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Abstract

Chronic enteropathies (CEs) are a group of multifactorial gastrointestinal diseases in dogs, which are defined by chronic
persistent or recurrent gastrointestinal symptoms, along with histopathological indications of mucosal inflammation. These
disorders have gained significant interest in recent years due to their unclear etiopathogenesis, the severity of symptoms and
lack of response to conventional treatments. The diagnosis of canine CEs is challenging because of their non-specific clinical
symptoms, which require an extensive diagnostic investigations to exclude alternative causes of chronic gastrointestinal signs.
Currently, the gold standard for diagnosing CEs relies on histopathologic evaluation and assessing responses to therapeutic
trials. However, these methods have limitations in terms of invasiveness, cost and time consumption. Therefore, biological
markers that objectively reflect the severity of gastrointestinal disease, assist in diagnosing clinical practice, predicting
treatment response, determining prognosis and monitoring disease progression may offer valuable clinical benefits for dogs
with CEs. This article provides an overview of the current biomarkers for canine CEs and discusses their potential clinical
applications, as well as their advantages and limitations. Furthermore, this review expects to contribute to the identification
of future directions for advancing biomarkers in canine CEs research.
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INTRODUCTION

Chronic enteropathies (CEs) refer to an important group of gastrointestinal
diseases in dogs defined by persistent or intermittent gastrointestinal
symptoms for over 3 weeks. CEs are diagnosed after excluding of extra-
gastrointestinal diseases, parasitic diseases and mechanical gastrointestinal
obstruction (Dandrieux and Mansfield, 2019; Sacoor et al., 2020). Clinically,
CEs are classified into different categories based on the treatment response:
food-responsive enteropathy (FRE) for dogs showing a positive response
to an elimination diet, antibiotic-responsive enteropathy (ARE) for dogs
displaying a sustained effect from antimicrobial therapy, immunosuppressant-
responsive enteropathy (IRE) if immunosuppressive drugs are required, and
non-responsive enteropathy (NRE) for dogs that do not exhibit any response
to treatment (Becher et al., 2021). In cases of IRE that exhibit unsuccessful
responses to dietary and antimicrobial trials, along with confirmed mucosal
inflammation observed through histopathological analysis, dogs are diagnosed
as idiopathic inflammatory bowel disease (IBD) (Dandrieux, 2016).

The exact etiopathogenesis of CEs have not been clearly elucidated.
However, it is considered that the disruption of immunologic tolerance towards
dietary and microbial antigens, along with an inherited susceptibility, plays a
crucial role in pathological inflammation (AlShawaqfeh et al., 2017; Heilmann
and Allenspach, 2017). The failure of immunologic tolerance occurs due to
intestinal barrier dysfunction, disruption of gut-associated lymphoid tissue
(GALT) and disturbance of intestinal microbiota, leading to inflammation and
injury of the mucosal lining (Osada etal., 2016; Eissa etal., 2019). Clinical signs
from uncontrolled inflammation can vary depending on individual immunity
and the severity of the disease (Dandrieux and Mansfield, 2019). Valuable tools
for clinical assessment include the canine IBD activity index (CIBDAI) and the
canine chronic enteropathy clinical activity index (CCECAI), which provide
information on the clinical disease activity (Cerquetella et al., 2010; Heilmann
and Steiner, 2018).

The diagnosis of CEs primarily relies on histopathologic evaluation
and the response to therapeutic trials (Makielski et al., 2019). Histopathology
remains areliable method for identifying and evaluating intestinal inflammation.
Nevertheless, its findings may not be sufficient for distinguishing among
the different categories of CEs (Heilmann and Steiner, 2018). Furthermore,
histologic evaluation of tissue biopsies obtained through endoscopy or
surgery is invasive, costly, time-consuming and can be influenced by surgeon
experience (Heilmann et al., 2014; Sacoor et al., 2020). Therefore, the simple,
non-invasive and objective assessment for CEs is promptly required. Over the
past decades, there has been great interest in biomarkers for clinical indices
that can be useful in identifying disease severity, diagnosing clinical practice,
predicting treatment response and determining the prognosis of dogs with CEs
(Gerou-Ferriani et al., 2018; Otoni et al., 2018; Sacoor et al., 2020). Thus, the
objective of this review is to provide an overview of current biomarkers for
canine CEs and discusses their potential clinical applications, as well as their
advantages and limitations.
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PATHOGENESIS OF CHRONIC ENTEROPATIES

The pathogenesis of CEs involves complex interactions between innate
and adaptive immunity, with various factors, including intestinal microbiota,
host genetics, dietary constituents, and environmental triggers, contributing
to disease development (Figure 1) (AlShawaqfeh et al., 2017; Heilmann and
Allenspach, 2017).
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Figure 1 Multiple factors implicated in the pathogenesis of canine chronic enteropathies
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The primary defense against pathogens is provided by innate immunity,
which consists of the mucosal epithelial barrier, the intestinal microbiota,
neutrophils, macrophages, dendritic cells, eosinophils, as well as their derived
molecules and secreted products (Siel et al, 2022). In dogs with CEs, the
intestinal barrier has increased permeability due to a malfunction in regulating
tight junctions, leading to an increased exposure of immune cells to antigens in
the intestinal lumen. Bacteria or infectious agents bind to Pattern Recognition
Receptors (PRRs), including toll-like receptors (TLRs) and the nucleotide-
binding oligomerization domain (NOD)-2, which have a crucial function in
recognizing specific molecules expressed by bacteria. In response to antigenic
stimulation, cells initiate intracellular signal pathways that lead to the production
of Nuclear factor-kappa B (NF-kB). This subsequently triggers the release of
pro-inflammatory cytokines and interleukins such as Tumor Necrosis Factor
alpha (TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8)
(Allenspach, 2011; Heilmann and Allenspach, 2017).

The adaptive immune response in the intestine involves CD4+ T
cells and B cells responsible for immunoglobulin A (IgA) production within
Peyer’s patches (PPs), and intestinal epithelial lymphocytes (IELs) collectively
contribute significantly to maintaining immune balance (Siel et al, 2022). IgA
antibodies play a crucial role in mucosal defense by preventing the penetration
of pathogens through the intestinal barrier and avoiding atypical responses to
the usual components of the microflora (Allenspach, 2011). In dogs with CEs,
a decrease in IgA levels in both intestinal mucosa and feces has been reported
when compared with healthy dogs (Maeda et al., 2013; Lee et al., 2015).

Concerning the receipt of antigenic stimuli, activated antigen-
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presenting cells (APCs) stimulate an adaptive immune response by presenting
antigens to naive CD4+ T helper cells (Th cells) in the mesenteric lymph node.
Depending on their cytokine pattern, Th cells can develop and differentiate
into Thl, Th2, Th17 cells and regulatory T-cells (Tregs). Thl cells prompt
cell-mediated effector mechanisms, such as cytotoxicity and immunity against
intracellular pathogens, through the release of IL-2, IL-12, INF-x and TNF-a
(Heilmann and Suchodolski, 2015). Th2 cells release 1L-4, IL-5, IL-6, and IL-
13, which stimulate B lymphocytes to generate immunoglobulin E (IgE) and
recruit eosinophils associated with parasitic infection and allergies (Siel et al,
2022). Th17 cells produce IL-17 and IL-22, proinflammatory cytokines that
initiate inflammatory signaling cascades, leading to the recruitment of innate
immune cells (Korn et al, 2009). Tregs cells secret anti-inflammatory cytokines
such as IL-10 and transforming growth factor-beta (TGF-P) that inhibit an
excessive immune response and maintain immunotolerance (Choy et al, 2017).
At present, the relationship between Th lymphocyte profiles and CEs in dogs
has not been definitively established (Heilmann and Suchodolski, 2015).
Nevertheless, an excess of Thl, Th2 and Th17 activity triggered by extensive
pathogenic infections can lead to intestinal inflammation (Abraham and Cho,
2009). As for Tregs, these cells have been detected in low numbers among dogs
suffering from lymphocytic-plasmacytic enteritis (Maeda et al., 2013; Maeda
etal., 2016). A briefly overview of the innate and adaptive immune response in
the pathogenesis of canine CEs is illustrated in Figure 2.

BIOMARKERS IN CHRONIC ENTEROPATIES

A biomarker refers to a substance that is objectively measured and
assessed as an indicator of both normal and pathogenic processes or as a
response to pharmacological interventions (Alghoul et al., 2022). It provides
information on biologically produced changes in the body that are related to
diseases or health conditions (Sacoor et al., 2020). In CEs, biomarkers play
a crucial role in diagnosis, treatment, management and prognosis. Potential
biomarkers that could be clinically relevant for CEs should reflect the
individual risk of inducing intestinal inflammation, evaluate gastrointestinal
function, determine the progression and severity of the inflammatory diseases,
predict treatment response or disease outcome, and monitor the severity of
gastrointestinal inflammation (Duvoisin et al., 2017).

Over the past decade, several biological markers have been established
as valuable measures for CEs in dogs (Gerou-Ferriani et al., 2018; Otoni et
al., 2018; Sacoor et al., 2020). They offer the advantages of being minimally
invasive, cost-effective and time-efficient compared to endoscopy and biopsy
techniques (Sacoor et al., 2020). However, some biomarkers have limitations
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Figure 2 Pathogenesis of canine chronic enteropathies (CEs). In CEs, the breakdown of intestinal
barrier integrity leads to increased exposure of pathogenic microbes to immune cells. Innate immunity,
including mucosal epithelial cells, dendritic cells, neutrophils, eosinophils, macrophages and secreted
products, defends against pathogens and triggers inflammatory process. As a consequence, activated
antigen-presenting cells (APCs) stimulate the adaptive immune response by phagocytizing pathogens
and migrating to mesenteric lymph nodes to present antigens to naive CD4+ T helper cells, which
differentiate into Th1, Th2, Th17 cells and regulatory T-cells (Tregs), leading to the production of
specific cytokines. An imbalance between proinflammatory and anti-inflammatory cytokines causes
disrupted intestinal immunity. (Original illustration based on: Allenspach, 2011; Eissa et al., 2019).

in terms of sensitivity, specificity and responsiveness in clinical practice
(Alghoul et al., 2022). Furthermore, it is improbable for a single biomarker to
possess all the characteristics of an ideal marker. Therefore, it is essential to
consider the clinical information of a specific biomarker in order to enhance
the comprehension of data within a particular clinical context (Sacoor et al.,
2020). The biomarkers discussed in this review are classified as functional,
biochemical, genomic, microbiomic and metabolomic markers.

FUNCTIONAL BIOMARKERS

The functional biomarkers that have been evaluated in dogs with CEs
include cobalamin, folate, methylmalonic acid and alpha 1-proteinase inhibitor,
as documented in Table 1.
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COBALAMIN AND FOLATE

Cobalamin (vitamin B12) and folate (vitamin B9) are water-soluble
vitamins that offer clinical benefits in the diagnosis and treatment of
gastrointestinal diseases.

Cobalamin is absorbed in the distal small intestine, where specialized
receptors facilitate the uptake of the cobalamin-intrinsic factor complex
(Berghoff'and Steiner, 2011). The malabsorption of cobalamin can be disturbed
by various factors such as chronic severe diseases that impact the mucosa of
the ileum (resulting in decreased expression of intrinsic factor receptors in
enterocytes), secondary dysbiosis in the small intestinal (leading to increased
utilization of cobalamin by intestinal bacteria) and genetic predisposition
(Chinese Shar Peis, Giant Schnanuzers, Border Collies) (Toresson et al.,
2016; Moser et al., 2018). Hypocobalaminemia occurs in 19-54% of dogs
with CEs and is considered as a negative prognostic factor associated with
hypoalbuminemia (Berghoff et al., 2013; Volkmann et al., 2017; Heilmann et
al., 2018). Nevertheless, a normal serum cobalamin level does not exclude the
early CEs condition due to the ongoing malabsorption (Berghoff and Steiner,
2011). A previous study revealed that there were no significant differences
in serum cobalamin levels among dogs diagnosed with ARE, FRE, and
IRE (Allenspach et al., 2016). Additionally, hypocobalaminemia can also
be presented in dogs with exocrine pancreatic insufficiency (EPI), and it is
not specific to CEs (Volkmann et al., 2017; Sacoor et al., 2020). Low serum
cobalamin concentration indicates a requirement for supplementation.

Folate is mainly absorbed in the proximal part of the small intestine
(duodenum and proximal jejunum) through specific folate carriers (Berghoff
and Steiner, 2011). In dogs diagnosed with CEs, a recent study demonstrated
that 14% exhibited hypofolatemia, while 5% had hyperfolatemia (Heilmann
et al., 2018b). Chronic malabsorption of the proximal small intestine, caused
by damage to the mucosal barrier, can deplete folate body storage and result
in hypofolatemia. Nevertheless, lower levels of serum folate are not specific
to CEs and cannot be used alone to distinguish between different types of
this condition (German et al., 2003; Allenspach et al., 2007; Allenspach et
al., 2016). Hyperfolatemia can result from small intestinal dysbiosis due to
enhanced folate production by certain gut microorganisms. However, a folate
concentration within the reference range should not be used to exclude small
intestinal dysbiosis (Sacoor et al., 2020). In case of cobalamin deficiency,
serum folate levels may appear normal or elevated due to cobalamin’s role as
a cofactor in an enzymatic pathway that utilizes folate. Therefore, the serum
folate concentration should be reevaluated after cobalamin supplementation to
obtain an accurate understanding of folate metabolism (Berghoff and Steiner,
2011).

METHYLMALONIC ACID (MMA)

Methylmalonic acid (MMA) is a metabolite that increases when the
tissue lacks adenosyl-cobalamin, a cofactor required for the conversion of
methylmalonyl-CoA to succinyl-CoA. The absence of cobalamin impairs the
metabolism of methylmalonyl-CoA, leading to the accumulation of MMA
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(methylmalonic acidemia) (Berghoff et al., 2013). Therefore, the elevated
production of MMA is considered as a marker of cellular cobalamin deficiency
resulting from cobalamin malabsorption or decreased cobalamin transport
(Grutzneretal., 2013a). Previous studies revealed that 25-46% of dogs with CEs
and hypocobalaminemia exhibited evidence of tissue cobalamin deficiency, as
indicated by an elevation in serum MMA concentration (Berghoff et al., 2012;
Berghoffetal., 2013). However, it was not possible to differentiate between the
various diseases affecting dogs with CEs. The routine measurement of serum
MMP is not commonly conducted in veterinary practice for small animals due
to the financial implications and technical complexity of the assay (Heilmann
and Steiner, 2018). Additionally, increased serum MMA levels may be observed
in dogs with renal insufficiency, and this finding should be confirmed in
conjunction with the serum creatinine or symmetric dimethylarginine (SDMA)
concentrations (Jergens and Heilmann, 2022).

ALPHA 1-PROTEINASE INHIBITOR

Alpha I-proteinase inhibitor (al-PI) is a protein that functions by
inhibiting protease enzyme and is primarily synthesized in the liver. This
protein is resistant to proteolytic degradation and has similar-sized molecules
as albumin; therefore, both proteins are likely to be excreted from the intestinal
lumen into feces in cases of gastrointestinal diseases causing protein loss
(Melgarejo et al., 1996; Cerquetella et al., 2010). Elevated concentrations
of fecal canine al-PI serve as a clinically useful marker for protein-losing
enteropathy (PLE) and are also considered predictive of poor outcomes in dogs
with CEs (Berghoff and Steiner, 2011). Furthermore, they have been found to
correlate with histopathological lesions observed in dogs with PLE, including
dilated lacteal and crypt abscesses (Murphy et al., 2003; Heilmann et al., 2016a).
Due to the significant day-to-day variations in fecal al1-PI concentrations, it is
recommended to collect fecal samples for three consecutive days to improve
the accuracy of the test (Allenspach, 2015). In the case of dogs with CEs that
have not responded to elimination diet and antibiotic treatments, a 3-day mean
fecal a1-PI concentration over 19.0 pug/g can be used as a reliable confirmatory
test for histological lesions associated with PLE (Heilmann et al., 2016a;
Heilmann and Steiner, 2018).

The assessment of fecal al-PI is particularly valuable for detecting
gastrointestinal protein loss at the early stage, as it can increase prior to the
manifestation of clinical symptoms, hypoalbuminemia or panhypoproteinemia.
Moreover, it can help in distinguishing between gastrointestinal protein
loss and hypoalbuminemia caused by liver-related conditions (Vaden et al.,
2002; Murphy et al., 2003). Although fecal al-PI exhibits high sensitivity,
it is not regarded as a particular marker for CEs, as protein loss through the
gastrointestinal tract could be related to various systemic gastrointestinal
diseases. Nevertheless, it may be used for monitoring disease progression and
assessing the effectiveness of treatment (Collins, 2013).

The chronic gastrointestinal loss of al-PI caused by PLE leads to
decreased serum a1-PI levels, as observed in dogs with IBD. However, it can
also increase in corticosteroid-treated dogs and decrease in dogs with protein-
losing nephropathies (PLN) (Grutzner et al., 2013b; Grutzner et al., 2014;
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Heilmann et al., 2016a). The use of the serum-to-fecal a1-PI ratio seems to
enhance the diagnostic precision in dogs with hypoalbuminemia. A previous
study indicated that concentrations of serum and fecal a1-PI, along with their
ratios, can provide insights into the severity of small intestinal crypt abscesses
and/or dilated lacteal in dogs with CEs (Heilmann et al., 2016a).

BIOCHEMICAL BIOMARKERS

In dogs with CEs, previous studies have investigated biochemical
biomarkers, including C-reactive protein, perinuclear anti-neutrophilic
cytoplasmic antibodies, N-methylhistamine, calprotectin and calgranulin C, as
outlined in Table 2.

C-REACTIVE PROTEIN

C-reactive protein (CRP) belongs to a group of proteins known as acute-
phase reactants, which are synthesized by the liver in reaction to various types of
tissue injury, infection, inflammation or certain cancer (Nakamura et al., 2008).
Otoni et al. (2018) demonstrated that dogs with idiopathic IBD exhibited higher
CRP concentrations in comparison to both healthy dogs and dogs treated with
antibiotics or corticosteroids. However, reports on its correlation with clinical
severity and histopathological lesions in dogs with IBD are still controversial
(Allenspach et al., 2007; McCann et al., 2007; Jergens et al., 2010; Otoni et al.,
2018).

A previous study revealed that the presence of serum CRP level above
9.1 mg/L, along with an increased fecal calprotectin level, can effectively
differentiate dogs with IRE from FRE or ARE, achieving a sensitivity rate of
72% and a specificity rate of 100% (Heilmann et al., 2018b). This demonstrates
a high positive predictive value for this diagnosis (Heilmann and Steiner, 2018).
Nevertheless, the clinical utility of this biomarker for CEs in dogs is limited
because of its significant variation among individuals and lack of specificity
to gastrointestinal tract (Jergens and Heilmann, 2022). Interestingly, it remains
valuable as a surrogate indicator for assessing the advancement of disease and
the effectiveness of treatment in dogs with CEs (Collins, 2013). In order to
be deemed as a clinically significant alteration, the serum CRP concentration
should exhibit a minimum 2.7-fold increase or decrease (Carney et al., 2011).
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PERINUCLEAR ANTI-NEUTROPHILIC CYTOPLASMIC
ANTIBODIES

Perinuclear anti-neutrophilic cytoplasmic antibodies (pANCA) are
a type of autoantibody that targets a specific pattern of antigens within the
cytoplasm of neutrophils. These antibodies are associated with inflammation
and autoimmune diseases (Wdowiak et al., 2013; Heilmann and Steiner, 2018).
Additionally, they exhibit cross-reactivity with pathogen-associated molecular
patterns (PAMPs) of gastrointestinal bacteria, which can be identified though
indirect immunofluorescence assays by visualization a typical perinuclear
staining pattern (Falk et al., 1990).

The measurement of pANCA using assays has been evaluated in dogs,
revealing a wide range of sensitivities varying from 23% to 51%, along with
a specificity of 83% to 95% in diagnosing dogs with IBD (Allenspach et al.,
2004; Luckschander et al., 2006; Mancho et al., 2010). However, researchers
were unable to establish a correlation between the positive results of pANCA
antibodies and the severity of clinical symptoms or the histopathological scores
(Otoni etal., 2018). Previous studies have shown that seropositivity for pANCA
is greater in dogs with FRE, ranging from 61% to 62% compared to those with
IRE or NRE, ranging from 0% to 37% (Luckschander et al., 2006; Mancho et al.,
2010). These findings highlight the clinical utility of pANCA in distinguishing
between subtypes of CEs, particularly FRE and IRE. Allenspach et al. (2008)
investigated the application of the pANCA assay for early identification of PLE
and PLN in Soft-Coated Wheaten Terriers. The result of pANCA seropositivity
was observed up to 2 years prior to the manifestation of clinical symptoms,
as evidenced by a decrease in serum albumin levels. As a result, this marker
seems to be valuable for the early detection of PLE diseases and for diagnosing
dogs with FRE. Nevertheless, the positive results of pANCA antibodies are
not exclusive to CEs and have also been found in infectious diseases or other
autoimmune diseases (Allenspach and Mochel, 2022). Therefore, the pANCA
assay has been suggested as a supplementary diagnostic marker to differentiate
dogs with CEs from other chronic gastrointestinal diseases (Mancho et al.,
2010).

N-METHYLHISTAMINE

N-methylhistamine (NMH) is a consistent metabolite of histamine that
has been proposed as an indicator of mast cell activation and degranulation
associated with inflammation. It is produced via the enzymatic activity of
histamine N-methyltransferase and can be detected in samples of serum, urine
and feces (Anfinsen et al., 2014; Berghoff et al., 2014).

In dog with CEs, mast cells contribute to the inflammatory response of
the intestinal mucosa by releasing various inflammatory mediators, including
histamine (Wdowiak et al., 2013). According to the study conducted by
Anfinsen et al. (2014), dogs that positively responded to dietary trials had a
greater number of intestinal mast cells than dogs requiring immunosuppressive
treatment. This finding suggests that mast cell activation may potentially
play a role in the development of FRE. Fecal NMH concentrations have
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been demonstrated to be elevated in Norwegian Lundehunds and Soft Coated
Wheaten Terriers with CEs (Vaden et al., 2000; Berghoft et al., 2008). Berghoff
et al. (2014) also found that elevated levels of NMH in the urine were present
in 40% of dogs with CEs and were significantly correlated with the severity
of histological lesions. However, there was no association between the NMH
levels and the quantity of mast cells in the mucosal of duodenum or the diseases
severity (Anfinsen et al., 2014; Berghoff et al., 2014). Additional studies are
required to ascertain the sensitivity, specificity and feasibility of using NMH
levels as a diagnostic tool for dogs with CEs.

CALPROTECTIN

Calprotectin, the S100A8/A9 protein complex, is recognized as the
damage-associated molecular pattern (DAMP) molecules, which tend to
gather in inflammatory areas (Heilmann and Steiner, 2018). It is primarily
generated through macrophage and neutrophil activation, although it can also
be synthesized within epithelial cells. Additionally, it acts as a ligand for Toll-
like receptor (TLR-4), contributing to the inflammatory process and it exhibits
upregulation in canine CEs (Heilmann et al., 2012; Heilmann et al., 2019).

Calprotectin is detectable in various biological samples, including
serum and feces. However, the serum calprotectin lacks specificity for the
gastrointestinal tract (Heilmann and Steiner, 2018). In 2018, Otoni et al.
demonstrated that there were no significant differences in serum calprotectin
levels between dogs with IBD and healthy dogs, or between dogs before
and after treatment. Furthermore, they found no association between serum
calprotectin levels, CIBDAI scores and histopathologic severity (Heilmann
et al., 2012; Otoni et al., 2018). According to fecal calprotectin, it has been
identified as a useful marker of inflammation in the canine gastrointestinal tract
(Grellet et al., 2013; Heilmann et al., 2018b). Previous studies have shown that
elevated concentrations of fecal calprotectin are correlated with the presence
of canine CEs and exhibit a positive association with the severity of clinical
symptoms and histopathologic findings (Grellet et al., 2013; Heilmann et al.,
2018b; Otoni et al., 2018). Moreover, fecal calprotectin concentration seems to
have the potential to predict the therapeutic response and distinguish dogs with
IRE from NRE with a sensitivity of 80% and a specificity of 75% (Heilmann
et al., 2018b; Heilmann and Steiner, 2018). Due to its ability to monitor disease
progression and differentiate between periods of disease activity and remission,
this fecal biomarker is highly regarded for its value in noninvasively evaluating
intestinal inflammation (Otoni et al., 2018b; Sacoor et al., 2020).

CALGRANULIN C

Calgranulin C, also known as SI00A 12, is a DAMP molecule belonging
to the S100 family of calcium-binding proteins and it exhibits a cellular
distribution similar to calprotectin (Heilmann et al., 2019). It is primarily
produced and released through the activation of neutrophils, macrophages,
and monocytes (Wdowiak et al., 2013; Hanifeh et al., 2018). It interacts with
various target proteins, including the receptor for advanced glycation end-
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products (RAGE), and provides a significant function in inflammatory immune
responses (Heilmann et al., 2016b; Heilmann and Steiner, 2018).

Calgranulin C serves as a sensitive and specific marker for localized
inflammatory conditions, including gastrointestinal inflammation. Serum
calgranulin C has the potential to be superior to calprotectin since its
concentrations remain unaffected by corticosteroid treatment (Heilmann
and Steiner, 2018; Heilmann et al., 2016b). However, it can be evaluated in
serum due to other inflammatory conditions (Heilmann et al., 2011; Craig et
al., 2016). Therefore, evaluating the concentration of calgranulin C in feces
is more specific than in serum for identifying gastrointestinal inflammatory
processes (Sacoor et al., 2020).

Increased fecal calgranulin C concentrations have been identified in
dogs with CEs and are associated with a negative outcome. Furthermore,
researchers have reported a significant association between calgranulin C
levels, the severity of clinical symptoms and the presence of abnormalities
observed during endoscopy (Heilmann et al., 2014; Heilmann et al., 2018a).
Additionally, fecal calgranulin C levels over 490 ng/g demonstrate the ability
to distinguish dogs with IRE or NRE from FRE or ARE with a sensitivity of
64% and a specificity of 77% (Heilmann et al., 2016; Heilmann and Steiner,
2018). These findings emphasize the usefulness of this biological marker in
predicting treatment response and disease outcome in dogs with CEs (Sacoor
et al., 2020; Jergens and Heilmann, 2022). Therefore, fecal calprotectin C has
been considered as a promising biomarker for monitoring gastrointestinal
inflammation. However, further studies are needed to investigate the effect of
other chronic gastrointestinal diseases, such as neoplasia, on fecal calprotectin
C concentrations (Heilmann and Steiner, 2018).

MICROBIOMIC BIOMARKERS

The gastrointestinal microbiota refers to the diverse community of
microorganisms, including bacteria, viruses, fungi and archaea. This intricate
ecosystem plays a vital part in maintaining gastrointestinal health, primarily
in digestion, absorption, energy metabolism and immune system development
(Pilla and Suchodolski, 2020). An imbalance of microbes population, define
as dysbiosis, is associated with gastrointestinal inflammation and dysfunction
(Jergens and Heilmann, 2022). Previous studies have revealed a reduction of
species diversity and variations in the abundance of microbial constituents in
fecal samples from dogs with CEs. These alterations are defined by a decrease
in Bacteroidetes, Fusobacterium spp., and Firmicutes, and an increase in
Proteobacteria (Suchodolski et al., 2012a; Suchodolski et al., 2012b; Honneffer
et al., 2014). Additionally, the fluorescence in situ hybridization (FISH)
studies conducted on the colonic mucosal of dogs with CEs demonstrated an
increased abundance of mucosal Escherichia coli in affected dogs. Conversely,
Helicobacter spp. and Akkermansia spp. were diminished in the colonic crypts
and the mucosal surface, indicating that these bacteria play a valuable role as
resident species in the colon. They contribute to preventing the colonization by
pathogenic bacteria or modulating inflammation in the canine colon (Giaretta et
al.,2020). A summary of research findings on selected microbiomic biomarkers
in dogs with CEs is presented in Table 3.
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The evaluation of the gut microbiome is most effectively conducted
through molecular techniques, such as sequencing methods detecting 16S
ribosomal RNA genes and metagenomic sequencing. However, these techniques
are time-consuming and expensive (Costa and Weese, 2019). To achieve faster
results at a lower cost, an alternative approach called the fecal dysbiosis index
(DI) has been developed, which utilizes a qPCR assay-based algorithm. The
DI evaluates eight bacterial groups that are typically changed in dogs with
CEs, which include Escherichia coli, Fecalibacterium spp., Turicibacter spp.,
Streptococcus spp., Blautia spp., Fusobacterium spp., Clostridium hiranonis
and the total bacteria (AlShawaqfeh et al., 2017). This index can differentiate
between normal and dysbiotic microbiota, assess the effects of treatment, and
evaluate the response to therapeutic interventions (Guard et al., 2019; Minamoto
etal., 2019). However, additional studies are required to investigate the clinical
usefulness of DI as markers for canine CEs.

METABOLOMIC BIOMARKERS

Metabolomic profiling refers to the comprehensive analysis of small
molecules, known as metabolites, which are found in biological systems. These
metabolites include various compounds such as amino acids, organic acids
and lipids (Walker et al., 2022). The gut microbiota exerts a profound impact
on the host’s metabolome by metabolizing dietary compounds into bioactive
metabolites. These metabolites can directly affect to host’s metabolism and
physiological processes (Minamoto et al., 2015). Changes in microbial function
and composition resulting in alterations of the metabolic profile have been
reported in canine CEs (Pilla and Suchodolski, 2020; Jergens and Heilmann,
2022). Minamoto et al. (2014) reported low fecal microbiome diversity and
significantly increase serum metabolites including gluconolactone, hexuronic
acid, 3-hydroxybutanoic acid, and ribose in dog with IBD indicating a potential
association with oxidative stress. Furthermore, although the affected dogs
showed clinical improvement after treatment, there were no significant changes
observed in the microbiota and metabolite profiles. These findings indicate the
presence of oxidative stress and functional disruption of the microbiome, even
when the dogs with IBD exhibit a clinical response to medical treatment.

A group of metabolites known as short-chain fatty acids (SCFAs),
including butyrate, acetate, and propionate, holds significant importance for
overall health of the host. These SCFAs are produced from bacterial fermentation
of complex carbohydrates and play a vital role in modulating immune responses
within the gastrointestinal tract and providing essential energy for colonocytes
(Arpaia et al., 2013). The presence of SCFAs-producing bacteria is reduced in
dogs with acute and chronic diarrhea (Suchodolski et al., 2012b; Minamoto
et al., 2019). Guard et al. (2015) revealed a significant decrease in propionate
levels, while butyrate levels were increased in the feces of dogs with acute
diarrhea. These results were attributed to a reduction in butyrate absorption or
decrease in the utilization of this SCFA by the enterocytes. Similar to the study
by Higueras et al. (2022), which reported a reduction in fecal levels of SCFAs
particularly propionate, in dogs with FRD, this decrease might contribute to the
inflammatory status observed in this disorder. Propionate has been implicated
in the pathogenesis of chronic intestinal inflammation.
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Amino acid profiling has been studied in dogs with CEs. Investigation
of changes in the amino acid profile of dogs with CEs has emphasized
tryptophan and serine as promising markers for IBD (Kathrani et al., 2018;
Tamura et al., 2019). Tryptophan acts as a precursor for the synthesis of
indole compounds by the gastrointestinal microbiota, which supports mucosal
homeostasis by enhancing gut permeability and promoting mucin production
(Whitfield-Cargile et al., 2016; Kathrani et al., 2018). In dogs with PLE,
there is a reduction in serum tryptophan levels, while dogs suffering from
idiopathic IBD exhibit a decrease in indole compounds (Kathrani et al., 2018).
According to serine, it is involved in various biological processes, including
cell growth, immune function and the promotion of mucin production. This
helps to maintain the integrity of the intestinal barrier and supports nutrient
absorption (Maeda et al., 2014). Tamura et al. (2019) found that dogs with IBD
have significantly lower plasma concentrations of four amino acids: serine,
tryptophan, proline and methionine, compared to healthy dogs. Interestingly,
only the plasma concentration of serine showed a negative correlation with
CCECALI scores. Therefore, the plasma concentration of serine may serve as a
potential biomarker in dogs with IBD.

Another promising marker for CEs analysis is bile acids, due to their
crucial function in regulating host metabolism and their association with
the gut microbiota (Giaretta et al., 2018; Guard et al., 2019). Bacteria in
the intestinal lumen affect bile acid metabolism by modifying primary bile
acids through deconjugation and dehydroxylation processes, resulting in the
production of secondary bile acids such as lithocholic acid, deoxycholic acid,
and ursodeoxycholic acid (Ridlon et al., 2006). These bile acids are important
in maintaining immune regulation and homeostasis within the gastrointestinal
tract (Blake et al., 2019). The decrease in secondary bile acids has been reported
in dogs with CEs (AlShawagqfeh et al., 2017; Blake et al., 2019). In dogs with
dysbiosis, the reduction of Clostridium hiranonis, a bacteria involved in bile
acid dehydroxylation, results in increased levels of primary bile acids in the
colon. These elevated concentrations are pro-inflammatory and contribute to
the secretory diarrhea (Whitfield-Cargile et al., 2016; Giaretta et al., 2018).
Toresson et al. (2021) demonstrated the effective treatment of presumptive bile
acid diarrhea in dogs with CEs using cholestyramine, a bile acid sequestrant that
prevents the reabsorption and accumulation of bile acids in the gastrointestinal
tract. As a result, it could be considered as an alternative treatment option for
dogs with persistent diarrhea that are unresponsive to conventional therapies.
A summary of research findings on selected metabolomic biomarkers in dogs
with CEs is demonstrated in Table 4.

In conclusion, metabolomic profiling is an interesting marker
investigated in veterinary research. It offers non-invasive strategies to
comprehend disease pathophysiology and host-microbe interactions, holding
the potential for the development of innovative diagnostic and therapeutic
methods. However, additional studies are required to determine the sensitivity,
specificity and clinical utility of each metabolomic marker in dogs with CEs.
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GENOMIC BIOMARKERS

Genomic biomarkers refer to specific genetic characteristics that can
indicate the presence of a particular disease. These markers include single
nucleotide polymorphisms (SNPs) in toll-like receptor-4 (TLR-4), toll-like
receptor-5 (TLR-5), nucleotide oligomerization domain-2 (NOD-2) and
the neutrophil cytosolic factor (NCF2) gene, as well as alterations in the
expression of several other genes (Burgener et al., 2008; Olivero et al., 2011;
Kathrani et al., 2014). They are identified though genome-wide association
studies (GWAS), which involve analyzing genetic data from individuals to
identify associations between specific genetic markers and diseases (Jostins
et al., 2012). Additionally, targeted next-generation sequencing (NGS), which
focuses on specific regions of interest in the genome, is used to identify potential
functional SNPs that could explain the GWAS association signal (Peiravan et
al., 2021).

In dogs with CEs, researchers have recognized that these conditions
appear to be influenced by genetic factors. Certain breeds, such as German
Shepherd Dogs (GSDs), Weimaraners, Rottweilers, Border Collies and Boxers,
may have a higher likelihood of developing breed-specific enteropathies
(Kathrani et al., 2011a). Genetic studies in canine IBD have reveled breed-
specific SNPs in TLR-4, TLR-5 and NOD-2 that were identified in GSDs
(Kathrani et al., 2010; Kathrani et al., 2011b). Peiravan et al. (2018) identified
an additional 16 genes associated with CEs in GSDs. Several of these genes
were found to be linked with classical T-helper 2 (Th-2) type cytokine responses,
specifically IL-4, IL-5 and IL-13, suggesting the potential involvement of
immune-mediated pathways in the progression of CEs. This finding holds
significant implications for the exploration of novel therapeutic options in
GSDs with CEs, particularly those cases that are difficult to manage using
conventional treatments.

Until now, genomic biomarkers have been used as research tools to
investigate the risk of individuals developing a disease, but their utility may be
limited when dogs already exhibit clinical symptoms. However, as genetic risk
factors consistently linked with specific therapeutic responses, these testes will
have increased clinical applicability (Heilmann and Steiner, 2018; Allenspach
and Mochel, 2021).

SUMMARY

Canine chronic enteropathy biomarkers have been evaluated and
potentially offer clinical benefits in the diagnosis, treatment and management of
dogs with this condition. In veterinary practice, the widely used biomarkers such
as serum cobalamin, folate and fecal a1-PI, together with fecal calprotectin and
calgranulin C, provide some advantages in screening diagnosis, distinguishing
the different subtypes of CEs and monitoring disease progression. However,
these biomarkers are insufficient to accurately predict treatment response
and reflect the individual risk of inducing CEs (Heilmann and Steiner, 2018;
Otoni et al., 2018). Therefore, the novel and promising markers, including
microbiomic, metabolomic and genomic biomarkers, have emerged and
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provide valuable information about disease pathophysiology, microbiome-
host-interaction, metabolic pathway, as well as the risk of an individual dog
developing CEs (Toresson et al., 2021; Allenspach and Mochel, 2022). These
potential biomarkers are expected to increase accuracy of diagnosis and
improve the individualized therapeutic strategies. While these markers show
promise, further research and validation are necessary to fully establish their
clinical utility in dogs with CEs.

At the current time, using a single biomarker alone cannot definitively
diagnose the disease or accurately predict its progression, treatment response
and clinical outcome. Therefore, combining these tools with existing
contemporary approaches would be advantageous to enhance accuracy.
Furthermore, additional prospective and long-term studies are necessary to
assess the effectiveness of conventional biomarker assays in dogs with CEs
within the context of routine clinical practice.
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