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Background & aims: Plasma citrulline, a non-protein amino acid, is a biochemical marker of small in-
testine enterocyte mass in humans. Indeed, citrulline is highly correlated with residual bowel length in
patients with short bowel syndrome. It is known to be synthesised in epithelial cells of the small in-
testine from other amino acids (precursors). Citrulline is then released into systemic circulation and
interconverted into arginine in kidneys. If plasma citrulline concentration depends on abundance of
intestinal amino acid transporters is not known. The aim of the present study was to explore whether
plasma citrulline concentration correlates with the expression of intestinal amino acid transporters.
Furthermore, we assessed if arginine in urine correlates with plasma citrulline.
Methods: Duodenal samples, blood plasma and urine were collected from 43 subjects undergoing
routine gastroduodenoscopy. mRNA expression of seven basolateral membrane amino acid transporters/
transporter subunits were assessed by real-time PCR. Plasma and urine amino acid concentrations of
citrulline, its precursors and other amino acids were analysed using High Performance Liquid Chroma-
tography measurements. Amino acid transporter mRNA expression was correlated with blood plasma
and urine levels of citrulline and its precursors using Spearman's rank correlation. Likewise, urine
arginine was correlated with plasma citrulline.
Results: Plasma citrulline correlated with the mRNA expression of basolateral amino acid transporter
LAT4 (Spearman's r ¼ 0.467, p ¼ 0.028) in small intestine. None of the other basolateral membrane
transporters/transporter subunits assessed correlated with plasma citrulline. Plasma citrulline correlated
with urinary arginine, (Spearman's r ¼ 0.419, p ¼ 0.017), but not with urinary citrulline or other pro-
teinogenic amino acids in the urine.
Conclusions: In this study, we showed for the first time that small intestinal basolateral LAT4 expression
correlates with plasma citrulline concentration. This finding indicates that LAT4 has an important
function in mediating citrulline efflux from enterocytes. Furthermore, urine arginine correlated with
plasma citrulline, indicating arginine in the urine as possible additional marker for small intestine
enterocyte mass. Finally, basolateral LAT4 expression along the human small intestine was shown for the
first time.
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1. Introduction

The epithelium of the human small intestine forms a continuous
layer of cells organized into villi protruding into the lumen of the
gut. This epithelium reflects the fastest regenerating tissue within
the human body, completely renewing within 5 days [1]. Among
the different cell types forming the intestinal epithelium, enter-
ocytes reflect the most numerous. Small intestinal enterocytes are
polarized cells with the apical membrane (brush-border mem-
brane; BBM) facing the lumen of the gut and the basolateral
membrane, which is in contact with neighboring cells [2,3]. Dietary
proteins are hydrolysed into small peptides by stomach and
pancreas proteases and finally by brush-border membrane-bound
peptidases into absorbable units [4], namely tri-, dipeptides and
amino acids (AAs) [2,5,6]. These units are transported across the
BBM by various different AA transporters and via the peptide
transporter PEPT1 [2,5,7]. In contrast, only single amino acids can
be transported across the basolateral membrane and released into
the extracellular space, which is performed by a different set of
amino acid transporters. Several of these basolateral AA trans-
porters have been identified and characterized in the past,
including LAT4 (SLC43A2) [8]. To enable net efflux of all different
AAs from small intestinal enterocytes, a functional interaction be-
tween different types of basolateral AA transporters is needed.
LAT4 belongs to the sodium-independent large neutral AA trans-
porter family ‘system L’ and is expressed in the basolateral mem-
brane of small intestinal enterocytes (as well as of proximal tubule
kidney cells) [8,9]. LAT4 acts as low affinity-facilitated protein
enabling diffusion of branched-chain AAs (leucine, isoleucine,
valine) [10], as well as phenylalanine and methionine [8]. Hereby
LAT4 not only mediates net AA efflux from enterocytes, but also
provides substrates for amino acid exchange provided by other
basolateral transporters, such as yþLAT1-4F2 (SLC7A7-SLC3A2) or
LAT2-4F2 (SLCSLC7A8-SLC3A2) [8].

The importance of intestinal nutrient absorption becomes
evident in situations of intestinal failure, which reflects the
reduction of functional intestinal tissue below the minimum
amount that is necessary for digestion and absorption to maintain
growth in children and/or homeostasis in adults. The lack of
minimally invasive methods for the quantitative assessment of this
functional bowel length remains an obstacle in gastroenterology.
Short bowel syndrome describes a reduction in functional bowel
length and it is the most common etiology of intestinal failure in
children [11,12] and adults [13]. Several diseases of the gastroin-
testinal tract including malrotation with volvulus, necrotizing
enterocolitis, small intestinal atresia, Hirschsprung's disease can
demand excessive intestinal resections ending in short bowel
syndrome and intestinal failure [14]. Patients are mostly dependent
on long-term parenteral nutrition, which causes significant
morbidity and mortality.

The non-proteinogenic, neutral a-amino acid citrulline is syn-
thesized predominantly in the small intestine and its plasma con-
centration has been shown to correlatewith functional small bowel
enterocyte mass [15,16]. Citrulline content in diet/food is generally
considered to be absent or very low, and known sources are found
among members of the taxa of Cucurbitaceae, including the
watermelon (Citrullus lanatus) [15e17]. Hence, plasma citrulline,
which is reduced in patients with short-bowel syndrome or exten-
sive enteropathies, is now considered as a biomarker of residual
functional enterocyte mass [18]. In the small intestines citrulline is
mainly de novo synthesized from precursor amino acids deriving
from nutrition or systemic circulation [19,20], including glutamine,
arginine, proline, glutamate and ornithine [17,19,21e26]. Citrulline
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is converted to arginine in kidney proximal tubules by Arginino-
succinate synthetase and Argininosuccinate lyase [17]. Arginine acts
among other functions as component of proteins andNO� precursor
in different tissues before being excreted in the urine.

The primary aim of the present study was to explore whether
plasma citrulline concentration correlates with expression of
particular basolateral amino acid transporters in the small intes-
tine. Such correlation could provide insights into the nature of
transporters that are involved in the release of citrulline into sys-
temic circulation.

The second aim was to assess a possible correlation between
plasma citrulline and urinary amino acids in order to find a less
invasive marker for functional small bowel mass.

2. Materials and methods

2.1. Study population

Forty-three subjects (19 males and 24 females) were included in
the present study. Subjects were examined at the University Hos-
pital of Zürich, Switzerland and underwent gastroduodenoscopy as
part of a routine medical check-up. Thereby, small mucosal biopsies
were taken from duodenum parts II (descending) and III (inferior/
horizontal). Blood plasma and urine amino acid levels were
assessed using UPLC (Ultraperformance Liquid Chromatography)
measurement. Sampling of intestinal biopsies, blood and urine
were done after overnight fasting. Physiologic parameters
including body mass index (BMI), mean arterial blood pressure and
heart rate were assessed in all subjects, as well as co-morbidities,
medications and blood parameters including glucose, creatinine
and urea. Plasma protein and albumin levels weremeasured in 6/43
subjects and were only assessed when considered clinically
relevant.

2.2. Inclusion criteria

Inclusion criteria consisted of routine medical check-up, age
between 18 and 80 years.

2.3. Exclusion criteria

Exclusion criteria consisted of pathologies of the gastrointes-
tinal tract (including inflammatory bowel disease and coeliac dis-
ease, unintended weight loss, cancers, renal- or hepatic failure
(including portal hypertension), bleeding disorders and/or oral
anticoagulation, infectious disease, pregnancy, drug or alcohol
abuse, mental retardation, or refusal to participate.

2.4. Ethics

The study was approved by the local ethics committee in Zürich
(reference number: EK-1744), and written informed consent was
obtained from all included subjects.

2.5. Sample preparation for UPLC analysis

Plasma (50 ml) was deproteinized with an equal volume of 10%
sulfosalicylic acid containing the internal standard Norvaline at a
final concentration of 250 mmol/l. Samples were centrifuged at
12,000 g for 5 min and 20 ml of the supernatant was derivatized
according to the manufacturer's instructions. Derivatized products
were transferred to a vial for analysis.
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2.6. UPLC analysis

UPLC analysis was carried out using an AcquityTM UPLC system
with an integrated ACQUITY-UPLC-Tunable-UV detector and the
MassTrakTM AAA Solutions Kit (Waters Corporation, Milford, MA,
USA) using pre-column derivatization of amino acids with a 6-
aminoquinolyl-N-hydroxysuccinimdyl carbamate tag (AccQTag®)
followed by reversed-phase UPLC on a C18 column (1.7 mm;
2.1 � 150 mm) and UV detection at 260 nm. Derivatized samples
(1 mL injection) were separated on a column maintained at 43 �C.
The amino acid calibration standard kit was purchased from the
Sigma Chemical Company (St. Louis, MO, USA). The mobile phase
consisted of 2 buffers. Buffer A: 8e10% acetonitrile; 4e6% formic
acid; 84e88% ammonium acetate/water and Buffer B: >95%
acetonitrile; b5% acetic acid. After injection, a stepped gradient at a
flow rate of 0.4 mL/min was applied (total run time: 45 min). Data
were analyzed using the EmpowerTM 2 software (Waters Corpo-
ration, Milford, MA, USA).

2.7. RNA extraction and real-time polymerase chain reaction (PCR)

After removal, tissue samples were put into 1.5 mL Eppendorf
tubes (3810X, Eppendorf, Germany), frozen in liquid nitrogen, and
stored at �80 �C. The RNeasy Mini Kit (Qiagen, The Netherlands)
was used for RNA extraction. Frozen tissue was homogenized with
MagNa Lyser Green Beads (Roche, Switzerland) for 1 min (2 � 30”,
6000 revolutions/min). RNA quantity and quality were assessed
using a ND-1000 NanoDrop UV- spectrophotometer (NanoDrop
Technologies, USA) and an Agilent 2100 Bioanalyzer (NanoChip,
Agilent Technologies, USA), respectively. Reverse transcription was
performed with total RNA (8 ng/mL reaction) as template using the
TaqMan Reverse Transcription Kit (Applied Biosystems, USA).
Quantitative PCR was performed using 8 ng cDNA as template.
qPCR reactions were carried out in duplicates using the Taq-Man
Reverse Transcription Kit (Applied Biosystems, USA) in a Prism
7700 cycler (Applied Biosystems, USA). Target messenger RNA
abundance was calculated relative to the housekeeping gene Villin
[27] and expressed as relative expression R ¼ 2[Ct(housekeeping
gene) - Ct(target gene)], with Ct being the cycle number observed at
the threshold. In order to verify our findings not being biased by the
chosen housekeeping gene (Villin), target and Villin mRNA were
additionally calculated relative to the gene encoding hypoxanthine
guanine phosphoribosyltransferase (HPRT) [28].

Primers and probes were used as previously described [5]. The
fluorescent reporter dye FAM and the quencher dye TAMRA were
used to label the probes at the 5'and 3'end, respectively (Micro-
synth AG, Switzerland). 18S (Applied Biosystems, USA) was labeled
with VIC as fluorescent reporter dye at the 50 end and the quencher
dye TAMRA at the 30 end.

2.8. Tissue harvest and storage

Biopsies taken during upper and lower endoscopies were frozen
in liquid nitrogen and stored at �80 �C until further processing.
Tissues were embedded in OCT embedding matrix (Cell Path,
Newton, Wales, United Kingdom). A cryotome, (Leica CM 1850
Cryostat, Switzerland) was used to produce 5 mm sections that were
immediately transferred onto Polylysine Menzel slides (Gerhard
Menzel GmbH, Braunschweig, Germany). The slides were stored
at �20 �C until later processing.

2.9. Immunofluorescence

After defreezing in a wet chamber for 5 min at room tempera-
ture, sections were fixed in cold (�20 �C) methanol for 90 s. After
3

fixation, slides were washed 3 � 5 minutes in PBS (phosphate
buffered saline; 137.0 mM NaCl, 2.7 mM KCl, 12.0 mM HPO4

2�/
H2PO4

�). Tissues were blocked with 2% BSA, 5% Donkey Serum and
0.04% Triton X-100 in PBS for 1 h at room temperature. Primary
antibodies were diluted 1:1000 (LAT4) and 1:250 (ACE2) in block-
ing solution and tissues were incubated for 1 h at room tempera-
ture. Affinity-purified polyclonal rabbit anti-human/mouse LAT4
(from Pineda, Berlin, Germany) andmonoclonal mouse anti-human
ACE2 (from R&D Systems, Minneapolis, MN) were used as primary
antibodies. After incubation, tissue specimens were rinsed again
(3� 5minutes in PBS) and incubated with secondary antibodies for
1 h protected from the light at room temperature. Alexa Fluor 488
donkey anti-mouse IgG (1:500) and Alexa Fluor 647 donkey anti-
rabbit IgG (1:500) diluted in 2% BSA in PBS were used as second-
ary antibodies. After washing again (3 � 5 minutes in PBS) speci-
mens were incubated with 40, 60-diamidino-2-phenyl-indole (DAPI,
Merck, NJ; 0.5 mg/ml) for 5 min at room temperature. Tissue
specimens were washed again (1� 5 minutes in PBS) and mounted
using Vectashield Antifade Mounting Medium (Vecta Laboratories,
Burlingame, California, United States). Fluorescence was detected
with a Leica fluorescence microscope (Leica CTR600; Leica Camera
AG,Wetzlar, Germany). Leica AF lite and Image J freeware softwares
were used to acquire and process the images.

2.10. Statistics

Graphical assessment and the application of the ShapiroeWilk
test revealed a non-normal distribution of our data, and presence
of outliers was confirmed, as expected due to the small sample size.
Therefor Spearman rank correlation coefficients were calculated to
examine the relation between the mRNA expression of amino acid
transporters in the duodenum and blood plasma levels of the
amino acid citrulline and its precursors, as well as between blood
plasma and urine amino acid concentrations. P-values of 0.05 or
less were considered as statistically significant.

3. Results

3.1. Baseline demographics of subjects

Forty-three subjects were included in the present study. Among
them 19 (44%) were males and 24 (56%) were females. Median age
was 60 years, ranging from 22 to 77 years. Median BMI was 26.6 kg/
m2, ranging from 17.1 to 36.5 kg/m2. Median plasma creatinine was
72.5 mmol/l (IQR 63.5e82.0 mmol/l). Median aspartate transaminase
(AST) was 27.5 U/l (IQR 23.0e33.5 U/l) and median alanine trans-
aminase (ALT) was 25.5 U/l (IQR 22.8e36.8 U/l). Plasma protein
(median 74.0 g/L; IQR 71.5e77.3 g/L) and albumin (median: 43.0 g/
L; IQR 42.0e45.8 g/L) levels were within normal limits in all sub-
jects tested. Median plasma citrulline was 25.7 mmol/L (IQR
19.8e31.3 mmol/L). Median plasma arginine was 57.8 mmol/L (IQR
39.4e72.7 mmol/L) and median urine arginine was 0.0014 mmol/L
(IQR 0.001e0.003 mmol/L). Ten subjects (23.3%) suffered from dia-
betes mellitus type 2 (Table 1).

3.2. Correlation of plasma citrulline and basolateral membrane
amino acid transporters

Plasma citrulline correlated with the mRNA expression of
basolateral amino acid transporter LAT4 (Spearman's r ¼ 0.467,
p ¼ 0.028) (Fig. 1). None of the other six basolateral membrane
transporters/transport units assessed (LAT1 [SLC7A5], LAT2
[SLC7A8], 4F2hc [SLC3A2], y þ LAT1 [SLC7A7], y þ LAT2 [SLC7A6],
TAT1 [SLC16A10]) significantly correlated with plasma citrulline.
When performing the same analysis using a different reference



Table 1
Baseline Demographics of the 43 subjects.

Male Gender, n (%) 19 (44.2)
Age, median (IQR) 60 (49e66)
BMI [kg/m2], median (IQR) 26.6 (22.9e29.1)
Diabetes mellitus, n (%) 10 (23.3)
- HbA1c [%], median (IQR) - 6.5 (6.3e6.9)
Creatinine in plasma [mmol/L], median (IQR) 72.5 (63.5e82.0)
Citrulline in plasma [mmol/L], median (IQR) 25.7 (19.8e31.3)
Arginine in plasma [mmol/L], median (IQR) 57.8 (39.4e72.7)
Arginine in urine [mmol/L], median (IQR) 0.0014 (0.001e0.003)
ALT [U/L], median (IQR) 25.5 (22.8e36.8)
AST [U/L], median (IQR) 27.5 (23.0e33.5)
Protein [g/L], median (IQR) 74.0 (71.5e77.3)
Albumin [g/L], median (IQR) 43.0 (42.0e45.8)

IQR ¼ interquartile range.

Table 2
Correlation of plasma citrulline with basolateral amino acid transporter mRNA
expression (Spearman's r).

Relative to Villine Relative to HPRT

Plasma citrulline Plasma citrulline

Spearman's r p-value Spearman's r p-value

LAT1 0.362 0.090 0.268 0.316
LAT2 �0.164 0.388 0.447 0.048
LAT4 0.467 0.028 0.727 0.007
4F2 �0.113 0.582 0.080 0.738
yþLAT1 �0.125 0.519 0.242 0.318
yþLAT2 0.286 0.175 0.179 0.524
TAT1 �0.165 0.383 0.268 0.443

P-values < 0.05 are given in bold.
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gene (HPRT), plasma citrulline correlated with the expression of
LAT4 (Spearman's r ¼ 0.727, p ¼ 0.007) and with LAT2 mRNA in the
intestine (Spearman's r ¼ 0.447, p ¼ 0.048) (Table 2).

3.3. Correlation of plasma citrulline and LAT4 mRNA expression in
non-diabetic and non-obese subjects

Excluding all subjects with type 2 diabetes and/or BMI �30 kg/
m2 revealed a similar but not statistically significant correlation of
plasma citrulline and LAT4 (n¼ 31 subjects without diabetes type 2
and BMI < 30 kg/m2, Spearman's r ¼ 0.496, p ¼ 0.060) (Fig. 2).

3.4. Immunolocalization of LAT4 along the human intestine

To verify brush-border LAT4 protein expression, immunostain-
ing for LAT4 was performed in sections from duodenum parts II
(Fig. 3a; magenta) and III ((Fig. 3b; magenta), terminal ileum
(Fig. 3c; magenta) and ascending colon (Fig. 3d; magenta). In all
regions, the transporter LAT4 localized to the basolateral enterocyte
membrane. For better visualization, counterstaining of an arbitrary
chosen apical membrane protein was performed. Therefore, the
SARS-CoV-2 receptor ACE2 (green) was used. The signal of LAT4
appeared to be stronger towards the tips of the villi and weaker in
the crypts (Fig. 3b; magenta). LAT4 staining appeared similar in
duodenum (Fig. 3a and b; magenta) and terminal ileum (Fig. 3c;
magenta) but was almost absent in colonic crypts (Fig. 3d).
Fig. 1. Linear correlation of plasma citrulline concentration with the mRNA expressio
Ct(target))] of LAT 4 was correlated to plasma citrulline levels.
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3.5. Correlation of plasma citrulline with body mass index

Plasma citrulline did not correlate with BMI (Spearman's
r ¼ 0.099, p ¼ 0.579) (data not shown).
3.6. Correlation of plasma citrulline with its metabolite arginine in
the urine

Plasma citrulline concentration correlated with urinary arginine
concentration (Spearman's r ¼ 0.419, p ¼ 0.017) (Fig. 5). Plasma
citrulline did not correlate with urinary arginine when corrected to
plasma creatinine levels (Spearman's r ¼ 0.235, p ¼ 0.189). None of
the other urinary amino acids (histidine, asparagine, taurine,
serine, glutamine, glycine, aspartate, glutamate, threonine, alanine,
proline, ornithine, cysteine, lysine, tyrosine, methionine, valine,
isoleucine, leucine, phenylalanine, tryptophan and citrulline itself)
correlated with plasma citrulline or its precursors (glutamine,
arginine, proline, glutamate or ornithine) (data not shown).
4. Discussion

Blood plasma citrulline concentration was shown to correlate
with small intestinal LAT4 mRNA expression, which was further
demonstrated on the protein level to localize to the basolateral
membrane of enterocytes. Therefore, LAT4 might have an impor-
tant function in mediating citrulline efflux from enterocytes.
n of baso-lateral LAT4. Duodenal mRNA expression [normalised to villin (2Ct(Villin)�



Fig. 2. Correlation of plasma citrulline and LAT4 mRNA expression in non-diabetic and non-obese subjects. Duodenal mRNA expression [normalised to villin (2Ct(Villin)�
Ct(target))] of LAT 4 was correlated to plasma citrulline levels in patients excluding all subjects with type 2 diabetes and/or BMI � 30 kg/m2 (n ¼ 31).

Fig. 3. Immunolocalization of LAT4 along the human intestine. Representative tissue specimens from duodenum parts II (3a), III (3b) and terminal ileum (3c) show LAT4 at the
basolateral membrane (magenta) and ACE2 at the brush-border membrane of enterocytes (green) lining small intestinal villi. The signal of LAT4 appeared to be stronger towards the
tips of the villi and weaker in the crypts (‘c’ in Figure 3b). A much weaker signal as compared to the small intestine was detected in colonic crypts (3d). Cellular DNA (3a-e; DAPI) is
shown in blue to display the nuclei. Pictures were taken at 40x magnification. The bars represent 50 mm. A negative control without adding primary antibodies is depicted in 3e. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Because there is no evidence for a direct transport of citrulline by
LAT4, we hypothesize that there is a functional interaction with
other basolateral amino acid transporters. Furthermore, plasma
citrulline correlated with urinary arginine indicating that the latter
could be a new and less invasive biomarker of enterocyte mass,
although further study is needed.

Circulating plasma citrulline concentration has previously been
shown to correlate with small intestine enterocyte mass in humans
[15,29,30]. Notably, plasma citrulline likely depends on multiple
intestinal processes, including absorption of dietary precursor
amino acids [31,32], de novo synthesis of citrulline from precursor
amino acids by small intestinal enterocytes, transcellular transport
rate, metabolism in other organs [33], and metabolite excretion in
the kidney [34]. Using a cohort of human subjects without known
kidney failure and normal blood creatinine levels, without inflam-
matory intestinal diseases, investigated following overnight fasting,
we were able to control some of these potentially confounding
factors. As obesity and type 2 diabetes were shown to be linked to
intestinal barrier damage resulting in increased intestinal perme-
ability [35e38], a subgroup analysis was performed excluding
subjects with type 2 diabetes and/or BMI � 30 kg/m2. LAT4 mRNA
and plasma citrulline in non-obese and non-diabetic subjects
hereby showed a comparable but not statistically significant cor-
relation.We correlated plasma citrullinewith intestinal mRNA-, but
not protein expression, hereby neglecting a potentially deferred
mRNA translation, post-translational modification, protein stabili-
zation and/or regulation. As the presence of LAT4 in the basolateral
5

enterocyte membrane was previously only demonstrated in ro-
dents [8], our study provides evidence that this localization of LAT4
to the basolateral enterocyte membrane is conserved in humans
and along the entire small intestine.

Notably, we did not control for multiple variables in our study.
Tissue specimens for qPCR analysis were isolated from the duo-
denum. It has previously been shown that gene expression of
certain AA transporters can vary along the digestive [5,39]. Several
additional factors may impact transporter gene expression and
therefore bias the interpretation of our results, including disease
state, diet [7,10,40,41], circadian rhythm [7], drugs [5], functional
interactions among different transporters and the presence of
accessory proteins [42,43]. Moreover, higher expression of a
particular transporter does not necessarily result in more transport.
Nevertheless, it is important to note that the proximal intestine
(duodenum plus jeunum) is the predominant site for citrulline
biosynthesis in the gut [19]. With regard to statistical analysis,
subsequent Bonferroni correction for multiple testing was not
applied, despite performing multiple analyses. As correlation co-
efficients for n¼ 7 duodenal transporters were calculated, a p-value
of 0.028 cannot be considered statistically significant (p < 0.05/
7 ¼ 0.007; 0.028 > 0.007) correcting for multiple testing (according
to Bonferroni). Nevertheless, performing the same analysis using
another reference gene (HPRT instead of Villin) resulted in a cor-
relation coefficient of 0.727 and a p-value of 0.007. Plasma and
urine amino acid concentrations were assessed using UPLC analysis
in the present study. Median citrulline levels (25 mmol/L) were



Fig. 4. Cell diagram of metabolism and possible transport of citrulline and its precursors in enterocytes. Intracellular citrulline metabolism and basolateral transporters
involved in citrulline efflux from a small intestinal enterocyte are shown. Gln ¼ glutamine; Glu ¼ glutamate; Pro ¼ proline; D15PC ¼ 1-pyrroline-5-carboxylic acid; Orn ¼ ornithine;
Cit ¼ citrulline; Arg ¼ arginine; AA0 ¼ neutral amino acids, AAþ ¼ cationic amino acids, AAa ¼ aromatic amino acids; AAbr ¼ branched-chain amino acids. Bidirectional arrows
indicate facilitated diffusion through uniporters, arrows pointing at opposite directions indicate amino acid exchange. Dashed arcuate arrows indicate interactions between different
amino acid transporters through extracellular recycling of amino acids. Intracellular dotted arrows marked by an interrogation point indicate possible but questionable routes of
Citrulline. Enzymes catalyzing synthesis reactions have been omitted for a clearer overview.

Fig. 5. Linear correlation of plasma citrulline and urinary arginine concentration. Plasma citrulline was correlated to urinary arginine.
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lower compared to those reported in a previous study by Crenn
et al. (40 mmol/L), which were assessed by ion exchange chroma-
tography (IC) [44]. Plasma levels of other amino acids were com-
parable to those reported in previous studies [10], and between-run
precision rates for High Performance Liquid Chromatography
(HPLC)/UPLC and IC are below 7.5% [45,46]; the observed difference
most likely reflects technical differences between the two chro-
matography techniques (UPLC vs. IC). Finally, absolute urine AA
concentrations were used in the present study that were not cor-
rected to urinary creatinine concentration to calculate fractional AA
excretion.

We analyzed the expression of different known intestinal
basolateral transporters which might be involved in handling of
citrulline, namely the basolateral uniporters LAT4 and TAT1, as well
6

as the AA exchangers LAT1/2-4F2hc and yþLAT1/2-4F2hc, and
correlated transporter (subunit) mRNA expression with blood
plasma citrulline concentration. According to our findings, LAT4
mRNA expression correlates with blood plasma citrulline levels in
humans. This finding supports the findings by Guetg et al. showing
reduced citrulline levels in the amniotic fluid, as well as in blood
plasma in Slc43a2 knockout mice not expressing amino acid
transporter LAT4 [8].

According to previous studies, LAT4 has relatively narrow
transporter characteristics and shows specificity for branched-
chain AAs (leucine, isoleucine, valine) [10], as well as for phenyl-
alanine and methionine [8]. Therefore, it seems unlikely that it
would transport the large neutral amino acid citrulline. However,
LAT4 is known to functionally interact with the basolateral
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obligatory exchangers LAT1/2 and yþLAT1/2, which are suggested
citrulline transporters [8,47e49]. In the intestine, LAT2 and yþLAT1
aremost abundant [5]. Mutation of the basolateral yþLAT1, a known
arginine transporter, has been identified to cause lysinuric protein
intolerance (LPI), a rare hereditary disease characterized by the
incapacity of intestinal absorption and renal reabsorption of the
dibasic amino acids lysine, arginine and ornithine [50]. Experi-
ments with oral amino acid loading showed intact citrulline ab-
sorption in patients suffering from LPI compared to controls [51].
Therefore, it seems unlikely that yþLAT1 is involved in citrulline
release over the basolateral membrane of enterocytes.

Although we can only report correlations, we speculate that
citrulline is transported by heterodimeric basolateral transporters
of large amino acids LAT2 (or LAT1), but the driving force for its
gradient may be generated by LAT4 (Fig. 4).

Plasma citrulline, that is not further metabolised in different
tissues is taken up by renal epithelial cellsemainly in the proximal
tubules e and converted to arginine by argininosuccinate synthe-
tase and argininosuccinate lyase and finally released by the kidney
into systemic circulation [17]. Whereas arginine production from
citrulline accounts for 60% of the overall de novo arginine synthesis
in the human body, it accounts for only 5e15% of circulating argi-
nine [17]. In order to identify a non-invasive marker of functional
enterocyte mass, we correlated plasma citrulline with urinary
amino acid concentrations. Here, urinary arginine, a citrulline
metabolite, correlated with plasma citrulline concentrations.
Interestingly neither citrulline, nor proteinogenic amino acids in
the urine correlated with plasma citrulline. This finding indicates
that urinary arginine might be an indirect marker for plasma
citrulline concentration and a possible less invasive marker for
enterocyte mass. Enhanced conversion of citrulline into arginine
and release from the kidney might finally result in a higher con-
centration or arginine in urine. Therefore, we propose that future
studies should assess a possible correlation of urinary arginine and
enterocyte mass using either short-gut patients or animal models.
However, our finding differs from a previous report that did not
show an increased urinary arginine excretion upon oral citrulline
supplementation, possibly due to argininee among other functions
in the human body e acting as a precursor for protein synthesis in
different tissues [52].

Plasma citrulline did not correlate with body mass index (BMI)
in our cohort of patients, which is contrary to previous findings in
HIV-patients showing a positive correlation of plasma citrulline
with BMI [53]. Our findings are, however, in agreement with other
studies that showed plasma citrulline being independent of BMI
and nutritional status [54,55].

5. Conclusion

Basolateral LAT4 expression correlates with plasma citrulline
concentration in humans. This finding indicates LAT4 having an
important function in mediating citrulline efflux from enter-
ocytes. Furthermore, urine arginine correlates with blood plasma
citrulline levels indicating a possible novel non-invasive marker of
enterocyte mass.
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