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Citrulline levels in preterm infants:
A clinical comparison between
suspected necrotizing enterocolitis
and healthy controls
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ABSTRACT

Background: Necrotizing enterocolitis (NEC) is a severe acute ischemic condition of the intestine in neonates,
with higher incidence and mortality rates among preterm and low birth weight infants. Reliable biomarkers that
reflect intestinal functional integrity are crucial for guiding management and monitoring recovery, yet none are
routinely available. Plasma citrulline, synthesized by small intestinal enterocytes, reflects enterocyte mass and
absorptive function and may serve as a non-invasive indicator of gut maturity and mucosal injury.

Methods: A case-control study included 38 preterm infants admitted to NICU and Neo-Intermediate units.
Citrulline levels were measured on days 1 and 7 and compared between NEC and healthy groups. Correlations
with clinical variables were also analyzed.

Results: The NEC group was predominantly male (76.5%; p=0.037) and had significantly higher antibiotic use
and CRP levels than the healthy group (p=0.000 and p=0.001). Citrulline levels on day 1 and day 7 did not differ
significantly between groups. However, the change in citrulline levels from day 1 to day 7 was significantly differ-
ent (p=0.001). No significant associations were found with gestational age, birth weight, or NEC severity. A weak
but significant correlation was observed between citrulline level on day 1 and birth length (r=0.324, p=0.047).
Conclusion: Differences in citrulline change between NEC and healthy infants suggest potential as a predic-
tive biomarker. Although only weakly correlated with birth length, citrulline may provide insight into NEC risk in
shorter preterm infants. Further studies are needed to validate these findings. (www.actabiomedica.it)
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Introduction

Necrotizing Enterocolitis (NEC) is the most com-
mon gastrointestinal emergency in neonates and re-
mains a major clinical challenge (1). It is characterized
by acute intestinal ischemic necrosis. The estimated
incidence of NEC is approximately 1-3 per 1,000 live
births, and in the United States, it ranges from 1% to
7.7% among NICU admissions (2). Although national
data on NEC in Indonesia are limited, a 2009 report
from the national referral hospital, Cipto Mangunku-
sumo General Hospital, documented 31 NEC cases
among 737 preterm births (4.2%) (3). The incidence is
notably higher in premature infants and those with very
low birth weight, particularly under 1,500 grams (4).
The average mortality rate of NEC is approximately
35%, with the highest risk observed in infants with
lower gestational age, lower birth weight, and underly-
ing comorbidities. The pathogenesis involves intestinal
inflammation that may progress to systemic infection,
multi-organ failure, and death (5). Diagnosing NEC
in its early stages remains challenging due to the lack
of a definitive pathognomonic test. Current diagnosis
still relies primarily on clinical and radiologic findings
such as abdominal distension, bloody stools, and pneu-
matosis intestinalis, features that often appear after the
disease has progressed. Laboratory markers including
C-reactive protein and leukocyte indices are nonspe-
cific and vary with postnatal age and concurrent ill-
nesses. Consequently, there remains an unmet need for
reliable biomarkers that can reflect intestinal integrity
and functional status during the early disease course
and throughout recovery (6,7). Given these diagnos-
tic limitations, there is increasing recognition of the
need for prognostic, markers that reflect the evolving
physiological state of the intestine and can help antici-
pate disease course and recovery potential rather than
merely establish diagnosis. Such biomarkers would
enable earlier risk stratification, guide clinical moni-
toring, and inform therapeutic decisions in vulnerable
preterm populations (8). Most serologic biomarkers
indicate systemic inflammation and lack specificity, as
they may also be elevated in other neonatal conditions
(9). One promising biomarker under investigation is
plasma citrulline (citrulline-P), a non-essential amino

acid and intermediate in the urea cycle synthesized
from glutamine and glutamate in the liver and small
intestine. Because citrulline produced in the liver is
metabolized locally, circulating citrulline primarily re-
flects small intestinal production, making it a potential
marker of intestinal integrity and enterocyte mass (10).
Serum citrulline levels have been reported to be lower
in preterm neonates with meconium ileus, likely due
to impaired intestinal development and function (11).
Several studies have also shown that preterm neonates
who develop NEC exhibit significantly lower citrulline
concentrations compared to those who do not (12-14).
Given that prematurity, NEC’s most significant risk
factor, is closely associated with immature intestinal
function, citrulline may serve as a useful biomarker
of enterocyte health. This study aims to evaluate the
potential of citrulline as a biomarker for identifying
preterm neonates at risk of NEC and its severity, while
also examining its correlation with factors associated
with organ immaturity, such as gestational age, birth

weight, and birth length.

Methods

This case—control study included preterm infants
(gestational age <37 weeks) admitted to the NICU
and Neo-Intermediate units at RSUD Dr. Soetomo
between September 2023 and September 2024. Ethi-
cal approval was obtained from the Ethics Committee
of the Faculty of Medicine, Universitas Airlangga—
Dr. Soetomo General Hospital. Informed consent was
obtained from parents following a detailed explana-
tion of the study. Subjects were categorized into two
groups: infants diagnosed with necrotizing enterocol-
itis (NEC) based on clinical findings and Bell’s cri-
teria (15), and those without any signs or symptoms
of NEC. Exclusion criteria included congenital ab-
dominal anomalies (e.g., omphalocele, gastroschisis,
atresia), intestinal dysfunction, liver or renal disease,
inborn errors of metabolism, and a history of exchange
transfusion. Controls were defined as preterm infants
admitted to the same NICU or Neo-Intermediate
units for non-gastrointestinal, non-infectious condi-
tions who showed no clinical or radiologic signs of
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NEC throughout admission. Exclusion criteria for
controls mirrored those of the NEC group and ad-
ditionally included any history of feeding intolerance,
sepsis, or antibiotic exposure before enrollment. This
study was conducted as a pilot exploratory study us-
ing a convenience sample of preterm infants who met
eligibility criteria during the study period. No formal
power calculation was performed. Estimated effect
sizes and 95 % confidence intervals from this pilot
work will be used to inform future confirmatory stud-
ies. Blood samples were obtained on days 1 and 7 fol-
lowing NEC diagnosis (for the NEC group) and at the
corresponding chronological ages for matched controls
(for example, if Case 1 was diagnosed with NEC at age
2 days, the corresponding control’s day 1 was also age 2
days). Plasma citrulline and C-reactive protein (CRP)
were measured using standardized enzymatic assays in
the hospital laboratory. Demographic and clinical data
including, gestational age category, birth weight, birth
length, APGAR score, and antibiotic regimen, were
recorded for all participants. For infants with NEC,
disease severity was classified using the Modified
Bell’s staging criteria, which guided clinical manage-
ment and was used for subgroup descriptive analysis.
Feeding route and total parenteral nutrition (TPN)
exposure at baseline were documented because these
factors influence intestinal function and citrulline ki-
netics in preterm infants (10). After data collection,
patient demographics were analyzed descriptively.
Data normality was assessed using the Shapiro-Wilk
test. Normally distributed data were expressed as mean
+ standard deviation (SD), while non-normally dis-
tributed data were presented as median (min-max).
Initially, group comparisons were performed using
independent-sample t-test or Mann-Whitney U
test for continuous variables and Chi-square test for
categorical variables. These bivariable analyses were
used for descriptive purposes and to identify poten-
tial covariates for multivariable modeling. The primary
endpoint was defined as the day-7 plasma citrulline
concentration, adjusted for baseline (day-1) citrul-
line and prespecified covariates. The primary analysis
used analysis of covariance (ANCOVA), with day-7
citrulline as the dependent variable and group (NEC
vs. control) as the main fixed factor. Baseline (day-1)

citrulline and relevant clinical covariates including sex,
gestational-age category, birth weight, day-1 CRP,
antibiotic regimen, and feeding/TPN status, were en-
tered as covariates to control for confounding. Results
were reported as adjusted mean differences with 95 %
confidence intervals, and statistical significance was
set at p < 0.05. Covariates were prespecified based on
biological plausibility and prior evidence of influence
on plasma citrulline. Sex, gestational-age category, and
birth weight reflect developmental maturity of entero-
cytes; CRP represents systemic inflammatory burden;
antibiotic regimen captures microbiota-related effects
on intestinal metabolism; and feeding route together
with TPN exposure reflects enteral nutrient supply, a
key determinant of citrulline synthesis in preterm in-
fants (10). Adjusting for these covariates aimed to iso-
late the independent association between NEC status
and citrulline concentration.

Results

The characteristics of the research subjects are
presented in Table 1. The comparison between preterm
infants with and without NEC showed statistically
significant differences in sex, degree of prematurity,
antibiotic regimens, and CRP levels on day 1, while
no significant differences were found in mode of de-
livery, birth weight, birth length, or APGAR score.
Baseline clinical characteristics summarized further
demonstrated significant differences in admission in-
dications, including respiratory distress, jaundice, and
apnea of prematurity (p < 0.05), with a trend toward
higher sepsis frequency in the NEC group. These find-
ings highlight background heterogeneity in clinical
exposure profiles and underline the need for covariate
adjustment in subsequent multivariable analyses.

Comparison of citrulline levels between
healthy preterm infants and those with NEC

Table 2 presents citrulline levels on days 1 and
7 in the NEC and healthy groups. On day 1, the
median level was lower in the NEC group compared
to the healthy group, though not statistically
significant. Similarly, on day 7, the NEC group had
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Table 1. Subjects’ characteristics.

NEC Controls
Characteristics n=17(%) n=21(%) p value
Sex 0,037a*
Female 4(23,5) 12(57,1)
Male 13(76,5) 9(42,9)
Degree of Prematurity 0,042a*
Extremely Preterm (<28 weeks) 0(0,0) 0(0,0)
Very Preterm (28-<32 weeks) 2(11,8) 4(19,1)
Moderate Preterm (32-<34 weeks) 8(47,0) 2(9,5)
Late Preterm (34-37 weeks) 7(41,2) 15(71,4)
Mode of delivery 0,823*
SC 15(88,2) 19(90,5)
Pervaginam 2(11,8) 2(9,5)
Birth Weight 0,239*
Extremely Low Birth Weight (<1000 gram) 2(11,8) 0(0,0)
Very Low Birth Weight (1000-1499 gram) 1(5,9) 4(19,0)
Low Birth Weight (1500-2499 gram) 9(52,9) 8(38,1)
Normal (= 2500 gram) 5(29,4) 9(42,9)
Birth Length (median (min-max); cm) 47 (33-50) 47 (32-52) 0,615¢
Antibiotics 0,000
First Regimen 1(5,9) 11(52,4)
Second Regimen 3(17,6) 3(14,3)
Third Regimen 13(76,5) 0(0,0)
Not Given 0(0,0) 7(33,3)
CRP Level on Day 1 (mean + SD; mg/dL) 6,4+8,1 1,0£2,8 0,001
APGAR Score on first minute (mean + SD) 4,8+1,2 5,5+1,9 0,214°
Admission indication
Respiratory distress 15(88.2) 9(42.9) 0.004**
Sepsis 6(35.3) 2(9.5) 0.053*
Jaundice 0(0) 7(33.3) 0.011%*
Apneu of Prematurity (AOP) 0(0) 4(19.0) 0.013>*
Congenital Heart Disease 3(17.6) 7(33.3) 0.275*
Feeding route at baseline 0.057¢
Enteral 0(0) 4(19)
Parenteral 0(0) 0(0)
Mixed 17(100) 17(81)

“Chi square test; "Fisher’s Exact test; ‘Independent Sample T-test; ‘Mann—Whitney test
*Significant (p < 0.05).

Comparative analysis of citrulline levels
in preterm infants with NEC by degree
of prematurity

a lower median level than the healthy group, with no
significant difference. However, the mean change (A)
in citrulline levels from day 1 to 7 was significantly
lower in the NEC group compared to the healthy In the NEC group, gestational age was catego-
group (p=0.001). rized as very preterm, moderate preterm, and late
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Table 2. Comparison of citrulline levels between healthy preterm infants and those with NEC.

NEC Controls p value
Citrulline Level Day 1 (nmol/mL) 3,27 3,62 0.472*
Median (Min-Max) (1,19 - 11,89) (1,31 - 5,88)
Citrulline Level Day 7(nmol/mL) 4,52 5,74 0.378*
Median (Min-Max) (1,04 — 12,48) (1,94 - 11,00)
A Citrulline Level (nmol/mL) 1,13+1,19 2,01+1,10 0.001"
MeanzSD

‘Mann-Whitney test; bIndependen’c Sample T-test; *significant (p < 0.05).

Table 3. Association between body length and citrulline levels.

Citrulline Level
(nmol/mL)
Median
(Min-Max)
3,42
(1,19-11,89)

5,05
(1,05-12,48)

Correlation
Coefficient

0,324*

p value
0,047

Day 1

Day 7 0,759*

*Spearman test; *significant (p < 0.05).

preterm. Median citrulline levels varied across groups
on day 1 and increased by day 7 in all categories. How-
ever, no significant differences were found between
prematurity categories on either day 1 (p=0.914) or
day 7 (p=0.591).

Comparative analysis of citrulline levels
in preterm infants with NEC by birth weight

Among the 17 preterm infants with NEC, birth
weight categories included extremely low birth weight
(ELBW), very low birth weight (VLBW), low birth
weight (LBW), and normal birth weight. Median
citrulline levels varied across groups on day 1 and
increased by day 7 in all categories. Analysis showed
no significant differences in citrulline concentra-
tions across birth weight categories on either day 1

(p=0.335) or day 7 (p=0.846).
Comparative analysis of citrulline levels
in preterm infants with NEC by birth length

The average body length (BL) of all samples was
ranging from 32 to 52 cm. Although the healthy group

had a slightly greater average BL, statistical analysis
showed no significant difference between the groups.
Table 3 demonstrates the association between body
length and citrulline levels, with a significant correla-
tion observed on day 1. Analysis of citrulline levels in
relation to body length revealed a significant associa-
tion on day 1 (p = 0.047), with a low to moderate cor-
relation strength (r = 0.324). However, no significant
association was observed between body length and cit-
rulline levels on day 7.

Comparative analysis of citrulline levels
and the severity of NEC in preterm infants

This study compared citrulline levels in preterm
infants with NEC based on the severity of NEC as
assessed by Bell’s criteria (15). Mean citrulline levels
varied across stages on day 1, with no significant dif-
ferences observed (p=0.843). Although levels increased
in all stages by day 7, the differences remained statisti-
cally insignificant (p=0.713).

Multivariable analysis of factors associated
with day-7 plasma citrulline concentration

A multivariable linear regression analysis was
conducted to identify factors associated with day-7
plasma citrulline concentration. Independent variables
included NEC status, baseline (day-1) citrulline level,
sex, gestational-age category, birth weight, birth
length, CRP day-1, antibiotic regimen, and feeding/
TPN status. Only baseline citrulline level on day 1
remained significantly associated with day-7 citrulline
concentration after adjustment for all covariates,
suggesting that initial intestinal function strongly
predicts subsequent citrulline levels regardless of
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Table 4. Multivariable linear regression of factors associated
with Day-7 Plasma citrulline concentration.

Variables B (95% CI) p value
NEC —0.330 (—4.02 to 3.36) 0.856

Citrulline Level 0.924 (0.408 to 1.439) <0.001*
Day 1

Birth Weight -0.001 (-0.003 to 0.002) 0.623

Birth Length 0.020 (-0.313 to 0.353) 0.903

Gender —0.410 (—2.824 to 2.004) 0.730

Prematurity —0.796 (-2.598 to 1.006) 0.374

Category

Antibiotic —0.668 (—2.517 to 1.181) 0.466

regimen

CRP Level on 0.001 (-0.002 to 0.002) 0.933

Day 1

*significant (p < 0.05).

disease status or clinical exposures. The adjusted
regression coeflicients, 95 % confidence intervals, and
p-values are presented in Table 4.

Discussion

In this study, most infants with suspected NEC
were male, while females predominated in the healthy
group (p=0.037). Although some studies have reported
a higher incidence of NEC in males , others suggest
that both sexes have an equal risk of developing NEC
(16,17). CRP levels were significantly higher in the
NEC group (p=0.01), indicating a stronger inflamma-
tory response. This finding is consistent with previous
studies linking elevated CRP levels to NEC severity
(18-20). Citrulline levels on both day 1 and day 7 did
not differ significantly between the NEC and healthy
groups. This may be explained by the fact that both
groups consisted of preterm infants, who typically
have lower baseline citrulline levels (21). Additionally,
antibiotic use was significantly more frequent in the
NEC group (p=0.008), with all infants receiving anti-
biotics, including a higher proportion treated with
second- and third-line regimens (p=0.000). This dif-
ference may be influenced by routine prophylactic an-
tibiotic use in preterm infants, particularly those with

suspected NEC, and by the fact that many were refer-
ral patients who had already received antibiotics prior
to admission. This may have introduced bias by dis-
rupting the intestinal microbiota, impairing mucosal
integrity, and promoting NEC through an increase in
pathogenic bacteria and a reduction in protective
species (22,23). These findings are consistent with
previous studies identifying antibiotic exposure as a
risk factor for NEC and suggest that antibiotic use
may directly influence citrulline levels (24,25). This
potential confounding effect may help explain the
absence of a significant difference in citrulline
concentrations between the groups, despite clinical
suspicion of NEC. Interestingly, differences in
admission indications between groups may have
contributed to variations in baseline citrulline levels.
Infants admitted for respiratory distress, apnea of
prematurity, or sepsis had a higher prevalence in the
NEC group, conditions that are themselves associated
with hypoxia, systemic inflammation, and delayed
enteral feeding, all of which can influence enterocyte
metabolism and citrulline synthesis (8-9). In contrast,
control infants were more often admitted for relatively
benign conditions such as jaundice or congenital heart
disease, which may have allowed earlier enteral
nutrition and better intestinal perfusion. These
further  highlight the
multifactorial influences on citrulline kinetics beyond
NEC itself. This study found that citrulline levels
increased on day 7 compared to day 1 in both groups,

background  differences

reflecting intestinal ~maturation and enhanced
absorptive capacity in preterm infants. As part of the
nitric oxide pathway, citrulline also contributes to anti-
oxidant and inflammatory responses. Its increase indi-
cates improved enteral readiness, while low levels may
result from enzyme deficiencies (CPS1, OTC) com-
monly seen in prematurity or from severe inflamma-
tion (10,21). Since severe inflammation can suppress
citrulline production, this aligns with our finding that,
in the NEC group, characterized by significant intesti-
nal inflammation, the increase in citrulline levels was
significantly lower than in the control group
(p = 0.001), suggesting impaired enterocyte function.
Jawale et al. (26) similarly reported significantly lower
citrulline levels in neonates with NEC (p = 0.009). As

a marker of enterocyte mass, citrulline has also been
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shown to decrease in conditions involving mucosal in-
jury, such as celiac disease, chemotherapy-induced
mucositis, and immunodeficiency (27-29). Feenstra
et al. (30) also observed a decline in citrulline within
48 hours of NEC onset, further supporting our find-
ings. In this study, citrulline concentrations did not
differ significantly among very preterm, moderate
preterm, and late preterm infants within the NEC
group. This contrasts with the findings of Robinson et
al. (21), who reported approximately 50% lower citrul-
line levels in preterm piglets compared to near-term
and full-term controls at the initiation of parenteral
nutrition (p < 0.05). The discrepancy between these
findings may be attributed to differences in sample
size, subgroup variability, and study design. Moreover,
while the previous study compared preterm and full-
term subjects, our study included only preterm infants,
who generally exhibit lower citrulline levels overall.
There were no significant differences in citrulline levels
on day 1 or day 7 across NEC severity stages based on
the Modified Bell’s Criteria in this study. This may be
due to the multifactorial nature of NEC and variability
in treatment, including antibiotic use. In contrast,
Jawale et al. (26) reported significantly lower citrulline
levels in Stage II-III NEC compared to Stage I (p =
0.02), likely reflecting differences in study design, pop-
ulation, and sampling time. Consistent with our find-
ings, Robinson et al. (21) observed stable citrulline
levels throughout NEC progression, suggesting that
citrulline may not reliably reflect disease severity. NEC
progression is primarily driven by intestinal barrier
dysfunction resulting from epithelial injury and im-
paired repair mechanisms, leading to heterogeneous
clinical presentations. Although Bell’s staging is widely
used to guide prognosis, it may not be fully represented
by a single biomarker such as citrulline (31), which
may explain the non-significant differences observed
across stages in this study. Citrulline concentrations
did not differ significantly among NEC infants across
different birth weight groups, including ELBW,
VLBW, LBW, and normal birth weight. Previous
studies have shown that prematurity influences citrul-
line levels but did not specifically examine birth weight,
as it is closely associated with gestational age (32-34).
These studies suggest that lower citrulline levels in
lower birth weight infants are primarily driven by

prematurity. In contrast, Celik et al. reported lower
citrulline levels in a preterm NEC cohort with a lower
average birth weight compared to Ioannou et al., at-
tributing the difference to birth weight, although they
did not explore its direct relationship with citrulline
levels (13,14). Unlike birth weight, citrulline levels in
this study differed significantly by birth length
(p = 0.047). Although this association reached statisti-
cal significance, it should be interpreted with caution
because the analysis was exploratory and not adjusted
for multiple comparisons. The limited sample size and
the number of subgroup tests increase the likelihood of
Type I error. Rather than a confirmatory result, this
finding should be viewed as hypothesis-generating and
interpreted in conjunction with its effect size and con-
fidence interval (29). Plasma L-citrulline concentra-
tion correlates with the length of the remaining small
intestine or the severity of intestinal lesions, and there-
fore shows potential as a translational safety biomarker
in toxicology modeling approaches (35). Since small
intestinal length increases proportionally with body
length during fetal and neonatal development (36),
and body length strongly correlates with intestinal
length in children (37), longer body length may be as-
sociated with greater citrulline production. This ex-
ploratory association suggests that birth length could
serve as an indirect indicator of intestinal mass and
deserves further investigation in larger, prospectively
powered studies. To address these potential confound-
ers, a multivariable linear regression analysis was per-
formed including NEC status, baseline citrulline, sex,
gestational age, birth weight and length, CRP, antibi-
otic regimen, feeding route, and TPN exposure. Only
baseline citrulline level remained significantly associ-
ated with day-7 citrulline concentration (p = <0.001),
indicating that early enterocyte functional capacity
strongly predicts subsequent intestinal performance
regardless of disease or clinical exposures. This finding
supports the role of day-1 citrulline as a robust base-
line biomarker of gut maturity, while the lack of asso-
ciation with NEC status after adjustment suggests that
postnatal inflammation and treatment factors exert a
more transient effect on citrulline homeostasis

(10,21,26).
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Study’s limitation

This study has several limitations that may affect
the interpretation and generalizability of the findings.
The relatively small sample size and single-center
design may limit statistical power, particularly for
subgroup analyses by gestational age, birth weight,
and NEC severity. The use of only two time points for
citrulline measurement (day 1 and day 7) may not fully
capture the dynamic changes in intestinal function
during NEC progression or recovery. Additionally,
antibiotic exposure, which differed significantly
between groups—may have acted as a confounding
factor by altering intestinal microbiota and influencing
citrulline levels. The lack of histopathological
confirmation or direct assessment of intestinal damage
also limits the ability to establish a causal link between
citrulline concentrations and enterocyte function.
While birth length showed a statistically significant
correlation with citrulline levels, the strength of this
correlation was weak to moderate, which limits its
clinical relevance. Furthermore, birth length is not
routinely recorded or emphasized in neonatal research,
which may affect the applicability of this finding across

settings.

Conclusion

This study found a significant difference in citrul-
line concentration changes from day 1 to day 7 be-
tween NEC and healthy infants, indicating impaired
enterocyte function in NEC. Although citrulline lev-
els were not associated with birth weight, gestational
age, or NEC severity, the temporal change may reflect
underlying intestinal injury. A significant but weak to
moderate correlation with birth length supports its role
as a surrogate marker of intestinal mass and highlights
birth length as a potential variable for future research.
These findings support citrulline’s promise as a non-
invasive biomarker for early detection and monitoring
of intestinal dysfunction in preterm infants, warrant-
ing validation in larger, multi-center studies.
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