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Abstract

Background: Citrulline has been described as a marker of intestinal function or absorption but evidence varies according to
clinical settings.

Objective: The objective of this article is to examine the evidence of plasma citrulline as a marker of intestinal function and
absorption in various clinical settings.

Methods: Studies were examined for p values, means and standard deviations, correlation coefficients or other metrics
depicting the association of citrulline with intestinal function. A random effects model was used to produce a pooled
estimate. A hierarchical summary receiver operating curve model was fitted for diagnostic accuracy measures.

Results: Citrulline levels are correlated strongly with small bowel length in short bowel syndrome patients (r=20.67).
Citrulline is strongly negatively correlated (r=-0.56) with intestinal disease severity with regards to enteropathies (coeliac
disease, tropical enteropathy, Crohn’s disease, mucositis, acute rejection in intestinal transplantation). Citrulline cut-off
levels have an overall sensitivity and specificity of 80% and 84% respectively. Citrulline levels in untreated coeliac patients
compared to controls were reduced by 10 umol/I. Citrulline levels increase with gluten-free diet and with improvement of
enteropathy. Citrulline is decreased in critical illness and sepsis.

Conclusion: These findings allow us to advocate quite reasonably that citrulline is a marker of acute and chronic intestinal
insufficiency.
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Key summary

1. Summarise the established knowledge on this subject

e Citrulline is a non-protein amino acid, and in humans its plasma content is derived largely from the
amount produced in enterocytes of the small bowel.

e Certain clinical conditions have been identified in which citrulline has been used as a marker of intestinal
function.

e It is not clear whether citrulline levels reflect intestinal function (notably absorption), enterocyte mass,
both or other.

2. What are the significant and/or new findings of this study?
e Citrulline is positively correlated with small bowel length in short bowel syndrome with lower citrulline
levels being indicative of intestinal insufficiency.
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e Citrulline is moderately correlated with enteral absorption in various conditions.
e Citrulline is negatively correlated with disease severity in intestinal enteropathies.
e Citrulline cut-off levels have a sensitivity and specificity of 80% and 84%; 20 pmol/l seems to be the most

prevalent cut-off level.

Introduction

Citrulline is a non-protein amino acid, and in humans
its plasma content is derived largely from the amount
produced in enterocytes of the small bowel.'
Citrulline’s first isolation from the juice of the water-
melon has been attributed to Koga and Ohtake®® and
Wada.* Certain clinical conditions have been identified
in which citrulline has been used as a marker of intes-
tinal function.””’ However, it is not clear whether
citrulline levels reflect intestinal function (notably
absorption), enterocyte mass, or both, with its current
use being interchangeable. Hence, due to citrulline’s
unique metabolism, this systematic review aims to
answer whether citrulline is a successful indicator of
intestinal enterocyte mass and absorption and what
clinical conditions it has been utilised in as a marker.

Methods

The inclusion criterion for this systematic review was
any empirical study describing investigation of citrulline
in relation to intestinal function. The Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines and Meta-analysis of
Observational Studies in Epidemiology (MOOSE)
checklist for systematic reviews and meta-analyses were
used.®” Electronic database searches were conducted
with no year limits. The quality of studies was assessed
with elements from Cochrane Collaboration’s tool'® and
the RTI Item Bank for Observational Studies.'""'? For
the meta-analysis, studies were examined for p values,
means and standard deviations, correlation coefficients
(CCs) or other metrics depicting the association of citrul-
line with intestinal function. Metrics were converted to
the standardised mean difference (SMD),'*!'* mean dif-
ference (MD),'> and/or CC. A random effects model was
used to produce a pooled estimate of the SMDs/MDs/
CCs. Heterogeneity was quantified using the I statistic
and further investigated with subgroup analysis and
meta-regression. Publication bias was assessed using
funnel plots, Egger’s test, Begg’s test and Rosenthal’s
number.'® ' The CC is converted to the Fisher’s z
for all analyses.'” Regarding diagnostic accuracy data,
a hierarchical summary receiver operating curve
(HSROC) model was fitted to provide a summary recei-
ver operating curve (SROC) and to allow derivation of
pooled sensitivity and specificity estimates.?’ The meth-
ods are described in more detail in the Supplementary
Materials.

Results

From 463 initial studies, 131 were included in the sys-
tematic review and 63 in the meta-analyses performed
(Figure 1). Overall number of patients was 4292
(mean 68, range 6-847) with mean age 31.6 years,
male percentage 50.9% and body mass index (BMI)
21.9kg/m?  Twenty-three studies involved children
and 40 involved adults, and the majority of studies
were conducted in Europe (45 studies). Mean citrulline
value from all studies was 23.2 umol/I and citrulline was
mostly measured with high-performance liquid chro-
matography (HPLC). Main findings from all studies
are shown in Supplementary Tables 1-6, grouped by
condition. There was a strong presence of detection
bias and almost 50% confounding bias (Figure 2,
Supplementary Figure 1). Reporting bias was also an
issue that arose from the papers.

Necrotising enterocolitis (NEC)

Four studies have assessed citrulline levels in patients
with NEC (Supplementary Table 1). Risk of bias was
low in most studies. The MD indicated a signifi-
cant decrease in citrulline levels by —7.8 pmol/l (95%
confidence interval (CI) (—-14.7, -0.9);
FP=98%) compared to controls, which indicated a

[ 463 studies identified through ‘
database searching

254 records excluded for

Abstracts of records screened If -{ irrelevant content (not related
© to the inclusion criterion)

™ 78 of full-text articles excluded
(reviews, animal studies,
| experimental studies,
irrelevant topics)

209 of full-text articles
assessed for eligibility

131 studies were trials,
observational studies or case
series investigating citrulline

and intestinal function

|

63 studies included in the ‘
meta-analysis

| [ 68 studies not included in the
meta-analysis because no data
could be extracted

/

Figure 1. Flowchart for systematic review of studies.
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Figure 2. Risk of bias graph: Review authors’ judgements about each risk of bias item presented as percentages across all included

studies (all studies).

strong decrease when the SMD was analysed —1.44
(95% CI (-2.80, —0.07); F=96%). Celik et al.*!
described that the area under the receiver operating
characteristic (ROC) curve for citrulline to differentiate
NEC from controls was 0.88 (95% CI (0.77, 0.99)) and
the cut-off level of citrulline was 13.15 umol/l with a
sensitivity of (80% and a specificity of 82% but no
association with duration of parenteral nutrition was
noted. Similarly, Ioannou and colleagues® noted that
the area under the ROC curve for plasma citrulline to
discriminate neonates with NEC from control neonates
was 0.86 (95% CI (0.77, 0.96)). The citrulline level that
maximised the test’s sensitivity and specificity was
17.75 pmol/l, with a sensitivity of 76% and a specificity
of 87%.

Intestinal transplantation

Measurement of citrulline levels has been investigated
as a possible indicator of intestinal transplant rejection.
Thirteen studies were identified in the literature
search and two groups have published quite extensively
in the field: the University of Miami, School of
Medicine® and the Mount Sinai School of Medicine®*
(Supplementary Table 2).

These studies’ focus is the ability of citrulline levels
to predict the grade of acute cellular rejection and the
cut-off value of citrulline levels that yield a high possi-
bility of acute cellular rejection. There was presence of
detection bias and confounding because not all studies
assessed possible confounders of associations. Also,
there is a strong possibility of reporting bias and attri-
tion bias, because many papers are published in
Transplantation Proceedings, which publishes short
reports from transplant centres (Supplementary
Figure 1). The initial studies by the Miami group
described a moderate negative CC of citrulline levels
with rejection (Pappas et al.>> reported CC =-0.590)

but in the recent studies by Ruiz and colleagues®® and
Hibi et al.,”” which include up to around 10,000 plasma
citrulline samples, correlation reaches up to a strong —
0.977 with acute cellular rejection. The CCs are shown
in Supplementary Figure 2 without meta-analysis due
to severe heterogeneity.

Two other trends were noted in the transplantation
articles: First, citrulline appears to normalise after a
certain amount of time post-transplantation and this
is a significant factor against rejection;*® 3! secondly,
the cut-off value of citrulline predicting rejection
varies. The Miami group have described that citrulline
levels have a very high negative predictive value for
moderate or severe acute rejection (negative prognostic
value=99% with cut-off level 13 umol/l; sensitiv-
ity =96.4% with particularly high specificity in adult
patients);?’>** but the Mount Sinai Group did not
find that citrulline had satisfactory diagnostic accuracy
to discern rejection.’® Multiple parameters need to be
taken into account when measuring citrulline in this
group, including time after surgery, renal function,
graft pathology, infection, sepsis, and donor and
patient anthropometrics.?***-*

Short bowel syndrome (SBS)

Thirty-five papers and abstracts were identified which
included eventually 26 studies (Supplementary Table 3).
Quality assessment showed possibilities of reporting,
attrition and detection bias (Figure 2).

Citrulline and residual small bowel length. Twenty-one
studies were analysed and the random-effects
analysis of CCs produced a pooled effect of 0.67
(95% CI (0.39, 0.84), range (0.26, 0.99)), which indi-
cates a strong correlation (Figure 3). In addition there
was evidence of publication bias (funnel plot asym-
metry, Egger’s test p=0.001 but Begg’s test p =0.156,
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Correlation Correlation
Study Total Weight 1V, Random, 95% CI IV, Random, 95% ClI
Crenn et al. 2000 57 4.7% 0.83 [ 0.73, 0.90] s |
Kabrt et al. 2003 20  4.5% 0.37[-0.08, 0.70] 1——
Pita et al. 2003 13 4.3% 0.77 [0.38,0.93] —i-
Gong et al. 2005 22  45% 0.82[0.61,0.92] —
Rhoads et al. 2005 45  4.7% 0.47 [0.20, 0.67] —il—-
Luo et al. 2007 24  4.6% 0.47 [0.08,0.73] ——
Nion—Larmurier et al. 2007 23  4.6% 0.83 [0.64,0.93] i
Papadia et al. 2007 55  4.7% 0.59 [0.39, 0.74] —8-
Parekh et al. 2008 30 4.6% 0.38 [0.03,0.65] —i—
Santarpia et al. 2008 25 4.6% 0.81[0.61,0.91] e
Bailly-Botuha et al. 2009 31 4.6% 0.44 [0.10,0.69] —F—
Fitzgibbons et al. 2009 27  4.6% 0.73[0.48,0.87] —-
Diamanti et al. 2010 53  4.7% 0.62 [0.43,0.77] —-
Picot et al. 2010 26  4.6% 0.39 [0.00, 0.68] ——
Diamanti et al. 2011 28  4.6% 0.49 [0.14,0.73] —_—
Khan et al. 2011 19  45% 0.73 [0.41,0.89] —l-
Raphael et al. 2011 10 4.2% 0.42[-0.29, 0.83] —
Pironi et al. 2012 112 4.8% 0.49 [0.33, 0.62] = o
Suzuki et al. 2012 6 3.5% 0.50[-0.52, 0.93] -
Amiot et al. 2013 268  4.8% 0.99 [0.99, 0.99] |
Pinto Costa et al. 2013 35 4.6% 0.26[-0.08, 0.55] ——
Vecino Lépez et al. 2013 57 4.7% 0.85 [ 0.76, 0.91] : |
Total (95% Cl) 986 100.0% 0.67 [ 0.39, 0.84] =
Heterogeneity: Tau? = 0.91; Chi? = 756.93, df = 21 (P < 0.01); I = 97%
Test for overall effect: Z = 3.92 (P<0.01) -0.5 0 0.5

Figure 3. Forest plot. Correlation coefficient with small bowel length in short bowel syndrome.
Cl: confidence interval. IV: Inverse Variance.
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Figure L. Funnel plot. Correlation coefficient with small bowel length in short bowel syndrome - there is asymmetry in the plot
indicating publication bias.

Fail-safe N =5286) and high heterogeneity (I?=97%, United States, Spain and Italy (Supplementary Figure
p<0.001) (Figure 4). 3). Meta-regression also did not identify any heterogen-

When analysed by subgroups, heterogeneity eity with respect to male percentage, mean age, mean
remained high with respect to patient type, and meas- BMI, mean citrulline concentration and mean small
urement method, but was reduced in studies from the bowel length (Supplementary Table 7).



Fragkos and Forbes

185

Citrulline between SBS patients and healthy controls. Twelve
studies were analysed and the random-effects model
showed that citrulline levels were decreased by -
12 pmol/l (95% CI (-16.3, =7.7)) (SMD —1.34, 95% CI
(-1.77, —0.91)); there was heterogeneity (MD: I*=92%,
» <0.001; SMD: F=80%, p<0.001) (Figure 5(a)) but
no publication bias (symmetric funnel plot, Egger’s test
p=0.606, Begg’s test p=0.537, Fail-safe N=853)
(Supplementary Figure 5(b)).

Citrulline levels in parenteral nutrition (PN)-dependent vs PN-
independent patients. Twelve studies were analysed com-
paring levels of citrulline in patients who needed PN
against patients who were weaned off PN. The random-
effects model showed that citrulline levels were decreased
by —13.3 umol/l (95% CI (-17.6,-9.0)) (SMD —1.58, 95%
CI (-2.09, —1.08)); there was heterogeneity (MD:
P=89%, p<0.001; SMD: ’=79%, p <0.001) but no
publication bias (symmetric funnel plot, Egger’s test
p=0.174, Begg’s test p=0.451, Fail-safe N=753)
(Supplementary Figures 4(a) and 5(d)).

Sixteen studies described diagnostic accuracy results
(Supplementary Table 8). Overall, citrulline levels have
a sensitivity of 82.5% and specificity 82%
(Supplementary Table 9, Supplementary Figure 6).
Since 13 studies compared citrulline levels at a cut-off
level of 20 umol/l to discern among SBS patients who
needed PN or not, the meta-analysed sensitivity and spe-
cificity reflect mostly that. Any heterogeneity present is
due to different cut-off levels and comparison groups.

Teduglutide and citrulline levels. There have been four stu-
dies studying the effect of teduglutide —a GLP-2 analogue
which acts as a growth factor in patients with SBS — on
citrulline levels (Supplementary Table 3). Three studies
compared citrulline levels in patients who received tedu-
glutide against patients who received placebo in Crohn’s
disease and SBS. The random-effects model showed that
citrulline levels in teduglutide vs placebo were increased
by 12.4 umol/1 (95% CI (5.5, 19.3)) (SMD 1.02, 95% CI
(0.47, 1.58)) and there was heterogeneity (MD: I> = 85%,
p=0.001; SMD: *=73%, p=20.02). Four studies pro-
vided citrulline levels of patients who received teduglutide
at the end of treatment compared to their baseline. The
random-effects model showed that citrulline levels in
teduglutide at end of treatment vs baseline were increased
by 15.3 umol/1 (95% CI (12.5, 18.2)) (SMD 1.21, 95% CI
(1.00, 1.43)); there was no heterogeneity (MD: F= 16,
p=031; SMD: F=0%, p=0.56) (Supplementary
Figures 4(b) and (c)).

Enteropathies

Villous atrophy syndrome. Eleven studies were used in
meta-analyses in this category which included cases

that had coeliac disease or other enteropathy
(Supplementary Table 4). Meta-analyses firstly com-
pare citrulline levels in diseased patients against con-
trols, then those who had received a gluten-free diet
(GFD) compared to those who had not, and finally
association of citrulline levels with disease severity.
Severity of disease was categorised broadly and
included either histological diagnoses, worsening symp-
toms or any other metric reported by the authors which
indicated severity of the enteropathy. Severity is to be
considered as a scale by which higher values indicate
more severe disease and lower values indicate less
severe disease. The random-effects model showed that
citrulline levels in coeliac disease patients compared to
controls were decreased by —9.7 pmol/l (95% CI (-13.8,
-5.6)) (SMD -0.99, 95% CI (-1.30, —0.67)); there was
heterogeneity (MD: IFP=89%, p<0.001; SMD:
P =78%, p <0.001) but no publication bias (symmetric
funnel plot, Egger’s test p =0.247, Begg’s test p =0.283)
(Figure 6(a), Supplementary Figure 5(c)). The random-
effects model showed that citrulline levels were
decreased by -8.2umol/l (95% CI (-10.4, -5.9))
(SMD -1.08, 95% CI (-1.42, —0.75)) in those patients
who had not received a GFD compared to those who
had (Supplementary Figure 4(d)).*>

Crohn’s disease. Citrulline levels were compared between
Crohn’s disease patients and controls in two studies.*>*!
The random-effects model showed that citrulline levels in
patients vs controls was decreased by —9.7 umol/l (95%
CI (-12.6, —-6.7)) (SMD -1.19, 95% CI (-1.63, —-0.75));
there was no heterogeneity (MD: F=0%, p=0.90;
SMD: P=0%, p=0.99) (Figure 5(a)).

Acute mucosal enteropathy and cancer treatments. Acute
mucosal enteropathy can cause a significant loss of
enterocytes. Fourteen studies were used in a meta-ana-
lysis in this category which included cases of patients
who had received chemoradiation for bone marrow
transplant, cancer or other malignant disorder
(Supplementary Table 5). Generally:

1. Citrulline decreases in the initial phase of treatment
and then increases while the initial gastrointestinal
toxicity related to treatment seems to reside.

2. Citrulline decrease is related to higher doses of treat-
ment and is usually inversely correlated with severity
of gastrointestinal toxicity. Meta-analysis was per-
formed on this outcome since 14 studies were
identified.

The random-effects model showed that citrulline
levels were negatively correlated with severity of gastro-
intestinal toxicity with a moderate correlation of —0.41
(95% CI (-0.51, —0.30)); there was no heterogeneity



186 United European Gastroenterology Journal 6(2)

(@

Study or Condition Control Mean difference Mean difference
Subgroup Mean SD Total Mean SD Total Weight |V, Random, 95% CI IV, Random, 95% ClI
Short bowel syndrome :
Crenn et al. 2000 20.00 13.00 57 40.010.0 51 3.5% —20.00 [-24.35, —15.65] B
Pita et al. 2003 27.90 1230 13 376 6.2 22 3.0% -9.70[-16.87, —2.53] -
Gong et al. 2005 590 270 22 169 6.0 33 3.8% —11.00[-13.34, -8.66]
Rhoads et al. 2005 1940 890 24 312 73 21 3.4% -11.80[-16.54, —7.06] =
Papadia et al. 2007 1480 7.50 27 311 48 6 3.4% —16.30 [-21.07, —11.53] -
Peters et al. 2007 39.00 6.90 6 381 80 21 31% 0.90[-5.60, 7.40] 5
Parekh et al. 2008 24.40 16.00 30 33.216.0 49 3.0% —11.80[-19.07, —4.53] = B
Santarpia et al. 2008 1410 4.00 25 18.0 46 54 3.8% -3.90[-5.89, —1.91] :
Bailly—Botuha et al. 2009 1160 860 31 25.0 9.0 4  2.6% —13.40 [-22.72, —4.08] —
Diamanti et al. 2010 850 870 26 350 87 37 3.5% —26.50[-30.86, -22.14] B
Pironi et al. 2012 23.60 1290 93 37.0 6.0 19 3.6% —13.40[-17.16, —9.64] [
Pinto Costa et al. 2013 28.60 11.30 11 340 93 24 29% -5.40[-13.04, 2.24] =t
Total (95% Cl) 365 341 39.7% —11.99[-16.29, —-7.69] ->
Heterogeneity: Tau® = 49.75; Chi® = 134.69, df = 11 (P<0.01); 1= 92%

Test for overall effect: Z = -5.46 (P<0.01)

Crohn’s disease :
Papadia et al. 2007 2120 860 31 31.1 438 6 3.4% -9.90[-14.79,-5.01] E |
Diamanti et al. 2011 2350 840 31 330 75 44 3.6% -9.50[-13.20,-5.80] ]
Total (95% ClI) 62 50 7.0% —9.65[-12.59, -6.70] *
Heterogeneity: Tau? = 0; Chi = 0.02, df = 1 (P=0.90); I°= 0% :
Test for overall effect: Z = —6.41 (P<0.01)

Intestinal Transplantation :
Pappas et al. 2001 15.29 13.78 7 365 88 6 2.0% -21.21[-33.61,-8.81] —_—
Total (95% ClI) 7 6 2.0% -21.21[-33.61,-8.81] i
Heterogeneity: not applicable

Test for overall effect: Z = -3.35 (P<0.01)

Necrotising enterocolitis

Becker et al. 2000 12.00 200 13 227 53 32 3.8% —10.70 [-12.83,-8.57]
loannou et al. 2012 16.00 3.70 17 247 48 24 3.7% -8.70[-11.30,-6.10]
Celik et al. 2013 10.70 520 20 232 93 16 3.4% —12.50 [-17.60, —7.40] =
Englund et al. 2014 13.10 6.60 223 13.0 58 624 3.9% 0.10[-0.88, 1.08] N - |
Total (95% ClI) 273 696 14.8% -7.79[-14.67, —0.90] -
Heterogeneity: Tau?® = 46.98; Chi® = 120.02, df = 3 (P<0.01); I°= 98%

Test for overall effect: Z = -2.22 (P=0.03)

Coeliac Disease

Crenn et al. 2003 24.00 13.00 52 40.0 10.0 51 3.5% —16.00 [-20.47, -11.53] e
Papadia et al. 2007 23.80 6.20 6 311 438 6 3.2% -7.30[-13.57, -1.03] e 3
Miceli et al. 2008 12.00 860 27 247 91 50 3.5% —12.70 [-16.81, —8.59] -
Peters et al. 2008 26.60 1420 16 38.0 80 19 2.9% —11.40[-19.23, -3.57] -
Basso et al. 2011 31.10 940 63 338 7.3 42 37% -2.70[-5.90, 0.50] :
Bernini et al. 2011 16.40 4.40 90 223 54 51 3.8% -590[-7.64, —4.16] |
Blasco Alonso et al. 2011 17.70 9.40 46 289 116 42 3.5% —11.20 [-15.64, —6.76] ll
loannou et al. 2011 3250 560 53 324 75 20 3.6% 0.10[-3.52, 3.72] -
Sevinc et al. 2015 32.50 16.70 62 76.8 651 62 1.5% —44.30 [-61.03, 27.57] —&—

Total (95% Cl) 415 343 29.2% -9.69[-13.79, -5.60] >
Heterogeneity: Tau® = 30.94; Chi® = 69.9, df = 8 (P<0.01); I°= 89%

Test for overall effect: Z = -4.64 (P< 0.01)

Enteropathy :
Crenn et al. 2009 28.00 590 115 38.0 80 100 3.8% -10.00[-11.90, -8.10]
Total (95% Cl) 115 100 3.8% -10.00[-11.90, -8.10] *
Heterogeneity: not applicable :
Test for overall effect: Z=-10.30 (P< 0.01)

Mucositis 5
Vokurka et al. 2013 9.30 290 11 333 94 20 3.5% -24.00[-28.46, —19.54] B
Total (95% Cl) 11 20 3.5% -24.00 [-28.46, —19.54] >
Heterogeneity: not applicable :
Test for overall effect: Z=-10.54 (P< 0.01)

Total (95% ClI) 1248 1556 100.0% -11.18 [-13.75, —-8.60] °
Heterogeneity: Tau® = 44.27; Chi? = 532.14, df = 29 (P <0.01); 1= 95% I I T I T 1
Test for overall effect: Z=-8.51 (P< 0.01) —-60 -40 -20 0 20 40 60
Test for subgroup differences: Chi® = 38.27, df = 6 (P< 0.01)

Figure 5. (a) Forest plot with overall weighted mean difference of patients with a condition against controls (30 studies). (b) Forest plot
with correlation coefficients with severity in all available studies (28 studies).
Cl: confidence interval. IV: Inverse Variance, SD: Standard Deviation.
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(b)

Study or Correlation
Subgroup Total Weight IV, Random, 95% CI
Crohn’s disease

Papadia et al. 2007 55 3.7%  0.09[-0.18, 0.35]
Diamanti et al. 2011 75 3.8%  0.22[-0.01, 0.42]
Elkhatib and Buchman 2012 81 3.8% 0.01[-0.21, 0.23]
Lee etal. 2013 86 3.8% —0.35[-0.52, —0.15]
Total (95% Cl) 297 15.1% -0.01[-0.27, 0.24]

Heterogeneity: Tau? = 0.06; Chi® = 14.8, df = 3 (P <0.01); I>= 80%
Test for overall effect: Z=-0.10 (P=0.92)

Coeliac Disease

Crenn et al. 2003 103 3.8% -0.81 [-0.87, —0.73]
Miceli et al. 2008 27 3.5% -0.53 [-0.76, -0.19]
Peters et al. 2008 35 3.6% -0.95 [-0.97, —0.89]
Basso et al. 2011 105 3.8% -0.97 [-0.98, —0.96]
Blasco Alonso et al. 2011 57 3.7% -0.94 [-0.96, —0.89]
loannou et al. 2011 73 3.8% -0.67 [-0.78, —0.52]
Sevinc et al. 2015 62 3.8% 0.09 [-0.17, 0.33]
Total (95% Cl) 462 26.1% -0.82 [-0.94, -0.51]

Heterogeneity: Tau? = 0.59; Chi® = 223.28, df = 6 (P<0.01); 2= 97%
Test for overall effect: Z =-3.87 (P< 0.01)

Enteropathy

Crenn et al. 2009 225 3.9% -0.71 [-0.77, -0.64]
Papadia et al. 2010 150 3.9% -0.78 [-0.84, —0.71]
Total (95% Cl) 375 7.7% -0.75 [-0.81, —0.67]

Heterogeneity: Tau? = 0.01; Chi® = 2.36, df = 1 (P=0.12); I>= 58%
Test for overall effect: Z=-11.82 (P< 0.01)

Mucositis

Lutgens et al. 2004 23 3.5% -0.67 [-0.85, —0.36]
Blijlevens et al. 2005 32 3.6% -0.43 [-0.68, —0.10]
Wedlake et al. 2008 59 3.7% -0.16 [-0.40, —0.10]
Derikx et al. 2009 34 3.6% -0.62 [-0.79, —0.35]
van Vliet et al. 2009 9 2.7% -0.62 [-0.91, 0.07]
Jakobsson et al. 2009 29 3.6% -0.36 [-0.64, 0.01]
van der Velden et al. 2010 163 3.9% -0.20 [-0.34, -0.05]
Onal et al. 2011 53 3.7% -0.55 [-0.71, -0.32]
Vokurka et al. 2013 11 2.9% -0.54 [-0.86, —0.08]
Gosselin et al. 2014 26 3.5% -0.48 [-0.73, -0.12]
Karlik et al. 2014 10 2.8% —0.21 [-0.74, —0.48]
Brady et al. 2015 15 3.2% —0.59 [-0.85, —0.11]
Kong et al. 2015 42 3.7% —0.26 [-0.52, —0.05]
Wang et al. 2015 11 2.9% —0.74 [-0.93, —0.25]
Zezulova et al. 2016 49 3.7% —0.24 [-0.49, —0.04]
Total (95% ClI) 566 51.1% —0.41 [-0.51, —0.30]

Heterogeneity: Tau? = 0.02; Chi® = 24.68, df = 14 (P=0.04); 1= 43%
Test for overall effect: Z=-6.70 (P< 0.01)

Total (95% CI) 1700 100.0% —0.56 [-0.70, —0.37]
Heterogeneity: Tau? = 0.37; Chi® = 593.82, df = 27 (P=0.01); I°= 95%

Test for overall effect: Z=-5.18 (P< 0.01)

Test for subgroup differences: Chi2 = 48.84, df =3 (P< 0.01)

Correlation

IV, Random, 95% ClI

.._
—

0 0.5

Figure 5. (Continued).
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(P =43%, p=0.04) and no publication bias (symmetric
funnel plot, Egger’s test p =0.009, Begg’s test p =0.102)
(Figure 5(b), Supplementary Figure 5(f)).

Critical illness patients

Twenty-five studies were diagnosed investigating citrul-
line levels in patients with critical illness
(Supplementary Table 6). The majority of studies
involve patients in intensive care settings which attempt

1.0

0.5 9

Sensitivity

Q () Observed data
O Summary operating point
SENS =0.80[0.69-0.87]
SPEC = 0.84 [0.77-0.89]
— SROC Curve

AUC = 0.89 [0.86-0.91]

= 95% confidence contour

95% prediction contour
0.0 T 1

1.0 0.5 0.0
Specificity

Figure 6. Summary receiver operating characteristic (SROC) curve
for all studies of diagnostic accuracy (26 studies).
SENS: sensitivity; SPEC: specificity; AUC: area under the curve.

to correlate decrease in citrulline levels with severity of

condition or other sepsis markers. No meta-analyses

were performed on these studies due to different meas-
urement methods and inability to extract common out-
comes. The following comments can be made:

1. Citrulline appears decreased in most studies and is

related to critical illness and markers of sepsis or

inflammation.

. This decrease in citrulline does not necessarily mean
that there is intestinal dysfunction since in inflamma-
tory responses and severe critical illness, nitric oxide
and arginine are depleted through inflammatory
pathways hence leading to the reduction of citrul-
line.*” This is also corroborated by the fact that
citrulline levels increase once the critical condition
is overcome.

. Citrulline seems to act as a negative inflammatory
marker.

Citrulline levels: An overall assessment

Diagnostic accuracy. Overall sensitivity of citrulline levels
appear to be satisfactory 80% (95% CI (69%—87%)),
specificity was 84% (95% CI (77%-89%)) and the
diagnostic odds ratio was 20.03 (Supplementary Table
9, Supplementary Figure 7). The SROC curve indicates
overall satisfactory diagnostic accuracy of citrulline
levels (Figure 6).

Citrulline levels in diseased patients vs controls. The
random-effects model showed that citrulline levels in

Study Total Weight
Crenn et al. 2000 57 7.8%
Gong et al. 2005 22 6.9%
Rhoads et al. 2005 45  7.6%
Blijlevens et al. 2005 32 7.4%
Lutgens et al. 2005 10 5.3%
Luo et al. 2007 24 7.0%
Papadia et al. 2007 55 7.8%
Peters et al. 2007 51 7.7%
Fitzgibbons et al. 2009 27  7.2%
Gong et al. 2009 61 7.8%
van Vliet et al. 2009 9 5.0%
Picot et al. 2010 26 7.1%
Papadia et al. 2010 150 8.2%
Diamanti et al. 2011 28 7.2%
Total (95% ClI) 597 100.0%
Heterogeneity: Tau? = 0.24; Chi = 130.94, df = 13 (P < 0.01)
Test for overall effect: Z = 3.81 (P<0.01)

Correlation Correlation

1V, Random, 95% CI IV, Random, 95% CI
0.48 [0.25, 0.66] —
0.56 [0.18,0.79] R —
0.85 [0.74,0.92] A
0.24 [-0.12, 0.54] —|——
0.00 [-0.63, 0.63] :

—0.05 [-0.44, 0.36] —L g
0.42 [0.17,0.61] ——
0.20 [-0.08, 0.45] ——
0.63 [0.33,0.81] ——
0.94 [0.90, 0.96]
0.00 [-0.66, 0.66] s :
0.12 [-0.28, 0.49] —_—
0.43 [0.29, 0.55] -
0.69 [0.43, 0.85] —i-
0.50 [0.26, 0.68] —

i 12=90% ' '
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Figure 7. Forest plot with correlation coefficients of citrulline levels with enteral absorption (1% studies).

Cl: confidence interval. IV: Inverse variance.
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patients vs controls (30 studies) was decreased by —
11.2 pumol/l (95% CI (-13.8, —-8.6)) (SMD -0.53, 95%
CI (-0.69, —0.36)); there was heterogeneity (MD:
FP=95%, p=0.002; SMD: FP=68.7%, p<0.001)
(Figure 5(a)). No publication bias was observed (sym-
metric funnel plot, Egger’s test p=0.969, Begg’s test
p=0.986) (Supplementary Figure 5(a)).

Citrulline levels as a marker of intestinal disease
severity. Citrulline levels were described in association
with disease severity in 28 studies. The random-effects
model showed that citrulline levels were negatively cor-
related with severity of disease with a moderate correl-
ation of —0.56 (95% CI (-0.70, —0.37)) (Figure 5(b));
there was heterogeneity (I>=95%, p <0.001); but no
publication bias (symmetric funnel plot, Egger’s test
p=0.356, Begg’s test p=0.722) (Supplementary
Figure 5(e)). Interestingly, we can see that only in
Crohn’s disease is citrulline not associated with disease
severity (Figure 5(b)).

Citrulline and  absorptive  function. Fourteen studies
reported an association of citrulline levels with the
level of intestinal absorption. Absorption was assessed
with the D-xylose absorption test,*****® oral or enteral
nutrition tolerance,*>! and nutrient absorption tests
with bomb calorimetry and measuring oral/enteral
intake in comparison to faecal and other loses.’*>*
The random-effects model showed that citrulline
levels were positively correlated with enteral absorption
with a moderate correlation of 0.50 (95% CI (0.26,
0.68)) (Figure 7) but there was heterogeneity
(P=90%, p <0.001).

Conclusion

The present study is the first meta-analysis on the asso-
ciation of citrulline with gut function. Although citrul-
line appears to be a strong marker of enterocyte mass,
its correlation with intestinal absorption is weaker. This
correlation appears clinically significant in SBS. In
other conditions in which short bowel is not an issue,
there is a decrease in mean citrulline compared to
healthy controls, and citrulline decrease can be corre-
lated to the degree of disease severity. Its interpretation
however needs to take into account other factors
because its diagnostic accuracy is satisfactory but not
completely exclusive of negative cases and it might as
well produce false-positive cases. There were various
thresholds for discerning a high from low citrulline level
but the level of 20 umol/l seems to be most prevalent.
In critical illness the interpretation of a low citrulline
as a marker of intestinal dysfunction should be treated
with caution — in a similar manner that a low albumin
in a critical ill patients needs to be cautiously

interpreted as malnutrition. The availability of nitric
oxide and arginine during septic and inflammatory
states is decreased hence decreasing citrulline and in
this context citrulline could be a negative inflammatory
marker — without excluding enteropathy of acute
illness.

Limitations of the present meta-analysis stem from
various sources of heterogeneity and possibility of pub-
lication bias, detection bias and confounding bias. It
was a pattern in the present review that many studies
did not analyse confounding factors such as other
amino acids, renal function (citrulline’s pathways
involve a renal component) and inflammatory state.
Also different methods exist for plasma citrulline meas-
urement, sample preparation, population parameters,
disease severity, absorption, and small bowel length.
Although heterogeneity is partially explained by geo-
graphical factors, ultimately this reflects different clin-
ical and analytical practices throughout the world. The
random-effects models performed take heterogeneity
into account and thus were the preferred method of
analysis. Standardisation of measurement methods
and practices will possibly allow for comparable and
more homogeneous results, resulting in meaningful
clinical interpretation.

Although interest in citrulline originated from intes-
tinal failure and intestinal transplant medicine, we
believe that its application extends to the general
gastroenterologist since it has to do with intestinal
function per se. Is the bowel working? This exact ques-
tion has led investigation into citrulline’s response in
enteropathies such as Crohn’s disease, coeliac disease,
critical care enteropathy, and mucositis related to bone
marrow transplant and chemo-radiotherapy so far.
Serial citrulline measurements seem to reflect patterns
of mucosal barrier injury and hence are associated with
septic episodes in transplant and critical illness patients,
setting the ground for use as a marker of early intestinal
dysfunction. Its use in SBS is multifactorial, assisting
towards the decision of the absorptive capacity of the
bowel and hence the need for PN. Nevertheless, citrul-
line needs be considered within the individual patient
context due to measurement variations between centres,
countries and populations, with dissimilar normal
ranges and average values. The presence of heteroge-
neous results in the present systematic review reflects
this, possibly also explaining its current niche status
(as yet).

In conclusion, citrulline concentration is decreased
in patients with compromised intestinal states com-
pared to controls; it has a sensitivity and specificity of
~80%; it is negatively correlated with disease severity
in intestinal enteropathies; it is positively correlated
with small bowel length in SBS; and it is moderately
correlated with enteral absorption in various
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conditions. Overall, lower citrulline levels are indicative
of acute or chronic intestinal insufficiency.
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