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Abstract
Background  There are no in vivo methods to measure adaptation in neonatal short bowel syndrome (SBS). We evaluated 
citrulline (Cit) levels in neonatal piglet surgical models of SBS.
Methods  Piglets underwent 75% mid-intestinal resection with jejunoileal anastomosis (JI), 75% distal resection of ileum with 
jejunocolic anastomosis (JC) or sham surgery. Jugular and gastric catheters were inserted for parenteral and enteral nutrition. 
On D7, small intestine length and weight were measured, jejunum collected for histopathology and Cit level determined.
Results  JI (n = 5) compared to JC (n = 5) had increased small intestinal length (JC − 17.5 cm; JI +22.0 cm; p = 0.02) and 
mass (JC 43.1 mg/cm/kg; JI 51.3 mg/cm/kg; p = 0.02), while Cit did not differ (JI 801.0 µM; JC 677.7 µM; p = 0.90). Includ-
ing non-resected shams (n = 4), Cit correlated with length (R2 = 0.48; p = 0.006), but not for SBS alone (R2 = 0.11; p = 0.4), 
mass (R2 = 0.05; p = 0.5). A second experiment compared change in Cit levels from baseline to D7. Levels declined in sham 
(n = 8) and JC (n = 10) (sham − 110.1 µM; JC − 56.6 µM; p = 0.17), regardless of intestinal lengthening (sham 29.9 cm; JC 
− 10.4 cm; p = 0.002).
Conclusion  Citrulline levels predict large differences in intestinal length and ‘identify’ SBS. However, citrulline cannot 
discriminate between adaptation in JI and JC, nor predict intestinal lengthening.
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Abbreviations
SBS	� Short bowel syndrome
EN	� Enteral nutrition
PN	� Parenteral nutrition
JI	� Jejunoileal anastomosis anatomy
JC	� Jejunocolic anastomosis anatomy

Introduction

In neonates, short bowel syndrome (SBS) occurs as a result 
of congenital or acquired conditions leading to a reduction in 
intestinal mass due to failure of development or from resec-
tion. As a result, children suffer intestinal failure as the avail-
able enterocyte mass is insufficient to absorb adequate fluids 
and nutrients to support survival and growth [1]. Children 
with SBS are; therefore, dependent on parenteral nutrition 
(PN). Massive resection of the intestine is a trigger for intes-
tinal adaptation; a process that includes both structural and 

 *	 Justine M. Turner 
	 Justine.turner@albertahealthservices.ca

1	 Department of Pediatrics, Edmonton Health Academy, 
University of Alberta, 11405‑87 Ave, Edmonton, 
AB T6G 1C9, Canada

2	 Faculty of Medical Sciences, University of Toronto, Toronto, 
ON, Canada

3	 Department of Surgery, University of Alberta, Edmonton, 
AB, Canada

4	 Department of Pediatric Surgery, Kagoshima University, 
Sakuragaoka, Kagoshima, Japan

5	 Laboratory Medicine and Pathology, University of Alberta, 
Edmonton, AB, Canada

6	 Departments of Pediatrics and Nutritional Sciences, 
University of Toronto, Toronto, ON, Canada

7	 Department of Agricultural, Life and Environmental 
Sciences, University of Alberta, Edmonton, AB, Canada

8	 Division of General and Thoracic Surgery, Hospital for Sick 
Children, University of Toronto, Toronto, ON, Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/s00383-019-04475-4&domain=pdf


658	 Pediatric Surgery International (2019) 35:657–663

1 3

functional changes that improve absorption to meet nutri-
tional needs for growth and survival [2].

PN is a lifesaving nutrition replacement; however, the 
complications, such as cholestatic liver disease and sepsis, 
cause significant morbidity and potential mortality. Intestinal 
adaptation is required for patients to reach autonomy from 
PN. In the current era, new therapies are emerging that may 
promote intestinal adaption in children [3]. Therefore, an 
accurate method to measure adaptation would be clinically 
advantageous. However, in vivo measurement of structural 
adaptation, limited to gross assessment of small intestinal 
length or caliber, such as by fluoroscopy, is both inaccu-
rate and hazardous for neonates due to radiation exposure 
[4]. Similarly, investigations to assess functional adapta-
tion, such as 72 h fecal fat collections, are cumbersome and 
inconvenient [5].

Citrulline (Cit) is produced exclusively in intestinal 
enterocytes and blood levels have been proposed to reflect 
intestinal production in proportion to enterocyte mass [6, 
7]. For this reason, researchers and clinicians have proposed 
Cit levels as a biomarker of intestinal adaptation and bowel 
length. The role of Cit as a marker of adaptation in neo-
nates is even more controversial, because the neonatal gut 
has limited expression of the enzyme arginase (ARG​), while 
there is greater expression of arginosuccinase synthase (ASS) 
until the age of 3–5 years [8]. This enzyme expression pat-
tern suggests that the neonatal intestine is geared to release 
arginine (Arg) into the amino acid pool, rather than Cit. This 
would limit the utility of Cit as a marker of enterocyte mass 
in neonates.

The aim of this study was to determine the utility of Cit in 
predicting histological adaptation and intestinal lengthening 
in neonatal piglet models of SBS. We used our piglet models 
of SBS with and without total ileal resection, given that the 
two anatomical subtypes have markedly different potential 
for intestinal adaptation [9].

Materials and methods

The research was approved by the Faculty of Agriculture, 
life and Environmental Sciences Animal Policy and Welfare 
Committee, University of Alberta. Research was conducted 
in a biosecurity swine research facility, according to the 
guidelines of the Canadian Council of Animal Care. All pig-
lets studied were male Landrace–Large White cross breed.

Experiment 1

Rationale and hypothesis Having consistently only observed 
adaptation in piglets with residual ileum, we hypothesized 
that if Cit is a useful marker of structural adaptation, it 
would discriminate between these two surgical models.

Allocations Piglets were randomly allocated to 75% 
resection of mid-intestine with jejunoileal anastomosis (JI, 
n = 5) or 75% distal resection with jejunocolic anastomosis 
(JC, n = 5) or to sham (n = 4) with no resection.

Experiment 2

Rationale and Hypothesis Having consistently failed to 
observe intestinal growth in SBS piglets without ileum, we 
hypothesized that Cit would increase over time in sham pig-
lets with developmentally normally growing intestines, but 
not in JC piglets without ileum.

Allocations Piglets were allocated to JC (n = 10) or sham 
(n = 8).

Surgical procedures and animal care All operations 
were performed under a general anesthetic using isoflurane 
(2–3%; Bensen Medical Industries Inc., Markham, Ontario, 
Canada). Following a longitudinal abdominal incision, the 
intestine was measured from ligament of Treitz to ileocecal 
valve along the anti-mesenteric border using a 60 cm 0-Silk 
suture. During surgery, all piglets had a 5-French jugular 
central venous catheter (Braintree Scientific Inc., Braintree, 
MA, USA) placed for parenteral nutrition and a 10-French 
gastrostomy tube placed for enteral nutrition (EN). Piglets 
were housed individually in metabolic cages in a 25–28 °C 
temperature and 12 h light/dark cycled room. To avoid sepsis 
and minimize pain, piglets were maintained on an antibiotic 
and analgesia regimen for 3 day post-operative. If presumed 
clinical sepsis occurred after day 3, additional broad-spec-
trum antibiotics were added to the regimen. All these meth-
ods have been previously published [10].

Parenteral and enteral nutrition (EN) formulas for both 
experiments were made in our laboratory and infused 
post-operatively, containing 16 g/kg/d amino acids, 10 g/
kg/d lipid (Intralipid®), and 29 g/kg/d glucose. The calorie 
requirements of this piglet strain are 5 times that of a human; 
therefore, 10 g/kg/d of intravenous lipid would be the equiv-
alent of 2 g/kg/d in a human neonate. In the EN, glucose 
was replaced with polycose to prevent osmotic diarrhea. PN 
was initiated at 50% and gradually increased over 24 h to 
100%. EN was initiated and maintained at 20% on day 2 
post-operative for all piglets. This amount was provided as 
trophic nutrition to support intestinal adaptation [11].

CIT levels: Experiment 1 plasma CIT was assessed at 
termination (D7) using Waters Empower 3 Chromatogra-
phy Software (SPARC Biocentre, Hospital of Sick Chil-
dren, Toronto). Experiment 2 serum CIT was measured at 
initiation of trial (D0) and at termination (D7) using liquid 
chromatography–mass spectrometry (LC/MS) (The Metabo-
lomics Innovation Centre, University of Alberta, Edmon-
ton). The change in analytical laboratory was for conveni-
ence only.
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Assessment of structural adaptation On D7, under 
general anaesthesia, the same technique was used to re-
measure bowel length. Following humane euthanasia, the 
intestine distal to the ligament of Treitz to the colon was 
resected, the contents discarded, and the small intestine 
weighed. To standardize the location of bowel samples, 
mucosal scrapings were collected from a 20 cm jejunal seg-
ment resected 20 cm distal to the ligament of Treitz. The 
mucosal scrapings were  weighed and snap frozen with 
liquid nitrogen. Mucosal mass was calculated, adjusted 
for length and piglet total body weight (jejunum scraping 
weight/20 cm × 1000/total body weight; expressed in mg/cm/
kg). Jejunal and ileal samples were collected and preserved 
in formaldehyde, for subsequent preparation and H&E stain-
ing for histological analysis by a certified veterinary patholo-
gist, blinded to allocation. An average of ten villi height 
and crypt depth measurements were taken for each piglet 
and measured to the nearest 0.1 mm, using a micrometer 
eyepiece (Nikon Eclipse 80i).

Statistical analysis

Data are expressed according to normality as mean and total 
standard error or median with interquartile range (25th–75th 
percentiles) dependant on data distribution. Groups were 
compared by either student t test or Kruskal–Wallis tests, 
with Mann–Whitney tests for post hoc analysis. Linear 
regression was used to assess relationship between adaptive 
structural changes and plasma citrulline levels. All data were 
analysed using IBM SPSS 24 Statistics data editor. Results 
with p < 0.05 were considered significantly different.

Results

At baseline and follow-up, piglets were of similar age and 
weight (see Tables 1, 2). All piglets were healthy while on 
trial.

Structural adaptation in SBS piglets

As expected, in both experiments, JC animals demonstrated 
less potential for intestinal lengthening and adaptation (see 
Tables 1, 2). Particularly, of note is the lack of significant 
small bowel lengthening in JC piglets in both experiments, 
while this was observed in JI and sham piglets. While there 
was a trend for more villus lengthening in JI piglets, this did 
not reach a statistical significance.

Citrulline and adaptation

In Experiment 1 (Table 1), despite the differences in struc-
tural adaptation between the two SBS anatomical groups, 

day 7 plasma Cit levels were not different between JC, 
677.7 µM (550.1–886.7) and JI, 801.0 µM (476.0–945.98) 
(p = 0.92). Plasma Cit level was significantly lower for both 
SBS groups compared to the Sham control, 1198.3 µM 
(886.9–1637.3) (p = 0.014). Plasma Cit level was corre-
lated with bowel length at termination (R2 = 0.48; p = 0.006) 
(Fig. 1) when all piglets were included in the analysis. How-
ever, when sham piglets were removed from the analysis 
and only SBS piglets considered, there was no correlation 
between plasma Cit and residual bowel length at termination 
(p > 0.05). Mucosal mass was not correlated with plasma 
citrulline levels (p = 0.25; R2 = 0.11), nor was jejunal villus 
height (p = 0.62; R2 = 0.02).

Citrulline and intestinal growth

In Experiment 2 (Table 2), the small intestine length in sham 
piglets grew as expected (increase length day 7 was noted in 
7/8 piglets), while it did not grow in any of the JC piglets. 
However, in both groups, serum Cit levels declined markedly 
from baseline and were not statistically different at follow-
up (sham − 110.1 µM and JC − 56.6 µM; p = 0.12). This 
despite the sham having on average 4 times longer small 
bowel length.

Discussion

Based on research indicating that Cit is exclusively produced 
in enterocytes, plasma levels of Cit have been proposed to 
reflect this intestinal production in proportion to enterocyte 
mass [12, 13]. Furthermore, it has been proposed that Cit 
level can reflect intestinal function [14]. This has led to the 
clinical uses of Cit level in short bowel syndrome to moni-
tor adaptation [15]. In the current study, we used our novel 
neonatal piglet models of SBS with and without ileum and 
we did not identify an association between Cit levels and 
intestinal length, nor mucosal weight or villus height. Fur-
thermore, we found that the direction of change of intesti-
nal length and Cit level over time in the same animals was 
unrelated.

In SBS, retention of the ileum and ileocecal valve has 
been associated with the greatest potential for post-resec-
tion adaptation [16]. This was again confirmed in the first 
experiment, where the JI median percent change in length 
was + 15%, compared to − 13% in the JC piglets (p = 0.016). 
Similarly, mucosal mass was on average 12.1 mg/cm/kg 
higher in JI than JC piglets despite the same initial intesti-
nal resection. While these structural changes by increasing 
surface area for absorption are potentially clinically relevant 
adaptive changes between the two surgical groups, plasma 
Cit levels failed to differentiate between the two groups. 
Although Cit levels at termination correlated with intestinal 
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length, the association was driven solely by the difference 
between the two resected groups and the sham piglets. 
Therefore, Cit could potentially identify an animal with a 
shortened gut (SBS), as opposed to normal length (sham), 
but could not discriminate structural adaptation occurring 
within the SBS groups. Furthermore, the utility of citrulline 
to monitor change in length over time was discounted in the 
second experiment, where citrulline levels declined and were 
not different despite normal expected growth in the sham 
and no growth in the resected piglets without ileum.

Similar to our study, using an experimental model of SBS 
in rodents, Gutierrez et al. examined 50% proximal resec-
tion, 50% distal resection, or sham surgical models over an 
8-week period and determined the relationship between 
serum Cit levels and small intestinal length and histol-
ogy [17]. They concluded that Cit level could differentiate 
between sham and resected rats, but was not at all related 
to histological adaptation. Therefore, emerging data from 
surgical animal models show that the discriminatory power 
of Cit level for structural adaptation is highly limited.

Table 1   Piglet data outcomes 
first experiment

JC Jejunocolic anastomosis, JI jejunoileal anastomosis
p value in table represents K. Wallis analysis comparing all three groups to each other
a Indicates significant difference between JI and JC allocation using Mann–Whitney post hoc; p < 0.05

Surgery type Median 25th percentile 75th percentile p value

Day 0 weight (kg) JC 2.32 2.29 2.44 0.60
JI 2.20 2.16 2.43
Sham 2.41 2.15 2.46

Day 7 weight (kg) JC 3.48 3.16 3.83 0.99
JI 3.50 3.42 3.66
Sham 3.56 3.06 3.88

Change in weight (kg) JC 1.16 0.82 1.44 0.87
JI 1.26 1.20 1.30
Sham 1.15 0.9050 1.43

Length post-resection (cm) JC 141.00 136.50 146.50 0.005
JI 152.00 148.10 163.00
Sham 627.25 558.12 652.13

Length at termination (cm)a JC 125.00 118.25 128.60 0.003
JI 173.00 157.00 189.25
Sham 646.50 576.63 670.62

Change in length (cm)a JC − 17.50 − 26.50 − 8.90 0.08
JI 22.00 3.40 31.25
Sham 25.00 − 17.75 49.00

Jejunum scraping weight (g)a JC 2.70 2.46 3.29 0.01
JI 3.70 3.29 4.22
Sham 2.20 2.03 2.55

Jejunum villus height (0.1 mm) JC 7.12 6.21 7.57 0.10
JI 7.82 6.93 10.96
Sham 6.31 5.39 7.02

Mucosal mass (mg/cm/kg)a JC 43.11 34.60 45.85 0.008
JI 51.29 47.63 59.15
Sham 33.46 28.98 34.95

Small bowel weight (g/kg)a JC 7.27 6.52 7.92 0.005
JI 14.23 11.54 14.28
Sham 28.85 28.00 32.96

Day 7 citrulline (µM) JC 677.67 550.09 886.70 0.056
JI 801.04 476.05 945.88
Sham 1198.32 886.94 1637.33

Day 7 arginine (µM) JC 222.88 201.37 364.86 0.46
JI 255.41 235.03 320.32
Sham 279.52 234.09 367.12
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A number of clinical studies in the pediatric population 
also do not supportive of the utility of Cit level to assess 
adaptation or predict autonomy from PN. Stultz et al. [18], 
assessed Cit levels in pediatric patients, aged 1–44 months, 
both with and without intestinal resection, all receiving PN 
and all considered to have intestinal failure. The authors 
found that Cit level was related to changes in EN delivery 

and presumed that this indicated improved intestinal func-
tion, although they did not actually measure intestinal 
absorption [18]. In the current animal study, we did not 
measure intestinal function as absorption nor attempt to 
wean PN as our focus was the relationship with structural 
adaptation. Diamanti et  al. prospectively assessed chil-
dren with SBS between 6 months to 5.7 years and meas-
ured plasma Cit prospectively for 1 year [19]. They found 
a modest correlation (R2 = 0.22) between baseline Cit level 
and small intestinal length measured at initial surgery. At 
follow-up, a correlation (R2 = 0.48) with percentage enteral 
calories was found [19]. The main difference between these 
groups was the residual length, with a larger number of 
children with extreme short gut in the group that did not 
adapt. Therefore, similar to our findings, Cit may simply be 
a marker of large differences in small bowel length. Bailly-
Botuha et al. also demonstrated that Cit level varied by large 
differences in bowel length, and yet, they did not find a rela-
tionship to enteral autonomy [20].

Few clinical studies have considered that differences in 
intestinal enzymatic ontogeny for Arg and Cit metabolism 
may account for the disparate findings in the literature for 
the utility of Cit as a biomarker of adaptation in pediatric 
SBS [19–22]. Kohler et al. studied enzymatic levels related 
to Arg metabolism in the intestinal biopsy tissue of children 
and adults undergoing intestinal surgery or endoscopy for 
disparate diseases such as intestinal atresia, meconium ileus, 
and cancer [8]. The age range included premature infants 
to adults 80 years. They confirmed that children older than 
3–5 years do not express the enzyme ASS, pivotal for Arg 
synthesis from Cit, in the small intestine [8]. This means 
that it is only after this age that the intestine reliably exports 

Table 2   Piglet data outcomes 
second experiment

Jejunocolic JC, data comparisons using student t tests

Mean Total SE p value

Sham n = 8 JC n = 10

Age at surgery (days) 4.43 4.00 0.15 0.23
Weight at surgery (kg) 2.33 2.32 0.04 0.91
Weight at termination (kg) 3.89 3.78 0.07 0.44
Change in weight (kg) 1.56 1.46 0.04 0.24
Pre-resection small bowel length (cm) 569.81 591.67 10.18 0.27
Small bowel length at termination (cm) 599.75 137.45 56.21 < 0.001
Change in length (cm) 29.94 − 10.45 7.16 0.002
Jejunal scraping weight (g/20 cm) 2.27 2.91 0.12 0.002
Jejunum villus height (0.1 mm) 6.75 6.30 0.32 0.50
Jejunum crypt depth (0.1 mm) 1.54 1.73 0.07 0.21
Small bowel weight (g/kg) 24.69 7.27 2.12 < 0.001
Mucosal mass (mg/cm/kg) 29.19 38.82 1.80 0.004
Day 0 citrulline (µM) 168.95 109.82 18.26 0.14
Day 7 citrulline (µM) 58.89 53.21 4.39 0.41
Change in citrulline (µM) − 110.06 − 56.61 15.59 0.12

Fig. 1   Correlation between day 7 plasma citrulline (µM) and small 
intestinal length (cm) is shown: including Sham (blue circle) and SBS 
(green triangle), including both JI and JC. Slope of linear regression 
for all groups, including sham, is indicated by blue line and for SBS 
alone is indicated by green line
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Cit for conversion to Arg in the kidney [23]. This change 
in physiology must be considered when interpreting the 
role of Cit to assess intestinal structure or function, as now 
discussed.

Bourdon et al. monitored Cit levels in very low birth-
weight preterm infants (< 32 weeks) [22]. The authors found 
a weak correlation between urinary Cit and gestational age 
plus postnatal age, suggesting that there is a relationship 
between Cit level and maturation [22]. However, Cit was 
not a reliable marker of intestinal function, based on lack of 
utility of the amino acid to predict enteral tolerance. Fitz-
gibbons et al. retrospectively studied pediatric SBS patients 
(median age 2.4 years; IQR 0.6–6.7 years) and concluded 
that Cit level correlated with intestinal length measured at 
baseline surgery and with later enteral tolerance [21]. They 
determined that a plasma Cit level ≥ 15 μmol/L was a posi-
tive prognostic factor for enteral autonomy [21]. However, 
it is important to note the limited number of young infants 
in this study (n = 27). The findings are likely driven by older 
children and may not apply to neonates and younger infants.

Studies examining the ability of Cit to predict adaptation 
in adults are generally more positive. In adults with SBS, Cit 
is expected to be excreted from the intestine to the kidney 
and it is, therefore, plausible that Cit does correlate more 
with gut length at this age. However, even in the adult age 
group, there is some concern over the discriminatory power 
of Cit to predict adaptation [24]. Fragkos and Forbes [15] 
recently published a meta-analysis exploring the role of Cit 
as a biomarker for adaptation. The pooled data were primar-
ily from adult patients. The results demonstrated significant 
heterogeneity. The authors found that plasma Cit level did 
correlate with small bowel length (presumably at baseline). 
They claimed diagnostic utility for Cit to diagnose SBS 
versus healthy status and PN dependency versus autonomy; 
however, these differences were also readily discriminated 
clinically. The ability of Cit to predict small changes over 
time in intestinal function or structure that might be useful 
to guide treatment decisions or to assess new therapeutic 
interventions remains to be proven.

Conflicting findings in both pediatric and adult stud-
ies might be driven by methodological issues, including 
the relationship between the timing of Cit measurement 
and fasting. Fjermestad et al. studied adult patients with 
SBS with < 200 cm remnant small bowel length compared 
to healthy controls both fasting and postprandially [25]. 
In both SBS and healthy controls, the timing of Cit level 
postprandially impacted the measured level. Timing of Cit 
measurement is inconsistently reported in most studies. 
Another common limitation is related to sample size and 
statistical power to detect meaningful differences. Short 
bowel syndrome is a relatively rare condition and most 
publications represent single institution studies. Another 

consideration is the potential and often unknown impact 
of renal dysfunction on measured Cit levels. Up to 80% of 
adult intestinal failure, patients demonstrate evidence of 
renal dysfunction over time related to chronic PN expo-
sure. Finally, enteral versus parenteral delivery of amino 
acids is also relevant for measured Cit levels. For example, 
first pass intestinal metabolism of glutamine improves Cit 
synthesis compared to parenteral glutamine [26].

Advantages of our experimental study design com-
pared to the available clinical studies include: paired 
enteral feeding, the use of genetically and developmentally 
homogenous neonatal animals and our ability to measure 
length at follow-up (not simply at baseline as is most often 
reported in clinical studies). However, our study also had 
a limited sample size and 7 days.

In conclusion, we contend that Cit is not a useful bio-
marker of intestinal structural adaptation in neonates. 
Because Cit metabolism differs with age, it is possible that 
it would have greater validity as a biomarker of adaptation 
for older age groups. To clarify this issue further, stud-
ies examining the intestinal metabolism of arginine and 
citrulline in the neonatal intestine following gut resection 
are required. In addition, studies to examine correlation 
to functional adaptation should be performed. However, 
based on the current literature, it remains that controver-
sial how discriminatory Cit may be as a biomarker for 
adaptation over time and pursuit of new biomarkers for 
adaptation is relevant and important in the current era of 
new trophic therapies.
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