laser and

ionizes [58]. The UV laser scans the dimensions of the

sample tissue, generating a mass spectrum for unique X, Y

coordinates on the sample plane [58]. Conventionally, the

spatial resolution of MALDI imaging MS is in the range of

20–100 lm and there has been considerable interest in the

biomedical scientific community to develop sub-10-lm
resolution to achieve cellular-level protein imaging. Some of

the novel methods used for this end include the development

of ultrafine matrix coatings by electrospray and vibrational

means, and decreasing laser beam focal diameters [59].

One notable method of resolution enhancing MALDI

imaging MS is the scanning microprobe MALDI

(SMALDI) platform, which utilizes five large-diameter

stacked lenses in close proximity (as opposed to the con-

ventional three-lens setup) to focus the laser beam to a

minimum effective spot diameter of close to 1 lm [59, 60].

This allows the high-resolution imaging of proteins and

peptides on tissue surfaces to a lateral resolution of

5–10 lm [59, 60], bringing the imaging capability of

MALDI to unprecedented levels of cellular-level detail.

While the technological advances of new mass spec-

trometry methodologies such as MSE, SWATH-MS, and

SMALDI are on the verge of transforming translational

proteomics for biomedical research, their usefulness hinges

tremendously on the tandem development of algorithms to

accurately interpret the highly complex data in which they

generate. Specifically, the ability to deconvolute and assign

the correct product ion spectra with their corresponding

precursor is required in order to make new DIA method-

ology data compatible with the wealth of MS/MS knowl-

edge bases currently available for peptide and protein

identification [54, 61].

Future Role of Animal Models in Proteomics
Studies

Animal models of colitis provide IBD researchers a num-

ber of options for studying the different pathogenic and

therapeutic aspects of IBD. Combined with the unprece-

dented resolving power of new DIA technologies to deci-

pher the proteome, there are several important

opportunities in IBD research specific to this partnership.

Spontaneous colitis models (i.e., IL-10 and Mdr1a) are

ideal platforms to study the interaction between the

microbiota and IBD pathogenesis, as colitis occurs after

exposure to commensal bacteria in these settings. Using

metaproteomic profiling (the identification of the protein

complement of microbial communities) [62] to compare

pre- and post-colitis onset in these models could potentially
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identify important pathogenic phylotypes for colitis, given

key host immunodeficiencies. This may be achieved by

daily sampling of metaproteomic content up to and beyond

spontaneous colitis development. The potential to control

and compare different bacterial exposures, and cross-check

simultaneous human IBD microbiome profiles, makes the

spontaneous colitis–metaproteome analysis a unique plat-

form for uncovering host–bacteria interactions in human

IBD [63, 64].

Another intriguing prospect of animal models of colitis–

proteomic partnership is in deciphering the mechanistic

pathways of IBD susceptibility genes. It is well established

that IBD-associated genes confer only a small percentage

of IBD risk—owing to the heterogeneity of the disease and

the number of possible polymorphisms per gene that result

in varied protein production. The development of ‘‘knock-

in’’ mice, a model of a specific polymorphism [65], com-

bined with targeted proteomic analysis (DIA or MRM),

could explicitly define the mechanism of a pathogenic

pathway. For example, while Mdr1a-/- mice reliably

develop spontaneous colitis, MDR1 association studies in

human IBD have returned with variable results [66–69].

The complexity lies both in the number of polymorphisms

possible to the gene and in the undefined role of its product,

P-glycoprotein 170, in regulating host–bacteria interactions

[67]. Direct profiling of P-glycoprotein 170 and simulta-

neous metaproteomic analysis of specific MDR1 SNP

‘‘knock-in’’ mice could elucidate this pathway. However, it

must be noted that this would require the specific SNP in

question to be conserved between human and mouse.

The animal colitis–proteomics experimental paradigm

has a unique capacity to investigate the gene-environ-

mental axis of IBD etiology, which may unlock the full

spectrum of causes that manifest in these difficult hetero-

geneous diseases.

Conclusion

The use of animal models of colitis has significantly con-

tributed to proteomics research in various ways. The

knowledge acquired through studying proteins deregulation

during the different stages of inflammation has helped in

understanding some aspects of the pathogenesis and

pathophysiology of IBD. Getting information about the

different inflammatory pathways activated or inhibited

secondary to a specific genetic mutation or colitis induction

may explain the heterogeneous results in human studies

reflecting the complex nature of the disease. Animal studies

have also contributed to improving the tools used in protein

determination, and the information gathered has helped in

defining pathways of inflammation and construct a network

of inflammatory bowel disease interaction between genes,

RNAs, proteins, and metabolites leading to a user-friendly

software like Ingenuity Pathway Analysis (IPA) which is

essential in all proteomics research [5]. The effect of some

nutrients on intestinal inflammation and their effect on

proteins secretion will open the way to the wider use of

therapeutic intervention targeting specific inflammatory

pathways. Despite the difference between human IBD and

experimental colitis, the use of animal models may facili-

tate the identification of disease biomarkers or at least

prioritize the candidate biomarkers to be tested in clinical

studies [70].
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