Received: 3 June 2024

First decision: 19 June 2024

'.) Check for updates

Accepted: 20 August 2024

DOI: 10.1111/apt.18234

APT Alimentary Pharmacology & Therapeutics WILEY

Review article: Faecal biomarkers for assessing small intestinal
damage in coeliac disease and environmental enteropathy

Laura Kivel3l-234

'Department of Pediatric Research, Faculty
of Medicine, University of Oslo, Oslo,
Norway

2Celiac Disease Research Center, Faculty of
Medicine and Health Technology, Tampere
University, Tampere, Finland

SChildren's Hospital, Helsinki University
Hospital, Helsinki, Finland

4Department of Pediatrics, Tampere
University Hospital, Wellbeing Services
County of Pirkanmaa, Tampere, Finland

>Department of Gastroenterology, Oslo
University Hospital Rikshospitalet, Oslo,
Norway

5Norwegian Coeliac Disease Research
Centre, Institute of Clinical Medicine,
Faculty of Medicine, University of Oslo,
Oslo, Norway

’Department of Pediatric and Adolescent
Medicine, Oslo University Hospital, Oslo,
Norway

Correspondence

Laura Kivela, Department of Pediatric
Research, Faculty of Medicine, University of
Oslo, Oslo, Norway.

Email: laura.kivela@tuni.fi

Funding information

Foundation for Paediatric Research;
Academy of Finland, Grant/Award Number:
347473; Paulon S&atio; Sigrid Juséliuksen
Saatio

| Katri Lindfors?

| KnutE.A.Lundin®®® | Ketil Sterdal'’

Summary

Background: In coeliac disease and environmental enteropathy, dietary gluten and
enteric infections cause reversible inflammation and morphological changes to the
small intestinal mucosa that can be detected in biopsy samples obtained by endos-
copy. However, there is a clear need for non-invasive biomarkers. Constant shedding
of mucosal material into the bowel lumen and faeces, together with easy availability
of stool, makes it an interesting sample matrix.

Aims: To conduct a systematic literature search and summarize the existing evidence
for host mucosa-derived faecal biomarkers in evaluating small intestinal damage.
Methods: We searched for studies on PubMed (MEDLINE) until 1 March 2024.
Results: We identified 494 studies and included 35 original case-control and cohort
studies. These assessed host mucosal transcripts and 14 other markers aiming specif-
ically to reflect inflammation and cell-mediated, innate and gluten-induced immune
responses. In coeliac disease, faecal calprotectin and anti-gliadin, tissue transglutami-
nase, endomysium and deamidated gliadin peptide antibodies were the most studied
but with inconsistent results. Single studies reported positive findings about micro-
RNA transcripts, B-defensin-2, lipocalin-2, zonulin-related proteins and angiotensin-
converting enzyme. In environmental enteropathy, a non-significant association was
reported between calprotectin and urine lactulose/mannitol ratio; there were con-
flicting results for neopterin, myeloperoxidase and host transcripts. Single studies
reported a positive association for lactoferrin, and a negative association for regen-
erating islet-derived protein 1. Studies comparing faecal markers against small intes-
tinal biopsy findings were not identified in environmental enteropathy.

Conclusions: Further studies are needed to determine reliable faecal markers as a

proxy for small intestinal mucosal damage.
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1 | INTRODUCTION

The small intestine is crucial in the digestion and absorption of nu-
trients, in protecting against external pathogens and in the develop-
ment of tolerance of food antigens. Its structural and/or functional
impairment has significant negative effects on overall health, and
in children also on growth and development causing morbidity and
mortality.! The two most common but significantly underdiagnosed
conditions affecting the small intestine are coeliac disease and en-
vironmental enteropathy. Coeliac disease affects approximately
1%-3% of the population worldwide, although most of the patients
are undiagnosed due to various and in some cases subclinical fea-
tures.>® Environmental enteropathy is estimated to affect up to
40% of children, especially those living in low- and middle-income
countries and is likely also common in adults.»*"¢ However, exact
prevalence figures are lacking due to the frequently asymptomatic
nature of the condition, poor access to health care and lack of spe-
cific diagnostic criteria.!

In coeliac disease, the immune reaction to dietary gluten, found
in wheat, rye and barley, drives duodenal enteropathy and gastro-
intestinal as well as systemic disease manifestations in a subset of
genetically predisposed people.? Strict and life-long gluten-free diet
results in mucosal healing and symptom alleviation in most patients.
Coeliac disease pathogenesis is fairly well understood, although
the initial triggering factor(s) remains uncertain. Diagnosis is based
on the detection of histological damage in duodenal biopsies or, in
selected children, on high levels of circulating transglutaminase-2
antibodies (TGA) together with positive endomysium autoantibod-
ies (EmA).”® However, although serology correlates with the se-

verity of duodenal damage at diagnosis, '3

its sensitivity to milder
changes and persistent mucosal damage during gluten-free diet is
insufficient, and it is of limited use at individual level to reflect du-
odenal damage.”‘15 Reliable, non-invasive markers for small bowel
mucosal damage are called for in coeliac disease follow-up but also
as endpoints in drug studies.*®'”

Environmental enteropathy is also known as tropical enterop-
athy, subclinical malabsorption and environmental enteric dys-
function.! These various names reflect not only the discovery
and pathogenesis of this condition but also the lack of a single
unambiguous definition. Environmental enteropathy is a condition
frequently manifesting with subtle gastrointestinal symptoms at-
tributed to be caused by recurrent exposure to faecal pathogens in
surroundings with poor hygiene‘l'6 In children, it may present with
stunted growth, malnutrition and poor response to oral vaccina-
tions, whereas in adults, the condition is typically asymptomatic
or presents with weight loss, altered stool consistency and fre-
quency. The more severe form of environmental enteropathy over-
laps with the condition historically described as ‘tropical sprue’ 8
Histological findings of small intestinal biopsies in environmen-
tal enteropathy have reportedly included reversible enteropathy
reminiscent of coeliac disease, but the diagnosis of environmental
enteropathy is in practice rarely set based on the histology.'®?

Instead, for example, dual sugar absorption tests, such as the
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lactulose-mannitol ratio or lactulose permeability measured by
urine excretion, have been used as the gold standard for measur-
ing malabsorption, permeability and disease activity.?° However,
these methods often entail significant practical challenges affect-
ing their reliability and comparability between studies.?! Various
other biomarkers have also been studied and interest has been
expressed in finding practical non-invasive markers through which
to define and follow-up the condition.??

Intestinal changes in coeliac disease and environmental enterop-
athy are reflected in proteins and other biochemical compounds
originating in the mucosa®® and given the constant shedding of mu-
cosal material into the intestinal lumen, these could be measurable in
faeces. As stool is a non-invasive and accessible sample matrix, also
in low-income settings, the possibilities for using faecal biomarkers
as a proxy for small intestinal damage would be an attractive ap-
proach globally. This review summarizes the existing evidence on
host mucosa-derived faecal biomarkers in evaluating small intestinal

damage in coeliac disease and environmental enteropathy.

1.1 | Smallintestinal damage in coeliac disease and
environmental enteropathy

While the underlying drivers of enteropathy in coeliac disease and
environmental enteropathy are different, the conditions have much
in common (Figure 1). However, what is known so far about histo-
logical damage in environmental enteropathy is based on a relatively
small number of studies mostly of symptomatic patients.!”?472¢ The
small intestinal mucosal inflammation and villous blunting charac-
teristic for both conditions ranges in severity from a pre-disease
form characterized by increased lymphocyte infiltration with normal
architecture all the way to complete villous atrophy, crypt hyper-
plasia and pronounced immune cell infiltration.!® The intraepithelial
lymphocytes in coeliac disease and environmental enteropathy are
similar in terms of expression of at least CD3, CD8 and y& surface
receptors.“”ﬁ"”’29 In coeliac disease, CD8* af cells are considered

to drive the intestinal damage by inducing enterocyte apoptosis,w*31

whereas yd T cells may have an inflammatory Th1 phenotype.®? In
environmental enteropathy, no similar mechanistic insight on differ-
ent intraepithelial lymphocyte subpopulations is available.

Both disease entities present with lamina propria inflammation
characterized by T and B lymphocytes and plasma cells.}9:25-27.33
In coeliac disease, gluten reactive CD4" T cells are activated by
human leukocyte antigen (HLA) DQ2 or DQ8 restricted presen-
tation of deamidated gliadin peptides (DGPs) generated from
partially digested oligopeptides deamidated by the transglutam-
inase-2 (TG2) enzyme. T cells contribute to the generation of an
inflammatory milieu by secreting cytokines such as interferon-y
(IFN-y) and interleukin (IL) -21.2 (Figure 1). Furthermore, they are
believed to interact with gluten- and TG2-specific B cells enabling
their differentiation into immunoglobulin (Ig) A class TG2 and DGP
secreting plasma cells, which are by far the most numerous im-

mune cell population in the coeliac disease mucosa.?”4%° No such
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SMALL INTESTINAL MUCOSA
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FIGURE 1 Pathogenetic processes in the small intestinal mucosa of patients with untreated coeliac disease and environmental
enteropathy. Mucosal inflammation and villous atrophy, increased density of IELs and inflammatory cytokines as well as impaired nutrient
absorption and increased intestinal permeability are features common to both conditions. Epithelial regeneration and enterocyte shedding
also occur continuously in healthy intestinal mucosa. Possible changes in biological pathways are based on evidence from proteomic

and transcriptomic studies ‘plus’ indicating upregulated and ‘minus’ downregulated pathways. DGP, deamidated gliadin peptide; FABP2,
fatty acid-binding protein 2; IEL, intra-epithelial lymphocyte; IFN-y, interferon-gamma; IL, interleukin; MPO, myeloperoxidase; TG2,

transglutaminase-2; TNF-a, tumour necrosis factor alpha.
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detailed knowledge about the molecular mechanisms is available
in environmental enteropathy, although the lesion seems to be
characterized by inflammatory cytokines, such as tumour necro-
sis factor a and IFN—y.w’26 Due to differing aetiologies, the initial
pathogenetic steps are likely to differ from those in coeliac disease
despite similarities at the level of small bowel mucosal cell types
and pro-inflammatory cytokines.

Finally, both disorders are functionally characterized by impaired
nutrient absorption and increased intestinal permeability coupled
with abnormal epithelial junctional protein expression at molecular
level.*¢7 In contrast, microbial translocation seems to be an envi-

ronmental enteropathy-specific feature.38%?

1.2 | Mucosal proteome and transcriptome as
possible host-mucosal derived markers

The small bowel mucosal damage and inflammation described above
obviously have a profound impact on tissue proteome and transcrip-
tome (Figure 1). Therefore, studies addressing these are of interest in
terms of faecal mucosal-derived biomarkers in coeliac disease and envi-
ronmental enteropathy. Regarding coeliac disease, few studies focusing
on small bowel mucosal proteome have so far been presented,**~*% and
these report for instance reduced expression of proteins involved in nu-
trient metabolism and enterocyte function and increased expression of
proteins involved in plasma cell-related processes and IFN-y and type |
interferon pathways in untreated coeliac disease. Of particular interest
in untreated coeliac disease mucosa is the higher expression of the two
subunits of calprotectin, ST008A and S1009A, produced by neutrophils
and monocytes/macrophages.41 To the best of our knowledge, no stud-
ies have so far been presented describing the proteome of small bowel
mucosal samples in environmental enteropathy.

The small bowel mucosal transcriptomic studies in coeliac disease
are heterogeneous in terms of patient groups, methods used and
gene coverage but despite this variation they have all reported up-
regulation of genes encoding for chemokines and adhesion molecules
as well as proteins involved in IFN-y response.?® A study comparing
mucosal transcriptome between coeliac disease and environmental
enteropathy reported that while expression changes in aff - and y6 T
lymphocyte, B cell, cell cycle and mitosis, brush border functions and
lipid and retinol metabolism pathways are common to both diseases,
upregulation of the genes involved in pathways related to response
to microbiota and innate immune function seems specific to environ-
mental enteropathy.* These findings raise interesting scenarios about

the faecal gut exfoliome as a proxy for small bowel damage.

2 | METHODS
2.1 | Search strategy and selection criteria

Studies on PubMed (MEDLINE) until 1 March 2024 were searched.

The following terms in title or abstract were used in the systematic
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literature search: ‘celiac’ OR ‘coeliac’ OR ‘gluten enteropath*
OR ‘gluten sensitive enteropath* OR ‘gluten intolerance’ OR
‘non-tropical sprue’ OR ‘environmental enteropath® OR ‘enteric
dysfunction’” OR ‘tropical sprue’ OR ‘tropical enteropath® OR
‘subclinical malabsorption’ AND ‘faecal’ OR ‘faecal’ OR ‘stool’ OR
‘faeces’ OR ‘faeces’ AND ‘marker* OR ‘biomarker*’ OR ‘assay*’
OR ‘test* OR ‘immunoglobulin® OR ‘antibod*’. In addition, publi-
cations found in the references of included articles or otherwise
known to be relevant were included. Detailed search strategies
are given as Supplementary Material.

Inclusion criteria for the papers were original studies, English
language and full text available. Exclusion criteria were in vitro
and animal studies, and human studies lacking data on the con-
dition of the small intestine or verification of the diagnoses based
on histology, lactulose-mannitol ratio or corresponding method,
studies evaluating biomarkers only in blood/serum/urine samples,
and publications presenting only study protocols. In addition, as
the focus of this review was on small intestinal mucosal damage,
studies addressing microbiota (including short-chain fatty acids,
metabolome and volatile organic compounds reflecting metabolic
processes and microbial activities), occult blood, gluten immuno-
genic peptides describing dietary gluten use and faecal elastase
reflecting exocrine pancreatic function were excluded. Also, stud-
ies on a-1-antitrypsin were excluded as this protein is produced
mainly by hepatocytes and only in small amounts by intestinal
mucosal cells.** Although faecal a-1-antitrypsin clearance is com-
monly used in the diagnostics of protein-losing enteropathy with
various aetiology including CeD and environmental enteropathy, it
primarily reflects the loss of proteins from the bloodstream to the
gut rather than disease activity itself.4®

Two authors (LK and KS) screened separately the abstracts and
full texts, and LK performed the data extraction. Covidence sys-
tematic review software (Veritas Health Innovation, Melbourne,
Australia, available at www.covidence.org) was used for screening
the search results and data extraction from the selected studies.
The findings of the review were reported according to the PRISMA
guidelines. The study protocol was pre-registered in OSF (available
at osf.io/ubgh4).

3 | RESULTS

The literature search resulted in 361 studies on coeliac disease and 130
studies on environmental enteropathy, two additional relevant stud-
ies were found among the references and one other relevant study
was included (Supplementary Figure). After screening, 36 coeliac
disease studies and 29 environmental enteropathy studies were as-
sessed for eligibility, and finally 19 original studies on coeliac disease
and 16 on environmental enteropathy were included in the review
(Supplementary Figure, Tables 1 and 2). The studies assessed, in addi-
tion to host mucosal transcripts, 14 different markers reflecting espe-
cially cell-mediated, innate and gluten-induced immune responses, and

unspecific and neutrophil associated inflammation (Table 3).


http://www.covidence.org
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TABLE 1 Summary of the studies evaluating host-mucosal derived faecal biomarkers in biopsy-proven coeliac disease (CeD).

Study, country

Antibodies
Positive findings

Haas 1993, France*®

Haas 1995, France®’

Picarelli 2002, Italy*®

Di Tola 2016, Italy*®

Non-significant results

Halblaub 2004,
Germany>°®

Kappler 2006,
Germany™!

Calprotectin
Positive findings
Ertekin 2010, Turkey52

Balamtekin 2012,
Turkey®®

Biskou 2016, United
Kingdom>*

Rajani 2016, Canada®®

Age group

Adults

Adults

Adults

Adults

Children & adults

Children

Children

Children

Children

Children

Number of participants:
Untreated CeD + treated
CeD + controls

19+0+12

19+0+17

21+10+14

25+0+12

4+13+160

20+ 6 (same patients,
follow-up) + 62

29 +29 (same patients,
follow-up)+ 10

31+33+34

17+46+92

88+ 73 (same patients,
follow-up)+0

Main results

Higher AGA in untreated CeD than in controls (median
24 vs. 5ng/mL, p<0.01). Correlation between serum
and faecal IgA AGA.

Higher IgA1 (median 22 vs. 1ng/mL) and IgA2 (56 vs.
1ng/mL) IgA2 AGA in untreated CeD than in controls
(p<0.005).

IgA class antibody positivity is more common in
untreated than in treated CeD patients or in controls
(EmA 100% vs. 0% vs. 0%; TGA 81% vs. 20% vs. ND;
AGA 67% vs. 0% vs. ND).

IgA class TGA and DGP levels higher® and antibody
positivity more common in untreated CeD than

in controls (EmA 44% vs. 0%, p=0.007; TGA 76%

vs. 17%, p=0.001; DGP 68% vs. 0%). Correlation
between faecal and serum IgA TGA and DGP levels. No
significant difference in IgG class levels.

No significant difference in antibody positivity
between untreated and treated CeD (EmA 25% vs.
15%; TGA 25% vs. 23%; AGA 0% vs. 31%), ND from
controls. Partially overlapping levels between the
groups.

No significant difference in IgA class antibody
positivity between untreated and treated CeD and
controls (TGA 10% vs. 0% vs. 3%; AGA 6% vs. 6% vs.
2%).

Higher calprotectin levels in untreated than in treated
CeD or controls (mean 13.4 vs. 4.6 vs. 4.3mg/L,
p=0.004) and in patients with total vs. partial villous
atrophy (13.8 vs. 3.7 mg/L, p=0.005).

Higher calprotectin levels in untreated than in

treated CeD or controls (median 117 vs. 4 vs. 10ug/g,
p<0.001), in patients with Gl-symptoms than in

those without (142.8 vs. 79.7 pg/g, p=0.04). No
correlation with Marsh grades or degree of neutrophilic
infiltration. Decreased from 113.7 to 4.2 pg/g in nine
patients during follow-up (p<0.01).

Higher calprotectin levels in untreated than in treated
CeD or controls (median 36 vs. 25 vs. 25mg/kg,
p=0.045), decreased significantly in 13 untreated
patients in 6-mo follow-up on a GFD from median

37 to 25mg/kg, p=0.012. Not associated with TGA,
PedsQL or Gl symptoms.

Calprotectin was elevated in untreated CeD (median
67.5 [range: 4.9-3068] pg/g) but not in treated CeD (33
[1.11-736.5] pg/g) compared to the laboratory cut-off
(<50pg/g).
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TABLE 1 (Continued)

Study, country

Non-significant results
Montalto 2007, Italy®®

Capone 2014, Italy®”

Szaflarska-Poptawska
2020, Poland*®

Calprotectin and other
Positive findings

Kamilova 2022,
Uzbekistan®®

Sutton 2024, the
United States®°

Gallego 2024, Spain®*

Other
Positive findings

Letizia 1996, Italy®?

Palone 2018, Italy®®

Francavilla 2023, Italy®*

Age group

Adults

Adults

Children

Children

Children

Children

Children & adults

Children

Adults

Number of participants:
Untreated CeD + treated
CeD + controls

28+0+30

50+0+50

55+17+0

76 +0+32

73+0+18

23+ 23 (same patients,
follow-up)+ 39

20+18+15

39+24+20

3+63+66 (controls-1) +40
(controls-2)
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Main results

Non-significant difference between untreated CeD and
controls (45.02 vs. 36.51 ug/g, p=0.163). No significant
association with symptoms, histology or neutrophil
infiltration.

Non-significant difference between untreated CeD and
controls (mean 58 vs. 45 ug/g, p=NS). No association
with symptoms, histology or serum TGA.

Non-significant difference between untreated and
treated CeD (mean 101 vs. 62pg/g, p=0.183). No
difference between clinical forms of untreated CeD or
severity of small intestinal damage.

Higher mean calprotectin (35.4 vs. 19.95ug/g, p <0.05)
and p-defensin-2 (99.6 vs. 64.3ng/mL, p<0.02) levels
in untreated CeD than in controls.

Lipocalin-2 was higher in CeD than in controls
(estimated from the figure 1500 vs. 750mg/mL,
p=0.007) but the levels were comparable between
seropositive patients with Marsh 0 and 3 lesion.
Calprotectin was comparable between CeD patients
and controls.

Higher median levels of calprotectin (29.8 vs. 17.4 vs.
13.9 ug/g) and zonulin-related proteins (348 vs. 157 vs.
178ng/mL) in untreated CeD than in treated patients
or controls, respectively. No association between the
markers and serum TGA or symptoms.

ACE activity was significantly higher in untreated CeD
than in treated patients or controls (113 vs. 37 vs.
21nmol/min/100g, respectively, p<0.05).

HMGB1 was increased in untreated CeD, decreased
markedly in treated patients and was undetectable
in controls. No absolute numbers given. HMGB1
correlated with S-TGA (Spearman's p=0.79).

109 miRNAs expressed differentially between

CeD patients and controls-1, and 77 of these were
confirmed in a comparison to controls-2. Five miRNAs
expressed differently in both TGA-positive and TGA-
negative-treated patients compared to controls, and 5
miRNAs associated with the length of gluten-free diet.
16 other sncRNAs were upregulated in TGA-positive-
treated patients compared to controls-1 and TGA-
negative-treated patients, and of these five were
upregulated also when compared to controls-2.

Abbreviations: ACE, angiotensin-converting enzyme; AGA, anti-gliadin antibodies; EmA, endomysial antibodies; miRNA, micro-RNA; NA, not
available; ND, no data; piRNA, piwi-interacting RNA; sncRNA, small non-coding RNA; TGA, tissue transglutaminase antibodies; tRNA, transfer RNA.

@Results given as absorbance 450 nm.

(Continues)
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All the studies on faecal markers in coeliac disease were case-
control studies, seven of them included adults, 10 paediatric patients
and two both age groups. Studies focused mainly on calprotectin
(n=10) or faecal antibodies (n=6) and single studies evaluated
human B-defensin-2 (HBD2), high-mobility group box 1 (HMGB1)
lipocalin-2, transcripts, zonulin-related proteins and angiotensin-
converting enzyme (ACE) (Table 1).

Studies on faecal markers in environmental enteropathy were
either cohort or case-controls studies including young children eval-
uated during the first years of life partly from the same patient co-
horts. Studies included comparisons of intestinal permeability against
myeloperoxidase (MPO) (n=10), neopterin (n=10), transcripts (n=56)
or calprotectin (n=4), and one study also lactoferrin and regenerating
islet-derived protein 1 (Regl) (Table 2). Of note, many environmental
enteropathy studies were excluded due to lacking comparison of fae-
cal markers against lactulose-mannitol ratio, and no studies comparing

faecal markers against small intestinal histology were identified.

3.1 | Antibodies

TGA, EmA and DGP measured from serum are routinely used in coe-
liac disease diagnostics.”'° Historically, serum anti-gliadin antibod-
ies (AGA) targeted towards native gliadin have also been utilized, but
they are unspecific and no longer recommended in clinical practice.
Secretion of the antibodies in gut lumen has been demonstrated in
the studies focusing on intestinal lavage fluid.8%-82

Six studies on the usefulness of faecal antibodies in coeliac disease
focused on TGA, EmA, DGP and/or AGA and compared either the an-
tibody positivity or their levels between 4 and 25 untreated and 0-13
treated coeliac disease patients and 12-160 controls (Table 1). Picarelli
et al. (2002) and Di Tola et al. (2016) reported faecal EmA and TGA to
be higher and more often positive in untreated adult coeliac disease
patients than in treated patients or controls, whereas Halblaub et al.
(2004) reported non-significant differences in TGA and EmA positiv-
ity, and Kappler comparable TGA positivity between the three groups
including both children and adults.*® Di Tola et al. (2016) reported
faecal DGP to be higher and more often positive in adult untreated
coeliac disease patients than in controls.*? Haas et al. (1993 and 1995)
and Picarelli et al. (2002) reported faecal AGA to be associated with
untreated coeliac disease in adults, whereas Halblaub et al. (2004)
and Kappler et al. (2006) reported no differences in AGA positivity
between untreated/treated coeliac disease and controls in studies in-
cluding children and adults*=483%51 (Table 1).

In environmental enteropathy, no studies on antibodies targeting

distinct antigens were found.

3.2 | Calprotectin

Calprotectin is a dimer of SI00A8 and A9 proteins found primarily in
the cytosol of neutrophils, monocytes and macrophages which have

functions in antimicrobial and antifungal processes.®® Largely due to

KIVELA ET AL.

its stability at room temperature for several days, faecal calprotec-
tin is widely used in clinical practice to evaluate intestinal inflamma-
tion and neutrophil exudation, for example, in inflammatory bowel
diseases and to differentiate this from non-inflammatory conditions
such as irritable bowel syndrome.8%84

Ten studies, each including <100 patients, were found to eval-
uate faecal calprotectin in coeliac disease with inconsistent results
(Table 1). This is somewhat surprising given the abundance of cal-
protectin in the above-mentioned duodenal proteomic study.** Six
studies conducted on children reported calprotectin levels to be
higher in untreated coeliac disease patients than in treated patients
or in controls.>27555%61 |n contrast, two studies on adults and two
on children reported non-significant difference in calprotectin levels
between untreated and coeliac disease patients and controls.>¢->8:60
Ertekin et al. reported higher calprotectin levels in patients with
more severe duodenal damage, whereas four other studies found no
significant association between calprotectin and histological find-
ings°2°%°6758 (Table 1). In 2021, the European Society for Paediatric
Gastroenterology Hepatology and Nutrition Gastroenterology
Committee recommended not using faecal calprotectin as a marker
in coeliac disease.®°

Four publications including 35-80 participants from partly over-
lapping study cohorts reported non-significant difference in faecal
calprotectin levels in children with and without environmental en-
teropathy.”*7# (Table 2). In faecal transcript studies, the results for
calprotectin were inconsistent.®7¢? According to a duodenal tran-
scriptome study, the S100A8 subunit was differentially expressed
between environmental enteropathy and controls,®® whereas no

proteomic studies were conducted.

3.3 | Host transcripts

Studies on faecal host transcripts in coeliac disease and environmen-
tal enteropathy have addressed messenger RNAs (mMRNAs) and small
non-coding RNAs (sncRNAs) including microRNAs (miRNAs), piwi-
interacting RNAs (piRNA) and transfer RNAs (tRNAs).

Francavilla et al. (2023) evaluated stool sncRNA profiles together
with the microbiome and identified 77 differentially expressed miR-
NAs between 66 coeliac disease patients and two different sets of
controls (n=106)%* (Table 1). Target enrichment analysis highlighted
associations between the differentially expressed miRNAs charac-
teristics for the pathways of inflammation, absorption and trans-
membrane transport, cell apoptosis and glucose transport, immune
response and endoplasmic reticulum stress.

Six studies evaluated faecal mRNA transcripts as potential
biomarkers in environmental enteropathy including 70-658 chil-
dren (Table 2). In whole transcriptome profiling, Yu et al. identified
51 transcripts as associated with environmental enteropathy and
12 with its severity measured with lactulose permeability.’” Most
identified transcripts code for proteins or cytokines participating in
immune responses to microbes, and some also epithelial junction

proteins. Twenty-four of all identified faecal transcripts were also
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TABLE 2 Summary of the studies evaluating host-mucosal-derived faecal biomarkers in environmental enteropathy (EE) defined by
abnormal sugar absorption tests. All the studies included <4-year-old children.

Study, country
mRNA transcripts
Positive findings

Agapova 2013,
Malawi®®

Ordiz 2016, Malawi®®

Yu 2016, Malawi®’

Ordiz 2018, Malawi®®

Singh 20214, Sierra
Leone®’

Study groups

EE: LMR>0.24
Controls: LMR<0.13

Severe EE: LMR 20.45
Moderate EE: LMR 0.16-0.44
Normal: LMR<=0.15

Severe EE: %L>0.7
Intermediate EE: %L 0.2-0.7
Normal: %L <0.2

Severe EE: %L >0.45
Normal: %L <0.45

Severe EE: %L >0.45 Medium
EE: %L 0.2-0.44
Normal: %L <0.2

mRNA transcripts, MPO, neopterin

Non-significant results

Singh 2021b, Sierra
Leone”®

MPO, neopterin, calprotectin
Non-significant results

Long 2019,
Bangladesh”*

Mondal 2019,
Bangladesh’?

Shivakumar 2022,
India”®

Shivakumar 2023,
India”

MPO, neopterin or other
Positive findings
Guerrant 2016, Brazil”

Campbell 2017,
Bangladesh®

EE: %L>0.2
Normal: %L <0.2

EE: LMR20.09
Normal: LMR<0.09

EE: LMR>0.09
Normal: LMR<0.09

EE: LRR>0.068
Normal: LRR<0.068

EE: LRR20.068
Normal: LRR<0.068

Malnutrition study

EE: LMR>0.07
Normal: LMR<0.07

Children in the
groups

n=36
n=34
n=134
n=>524
n=150

n=42
n=157
n=60

n=>59
n=281

EE:n=323
Normal: n=97

n=406
n=114

n=40
n=40

n=18-20
n=17-20°

n=27
n=19

n=17
n=24°

n=_375¢

n=210
n=329

Main results

Of five pre-selected transcripts, one (REG4) differed
between children with EE and controls.

Of 18 pre-selected transcripts, four differentiated by
EE severity (CD53, TNF, HLA-DRA, MUC12) and seven
predicted EE in the model (CD53, S100A8, TNF, CDX1,
HLA-DRA, MUC12, REG1A).

Of the whole transcriptome profile, 51 were associated
with EE and 12 were associated with EE severity.

Of seven pre-selected transcripts, two were associated
with %L (CDX1, REG1A) but these did not predict
severe EE in random forest models.

Of 15 pre-selected transcripts, eight identified EE and
differentiated its severity (SELL, BIRC3, IFI130, AQP9,
PIK3AP1, DECR1, DEFA6, REG3A)

15 pre-selected transcripts were clustered into three
groups reflecting gut inflammation, structure and
defence. LMR was not associated with transcript scores
in these groups or faecal myeloperoxidase or neopterin.
%L was associated with gut defence score.

No significant difference in median levels between the
groups in calprotectin (128 vs. 153mg/dL, p=NS), MPO
(1317 vs. 1750 ug/mL, p=NS) or neopterin (582 vs.
1000ng/mL, p=NS).

No significant difference in median levels between the
groups in calprotectin (115 vs. 64pg/g, p=0.21), MPO
(1161 vs. 668ng/g, p=0.70) or neopterin (1026 vs.
954nmol/L, p=0.67).

No significant difference in median levels between the
groups in calprotectin (244 vs. 135pg/g, p=0.287),
MPO (71,668 vs. 59,221 ng/mL, p=0.204) or neopterin
(1107 vs. 1151 nmol/L, p=0.599).

No significant difference in median levels between the
groups in calprotectin (317 vs. 181 mg/g, p=0.363),
MPO (66,655 vs. 38,460ng/mL, p=0.101) or neopterin
(1150 vs. 1392nmol/L, p=0.921).

LMR correlated with MPO (Pearson's correlation
coefficient 0.183, p=0.003) and lactoferrin (h=77,
0.297, p=0.026) but not with neopterin (0.037,
p=0.593) or REG1 (-0.065, p=0.322).

LMR correlated weakly with MPO (Pearson's
correlation coefficient 0.15, p<0.01) and neopterin
(0.11, p<0.05).

(Continues)
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TABLE 2 (Continued)

KIVELA ET AL.

Children in the

Study, country Study groups
Kosek 2017, MAL-ED birth cohort study®®
Multi-centre’®
Richard 2019, MAL-ED birth cohort study®®
Multi-centre’”
Non-significant results
Campbell 2004, Children with enteropathy n=72
Gambia’®
McCormick 2019, MAL-ED birth cohort study®"

Multi-centre’?

groups

n=1253

n=1017

n=1283

Main results

At 1year of age: MPO negatively associated with L:M
z-score, neopterin not associated.

At 2years of age: MPO or neopterin not associated
with L:M z-score. No more detailed data given.

MPO was associated with LMR z-score at 6 months
(coefficient -0.24, p <0.05) and 9 months (-0.25,
p<0.05) of age, but not at 3months (-0.22, p=NS) or
15months (-0.20, p=NS).

No significant correlation between neopterin and
intestinal permeability (p=0.11).

MPO and neopterin did not correlate with LMR z-score
(p~0.1-0.2).

Note: Study cohort overlapping with ?Long et al. (2019) and PShivakumar et al. (2022); 274 with available data about the markers; “Bangladesh, Brazil,
India, Nepal, Peru, Pakistan, Tanzania; *focus at 1 and 2years of age; fBangIadesh, Brazil, India, Nepal, Peru, South Africa and Tanzania; &follow-up

until 2years of age; "focus on age of 9-15months.

Abbreviations: %L, lactulose permeability; IQR, intra-quartile range; LMR, lactulose-mannitol ratio; LRR, lactulose recovery ratio; MAL-ED, Aetiology,
Risk Factors, and Interactions of Enteric Infections and Malnutrition and the Consequences for Child Health; MPO, myeloperoxidase; mRNA,

messenger RNA; ND, no data; NS, non-significant.

listed in the duodenal transcriptome study in environmental en-
teropathy by Haberman et al.3® Other studies focused on partially
overlapping pre-selected faecal transcripts, of which calprotectin
subunit SI00A8 was included in all studies. Other frequently in-
cluded transcripts also found by duodenal or faecal transcriptome
were CD53, IFI30, SELL and BIRC3. However, their association with
environmental enteropathy was inconsistent between the studies
(Table 2).

3.4 | Myeloperoxidase

MPO belongs to a family of haeme peroxidase enzymes. It is a major
component of the primary granules in neutrophils and is seen in
lower concentrations in monocytes and macrophages.85 Similarly to
calprotectin, it has been suggested to be used to reflect neutrophil-
associated inflammation. MPO is usually not found in extravascu-
lar tissues without inflammation, but activated neutrophils release
MPO that produces oxidants to kill invading pathogens. In chronic
inflammatory conditions, increased extracellular amounts of MPO
may result in host tissue damage.85

Ten studies on seven partly overlapping patient cohorts (n=35-
1283) were identified to study the association between faecal MPO
and environmental enteropathy as defined by lactulose-manni-
tol ratio (Table 2). Four studies reported a weak correlation with
low correlation coefficients between MPO and lactulose-manni-
tol ratio or found an association only at a certain age, whereas six
studies reported no differences (Table 2). Of note, the Malnutrition
and Enteric Disease (MAL-ED) longitudinal cohort study including
22,846 stool samples collected from 2076 children at 0-24 months

of age reported poor environmental conditions, age during the first

2years, recent breastmilk intake and enteric infections to affect fae-
cal MPO levels.”8¢

No studies evaluating faecal MPO in coeliac disease were found.
Density of neutrophils is known to be increased in the intesti-
nal mucosa of coeliac disease patients,?’ although their exact role
in pathogenesis is poorly understood. In a proteomic study, MPO
was expressed in the small intestinal mucosa of coeliac disease pa-
tients with differences during a 3-day gluten challenge and between
the samples from treated and untreated patients.*! Furthermore,
Hallgren et al. reported MPO levels in jejunal perfusion fluid to be
higher in seven coeliac disease patients than in 16 controls, and
Maluf reported higher MPO levels in the peripheral blood of 47 coe-

liac disease patients than in the blood of 31 controls.5”:88

3.5 | Neopterin

Neopterin is a breakdown product of guanosine triphosphate and its
synthesis and release from macrophages and monocytes is activated
by local interferons, especially IFN-y secreted by helper T1 cells.?%°
Neopterin can be measured from serum or, as it is excreted by the
kidneys, from urine. Moreover, neopterin levels in other body fluids
have been suggested to reflect local immune activation.”®
Tenstudies from seven partly overlapping patient cohorts (n=35-
1283) evaluated the association between environmental enteropa-
thy and faecal neopterin (Table 2). Campbell et al. reported a very
weak correlation between faecal neopterin and lactulose-mannitol
ratio,> whereas the other nine publications detected no differences
between neopterin levels in children with high and low lactulose-
mannitol ratio or lactulose permeability (Table 2). However, similarly

to MPO, age (increasing during the first 2years), recent breastmilk
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TABLE 3 Summary of the host-mucosal derived faecal biomarkers evaluated in coeliac disease (CeD) and environmental enteropathy (EE)
defined by small intestinal histology or abnormal sugar absorption test.

Marker Method(s)?

Cellular immune response

Neopterin ELISA

Gluten-dependent antibody response (CeD)
AGA ELISA, IIF

DGP

EmA

TGA

Inflammation, neutrophil activity

Calprotectin ELISA
Lactoferrin ELISA
MPO ELISA

Inflammation, unspecific

Lipocalin-2 ELISA

Innate immunity, alarmins

HBD2 ELISA

HMGB1 Western blotting

Other
ACE Colorimetric method

Host transcripts gPCR, transcriptome array

Regl ELISA
ZRP ELISA

Confounding factors®

Age, breastfeeding,
infections.

ND

Age, drugs, infections, Gl
bleeding.

Age, breastfeeding,
infections.

Age, breastfeeding,
infections.

Infections, drugs, tumours.

Infections, metabolic,
physical, chemical and
thermal stimuli.

ND

Microbiota, diet.

ND

Infections.

Evidence as faecal marker in CeD/EE

EE: weak association with LMR in one study, not
associated in nine studies.>’%7>7879
CeD: no studies identified

CeD: associated with untreated CeD in three studies,
not associated in two studies. 648051

CeD: levels higher and more often positive in
untreated CeD than in controls according to one
study.®?

CeD: associated with untreated CeD in two studies,
not associated in one study.*8->°

CeD: associated with untreated CeD in two studies,
not associated in two studies.*®->

CeD: inconsistent results from 10 studies.’? %!

ESPGHAN does not recommend the use in CeD.&°
EE: no difference between children with high and low
LMR according to four studies.”*7*

EE: correlated with LMR in one study.””

EE: Weak correlation with LMR in two studies, age-
related association in two studies and no association in
six studies.>’°777?

CeD: higher levels in CeD than in controls, but no
difference in seropositive patients with Marsh 0 and 3
according to one study.®°

CeD: higher levels in untreated CeD than in controls
according to one study.””

CeD: levels increased in untreated CeD versus
controls, decreased during GFD, correlated with S-
TGA according to one study.®®

CeD: higher activity in untreated than in treated CeD
or in controls according to one study.?

CeD: differentially expressed miRNA between
treated CeD patients with positive or negative TGA
and controls, and association with duration of GFD
according to one study.®*

EE: various potential mMRNA transcripts recognized
and used in models to predict EE and its severity;
inconsistent results according to six studies.®>"°

EE: no correlation with LMR according to one study.”

CeD: levels higher in untreated CeD than controls,
decreased on a GFD according to one study.*

Abbreviations: ACE, angiotensin-converting enzyme; AGA, anti-gliadin antibodies; DGP, deamidated gliadin peptide antibodies; ELISA, Enzyme-
Linked Immunosorbent Assay; EmA, endomysial antibodies; GFD, gluten-free diet; Gl, gastrointestinal; HBD2, human p-defensin-2; HMGB1, high
mobility group box 1; IIF, indirect immunofluorescence; LMR, lactulose-mannitol ratio; MPO, myeloperoxidase; qPCR, qualitative polymerase chain
reaction; Regl, regenerating islet-derived protein 1; S-TGA, serum transglutaminase-2 antibodies; ZRP, zonulin-related proteins.

dUsed in the studies included to the review.

bPotentially affecting the biomarker levels in general.
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intake and enteric infections were reported to affect faecal neop-
terin levels in the previously mentioned MAL-ED study cohort.”¢8¢
As far as we know, faecal neopterin has not been studied in coeliac
disease, but Fuchs et al. (1983) reported urine neopterin levels to
be higher in untreated, symptomatic coeliac disease patients than in

asymptomatic patients and those on a gluten-free diet.?

3.6 | Other markers
3.6.1 | Alarmins

Alarmins are endogenous peptides or proteins released due to
cell damage. They stimulate both the cells of innate immunity and
antigen-presenting cells resulting in subsequent inflammation.”
Because of this role, they can also be considered to be damage-
associated molecular patterns (DAMPs). Interest in the possible
significance of alarmins in immune-mediated conditions including
coeliac disease has increased.”??°

HBD2 is a granule-derived alarmin and antimicrobial peptide
expressed particularly by the epithelial cells of the skin, respiratory
and gastrointestinal tract in response to bacterial products and cy-
tokines, including IFN—y.94 In the intestine, it is believed to have an
anti-inflammatory and microbiota regulating role.”® Kamilova et al.
(2022) reported faecal HBD2 to be higher in 76 recently (<1year)
diagnosed paediatric coeliac disease patients than in 32 healthy
controls®® (Table 1). However, studies on duodenal transcripts and
proteomics have reported inconsistent results about the possible
expression of HBD2 in coeliac disease.334195-78

HMGB1, also called amphoterin, is a non-histone, DNA binding
protein which has various functions depending on its cellular posi-
tion and posttranslational modifications. Damaged cells including
monocytes, macrophages and epithelial cells, may release HMGB1
in the extracellular space and act as an alarmin activating innate im-
munity and promoting inflammation.”? Palone et al. (2018) reported
faecal HMGBL1 to be elevated in 39 children with untreated coeliac
disease, to decrease during 12months on a gluten-free diet and to
be undetectable in 20 age- and sex-matched controls.®® Levels cor-
related with serum TGA (Table 1). Also, serum HMGB1 levels have
been reported to be higher in paediatric coeliac disease patients than
in controls and possibly associated with clinical features and severity
of villous atrophy.”**°° No studies evaluating HBD2 or HMGB1 in

environmental enteropathy were found.

3.6.2 | Angiotensin-converting enzyme

ACE is an enzyme with an important role in the renin-angiotensin
system regulating blood pressure and body fluid balance by con-
verting angiotensin | to Il and degrading bradykinin. ACE can be
found in various tissues, especially the lungs and kidneys, but also
in the intestine where it may have a role in absorption.'°! Letizia

et al. (1996) reported significantly higher faecal ACE activity in

KIVELA ET AL.

20 untreated coeliac disease patients compared to 18 treated
patients and 15 controls®? (Table 1), but no more recent studies
on ACE were identified either in coeliac disease or environmental

enteropathy.

3.6.3 | Lactoferrin

Lactoferrin is a heat stable glycoprotein found not only in various
body fluids including breast milk, bile and saliva but also in epithelial
cells and neutrophil granules where it is released during inflamma-
tion or infection.’? In addition to immune defence, lactoferrin has
antimicrobial functions and participates in iron metabolism. The
study by Guerrant et al. (2016) was the only one to evaluate faecal
lactoferrin in environmental enteropathy and reported it to correlate
with lactulose-mannitol ratio in 375 participants.”” (Table 2). Fine
et al. (1998) reported faecal lactoferrin to be undetectable in 92% of
13 coeliac disease patients, but the study did not report the criteria
used for diagnosing coeliac disease and thus did not meet the inclu-

sion criteria of the current review.'%3

3.6.4 | Lipocalin-2

Lipocalin-2, also called neutrophil gelatinase-associated lipocalin
(NGAL), is a small glycoprotein released by various cell types in
response to cell injury, for example, in intestinal and metabolic
inflammation, infection and ischaemia.’®® Although the precise
pathophysiological role of lipocalin-2 remains unclear, many of its
functions are related to iron metabolism, for example, in protec-
tion combating infections.'®* Sutton et al. reported faecal lipoca-
lin-2 to be higher in 73 adult coeliac disease patients than in 18
controls, whereas seropositive patients with Marsh O lesion pre-
sented with lipocalin-2 levels comparable to those with Marsh 3¢°
(Table 1). Of note, plasma lipocalin-2 levels have been compara-
ble between coeliac disease patients and controls.6%10° According
to a proteomic study, lipocalin-2 expression was detected in the
mucosa of coeliac disease patients and changed during a 3-day
gluten challenge but was not significantly different in samples
from treated and untreated patients.** No studies evaluating fae-
cal lipocalin-2 in environmental enteropathy were found, but in a
study on mucosal genomics, Haberman et al. reported lipocalin-2
to be up-regulated in environmental enteropathy even more spe-
cifically than in coeliac disease.®®

3.6.5 | Regenerating islet-derived protein 1

Regl is a B-cell growth factor belonging to the regenerating gene
protein family and having a role not only in pancreatic islet regen-
eration and cancer but also in other pathologies including intesti-
nal inflammation.’®® During inflammation, notably secretory cells

such as Paneth and enterochromaffin-like cells seem to express
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Regl according to evidence from inflammatory bowel diseases.'
Guerrant et al. (2016) reported faecal Regl not to correlate with
lactulose-mannitol ratio in a study on 375 children with environ-
mental enteropathy and malnutrition”® (Table 2). No studies evaluat-

ing Reg1 in coeliac disease were identified.

3.6.6 | Zonulin-related proteins

Zonulin is a precursor to haptoglobin 2, which reportedly regu-
lates the integrity of intestinal epithelial tight junction proteins.®’
Increased zonulin release has been suggested to reflect increased
intestinal permeability and to be associated for example with in-
fections and gluten. However, there are significant limitations in
commercially available zonulin ELISA tests as many of these may
indicate the presence of proteins other than zonulin.1°®%%? Gallego
et al. (2024) reported the levels of faecal zonulin-related proteins to
be higher in 23 children with untreated coeliac disease than in 39
controls, and to decrease on a gluten-free diet®! (Table 1). Elevated
zonulin levels have also been reported in the intestinal biopsies and
serum of untreated coeliac disease patients and in serum samples
preceding preclinical coeliac disease than in the samples from con-
trols. 107110111 Lawever, all these studies used ELISA kits with un-

known reliability for measuring zonulin.

4 | DISCUSSION

To summarize, the evidence on faecal markers reflecting the degree
of small intestinal damage is still scarce (Table 3). In coeliac disease,
there were single studies with positive findings about antibodies
and protein markers but also contradictory results. In environmen-
tal enteropathy, even the markers used widely in research, such as
neopterin and MPO, seemed to lack the evidence about the asso-
ciation with intestinal damage. In only a few of the environmental
enteropathy studies, the main aim was to study the association of
the markers with intestinal damage, and most of them focused pri-
marily on nutritional aspects and linear growth in young children.
Furthermore, all the environmental enteropathy studies included
here used lactulose-mannitol ratio or lactulose permeability as a
proxy for small intestinal damage although these have significant
practical limitations and reflect mainly permeability and absorption;
it is unclear whether they correlate with inflammation and morpho-
logical changes.1?20:112.113

Proteomic and transcriptomic studies of small intestinal mucosa
provide important background on the molecules possibly indicating
intestinal damage.23 However, these methods also have limitations
and do not directly reflect the possible findings in faeces. In pro-
teomic studies, high- and medium-abundant proteins are usually well-
recognized whereas small and low-abundant proteins may not be
detected.?® While RNA sequencing is currently the most used method,
sequencing depth and coverage may cause significant variation in the

results. Also, some of the molecules detected in mucosal samples,
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such as cytokines, have a short half-life and are thus not candidates
for faecal measurement.*'* Furthermore, the degradation of molecules
starting already in the small intestine, continuing through the large in-
testine and persisting after defecating affects what remains measur-
able in faeces. Whether the extent or localization of mucosal damage
is associated with the amount of molecules released in faeces is not
known.*>11¢ We could speculate that if, for example, calprotectin was
released in higher volumes in the lower than in the upper intestine, this
might explain why it was found in duodenal proteomic studies, while
the results from faecal marker studies were conflicting.

Molecules remaining in faeces after degradation should be rel-
atively stable, enabling practical sample collection, transportation
and storage. However, these aspects are not well validated for many
of the markers studied and the potential influence of stability on the
results reported remains unclear. Furthermore, the possible signifi-
cance of stool frequency and consistency are not known. Patients
with diarrhoea were excluded from some of the studies, and, for
example, faecal dry weight to reflect watery content more specifi-
cally was rarely measured. This method may be time consuming, and
while stool consistency classification could also be used to reflect
watery content, there is limited evidence on its utility.”"*!® Faecal
sample processing for the analyses is also an important step,''? but
whether, for example, normalizing the amount of proteins compared
to faecal weight results in better outcomes is not known.*?° Finally,
simple enough methodology to measure the markers or their frag-
ments from faecal samples is needed, and as was seen here, ELISA
was used in many of the studies.

Most of the markers of interest, except for antibodies in coeliac
disease, are unspecific and their utility has also been studied in other
gastrointestinal conditions including inflammatory bowel diseases,
necrotizing enterocolitis and colorectal conditions, such as cancer and
polyps.?1-12¢ These markers mainly reflect inflammation and immune
responses in the mucosa and some of them have been reported to be

127128 400 7686 dietary factors and

affected, for example, by infections,
gut microbiota.’??1% To overcome the lack of specificity, a combina-
tion of different markers assessing various aspects of intestinal damage
may be needed. In environmental enteropathy, the combination of, for
example, MPO, neopterin and a-1-antitrypsin has been suggested to
reflect the complex damage pathways and pathology better than single
marker.*3! Finally, when talking about faecal transcripts, it is crucial to
note that most of them originate from microbes. That said, only a frac-
tion of stool seems to be relevant from the biomarker aspect.

In clinical practice, the need for novel non-invasive markers to
reflect the condition of small intestinal mucosal is clear. Feasible
tools for monitoring disease activity would help to focus the invasive
downstream evaluations only on those in need. Also, non-invasive,
and reliable endpoints are much needed in coeliac disease and envi-
ronmental enteropathy intervention studies as repeated biopsies are
not justified, especially for paediatric patients. In addition to these
aspects, although environmental enteropathy is defined as a small
intestinal enteropathy, it is rarely diagnosed on the basis of mucosal
biopsies. Improved biomarkers are thus needed to define and char-

acterize environmental enteropathy.
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5 | CONCLUSIONS AND FUTURE
RESEARCH

Stool remains an interesting and relatively little utilized source of in-
formation on conditions of the small intestine. More evidence about
the molecules released from intestinal mucosa and their potential to
be measurable in faeces is needed. After this, important steps towards
utilizing stool samples more effectively would be the validation of
sample collection and processing, and ensuring the availability of clini-
cally feasible measurement methods for relevant markers. Finally, the
utility of the markers should be compared directly against the findings
from intestinal biopsies to study their reliability. It is possible that a
combination of several markers rather than a single marker would be
needed to describe the various characteristics of small intestinal mu-

cosal health.
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