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BIOLOGY CONTRIBUTION

CITRULLINE: A PHYSIOLOGIC MARKER ENABLING QUANTITATION AND
MONITORING OF EPITHELIAL RADIATION-INDUCED

SMALL BOWEL DAMAGE

LUDY C. H. W. LUTGENS, M.D.,* NICOLAAS E. P. DEUTZ, M.D., PH.D.,† JOHN GUEULETTE, PH.D.,‡

JACK P. M. CLEUTJENS, PH.D.,§ MARTIJN P. F. BERGER, PH.D.,� BRADLY G. WOUTERS, PH.D.,*
MAARTEN F. VON MEYENFELDT, M.D., PH.D.,† AND PHILIPPE LAMBIN, M.D., PH.D.*

*MAASTRO, Department of Radiation Therapy and Oncology and †Department of Surgery, University Hospital
Maastricht/Maastricht University, Maastricht, The Netherlands; ‡Unité de Radiobiologie et Unité de Radiotherapie, Université

Catholique de Louvain, Bruxelles, Belgium; Departments of §Pathology and �Methodology and Statistics, Maastricht University,
Maastricht, The Netherlands

Purpose: Small bowel irradiation results in epithelial cell loss and consequently impairs function and metabolism.
We investigated whether citrulline, a metabolic end product of small bowel enterocytes, can be used for
quantifying radiation-induced epithelial cell loss.
Methods and Materials: NMRI mice were subjected to single-dose whole body irradiation (WBI). The time
course of citrullinemia was assessed up to 11 days after WBI. A dose–response relationship was determined at
84 h after WBI. In addition, citrullinemia was correlated with morphologic parameters at this time point and
used to calculate the dose-modifying factor (DMF) of glutamine and amifostine on acute small bowel radiation
damage.
Results: After WBI, a time- and dose-dependent decrease in plasma citrulline level was observed with a
significant dose–response relationship at 84 h. At this time point, citrullinemia significantly correlated with
jejunal crypt regeneration (p < 0.001) and epithelial surface lining (p � 0.001). A DMF of 1.0 and 1.5 was
computed at the effective dose 50 (ED50) level for glutamine and amifostine, respectively.
Conclusions: Citrullinemia can be used to quantify acute small bowel epithelial radiation damage after single-
dose WBI. Radiation-induced changes in citrullinemia are most pronounced at 31⁄2 to 4 days postirradiation. At
this time point, citrullinemia correlates with morphologic endpoints for epithelial radiation damage.
© 2003 Elsevier Inc.

Citrulline, Normal tissue damage, Small bowel, Assay, Glutamine.

INTRODUCTION

When abdominal or pelvic cancers are treated with radio-
therapy, the small bowel is a major dose-limiting organ with
regard to both acute and late treatment-related morbidity.
The cellular mechanism of small bowel radiation injury has
been studied extensively in the laboratory (1). The intestinal
crypt cell and, more recently, the pericryptal endothelial cell
(2) have been designated as target cells for epithelial radi-
ation injury. We have focused our research on epithelial
radiation sequelae as a target for intervention of both acute
and late small bowel radiation injury.

Radiation damage to intestinal epithelium can be measured
by morphologic and/or functional endpoints. The application
of morphologic endpoints such as crypt cell regeneration (3),
apoptosis (1, 2, 4), and mucosal surface measurements (5) in

clinical practice is hampered by the need for tissue sampling.
As a consequence, data are mainly derived from rodent studies.
A wide diversity of functional disorders have been observed
after ionizing radiation, such as changes in trans-epithelial
transport processes (6, 7) or the absorption of various nutrients
such as carbohydrates, amino acids, proteins, vitamins, and
bile acid (8–13). Some of these functional changes have been
correlated with the epithelial cell mass available for absorption
(5, 12, 14, 15), suggesting a cellular basis in at least part of
radiation-induced functional disorders. Subsequently, such
functional tests were evaluated for their applicability as a
clinical assay for intestinal damage related to radiation-induced
epithelial cell loss (5, 14). However, as a routine in daily
clinical practice these parameters are not suited for repeated
measurements.
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Our aim is to develop a clinical assay for radiation-
induced small bowel damage, i.e., an assay sensitive and
quantifiable at clinically relevant doses. The assay must be
applicable in daily clinical practice during the acute and late
phases of radiation injury, enabling determination of tem-
poral and/or permanent intestinal damage on a routine basis.
Such an assay should then allow reliable assessments of the
therapeutic window for new treatment strategies.

In this report, we describe the citrulline kinetics in NMRI
mice in response to single-dose whole body irradiation
(WBI). We hypothesized that the intestinal release of cit-
rulline into the circulation decreases as a function of the
radiation-induced reduction of epithelial cell mass. Thus,
citrullinemia is tested as a quantitative marker for small
bowel epithelial radiation injury. For this purpose, the time
course for citrullinemia has been assessed at 1, 2, 4, 8, and
11 days after single WBI doses of 8–12 Gy, and a dose–
response relationship for plasma citrulline level is deter-
mined at 84 h after single WBI doses between 0–14.9 Gy.
Furthermore, citrullinemia is correlated with parameters for
epithelial radiation damage and used for calculation of the
dose-modifying factor for amifostine (WR-2721) (16, 17), a
radioprotector for small bowel epithelium.

METHODS AND MATERIALS

Mice
Female NMRI mice 12–14 weeks old (23–33 g) were

obtained from Harlan Netherlands B.V., Horst, The Neth-
erlands. Mice were housed 3 per cage under standard 12-h
light-dark cycle periods (7:30 am to 7:30 pm) with room
temperature maintained at 25°C. The mice were fed stan-
dard mice chow and water ad libitum. All experiments were
performed in accordance with the recommendations of the
Guide for the Care and Use of Laboratory Animals and
approved by the Ethical Committee of Animal Research of
the Catholic University of Leuven, Brussels.

Irradiation
The effect of irradiation on plasma citrulline concentra-

tion was studied after a single dose of WBI. Three unanes-
thesized mice of 1 cage were placed in a prone position in
a Perspex air-ventilated jig and exposed to 250-kV photons
(Philips) at a dose rate of 0.86 Gy/min, using an anteropos-
terior and postero-anterior beam. During treatment the mice
were loosely restrained with their legs stretched forwards
and backward, respectively. A Perspex plate (4 mm thick-
ness) on top and at the bottom of the jig ensured the
homogeneity of the dose distribution (�3% dose variation).

Plasma citrulline level
Immediately after blood (0.2 mL) was sampled by a

cardiac puncture, the mice were terminated for tissue sam-
pling by cervical dislocation. Plasma was obtained by whole
blood centrifugation at 8900 � g at 4°C for 5 min. For
determination of amino acids, 100 �L of plasma was depro-
teinized by adding it to 8 mg of dry 5-sulfosalicylic acid,

vortexed, frozen in liquid nitrogen, and stored at �80°C.
Then the plasma citrulline level (�M) was measured by
using high-performance liquid chromatography (18).

Morphology
In all experiments, mice were terminated by cervical

dislocation. A 2-cm jejunal segment was excised and fixed
in Bouin solution for a maximum of 24 h before the routine
processing for histology. Three transverse paraffin sections
per mouse were cut at a thickness of 4 �m and stained with
hematoxylin and eosin.

Morphometric measurements
Three digitized images per mouse at 25� magnification

from the jejunum were evaluated using the calibrated image
analysis system (Leica Quantimet 570 C; Leica Q570 Qwin
version V 02.01). After digital subtraction of intraluminal
contents, the epithelial surface lining was demarcated and
measured as a perimetrical length (Figs. 1A and 1B). Ad-
jacent villar surfaces were digitally separated to enable
measurement of the epithelial surface lining for individual
villi. The epithelial lining of intraluminally located villar
fragments was accordingly separately measured. The sum
of the perimetrical lengths (mm) was then scored represent-
ing the total epithelial surface lining per transverse section
of the jejunum. For statistical analysis, the mean averaged
score of 3 images per mouse was used.

Morphologic assay
The microcolony assay, as introduced in 1970 by Withers

and Elkind, was used (3). Strictly 84 h after irradiation, mice
were terminated and 2 cm of jejunum was sampled, fixed,
and prepared for sectioning. This time interval is enough to
regenerate the crypts, and it is assumed that a crypt can
regenerate from a single surviving stem cell. Crypts con-
taining �10 cells were considered to be regenerating crypts.
For each mouse, the number of regenerating crypts per
circumference was scored (J.G.) in at least three transverse
histologic sections. For statistical analysis, the mean aver-
aged score of three transverse sections per mouse was used.

Experimental conditions
To assess the time course for citrulline after WBI, inter-

vals were set at 1, 2, 4, 8, and 11 days between WBI and
blood sampling. In this experiment, WBI doses between
8–12 Gy were applied using 6 mice per dose point at t � 1,
2, 4, and 8 days and 12 mice per dose point at t � 11 days
after WBI, respectively.

A dose–response relationship for citrullinemia, jejunal
crypt regeneration, and mucosal surface lining was assessed
at strictly 84 h after WBI. This interval was chosen in
accordance with the guidelines for the jejunal microcolony
assay (3), used in the present experiment as one of the
morphologic endpoints. WBI doses of 0–10.0 Gy (dose step
1 Gy) and 8.0, 9.8, 12.1, and 14.9 Gy were used. Three mice
per dose point were used. No mice were lost due to the
experimental procedure yielding data for all endpoints used.
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Plasma citrulline level was used as a secondary endpoint
to assess the effect of enteral glutamine (19) on intestinal
radiation damage in mice after single-dose WBI. The amino
acid was supplied as a 3%-glutamine enriched drinking
water solution, starting 4 days before radiation until termi-
nation at t � 84 h after WBI. Amifostine (WR-2721) was
used as a positive control (16, 17). Amifostine (Ethyol, USB
Pharma, Nijmegen) was stored at 4°C. Immediately before
the experiment, 500 mg was dissolved in 10 mL 150 mM
NaCl solution (pH 6.0). Mice were randomly assigned to
radiation only (WBI dose 8.0–15.0 Gy), enteral glutamine
feeding (WBI dose 8.7–15.7 Gy), or 10 mg amifostine
intraperitoneally 30 min before radiation (WBI dose 11.1–
25.2 Gy), respectively. The DMF of parenteral amifostine
on jejunal epithelial radiation damage was determined using
jejunal crypt regeneration and plasma citrulline level as-
sessed at 84 h after WBI as endpoints. Six mice were used
per dose point.

Statistical analysis
SPSS for Windows software (release 11.0) was used for

statistical analysis. For investigation of the dose–response
relationship of citrullinemia, raw data of plasma citrulline
levels per dose point were used. For examination of a
relationship between plasma citrulline levels and morpho-
logic endpoints, mean values per dose point were used. For
the number of regenerated crypts as a function of dose, an

exponential relation can usually be assumed and a straight
line (in log/linear coordinates) can be usually fitted through
the experimental points corresponding to less than 70–80
regenerated crypts. This results from the fact that at these
(high) dose levels the number of regenerated crypts corre-
sponds to the number of surviving stem cells, so that the
dose–effect relation for crypt regeneration fits the (expo-
nential) distal part of the stem cell survival curve. To assess
a linear or non-linear relationship between parameters, bi-
variate correlations procedure was used for calculation of
Pearson’s correlation coefficient or Spearman’s rho, respec-
tively. One-way analysis of variance (ANOVA) with addi-
tional Tukey’s post hoc testing was used to analyze a
correlation of plasma citrulline level and jejunal epithelial
surface lining with WBI dose at 84 h after irradiation. A
time and dose effect of plasma citrulline level was tested by
two-way factorial ANOVA. The significance level was set
at � � 0.05.

RESULTS

Mucosal surface lining
The mean (� SEM) mucosal surface lining in 6 control

mice (WBI dose 0 Gy) was 67.5 � 2.5 mm (range: 58.9–
75.3 mm). Mucosal surface lining decreased as a function of
time after irradiation (two-way ANOVA; p � 0.001). After
8 Gy, WBI nadir values were measured at Day 2 and Day 11

Fig. 1. Mucosal surface lining measurements. (a) Light microscopic image at 25� magnification. The image was
digitized using a calibrated image analysis system (Leica Quantimet 570C; Leica Q570 Qwin version V 02.01). (b) The
length (mm) of the digitally demarcated mucosal surface lining was used for statistical analysis. The images shown were
obtained at 84 h after WBI with doses of 9.8 Gy (left) and 14.9 Gy (right) revealing an epithelial surface lining of 54.3
mm and 38.6 mm and corresponding citrulline levels of 15.8 �M and 9.3 �M, respectively. (c) Dose–response curve
for the mucosal surface lining (mm) 84 h after WBI doses of 0–14.9 Gy. Data are presented as mean � SEM. One-way
ANOVA: p � 0.002.
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(58.0 � 2.9 mm and 53.3 � 2.8 mm; p � NS), whereas for
the 9 Gy dose level the nadir value was measured at Day 8
(58.0 � 6.7 mm; one-way ANOVA: p � 0.2). In contrast,
nadir values for the 10, 11, and 12 Gy dose levels were
measured at 4 days (52.4 � 4.7 mm, 38.3 � 2.7 mm, and
45.3 � 4.3 mm; one-way ANOVA: p � 0.034, p � 0.001,
and p � 0.001, respectively). Similarly, a significant dose–
response relationship was observed for mucosal surface
lining at the 4-day time point only (Pearson: r � �0.77)
whereas no correlation was seen at the 1, 2, 8, and 11-day
time points, respectively (Pearson r: �0.18, 0.19, �0.11,
and �0.15).

A dose–response curve for mucosal surface lining was
then assessed at 84 h after WBI using doses between 1–14.9
Gy (Fig. 1c). The mucosal surface lining ranged between
38.5 and 109.3 mm and declined as a function of irradiation
dose (one-way ANOVA; p � 0.002). At this time point, a
strong correlation between mucosal surface lining and jeju-
nal crypt regeneration was also observed (Pearson r: 0.99).

Citrullinemia
The mean (� SEM) plasma citrulline level in control

mice (WBI dose 0 Gy; n � 6) was 82.5 � 2.5 �M (range:
50.1–106.5 �M). The time course of plasma citrulline level
as a function of WBI dose was assessed at 1, 2, 4, 8, and 11
days after WBI doses between 8 and 12 Gy. Up to 4 days
after WBI no mouse died, whereas radiation-induced mor-
tality increased to 16% and 57% (8 Gy), 33% and 66% (9
Gy), 66% and 83% (10 Gy), 50% and 43% (11 Gy), and
50% and 75% (12 Gy) at Days 8 and 11 after WBI, respec-
tively.

Plasma citrulline level decreased as a function of dose
and time after WBI (two-way ANOVA; p � 0.002 and p �
0.001, respectively). Whereas the time effect was significant
for all dose levels used, a significant dose-effect relationship
was present only at Day 4 after WBI (Pearson: r � �0.88;
Fig. 2a).

As shown in Fig. 2b, starting 1 day after WBI the plasma
citrulline level progressively decreased irrespective of WBI
dose (p � 0.23). After WBI doses between 8–10 Gy, the
nadir plasma citrulline level (mean � SEM) was observed
at 2 days after WBI (36.7 � 6.8 �M [8 Gy]; 34.3 � 1.7 �M
[9 Gy]; 30.0 � 6.5 �M [10 Gy]); one-way ANOVA: p �
0.006, p � 0.001, and p � 0.047, respectively). In contrast,
citrullinemia nadir values after WBI doses of 11 and 12 Gy
were measured at 4 days after WBI (13.8 � 2.7 �M [11 Gy]
and 9.6 � 2.2 �M [12 Gy]; one-way ANOVA: p � 0.001
and p � 0.001, respectively). Although a slight recovery of
citrullinemia was noticed thereafter, plasma citrulline levels
remained significantly lower at the 11-day time point com-
pared with control mice (44.4 � 8.7 �M [11 Gy] and 28.7
� 3.8 �M [12 Gy]; one-way ANOVA: p � 0.006 and p �
0.004, respectively; Fig. 2b).

To further explore the dose–response relationship for
citrullinemia, plasma levels were measured 84 h after single
WBI doses between 0 and 14.9 Gy. As shown in Fig. 2c,
plasma citrulline levels decreased as a function of WBI dose

with an approximately linear response for the dose range of
3–12.1 Gy (Pearson: r � �0.98). No change in plasma
citrulline level could be discriminated up to single WBI
doses of 3 Gy, whereas no further decrease in plasma
citrulline level was noticed for the 14.9 Gy dose point (4.7
� 1.3 �M) as compared with the 12.1 Gy dose point (6.2 �
0.3 �M).

Correlation of citrullinemia with mucosal surface lining
and jejunal crypt regeneration

The correlation between plasma citrulline level and mu-
cosal surface lining was examined for the 1, 2, 4, 8, and
11-day time points. A strong correlation was observed for
the 4-day and 11-day time points (Pearson r: 0.96 and 0.75,
respectively), whereas for the 1, 2, and 8-day time points the
correlation coefficients were 0.41, �0.41, and 0.32, respec-
tively. These results were confirmed for the data obtained at
84 h after WBI doses between 0–14.9 Gy. As shown in Fig.
2d, a linear correlation was observed between epithelial
surface lining and plasma citrulline level (Pearson: r �
0.77; p � 0.001).

Citrullinemia was then tested as an assay for acute small
bowel epithelial radiation injury in an experiment using
enteral glutamine suppletion as a radioprotector. For this
purpose, plasma citrulline level was compared with jejunal
crypt survival as an endpoint for small bowel epithelial
radiation injury at 84 h after single WBI. Amifostine was
used as a positive control. Enteral glutamine had no effect
on epithelial radiation damage (Figs. 3A and 3B). The DMF
for glutamine (1.0) and amifostine (1.5) determined at the
Effective Dose 50 (ED50) level were similar for the micro-
colony assay and citrulline assay (Figs. 3A and 3B). As
shown in Fig. 3c, a significant correlation was observed
between both endpoints for epithelial radiation damage
(Spearman’s rho 0.94).

DISCUSSION

A decrease of intestinal absorptive function after irradi-
ation has been correlated to morphologic changes, i.e., a
decrease in the number of functionally active cells, consti-
tuting the absorptive mucosal surface (5, 12, 14, 15). In an
attempt to develop an assay for detecting radiation-induced
intestinal damage related to epithelial cell loss, functional
assays have been used such as changes in active glucose
transport (5) and 99mTc-pertechnetaat (14). We chose
plasma citrulline concentration in our study for its method-
ologic simplicity (20–23). Citrulline accounts for almost
30% of metabolized glutamine nitrogen in rat small intes-
tine (24). The small intestinal enterocyte contains specific
enzymes involved in citrulline production but lacks the
enzymes necessary for its conversion to arginine (25–27).
This unique enzymatic profile (21) and the fact that citrul-
line is not metabolized by the liver (28) are the reasons that
the small bowel is the principal source of circulating citrul-
line. Consequently the plasma citrulline level is highly
dependent upon the intestinal cell mass (25).
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The dependence of plasma citrulline level on epithelial
cell mass observed in surgical experiments in rodents (20,
21) and human studies (22, 23) has been confirmed by us in
mice after single-dose WBI. We found a linear correlation
(Pearson: r � 0.77) between plasma citrulline levels and a
representative parameter for epithelial cell mass, i.e., the
epithelial surface lining. Remarkably, a strong correlation
between the epithelial cell mass and jejunal crypt regener-
ation at 84 h after WBI was observed (Pearson: r � 0.99).
The maximum decrease in epithelial surface lining in our
time experiment was noticed on Day 4 after WBI. Although
a further decrease between Day 4 and Day 8 cannot be ruled

out, these observations are in agreement with previous stud-
ies using mucosal cell mass as an endpoint (5, 14).

The time course of plasma citrulline level after single-
dose WBI (Figs. 2A and 2B) observed by us was compa-
rable to that reported for other functional tests related to a
reduced number of functional epithelial cells (5, 14). The
rapid decline of plasma citrulline level seen at the first 2
days after treatment is independent of the WBI doses used.
However, recovery was more rapid for the lowest dose (i.e.,
8 Gy) and it was incomplete during the observation period
for the highest dose levels used (i.e., 11 and 12 Gy; Fig. 2b).
This time and dose pattern is in agreement with the radiation

Fig. 2. Citrullinemia kinetics. (a) Scatter plots showing the dose–response relationships for plasma citrulline level at 1,
2, 4, 8, and 11 days after WBI with doses of 8–12 Gy. Pearson: r � �0.23, r � �0.42, r � �0.88, r � �0.43, and
r � �0.32, respectively. The corresponding p values are 0.23, 0.02, �0.001, 0.09, and 0.18, respectively. (b) Mean (�
SEM) plasma citrulline level (�M) as a function of time after single WBI doses of 8–12 Gy. Plasma citrulline level at
Day 11 after WBI doses of 11 and 12 Gy are significantly lower as compared with control values (p � 0.006 and p �
0.004, respectively). (c) Plasma citrulline level at 84 h after whole body irradiation as a function of irradiation dose (Gy).
Data points represent mean values � SEM. One-way ANOVA; p � 0.001. (d) Correlation between plasma citrulline
level and mucosal surface lining at 84 h after single WBI doses of 0–14.9 Gy. Data shown represent mean values �
SEM. Pearson: r � �0.77; p � 0.001.

1071Citrulline as marker for small bowel radiation injury ● L. C. H. W. LUTGENS et al.



effect on the hierarchically structured intestinal epithelium
(1). Using the epithelial surface lining as a parameter did not
yield significant changes except for the 4-day time point for
the highest dose levels (i.e., 11 and 12 Gy). In contrast, for
citrullinemia significant changes were observed for all dose
levels used at the 4-day time point. Furthermore, plasma
citrulline levels remained significantly decreased at the 11-
day time point. For the dose range used in our experiments,
mean values for mucosal surface lining ranged between
56% and 130% of control values, whereas for citrullinemia
mean values ranged between 6% and 121% of control
values. Thus citrullinemia seems to be more sensitive for
detecting and monitoring small bowel radiation-induced
epithelial cell loss than the representative morphologic end-
point used in these experiments.

We have demonstrated a significant dose–response rela-
tionship for citrullinemia at 84 h and 4 days (Fig. 2) after
single-dose WBI. After WBI doses of 1–3 Gy, no effect on
citrullinemia could be demonstrated. However, this param-
eter was inversely proportional to WBI doses of 3–12 Gy.
The spread in baseline plasma citrulline level between mice
may cover an effect at lower doses per fraction, which
however might be demonstrated if repeated measurements
in the same mouse are performed. The observation that

plasma citrulline levels did not decrease any further beyond
doses of 12 Gy is in agreement with the observation that the
mucosal surface lining was intact, i.e., denudation was
absent at the time point and dose levels used by us.

Encouraged by these results, the citrulline assay was
compared with the microcolony assay as a test to prove
its efficacy in discriminating different levels of small
bowel epithelial radiation damage. Glutamine is the prin-
cipal fuel for small bowel enterocytes (29). Enteral sup-
plementation of this amino acid has been demonstrated to
improve intestinal morphometrics (19) and survival (30)
in rats submitted to single-dose whole abdominal irradi-
ation. We have used glutamine accordingly to examine its
effect on acute epithelial small bowel radiation damage in
mice. In these experiments, amifostine (WR-2721), a
compound of the class of sulfhydryl radioprotectors, was
also used as a known positive control. In mice a linear
dose–response effect for amifostine exists up to about
400 mg/kg body weight (16, 17). At this dose, adminis-
tered 30 min before radiation by intraperitoneal injection,
a DMF of 1.6 is consistently found for mouse jejunum
using the microcolony assay to assess crypt cell regen-
eration (16, 17) with an accuracy on the DMF value
better than � 5% for the biologic procedure (31). We

Fig. 3. Correlation between citrulline assay and microcolony assay. (a) Dose–response curve using the jejunal
microcolony assay as an endpoint for acute small bowel radiation damage 84 h after WBI. Per dose point, 6 mice were
used. Data points represent the mean number of crypts per circumference per dose point. ● � WBI only; Œ � WBI plus
3%-glutamine enriched drinking water; E � 10 mg amifostine intraperitoneally 30 min before WBI. The dose
modification factor computed at the level of 50 crypts per circumference for glutamine and amifostine was 1.0 and 1.5,
respectively. (b) Dose–response curve using plasma citrulline level as an endpoint for acute small bowel radiation
damage 84 h after whole body irradiation. Per dose point, 6 mice were used. The data points represent the mean plasma
citrulline level (�M) per dose point. ● � WBI only; Œ � WBI plus 3%-glutamine enriched drinking water; E � 10 mg
amifostine intraperitoneally 30 min before WBI. The dose modifying factor for glutamine and amifostine determined at
the ED50 level was 1.0 and 1.5, respectively. (c) Scatter plot showing a correlation between plasma citrulline level (�M)
and crypt regeneration measured at 84 h after WBI doses of 8.0, 9.4, 10.8, 12.2, 13.6, and 15.0 Gy (WBI only), 8.7, 10.1,
11.5, 12.9, 14.3, and 15.7 Gy (WBI plus 3%-glutamine enriched drinking water), and 11.1, 13.9, 16.7, 19.6, 22.4, 25.2,
and 28.0 Gy (WBI plus amifostine intraperitoneally 30 min before irradiation). Spearman’s rho 0.83; p � 0.001.
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observed a DMF of 1.5 using both jejunal crypt survival
and citrullinemia as an endpoint, in complete agreement
with data reported in the literature (16, 17). On the
contrary, no effect was observed by us for glutamine on
epithelial radiation damage (manuscript in preparation).
For experimental conditions, as defined for the use of the
microcolony assay (3), we found a strong correlation
(Spearman’s rho 0.94) between jejunal crypt regeneration
and citrullinemia as parameters for epithelial radiation
damage, independent of the intervention used (Fig. 3).
Interestingly, enteral supplementation of glutamine did
not have any impact on citrullinemia or crypt survival.

Although the DMF computed for amifostine for both
endpoints was in complete agreement with literature data
(16, 17), the citrulline assay seems less sensitive than the
microcolony assay at the higher dose range such as
typically used for the microcolony assay, as is demon-
strated by a greater slope for the curve of the microcolony
assay compared with the citrulline assay (Figs. 3B and
3C) and the dose–response relationship data (Fig. 2c).

The opposite situation is true for the lower dose range
where the threshold dose for the citrulline assay is sig-
nificantly lower as compared with the microcolony assay,
i.e., about 3 Gy vs. 8 Gy, respectively. Furthermore, in
contrast to the microcolony assay, the citrulline assay
permits repeated measurements within the same animal.
Therefore, the citrulline assay and the microcolony assay
are supplementary, both with regard to the dose range and
with regard to their applicability.

In conclusion, our data demonstrate that after single-dose
WBI plasma citrulline level kinetics are dose-dependent and
in accordance with radiation injury to the clonogenic com-
partment of small intestinal epithelium. Citrullinemia is a
simple and sensitive marker for monitoring small bowel
epithelial radiation damage after single WBI doses between
8–12 Gy. Furthermore, this parameter enables quantifica-
tion of epithelial cell loss after doses per fraction between
3–12 Gy. The kinetics observed for this parameter challenge
its use as an assay for monitoring epithelial radiation-in-
duced intestinal damage in clinical practice.

REFERENCES

1. Potten CS. Structure, function and proliferative organisation
of mammalian gut. Amsterdam: Elsevier Science B.V., 1995.
p. 1–31.

2. Paris F, Fuks Z, Kang A, et al. Endothelial apoptosis as the
primary lesion initiating intestinal radiation damage in mice.
Science 2001;293:293–297.

3. Withers HR, Elkind MM. Microcolony survival assay for cells
of mouse intestinal mucosa exposed to radiation. Int J Radiat
Biol Relat Stud Phys Chem Med 1970;17:261–267.

4. Potten CS, Booth C. The role of radiation-induced and spon-
taneous apoptosis in the homeostasis of the gastrointestinal
epithelium: A brief review. Comp Biochem Physiol B Biochem
Mol 1997;118:473–478.

5. Overgaard J, Matsui M. Effect of radiation on glucose absorp-
tion in the mouse jejunum in vivo. Radiother Oncol 1990;18:
71–77.

6. Gunter Smith PJ. Gamma radiation affects active electrolyte
transport by rabbit ileum: Basal Na and Cl transport. Am J
Physiol 1986;250:G540–545.

7. Lebrun F, Benderitter M, Berroud A, et al. Potential role of the
membrane in the development of intestinal cellular damage
after whole-body gamma irradiation of the rat. Can J Physiol
Pharmacol 2002;80:686–693.

8. Yeoh E, Horowitz M, Russo A, et al. A retrospective study of
the effects of pelvic irradiation for carcinoma of the cervix on
gastrointestinal function. Int J Radiat Oncol Biol Phys 1993;
26:229–237.

9. Travis S, Menzies I. Intestinal permeability: Functional as-
sessment and significance. Clin Sci 1992;82:471–488.

10. Craig RM, Atkinson AJ Jr. D-xylose testing: A review. Gas-
troenterology 1988;95:223–231.

11. Thomson AB, Cheeseman CI, Walker K. Effect of abdominal
irradiation on the kinetic parameters of intestinal uptake of
glucose, galactose, leucine, and gly-leucine in the rat. J Lab
Clin Med 1983;102:813–827.

12. Juby LD, Dixon MF, Axon AT. Abnormal intestinal perme-
ability and jejunal morphometry. J Clin Pathol 1987;40:714–
718.

13. Thomson AB, Cheeseman CI, Walker K. Intestinal uptake of

bile acids: Effect of external abdominal irradiation. Int J
Radiat Oncol Biol Phys 1984;10:671–685.

14. Kirichenko AV, Mason KA, Straume M, Teates CD, Rich TA.
Nuclear scintigraphic assessment of radiation-induced intesti-
nal dysfunction. Radiat Res 2000;153:164–172.

15. Gunter Smith PJ. Gamma radiation affects active electrolyte
transport by rabbit ileum. II. Correlation of alanine and the-
ophylline response with morphology. Radiat Res 1989;117:
419–432.

16. Ito H, Meistrich ML, Barkley HT Jr, Thames HD, Jr, Milas L.
Protection of acute and late radiation damage of the gastroin-
testinal tract by WR-2721. Int J Radiat Oncol Biol Phys
1986;12:211–219.

17. Hanson WR. Radiation protection of murine intestine by WR-
2721, 16, 16-dimethyl prostaglandin E2, and the combination
of both agents. Radiat Res 1987;111:361–373.

18. van Eijk HM, Rooyakkers DR, Deutz NE. Rapid routine
determination of amino acids in plasma by high-performance
liquid chromatography with a 2–3 microns Spherisorb ODS II
column. J Chromatogr 1993;620:143–148.

19. Klimberg VS, Souba WW, Dolson DJ, et al. Prophylactic
glutamine protects the intestinal mucosa from radiation injury.
Cancer 1990;66:62–68.

20. Chen K, Nezu R, Sando K, et al. Influence of glutamine-
supplemented parenteral nutrition on intestinal amino acid
metabolism in rats after small bowel resection. Surg Today
1996;26:618–623.

21. Wakabayashi Y, Yamada E, Yoshida T, Takahashi N. Effect
of intestinal resection and arginine-free diet on rat physiology.
Am J Physiol 1995;269:G313–318.

22. Crenn P, Coudray Lucas C, Cynober L, Messing B. Post-
absorptive plasma citrulline concentration: A marker of intes-
tinal failure in humans. Transplant Proc 1998;30:2528.

23. Crenn P, Coudray Lucas C, Thuillier F, Cynober L, Messing
B. Postabsorptive plasma citrulline concentration is a marker
of absorptive enterocyte mass and intestinal failure in humans.
Gastroenterology 2000;119:1496–1505.

24. Windmueller HG. Glutamine utilization by the small intestine.
Adv Enzymol Relat Areas Mol Biol 1982;53:201–237.

25. Wakabayashi Y, Yamada E, Hasegawa T, Yamada R. Enzy-

1073Citrulline as marker for small bowel radiation injury ● L. C. H. W. LUTGENS et al.



mological evidence for the indispensability of small intes-
tine in the synthesis of arginine from glutamate. I. Pyrro-
line-5-carboxylate synthase. Arch Biochem Biophys 1991;
291:1–8.

26. Wakabayashi Y, Yamada E, Yoshida T, Takahashi H. Argi-
nine becomes an essential amino acid after massive resection
of rat small intestine. J Biol Chem 1994;269:32667–32671.

27. Wu G. Synthesis of citrulline and arginine from proline in
enterocytes of postnatal pigs. Am J Physiol 1997;272:G1382–
1390.

28. Windmueller HG, Spaeth AE. Source and fate of circulating
citrulline. Am J Physiol 1981;241:E473–480.

29. Windmueller HG, Spaeth AE. Identification of ketone bod-
ies and glutamine as the major respiratory fuels in vivo for
postabsorptive rat small intestine. J Biol Chem 1978;253:
69–76.

30. Klimberg VS, Salloum RM, Kasper M, et al. Oral glutamine
accelerates healing of the small intestine and improves out-
come after whole abdominal radiation. Arch Surg 1990;125:
1040–1045.

31. Gueulette J, Menzel HG, Pihet P, Wambersie A. Specification
of radiation quality in fast neutron therapy: Microdosimetric
and radiobiological approach. Recent Results Cancer Res
1998;150:31–53.

1074 I. J. Radiation Oncology ● Biology ● Physics Volume 57, Number 4, 2003


	CITRULLINE: A PHYSIOLOGIC MARKER ENABLING QUANTITATION AND MONITORING OF EPITHELIAL RADIATION-INDUCED SMALL BOWEL DAMAGE
	INTRODUCTION
	Acknowledgments
	METHODS AND MATERIALS
	Mice
	Irradiation
	Plasma citrulline level
	Morphology
	Morphometric measurements
	Morphologic assay
	Experimental conditions
	Statistical analysis

	RESULTS
	Mucosal surface lining
	Citrullinemia
	Correlation of citrullinemia with mucosal surface lining and jejunal crypt regeneration

	DISCUSSION
	REFERENCES


