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OBJECTIVES: In clinical trials, treatment with the glucagon-like peptide 2 analog teduglutide was associated with improved fluid
and nutrient absorption and increased intestinal villus height and crypt depth in patients with short bowel syndrome (SBS). Plasma
citrulline, an amino acid produced by enterocytes, is considered a measure of enterocyte mass. This analysis assessed changes in
plasma citrulline levels in patients with SBS in 2 phase III clinical studies of teduglutide.
METHODS: Both teduglutide studies (0.05 or 0.10 mg/kg/day in CL0600-004 and 0.05 mg/kg/day in CL0600-020) were phase III,
24-week, double-blind, and placebo controlled. Plasma citrulline levels were analyzed and validated by liquid chromatography
coupled to tandem mass spectrometry.
RESULTS: In both the CL0600-004 and CL0600-020 studies, change in mean plasma citrulline concentrations at Week 24 vs.
baseline was significantly greater with teduglutide compared with placebo (10.9 (0.05-mg/kg/day dose) and 15.7 (0.10-mg/kg/day
dose) vs. 2.0 μmol/L and 20.6 vs. 0.7 μmol/L, respectively, for each study (P≤ 0.0001 for each comparison with placebo)).
Teduglutide treatment was associated with reductions from baseline in PS (parenteral support) volume requirements; however, a
significant correlation between PS reduction and increase in plasma citrulline at Week 24 was observed in only one out of the three
teduglutide treatment groups.
CONCLUSIONS: In 2 phase III studies, patients receiving teduglutide had significant increases in plasma citrulline at Week 24
compared with patients receiving placebo. Increases in plasma citrulline concentrations likely reflect enterocyte mass expansion,
but no clear correlation was detected between change in plasma citrulline and change in weekly PS volume.
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INTRODUCTION

Many patients with short bowel syndrome (SBS) lack the
intestinal absorptive capacity necessary to meet nutritional and
hydration requirements with an oral diet; these patients require
parenteral support (PS: parenteral nutrition and/or intravenous
fluids) as compensatory treatment formalabsorption.1 Intestinal
adaptation, which begins immediately following bowel resec-
tion, is the innate process whereby morphologic and functional
changes occur in the remnant intestines, leading to an increase
in absorption.2 This adaptation, which is stimulated by luminal
nutrition and hyperphagia, is sufficient to permit a return to
enteral autonomy in some patients.2,3 The majority of intestinal
adaptation in adults is generally thought to occur during the first
1–2 years following resection,2 but no objective, clinically
practical markers have established the time course or extent of
adaptation in humans.
Multiple factors are thought to mediate intestinal adaptation,

including glucagon-like peptide 2 (GLP-2), an intestinotrophic
peptide released by enteroendocrine L cells in response to
nutrient stimulation.2 Teduglutide (Gattex, NPS Pharmaceu-
ticals, Bedminster, NJ, USA) is a recombinant human GLP-2

analog indicated for the treatment of SBS in adult patients who
are dependent on PS. Teduglutide promotes expansion of
normal intestinal epithelium and augments enterocyte mass
as demonstrated by increased villus height and crypt depth.4

In phases II and III clinical studies, teduglutide treatment
has been associated with increased absorption, as evidenced
by a significant decrease in weekly PS requirements, while
maintaining fluid and nutrition status. Of the total of 134
patients treated with teduglutide 0.05mg/kg/day, 16 patients
have successfully achieved independence from PS in the
phase III studies and their long-term extensions.5

Plasma citrulline, an amino acid produced predominantly
by enterocytes, is considered a measure of enterocyte mass
in patients with SBS.6 Several studies have documented
decreased plasma citrulline levels among patients with SBS
compared with healthy controls and have shown a strong
positive association between plasma citrulline and small
bowel length.7–11 Additionally, plasma citrulline may correlate
with the extent of intestinal adaptation in patients with SBS. In
one report, among 268 patients with SBS followed up on for a
median of 4.4 years after final digestive circuit modification,
higher plasma citrulline levels were significantly correlated
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with PS independence.12 In another study, the conversion of
an oral bolus of alanine-glutamine into citrulline was signi-
ficantly enhanced in patients with SBS who were ≥24 months
after intestinal resection compared with patients who were
earlier in their post-operative course.13

Here we evaluated changes in plasma citrulline levels with
teduglutide treatment in 2 phase III clinical trials conducted in
patients with SBS.

METHODS

Study design. Two phase III, double-blind, randomized,
parallel-group, controlled, multicenter studies of teduglutide
were conducted in patients with SBS: CL0600-004
(ClinicalTrials.gov identifier NCT00081458) and CL0600-020
(STEPS; ClinicalTrials.gov identifier NCT00798967).14,15

Details of trial designs and methodologies have been
described previously.14,15 Briefly, patients with SBS who
required PS at least three times per week for ≥ 12 months
were eligible for the studies. Before treatment initiation,
patients underwent 0–8 weeks of PS optimization and
4–8 weeks of PS stabilization. Patients were then randomized
2:2:1 to treatment with teduglutide 0.05mg/kg/day (the
approved dose for clinical use), teduglutide 0.10mg/kg/day,
or placebo in study CL0600-004 and randomized 1:1 to
teduglutide 0.05mg/kg/day or placebo in study CL0600-020
for 24 weeks. Patients, study center personnel, the sponsor,
and all persons associated with the monitoring or data manage-
ment for the clinical study were blinded to the treatment assign-
ments. Teduglutide and placebo were identical in appearance.
The primary efficacy end point for the CL0600-004 study

was a graded response score criterion that accounted for both
the intensity and duration of response at Week 24. For the
CL0600-020 study, the primary efficacy end point was the
percentage of patients who achieved a 20–100% reduction in
PS volume from baseline at Week 20 and maintained that
response at Week 24. Change in plasma citrulline levels from
baselinewas an exploratory end point in each of these studies.
Analysis data sets included the data available; no imputation
or last-observation-carried-forward methods were applied.
Data from patients who withdrew early from the study or who
did not have data available were not included in Week 24
assessments.

Citrulline measurements. Plasma citrulline levels were
assessed at baseline and Weeks 4, 8, 16, and 24 in both
studies. In addition, citrulline levels were assessed at Weeks
12 and 20 in the CL0600-004 study. Plasma samples were
maintained at –70 °C until analysis. The analyte, L-citrulline,
and internal standard D4 L-citrulline were extracted from
0.05ml of human plasma by protein precipitation. Extracts
were separated by reverse-phase chromatography on a
Primesep 100 column (SIELC Technologies, Prospect
Heights, IL, USA) using an isocratic gradient system of
0.2% formic acid in water and acetonitrile. Compounds were
detected and quantified by tandem mass spectrometry in
positive ion mode on an API 3000 mass spectrometer
equipped with a TurboIonSpray interface (AB Sciex,

Framingham, MA, USA). A generalized linear model was
used for statistical analysis.

RESULTS

In the CL0600-004 study (May 2004 to November 2007), 35
patients were randomized to teduglutide 0.05mg/kg/day, 32 to
teduglutide 0.10mg/kg/day, and 16 to placebo.15 Of these, 27
patients in the teduglutide 0.05-mg/kg/day arm, 29 patients in
the 0.10-mg/kg/day arm, and 16 patients in the placebo arm had
citrulline data available at Week 24 and were included in the
analyzed data set. In the CL0600-020 study (November 2008 to
January 2011), 43 patients were randomized to teduglutide
0.05mg/kg/day and 43 patients to placebo.14 Thirty-nine
patients in each arm had citrulline data available at Week 24
and were included in the analyzed data set. Baseline demo-
graphics and characteristics of patients in both studies are
reported by treatment group in Table 1. Within each study, there
were no statistically significant differences between treatment
groups in any of the demographic and baseline characteristics.
In both studies, increases in mean plasma citrulline at

Week 24 vs. baseline were significantly greater in patients
receiving teduglutide compared with those receiving placebo
(Table 2). In the CL0600-004 study, teduglutide-treated patients
experienced a 67% (0.05-mg/kg/day dose; n=26) and 113%
(0.10-mg/kg/day dose) increase inmean plasma citrulline vs. an
8% increase for placebo-treated patients (Po0.0001 for each
teduglutide dose compared with placebo). In the CL0600-020
study, mean plasma citrulline levels increased by 111% in the
teduglutide group but increased by only 13% in the placebo
group (Po0.0001). At Week 24, mean (s.d.) absolute
citrulline levels among teduglutide-treated patients reached
29.5 (16.2) μmol/L (0.05-mg/kg/day dose) and 32.1 (15.4)
μmol/L (0.10-mg/kg/day dose) in the CL0600-004 study and
37.9 (24.8) μmol/L in the CL0600-020 study (Table 2).
Increases from baseline in mean plasma citrulline levels

occurred early in the course of teduglutide treatment and were
observed as soon as Week 4 (the first time point evaluated;
Figure 1a,b). In both studies, mean plasma citrulline levels
increased most rapidly during the first 8 weeks of teduglutide
treatment. In the CL0600-004 study, mean (s.d.) plasma
citrulline levels increased from baseline values of 18.0 (10.3)
μmol/L with teduglutide 0.05mg/kg/day (n=34) and 16.6 (8.3)
μmol/L with teduglutide 0.10mg/kg/day, to 29.4 (13.7) μmol/L
(n= 30) and 29.7 (16.2) μmol/L (n=31), respectively, at Week
8. In the CL0600-020 study, mean (s.d.) plasma citrulline
levels increased from a baseline value of 18.4 (9.5) μmol/L
(n= 42) to 30.5 (20.1) μmol/L at Week 8 (n= 40) with
teduglutide 0.05mg/kg/day. Between Weeks 8 and 24, mean
plasma citrulline levels were maintained with teduglutide in
study CL0600-004 (29.5 (16.2) and 32.1 (15.4) μmol/L at
Week 24 with teduglutide 0.05 and 0.10mg/kg/day, respec-
tively) and increased more gradually with teduglutide 0.05mg/
kg/day in study CL0600-020 (37.9 (24.8) μmol/L at Week 24).
In the same studies, teduglutide treatment was also

associated with decreases in PS requirements (Figure 1c,d).
In the CL0600-004 study, patients receiving either dose of
teduglutide experienced a 2.5-L/week reduction in PS volume
at Week 24 compared with baseline (P≤ 0.001) vs. a 0.9-L/
week reduction for patients receiving placebo (n=15)
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(P≤ 0.05; P=0.08 for comparisons between each teduglutide
dose and placebo).15 In the CL0600-020 study, teduglutide-
treated patients had a significantly greater reduction in PS
volume from baseline compared with placebo-treated patients
(–4.4 and –2.3 L/week, respectively; Po0.001 for between-
group comparison).14 The correlation between change in
plasma citrulline and change in PS volume was analyzed in
study patients who received teduglutide. In the 0.05-mg/kg/
day teduglutide arm of the CL0600-004 study, PS volume
requirements decreased significantly with increasing plasma
citrulline levels (r=–0.57; P=0.002; n= 26). In contrast, in the
0.10-mg/kg/day teduglutide arm of the CL0600-004 study, and
in the 0.05-mg/kg/day teduglutide arm of the CL0600-020
study, no correlation was found between change in plasma
citrulline and change in PS volume requirements for patients
receiving teduglutide (study CL0600-004: r= 0.22; P=0.25;
study CL0600-020: r=–0.23; P= 0.16).

DISCUSSION

In two placebo-controlled phase III studies, patients receiving
teduglutide showed significant increases in mean plasma
citrulline levels at Week 24 relative to baseline, whereas
patients who received placebo had minimal changes. After

24 weeks of teduglutide treatment in patients with SBS, mean
plasma citrulline levels were 29.5 and 32.1 μmol/L at the 0.05-
mg/kg/day dose and the 0.10-mg/kg/day dose, respectively, in
the CL0600-004 study and 37.9 μmol/L in the CL0600-020
study. These values are within the range observed for healthy
controls from Western countries (~20–60 μmol/L; reported
means, 26–40 μmol/L).7,16–20 In a long-term follow-up study of
patients who had undergone digestive circuit modification,
citrulline levels 430 μmol/l adequately differentiated healthy
controls from patients with SBS.7 Therefore, the increases in
plasma citrulline observed in the studies reported here may be
clinically relevant and may signify a greater ability of patients
receiving teduglutide to attain enteral autonomy.
Increases in plasma citrulline levels occurred rapidly and

were detected as early as 4 weeks following initiation of
teduglutide therapy (the first time point evaluated). Citrulline
levels did not increase indefinitely throughout the treatment
period but reached a plateau or increased only modestly
between 8 and 24 weeks of treatment. Interestingly, citrulline
levels appear to decrease following discontinuation of
teduglutide treatment. In a 28-week extension of the
CL0600-004 study, mean plasma citrulline decreased by
20% (0.05mg/kg/day) and 32% (0.10 mg/kg/day) within
4 weeks of teduglutide withdrawal, although final citrulline

Table 1 Baseline patient and disease characteristics

Study CL0600-004 Study CL0600-020

Placebo
(n= 16)

Teduglutide 0.05mg/kg/
day (n= 35)

Teduglutide 0.10mg/kg/
day (n=32)

Placebo
(n= 43)

Teduglutide 0.05mg/kg/
day (n= 43)

Mean (s.d.) age, years 49.4 (15.1) 47.1 (14.2) 50.3 (14.0) 49.7 (15.6) 50.9 (12.6)
Mean (s.d.) weight, kg 61.3 (9.7) 59.0 (8.4) 59.6 (10.0) 61.7 (12.6) 62.7 (11.4)a

Sex, n (%)
Women 9 (56) 18 (51) 19 (59) 24 (56) 22 (51)

Race, n (%)
Black 1 (6) 3 (9) 2 (6) 1 (2) 0
White 15 (94) 32 (91) 30 (94) 41 (95) 42 (98)
Other 0 0 1 (2) 1 (2)

Reason for major intestinal resection, n (%)
Crohn’s disease 7 (44) 10 (29) 13 (41) 8 (19) 10 (23)
Vascular disease 3 (19) 14 (40) 8 (25) 16 (37) 13 (30)
Injury 1 (6) 3 (9) 2 (6) 4 (9) 4 (9)
Volvulus 2 (13) 5 (14) 4 (13) 6 (14) 3 (7)
Cancer 0 0 0 2 (5) 1 (2)
Other 3 (19) 3 (9) 5 (16) 7 (16) 12 (28)

Stoma, n (%) 5 (31) 10 (29) 14 (44) 17 (40) 21 (49)
Jejunostomy 4 (80) 6 (60) 4 (29) 5 (29) 11 (52)
Ileostomy 1 (20) 2 (20) 7 (50) 9 (53) 6 (29)
Colostomy 0 2 (20) 3 (21) 1 (6) 4 (19)
Other 0 0 0 2 (12) 0

Mean (s.d.) remnant small
bowel length,f cm

77.3 (52.9) 58.3 (43.6) 68.1 (43.1) 68.7 (63.9) 84.4 (64.6)

Presence of distal/terminal
ileum, n (%)

3 (19) 6 (18)b 8 (25) 14 (33) 10 (24)

Colon-in-continuity, n (%) 11 (69) 26 (74) 19 (59) 23 (53) 26 (60)
Mean (s.d.) percentage of
colon remaining

67 (22)c 71 (23)d 69 (24) 70 (27)e 56 (20)e

an= 42.
bn= 34.
cn= 11.
dn= 26.
en= 25.
fIncludes only patients with known residual small intestine length (n= 15 for 004 placebo arm; n= 31 for 004 teduglutide 0.05-mg/kg/day arm; n= 27 for 004 teduglutide
0.10-mg/kg/day arm; n= 40 for each arm of study 020).
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Figure 1 Change in mean (s.d.) plasma citrulline concentration (a and b) and change in mean weekly parenteral support volume (c and d; error bars in d represent SE) in
placebo-controlled, 24-week studies CL0600-004 (a and c) and CL0600-020 (b and d).

Table 2 Mean (s.d.) plasma citrulline levels at baseline and Week 24 in 2 phase III, placebo-controlled trials

Study CL0600-004 Study CL0600-020

Placebo
(n= 16)

Teduglutide
0.05mg/kg/day

(n=35)

Teduglutide
0.10mg/kg/day

(n=32)

P value Placebo
(n= 43)

Teduglutide
0.05mg/kg/day

(n=43)

P value

Baseline, μmol/L 22.2 (10.6) 18.0 (10.3)a 16.6 (8.3) — 17.5 (9.0) 18.4 (9.5)b —
Week 24, μmol/L 24.2 (13.6) 29.5 (16.2)c 32.1 (15.4)d — 17.2 (9.1)e 37.9 (24.8)e —
Change at Week
24 from baseline, μmol/L

1.9 (5.0) 10.9 (11.3)f 15.7 (12.7)d o0.0001 0.7 (6.3)e 20.6 (17.5)e o0.0001

Change at Week
24 from baseline, %

7.9 (20.5) 66.7 (66.9)f 113.1 (84.0)d o0.0001 13.3 (55.8)e 110.5 (66.2)e o0.0001

an= 34.
bn= 42.
cn= 27.
dn= 29.
en= 39.
fn= 26.
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levels in both dose groups were still above baseline levels.21

These data suggest that uncontrolled intestinal growth does
not occur throughout teduglutide treatment. Rather, the
enterocyte mass expandsmost rapidly during the first 8 weeks
of therapy and then achieves a steady state. Furthermore,
decreases in citrulline concentrations following teduglutide
discontinuation after short-term treatment (≤6 months) sug-
gest that the effects on enterocyte mass may be at least
partially reversible.
Multiple studies have confirmed the correlation between

plasma citrulline levels and bowel length, suggesting that
citrulline is a marker of enterocyte mass.7–11 However, the
question of whether changes in plasma citrulline reflect
functional changes in intestinal absorptive capacity remains
unresolved. Three previous studies have demonstrated
positive correlations between plasma citrulline levels and
absorption of nutrients, including fat, protein, and xylose, in
adult patients with SBS.7,10,11 Furthermore, in a longitudinal
study of 36 hospitalized pediatric patients dependent on PS,
plasma citrulline levels increased over a 3-week study period
in the subset of patients without bowel losses who received
some enteral nutrition and who were expected to regain full
bowel activity.22 These data suggest that citrulline levels may
function as a biomarker for intestinal absorptive capacity in
these patients.23 In contrast, two prior studies found no
significant association between plasma citrulline levels and
intestinal nutrient or energy absorption in patients with
SBS.9,18 Thus, the changes in plasma citrulline reported here
likely reflect increased enterocyte mass but may be less well
correlated to changes in intestinal absorptive capacity.
No clear association was detected between change in

plasma citrulline levels and change in specific weekly PS
volume. Although decreases in PS requirements were
significantly correlated with increases in plasma citrulline
levels at Week 24 with teduglutide 0.05mg/kg/day in study
CL0600-004, no correlation was observed with teduglutide
0.10mg/kg/day, or with teduglutide 0.05mg/kg/day in study
CL0600-020. Evaluations of citrulline levels were exploratory
end points in these studies, which were not designed to detect
correlations between changes in citrulline and other study end
points and may not have been sufficiently powered to do so.
Interestingly, a potential temporal relationship between
plasma citrulline levels and weekly PS volumewith teduglutide
may be inferred from the figure. Mean plasma citrulline levels
rose most rapidly during the first 8 weeks of teduglutide
treatment in study CL0600-004 (Figure 1a) and CL0600-020
(Figure 1b), possibly indicating an increase in enterocytemass
during this period. In contrast, the majority of the PS volume
reductions were achieved between Weeks 8 and 24 (Figure
1c,d), likely reflecting enhanced intestinal absorption following
an initial teduglutide-mediated mucosal expansion. None-
theless, further clinical evidence is required to determine
whether citrulline may function as a biomarker for adaptive
changes induced by teduglutide.
Alternative methods of assessing citrulline may provide

further information regarding enterocyte function. Whereas
most studies, including this one, have evaluated fasting
plasma citrulline levels, Peters et al.13 monitored the conver-
sion of an oral bolus of alanine-glutamine into citrulline. Using
this technique, they showed that patients with SBS who had

undergone final digestive circuit modification ≥24 months
before, and who presumably had achieved most of their post-
resection adaptive potential, generated greater amounts of
citrulline than did patients who had undergone resection more
recently and were still in the adaptive phase.13

Rapid, clinically relevant increases in plasma citrulline
concentrations following teduglutide treatment likely reflect
expansion of enterocyte mass. These data, combined with the
increases in villus height and crypt depth associated with
teduglutide therapy,4 suggest a mechanistic basis for the
observed enhancements in absorption among SBS patients
treated with teduglutide.14,15,24 In addition, increases in
citrulline may indicate enhanced enterocyte function, improve-
ments in intestinal absorptive capacity, and a greater prob-
ability of achieving enteral autonomy, although currently
available data are not sufficient to draw firm conclusions at
this time. Additional studies evaluating citrulline levels in real-
world practice are needed to further establish its usefulness as
a predictive biomarker of intestinal function.
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Study Highlights
WHAT IS CURRENT KNOWLEDGE
✓ Plasma citrulline levels are decreased in patients with short

bowel syndrome (SBS).

✓ Plasma citrulline levels are correlated with remnant
enterocytemass in patientswith intestinal failure associated
with SBS (SBS–IF).

✓ The intestinotrophic agent teduglutide increases intestinal
absorption in PS-dependent patients with SBS–IF.

WHAT IS NEW HERE
✓ Patients with SBS–IF who receive teduglutide show a rapid

and sustained rise in plasma citrulline levels.

✓ Elevated plasma citrulline levels with teduglutide treatment
are likely a result of increased enterocyte mass and may
reflect improvements in absorptive capacity.
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