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Serum Citrulline Levels Exhibit Circadian Variation and
Fluctuations in Relation to Food Intake in Mice
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Abstract

Background: Plasma citrulline is a nonessential amino acid synthe-
sized almost exclusively by enterocytes of the small intestine. Cor-
relation between post-operative plasma citrulline levels and remnant
small bowel mass and function has led to its use as a simple bio-
marker of functional intestinal mass in adults and children, with a pro-
posed prognostic value for achieving enteral autonomy in the setting
of intestinal failure. While it is standard to measure fasting levels in
humans, the optimal timing of blood draws in relation to food intake
and time of day has not been standardized and is poorly studied in
animal models. We hypothesize that serum citrulline levels vary both
throughout the day and with relation to food intake in mice.

Methods: Serum citrulline levels were measured from 12 C57BL/6
mice (6 - 9 weeks old) in the mornings and evenings, either after ad
libitum food intake or after 8 - 12 h of access to water only. Blood
draws for each experimental set-up were performed 1 week apart
according to our Institutional Animal Care and Use Committee (IA-
CUC) guidelines for acceptable blood collection volumes for surviv-
al procedures. At the end of the experiment, mice were euthanized
and small intestine was harvested for morphometric measurements.
Group means were compared using Student’s #-test with significance
assumed for P < 0.05.

Results: After withholding chow for 8 - 12 h, serum citrulline levels
were significantly greater in the morning compared to levels drawn in
the evening. When mice were allowed ad libitum chow, there was no
significant difference in serum citrulline levels drawn in the morning
compared to the evening. There was no difference detected in villus
height across the different experimental conditions.

Conclusions: Serum citrulline levels exhibit circadian variation and
fluctuations in relation to food intake in mice, without apparent con-
current changes in enterocyte mass. There was no diurnal variation of
serum citrulline levels in fed mice whereas fasted mice had signifi-
cantly higher levels of serum citrulline in the morning compared to
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the evening. These findings underscore the paramount importance of
consistent sample collection strategies in the setting of translational
research.
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Introduction

Citrulline is a nonessential amino acid synthesized almost ex-
clusively by enterocytes of the small intestine [1]. While citrul-
line is not typically incorporated into functional protein prod-
ucts, citrullination, a process of post-translational deimination of
protein-embedded arginine residues, has gained recent interest
in the biomedical research community due to its effects on tran-
scription and cell proliferation with significant implications in
cancer biology [2, 3]. Other recent studies have discovered cit-
rullination as a mechanism employed by certain bacterial patho-
gens to evade the human innate immune defenses, potentially
identifying targets for novel antimicrobial therapy [4]. Dysregu-
lation of citrullination is also found to be a major factor in the
pathogenesis of rheumatic diseases and autoantibodies against
citrulline-containing peptides have become a key element in the
diagnosis of rheumatoid arthritis [5, 6]. On the other hand, circu-
lating citrulline produced by enterocytes plays a critical role in a
number of metabolic pathways, notably as the precursor to argi-
nine, and as a key player in the urea and nitric oxide cycles [7].
Clinically, plasma citrulline has been postulated to be a
biomarker for functional enterocyte quantity, or mass, given
that circulating levels depend only on de novo enterocyte
production [8]. Thus, it is theorized that a greater number of
enterocytes result in higher serum citrulline content. Addition-
ally, plasma levels are independent of an individual’s nutri-
tional status or the presence of local or systemic inflammation
[9]. Therefore, while intestinal failure is a clinical diagnosis
indicating the need for supplemental parenteral nutrition for
survival and growth, findings of a positive correlation between
post-operative plasma citrulline levels and remnant small bow-
el mass have led to its use as a simple biomarker of functional
intestinal epithelial mass in adults and children with intestinal
failure [8, 10-13], with a proposed prognostic value for achiev-
ing enteral autonomy [14]. Furthermore, it is a useful tool for
monitoring the extent of villous atrophy and intestinal mucosal
toxicity in villous atrophy diseases and acute mucosal enter-
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opathy from antineoplastic therapies, respectively [8, 15-17].

In congruence with standard collection methods employed
for other biochemical assays, studies in humans have demon-
strated that the optimal timing for citrulline measurements is
during the post-absorptive fasting state, likely related to cit-
rulline’s enterocyte origin [18]. However, the ideal timing of
blood draws in relation to food intake and time of day is poorly
defined in animal models. Thus, we designed a controlled study
aimed at defining the ideal conditions for citrulline blood draws
in mice with the hypothesis that serum citrulline levels vary
with time of day and with relation to food intake.

Materials and Methods

Animals

C57BL/6 wild-type (WT) mice (Jackson Lab, Farmington, CT,
USA) were housed under pathogen-free conditions on a 12-h
dark/light cycle with access to food and water ad libitum. Age-
and weight-matched mice of both genders (age 6 - 9 weeks)
were used for experiments. Animal protocols were approved
by Yale University’s Institutional Animal Care and Use Com-
mittee (IACUC).

Serum citrulline collection and analysis

Blood samples to assess serum citrulline levels were drawn from
12 mice at various time points: either in the mornings (8 - 10 am)
or evenings (5 - 7 pm), and either after ad libitum food intake
or after 8 - 12 h of access to water only. Blood draws for each
experimental set-up were performed 1 week apart according to
IACUC guidelines for acceptable blood collection volumes for
survival procedures. Mice were not segregated into specific co-
horts, but rather randomly assigned to different blood collection
procedures depending on the week. Approximately 100 puL of
blood was obtained from each animal via a standard retrobulbar
technique and collected into standard Eppendorf tubes. Serum
then was isolated and stored in -80 °C until further analysis. Cit-
rulline levels were quantified in duplicates with a citrulline assay
kit (Cell Biolabs, San Diego, CA, USA) and samples were ana-
lyzed in triplicates spectrophotometrically by measuring absorp-
tion at 560 nm against standard citrulline curves. It is important
to note that while much of the published literature on citrulline
report plasma levels, there is no significant difference in results
or interpretation between serum and plasma citrulline [8].

Bowel harvest

To compare morning and evening anatomical parameters
between fasted and fed animals, mice (am/fasted n = 4; pm/
fasted n = 4; am/fed n = 2; pm/fed n = 2) were euthanized by
CO, asphyxiation. The small intestine was identified from the
ligament of Treitz to ileocecal valve and harvested by sharp
dissection. The bowel was flushed with 10% neutral buffered
formalin (NBF) and 2-cm segments of proximal, middle and
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distal small bowel were isolated and fixed in 10% NBF for at
least 12 h before paraffin embedding and mounting on slides.

Anatomical measurement of mucosal parameters

Paraffin sections underwent standard hematoxylin and eo-
sin staining. The slides were examined at 200 - 400% using
standard brightfield microscopy (Axio Imager M1, Zeiss,
Oberkochen, Germany) and analyzed using ImagelJ software
(NIH, Bethesda, MD, USA). Villi were measured only when
intact from crypt-villus junction to crypt-villus junction with a
visible central lacteal. At least 30 villi were measured per ani-
mal spanning the proximal, middle and distal small intestine.

Statistical analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 7.0a for Mac OS X (GraphPad Software, La Jolla, CA,
USA). Group means were compared using Student’s #-test with
significance assumed for P < 0.05.

Results

Serum citrulline

When mice were fed freely, there was no significant difference
between serum citrulline levels with time of day (am 599.9 +
17 um vs. pm 654 + 28.5 um, P = 0.12; Fig. 1a). However,
when chow was held for 8 - 12 h, serum citrulline levels were
significantly higher when drawn in the morning compared to
evenings (am 767.1 £ 72 pm vs. pm 501 £ 71.1 um, P=0.01;
Fig. 1b). With the same dataset, comparison of serum citrulline
levels in regards to food intake did not differ significantly with
time of day (am fasted 767.1 £ 72 um vs. fed 599.9 + 17 um,
P =0.08; pm fasted 501 = 71.1 um vs. fed 654 + 28.5 pm, P
=0.12).

Villus height

Changes in enterocyte mass, or quantity, are commonly associ-
ated with changes in villus height (VH). Thus, as an estimate
of enterocyte mass between mice, VH was measured spanning
the entire small intestine. There was no significant difference
in VH between all four experimental groups (Fig. 2a-¢). The
mean = SEM VHs were as follows: am fasted VH = 263.6 +
8.123 um; pm fasted VH = 260.3 + 7.665; am fed VH = 258.4
+11.52; pm fed VH = 284.6 = 14.21 (P > 0.05 for all compari-
sons).

Discussion

In this study, we demonstrate that serum citrulline levels ex-
hibit diurnal variation, particularly during the fasting state in
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Figure 1. Comparison of mean + SEM serum citrulline in the morning
and evening, (a) with or (b) without food.

mice, without apparent concurrent changes in enterocyte mass.
Specifically, serum citrulline levels were higher in the morn-
ings compared to evenings in mice which were only exposed
to drinking water for § - 12 h, while there was no diurnal vari-
ation of serum citrulline levels in mice fed freely. Conversely,
when blood draws were performed at a consistent time of day,
food status did not appear to affect serum citrulline levels. In
addition, while we would expect citrulline levels to correlate
with enterocyte mass, VH, our surrogate measure of enterocyte
mass, did not fluctuate along with citrulline levels and did not
demonstrate any significant differences between time of day
and with relation to food intake.

Although its metabolism has not yet been completely elu-
cidated, citrulline in the body is carefully regulated. In simple
terms, enterocytes synthesize and release citrulline from its
precursor glutamine, which is then taken up by the kidneys
and converted into arginine [19]. Some have proposed that this
interorgan pathway of circulating citrulline serves as a mecha-
nism to protect arginine from excessive degradation by the liv-
er, which is corroborated by observed increases in enzymatic
activity of this pathway during fasting states or when protein
intake is low [7]. Furthermore, these findings are confirmed in
humans and adult omnivorous mammals such as pigs, but not
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in strictly carnivorous or herbivorous animals such as cats and
sheep [20, 21]. This suggests that the citrulline pathway may
serve as an alternative to the arginine pathway and therefore,
allow for rapid responses to changes in dietary protein intake
according to available nitrogen supply [22]. Accordingly, in
human studies, citrulline levels have been found to be reduced
by approximately 10-20% in the post-prandial period, when
“wasting” of arginine is permissible [7, 8]. These findings are
consistent with our study results, where we demonstrate in-
crease in serum citrulline levels in the mornings after a period
of fasting. During this state, we postulate that the murine body
is in “protein preservation mode”, where the citrulline pathway
is the principal route for glutamine metabolism. In contrast,
in the evenings, or during the dark cycle, which is when mice
have preference for food intake [23], serum citrulline levels
may have dropped in anticipation of protein intake in this
group of mice which were only fasted for an isolated period
of time. In mice which are acclimated to daytime fasting, it
may be reasonable to expect this effect to diminish and would
require future studies for verification.

Gross elevation and reduction of citrulline levels can be fur-
ther affected by several factors. Increase in citrulline concentra-
tion may be due to increased production or decreased utilization.
The former occurs with increased intestinal production in re-
sponse to a low protein diet as discussed above, while the latter
corresponds to decrease in clearance by the kidneys, such as in
kidney failure. By the same note, decrease in citrulline concen-
tration would be observed with a significant reduction in func-
tional enterocyte mass and therefore, diminished production, as
seen in intestinal failure or acute mucosal enteropathy. However,
decreased citrulline concentration due to increased utilization
has not been described in humans or animal models [8].

In our study, we demonstrate diurnal variation in citrul-
line levels apparently unrelated to VH which was used as a
surrogate measure of enterocyte mass. The more likely ex-
planation for our findings would be fluctuations in citrulline
metabolism at the subcellular level rather than variations in
structural changes in the intestinal mucosa. Diurnal variation
is observed in numerous aspects of small intestine physiology
including transporter and enzyme activities, mitotic activity of
crypt cells, lymphocyte subpopulations and gut microbiome
population, to name a few [24-28]. Therefore, it is possible that
citrulline levels are subject to similar patterns of dynamic and
cyclical gene expression that is responsive to food intake and
to the host’s central circadian clock.

In light of these findings, we propose employing consist-
ent and standardized sample collection methods when consid-
ering the use of citrulline levels as a biomarker for functional
enterocyte mass in the laboratory setting, similar to how these
levels are obtained clinically. Specifically, samples should be
collected in the post-absorptive, fasting state and at the same
time of day across experiments for meaningful comparison.

This study has important limitations. While experimental
conditions are controlled for groups for which food was with-
held, groups fed freely are subject to disparities in timing and
amount of food intake relative to sample collection. Mice are
nocturnal animals and have been observed to exhibit a cyclical
feeding pattern, with highest food intake during their nighttime
active phase [23]. Therefore, our findings in the fed group may
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Figure 2. (a) Comparison of mean + SEM villus height in the morning and evening, with or without food. Representative histologic
sections taken at 200x magnification for mice (b) fed freely, morning harvest, (c) fed freely, evening harvest, (d) fasted, morning
harvest, and (e) fasted, evening harvest.

not strictly represent post-prandial conditions. measurements of serum citrulline levels in laboratory mice.

We demonstrate that serum citrulline levels are significantly
higher in the mornings compared to the evenings in fasted

Conclusions mice, while this variation was not found in mice fed freely.

Given our findings, we recommend collecting post-absorptive
This is a preliminary study performed with the objective to citrulline samples from fasted mice at a consistent time of day
identify the most suitable timing and method for diagnostic across experiments.
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