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Regimen-related mucosal toxicity is extremely common 
following cytotoxic chemotherapy and radiotherapy. 
Mucositis is as an important determinant of the inflam-
matory response and infectious complications in cancer 
treated patients. Most assessment scales for mucosal 
damage are focussed on oral mucositis, since it is easy 
to evaluate. Measuring gastrointestinal musocal dam-
age objectively remains difficult because it cannot be 
seen directly or readily detected. One of potential non-
invasive biomarkers of gastrointestinal mucosal damage 
is plasma citrulline level. Citrulline is an amino acid pro-
duced by small bowel enterocytes. Low concentration of 
free circulating citrulline signifies severe intestinal mu-
cosal damage in humans with nonmalignant disorders, 
such as villous atrophy-associated diseases, short bowel 
syndrome, Crohn’s disease, and is used in follow-up after 
small bowel transplantation. The plasma citrulline level 
is a reliable and objective biochemical marker of entero-
cyte mass and function in humans, and therefore can be 
used to monitor enterocyte toxicity resulting from chem-
otherapy and radiotherapy during anticancer therapy in 
patients with severely disturbed gut integrity.

Key words: biomarker, citrulline, mucositis, mucosal injury, toxicity

INTRODUCTION

Mucositis is a frequent, clinically significant and some-
times dose-limiting event elicited by chemo- or radiation 
cancer therapy. Mucous membrane damage means a dis-
ruption of the body’s natural barrier against infection. 
Inflammation and loss of mucosal integrity increase the 
risk of local bacterial, fungal, and viral infections, which 
predisposes immunosuppressed patients to developing 
sepsis (Rubenstein et al., 2004). Mucositis is the culmina-
tion of a series of biologically complex and interactive 
events that occur in all tissues of the mucosa. Under-
standing the pathobiology of mucositis, its incidence, 
and scoring is essential for archiving progress in research 
on and care of this common side-effect of anticancer 
therapies. Based on anatomical and functional differ-
ences between segments of the gastrointestinal tract, two 
types of mucositis have been identified: oral mucositis 
(OM) and gastrointestinal mucositis (GIM). The events 
that take place in the gut are almost certainly more com-

plicated than those occurring in the oral cavity, since 
the gastrointestinal tract is intrinsically more complex 
in terms of its function. There is a striking lack of reli-
able data on the incidence of gastrointestinal mucositis. 
Cancer therapy-induced damage to the intestinal mucosa 
results in intestinal crypt cell apoptosis, villous atrophy, 
and enterocyte mass reduction (Keefe et al., 2000). The 
clinical presentation of gastrointestinal mucositis includes 
nausea, vomiting, watery diarrhea with blood or mucus, 
and abdominal cramps. This leads to impaired absorp-
tion of digestion products. Clinical consequences of mu-
cositis include dehydration, malnutrition, potentially life 
threatening infections, and even increased mortality (van 
der Velden et al., 2010). The small intestine comprises 
three functionally distinct segments: the duodenum, jeju-
num, and ileum. The structure of the mucous membrane 
lining the intestine is similar in all three parts. The en-
tire intestinal surface is covered with finger-like protru-
sions called intestinal villi. Their role is to increase the 
absorptive surface of the intestine. The cells covering the 
villi — enterocytes — include intestinal absorptive cells. 
Enterocytes are suited for contact digestion at the level 
of microvilli and absorption of the end products (He-
lander & Fändriks, 2014). The small-intestinal mucosa is 
a hierarchical tissue that consists of three types of cells 
(Potten, 1998): stem cells of high proliferative activity, 
incompletely differentiated transitional cells, and mature, 
fully differentiated cells of the mucous membrane (Scho-
field, 1983). The intestinal epithelium undergoes continu-
ous regeneration. From the sites of cell renewal in in-
testinal crypts, the cells move along the lateral surface 
of the villi and exfoliate at the top (Potten & Loeffler, 
1987). The endothelial renewal cycle lasts approximately 
3–5 days. Anti-cancer treatment both damages and de-
pletes stem cells and transient cells, with a consequent 
inability of the body to compensate fully for the defi-
ciency resulting from exfoliation of differentiated cells. 
This results in morphological changes of the mucosa in 
the form of inflammation.

Citrulline is an endogenous non-protein amino acid. 
This amino acid, naturally occurring in the body, has been 
known since 1930, when Wada first isolated it from wa-
termelon juice (the term citrulline derives from citrullus, 
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the Latin word for watermelon) (Wada, 1930). Diet is a 
poor source of citrulline and its main source in the body 
is endogenous synthesis. De novo formation of citrulline 
takes place in epithelial absorptive cells of the small intes-
tine — enterocytes (Windmueller and Spaeth, 1981; Crenn 
et al., 2000; Curis et al., 2005). The substrates for intesti-
nal citrulline synthesis are amino acids derived from the 
diet. Citrulline formed in the intestine is released into the 
bloodstream, increasing the amount of blood-borne amino 
acids. The tissue distribution of the enzymes involved in 
citrulline metabolism demonstrates three metabolic path-
ways of free circulating citrulline: arginine biosynthesis, 
arginine–citrulline–nitric oxide cycle and urea cycle. A 
total of 97.5% of normal adult Caucasians with healthy 
intestinal mucosa function and no renal dysfunction have 
citrulline concentrations between 30 and 50 µmol/L, with 
a mean of 40 µmol/L (Crenn et al., 2003). Because cit-
rulline is synthesized almost exclusively by the intestine, 
its plasma level has been identified as a biomarker of 
the functional small bowel enterocyte mass (Crenn et al. 
2003). Injury to the small intestine can be measured by 
the decline in circulating citrulline levels, with lower val-
ues corresponding to more severe small intestinal dam-
age. Plasma citrulline assays have recently emerged as the 
best diagnostic tool, regardless of the etiology of the in-
testinal mucosal disease. The earliest clinical evidence of 
this idea was obtained in 2000 by Crenn and oworkers. 
Since that pioneering study, other investigators have dem-
onstrated clinical correlation between the serum citrulline 
level and the degree of small-intestinal mucosal damage in 
the course of various diseases: short bowel syndrome and 
bowel surgery, villous atrophy syndrome, Crohn’s disease, 
intestinal toxicity of chemotherapy (Blijlevens et al., 2004) 
and radiotherapy (Lutgens et al., 2003). Plasma citrulline 
levels are a quantitative biomarker of enterocyte mass and 
functional enterocyte metabolic mass but not of the diges-
tive function per se (Curis et al., 2007; Crenn et al., 2008). 
Regular assessments of citrulline levels allow for monitor-
ing of small-intestinal function. The only limitation of this 
correlation is significant renal failure (creatinine clearance 
<30 mL/min) (van de Poll et al., 2004; Crenn et al., 2008).

THE STRUCTURE OF SMALL INTESTINAL MUCOSA

Stretching from the pyloric orifice at the junction with 
the stomach to the ileocecal valve at the junction with 
the colon, the small intestine is the longest segment of 
the gastrointestinal tract. The length of the small in-
testine can be divided in to three functionally separate 
parts: the duodenum, jejunum, and ileum. The duode-
num can be distinctly differentiated, while there is no 
distinct boundary between the jejunum and the ileum. 
The functions of the small intestine are:

— digestion — exposing chyme to digestive enzymes
— absorption — transporting the digested foods 

across the epithelium
— moving chyme towards more distal parts of the 

gastrointestinal tract
These functions are supported by digestive secretions 

of the liver and pancreas, whose efferent ducts open 
into the small intestine.

The small intestinal wall is composed of four layers: 
the mucosa, submucosa, muscularis externa and serosa. 
The mucosa is responsible for the chemical, while the 
muscularis mucosa — for the mechanical component 
of digestion. To ensure chyme exposure to digestive 
enzymes and to facilitate nutrient absorption, the func-
tional area of the intestine should be as large as pos-

sible. This is best achieved with a tubular shape, with 
the length of the tube proportionally increasing its re-
sorptive area. The length of the intestine is not the only 
factor determining its absorptive surface area, with the 
mucosal structure of the small intestinal wall facilitating 
an increase of its active surface for the purpose of ab-
sorption. The inner surface of the small intestine is cov-
ered with circular folds, or plicae circulares. They have 
the form of long flaps of the mucosal and submucosal 
layers, positioned perpendicularly to the long axis of the 
intestine, and projecting into the intestinal lumen. In-
creasing the absorptive surface area 2–3-fold, the plicae 
circulares are the first component of small intestinal ab-
sorptive functionality. The entire surface of the intestinal 
mucosa is covered with finger-like protrusions, or intes-
tinal villi. The purpose of the intestinal villi is to further 
increase the absorptive surface area of the intestine, by a 
factor of approximately 10 (yielding a 30-fold increase in 
total). There are 20–40 villi per 1 mm2 of intestinal sur-
face. The epithelium covering the villi consists predomi-
nantly (95%) of tall, columnar, brush-bordered epithelial 
cells called enterocytes, or intestinal absorptive cells. The 
luminal surface area of the small intestine is covered 
with minute, densely and regularly distributed microvilli. 
Enterocytes are adapted for contact digestion within the 
microvilli and absorption of the end products of diges-
tion. Microvilli covering the surface of enterocytes are a 
structure most suited for this purpose. The presence of 
microvilli increases the mucosal surface area of the in-
testine further by a factor of approximately 20–30 (400–
900-fold increase in total) (Gray, 2000; Sherwood, 2006; 
Helander & Fändriks, 2014).

Numerous crypt outlets can be found at the base of 
intestinal villi. Intestinal crypts are lined with simple co-
lumnar epithelium continuous with that of the intestinal 
villi. The simple epithelium lining the gut is organized 
into millions of contiguous crypts of Lieberkühn (Pot-
ten, 1998) organized in crypt/villus units in the small in-
testine. It is at the same time one of the most important 

Figure 1. Structure of the small intestinal mucosa
Schematic representation of the small intestinal mucosa. Left col-
umn (1) — the circular folds (also, plicae circulars) — large valvu-
lar flaps projecting into the lumen of the small intestine covered 
with intestinal villi. This scheme incorporates fragments of figures 
from a public domain edition of Gray’s Anatomy from the classic 
1918 publication. Middle column (2) — longitudinal croos-section 
of an intestinal villus with the intestinal crypt, with five functional 
zones of the intestinal epithelium:  A — exfoliating epithelial cells, 
B — functional, C — maturation, D — proliferative, E — stem 
cells. Right column (3) — entrocyte with microvilli.
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tissue barriers in the body, the site of efficient absorp-
tion of nutrients and water and one of the most actively 
renewing tissues. The control of cell-cell adhesion dur-
ing cell migration, division and morphogenesis is crucial 
for its maintenance in health, disease and regeneration 
(Solanas & Batlle, 2011). The homeostasis of these re-
markable stem cell driven multicellular proliferative units 

(Potten & Loeffler, 1987) requires the regulation of gene 
networks, signaling pathways, and many dynamic pro-
cesses (Huynh et al., 2013; Vanuytsel et al., 2013). The 
mucous membrane cells of the small intestine are one 
of hierarchical tissues (HTs). HTs are characterized by 
a three-component cellular composition (Johson, 2012). 
HT cells can be divided into:

— multipotent stem cells,
— differentiating transitional cells, capable of a lim-

ited number of cell divisions, and
— fully differentiated mature cells incapable of pro-

liferation.
Most tissues and organs of a living body contain 

a population of undifferentiated and immature cells, 
known as stem cells. They are the primary pluripotent 
cells and give rise to all the cells in the body. A key 
characteristic of those cells is the ability to self-renew 
and differentiate. The highly proliferative stem cells con-
stitute approximately 1% of all mucous membrane cells 
and are the precursors of all other intestinal epithelial 
cells. Located closest to the basement membrane, these 
cells exhibit the highest mitogenic potential. Thus, they 
are the most vulnerable to damage (Schofield, 1983). Cell 
division is the ability to produce identical daughter cells 
by splitting of a parent cell. An asymmetrical division of 
a stem cell results in the formation of a progenitor cell, 
with the original stem cell retaining all its former charac-
teristics. The newly-formed progenitor cell gains the abil-
ity to differentiate and generate functionally mature cells, 
with its subsequent divisions leading to more and more 
mature cells, until the fully mature final stage is achieved. 
Transitional cells are also capable of proliferation. Ma-
ture, fully differentiated cells of the mucosa will have 
lost its proliferative activity. They exfoliate as part of a 
natural life cycle. Their loss is compensated for by dif-
ferentiating transitional cells (Solanas & Batlle, 2011; De 
Mey & Freund, 2013). The villous epithelium comprises 
closely packed cells making up on impermeable barrier 
between chyme in the intestinal lumen and the intestinal 
stroma. Small intestinal epithelium undergoes continuous 
renewal. From intestinal crypt renewal zones the cells 
migrate along the lateral surface of the villi and exfoliate 
at the top. Intestinal crypts are the regenerative zone of 
the intestinal mucosa. Crypt cells are the progenitor cells 
for all types of intestinal epithelial cells. They give rise to 
differentiated cells. Stem cells and transient cells of in-
testinal crypts constitute a proliferative pool of 50–70% 
of the epithelial population. Intense cell proliferation in 
the lower regions of the crypts results in epithelial cell 
migration along the crypt and the villi towards the in-
testinal lumen. As they migrate, the intestinal epithelial 
cells mature and differentiate, gaining the complete set 
of enzymes and carriers necessary for their digestive-re-
sorptive function. The cells undergo exfoliation from the 
surface of villous tips (Goke & Podolsky, 1996; Wright, 
1998). The cycle of intestinal epithelium renewal lasts 
approximately 3–5 days. Around 109 new cells (~1 g) are 
produced and die every 5 days (Wong et al., 1999). The 
onset of mucosal inflammation is determined by the life-
span of mature epithelial cells (Sonis, 2004). Any con-
dition that causes flattening of the mucosa may cause 
small intestinal absorptive dysfunction.

INTESTINAL MUCOSITIS

Mucositis following radiation and chemotherapy

The epithelium constitutes approximately 60% of dif-
ferentiated tissue in the human body (Slack, 2000). Thus, 
radio- and chemotherapy-induced enteritis constitutes an 
important clinical problem in oncology. This kind of en-
teritis occurs following the patient’s systemic exposure to 
chemotherapy or irradiation. The overall risk of develop-
ing this complication varies depending on the diagnosis, 
patient’s age, the condition of the gastrointestinal tract, 
type of chemo/radiotherapy, and dosing frequency (Bli-
jlevens, 2007). Regimen-related mucosal toxicity is ex-
tremely common following cytotoxic chemotherapy or 
radiotherapy (Gibson & Bowen, 2011). Mucositis follow-
ing chemotherapy occurs in about 40% of patients re-
ceiving standard anti-cancer therapy and in 80% of bone 
marrow stem cell recipients (de Vita, 2011). Radiothera-
py for abdominal and pelvic malignancies often causes 
severe small bowel toxicity (Onal et al., 2011).

Mucositis is characterized by physiological changes in 
epithelial cells — ranging from erythema to ulceration. 
Its onset occurs very early during the course of treat-
ment. Epithelial injury is preceded by damage to the 
epithelial tissue, microvasculature, and connective tissue. 
Anti-cancer treatments both damage and deplete of stem 
cells and transient cells, with the consequent inability of 
the body to fully compensate for the deficiency resulting 
from exfoliation of differentiated cells. This results in 
morphological changes of the mucosa in the form of in-
flammation. The rapid natural turnover of intestinal mu-
cosal epithelium makes these cells particularly vulnerable 
to cytotoxic treatment. Mucositis has complex pathology 
and complex clinical presentation (Wardill & Bowen, 
2013). Based on anatomical and functional differences 
between the segments of the gastrointestinal system, 
two types of mucositis have been identified: oral mu-
cositis (OM) and gastrointestinal mucositis (GIM). The 
cells of the oral cavity have a fast turnover rate, with 
a cycle of 7–14 days (López-Galindo et al., 2006), while 
complete epithelial renewal in the small intestine requires 
only 3–5 days. These differences in epithelial renewal 
speeds are responsible for the differences in the time to 
onset of inflammation (Shaw, 1979; Sonis, 2004). For 
reasons not entirely understood, the mucous membrane 
of other organs and systems does not sustain significant 
damage during chemotherapy or radiotherapy (Elting, 
2004; Sonis et al., 2004). The mucosal barrier is highly 
susceptible to the direct and indirect toxic effects of 
anti-cancer therapy. This is due to a number of factors, 
including the high cellular turnover rate of the mucosa, 
and the complex and diverse microflora of the oral cav-
ity and the gastrointestinal tract. Normally, the mucous 
membrane constitutes an effective protective barrier. Its 
damage and inflammation increase the risk of local and 
systemic infection, especially in a period of neutropenia. 
The MBI is either a result of a direct action of the drug 
upon the mucosa (direct toxicity), or an indirect conse-
quence of therapeutic drug-induced bone marrow sup-
pression or myelosuppression (indirect toxicity).

DIRECT MECHANISM OF MUCOSITIS

Both chemo- and radiotherapy cause stem cell and 
transitional cell damage and depletion. The consequence 
is a lack of full compensation for the natural loss, result-
ing from exfoliation of differentiated cells. The mucous 
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membrane undergoes structural inflammatory changes. 
These changes develop after approximately 5-10 days 
following the administration of chemotherapy or expo-
sure to irradiation. The exact time when the inflamma-
tory changes develop is determined by the life-span of 
differentiated mucosal cells. When the cytotoxicity stops, 
rapid repopulation of stem cells and transitional cells en-
sues, resulting in a complete resolution of inflammatory 
changes (López-Galindo, 2006; Chaveli López, 2011). In 
general, the repair of mucosal barrier injury (MBI) par-
allels hematological reconstitution as peripheral blood 
counts return to normal (Nicola, 2007), with complete 
resolution occurring within 2–3 weeks (Blijlevens, 2007).

Indirect mechanism of mucositis is associated 
with the myelosuppressive effect of cytostatics and an 
increased risk of viral, fungal, and bacterial infections 
leading to mucosal barrier damage. The time of inflam-
mation induced by the direct mechanism coincides with 
the peak myelosuppressive effect of cytostatics (usually 
10–14 days following exposure). Due to this co-occur-
rence in time, the inflammation induced by the direct 
mechanism together with myelosuppression pose a high 
risk of systemic infections (López-Galindo, 2006; Blijlev-
ens, 2007; Chaveli López, 2011).

PATHOGENESIS OF MUCOSITIS

Mucosal barrier injury is a complex and dynamic 
pathobiological process manifested throughout the en-
tire digestive tract, occurring in rapid, and in some cases 
parallel, phases (Sonis, 2013). The pathogenesis of mu-
cositis comprise sequential biologic events coupled with 
the influence of the local environment and microbiome 
(Sonis, 2009). The mechanisms for radiation-induced 
and chemotherapy-induced mucositis are believed to be 
similar. The majority of pathways that lead to mucositis 
are the same whether the initiating event is chemother-
apy, radiation, or concomitant chemoradiation. Patients 
treated with cycled chemotherapy receive an acute chal-
lenge that is administered systemically, while radiation is 
considered to be administered locally. Patients undergo-
ing radiation receive fragmented (fractionated) radiation 
doses which trigger a cascade of biologic events detect-
able systemically with resulting constitutional effects. In 
both cases, “bystander” events result in collateral injury 
(Mothersill & Seymour, 2012). Recent studies have indi-
cated that the mechanisms involved in the pathogenesis 
of mucositis are much more complex than direct damage 
to epithelium alone (Treister & Sonis, 2007). According 
to the model introduced by Sonis the pathogenesis of 
radiotherapy-induced and chemotherapy-induced mucosi-
tis is a five-stage process (Sonis, 2004; Peterson et al., 
2011). This model of injury has been demonstrated in 
the oral mucosa but may also take place in other parts 
of the alimentary tract (Shaw, 1979; Goke, 1996; Wright, 
1998; Sonis et al., 2004).

During the first phase of inflammation — the ini-
tiation phase — epithelial cells are directly damaged by 
chemo- or radiotherapy with subsequent basal mem-
brane and submucosal vessel damage. Radiation and/or 
chemotherapy induce cellular damage resulting in death 
of basal epithelial cells. The generation of reactive oxy-
gen species (free radicals) by radiation or chemotherapy 
is also believed to play a role in the initiation of mu-
cosal injury (Gate et al., 1999). These small highly reac-
tive molecules are byproducts of oxygen metabolism and 
can cause significant cellular damage. The formation of 

reactive oxygen species (ROS) leads to the activation of 
nuclear factor kappa B (NFκB) (Sonis, 2002).

The second phase of inflammation — the upregula-
tion/activation phase — involves activation of inflam-
matory cytokines (interleukin 1, TNF-alpha, IFN) and 
initiation of angiogenesis. In addition to causing direct 
cell death, free radicals activate second messengers that 
transmit signals from receptors on the cellular surface 
to the inside of the cell. This leads to upregulation of 
pro-inflammatory cytokines, tissue injury and cell death 
(Maddens, 2002). The induction of messenger molecules 
results in treatment-related tissue inflammation and ap-
optosis. The intestinal changes of this phase include en-
terocyte apoptosis and flattening of the villi.

The next, third phase of inflammation — signal-
ing and amplification — involves intensified release of 
cytokines resulting in mucous membrane damage and 
loss of its integrity and continuity. Upregulation of pro-
inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-α), produced mainly by macrophages, caus-
es injury to mucosal cells, and also activates molecular 
pathways that amplify mucosal injury. The amplification 
of messenger molecules in this amplification/signaling 
phase leads to more inflammation and apoptosis. Ulcera-
tions of the mucosa are a hallmark of the transformation 
of mucositis into phase four.

The fourth, or ulcerative, phase is characterized by 
discontinuity of the epithelial barrier resulting from ap-
optosis, development of mucosal ulceration, inflammato-
ry cell infiltrates, dysfunction of local immune response 
mechanisms, and microbial translocation (bacteria, vi-
ruses, fungi), all of which increase the risk of systemic 
infection. There is a significant inflammatory cell infil-
tration associated with the mucosal ulcerations, based in 
part on metabolic byproducts of the colonizing oral/gut 
microflora. Production of pro-inflammatory cytokines is 
also further upregulated due to this secondary infection.

The fifth phase of inflammation is characterized by 
epithelial proliferation as well as cellular and tissue dif-
ferentiation (Dorr, 1994) restoring the integrity of the 
epithelium. This phase involves the spontaneous healing 
process: epithelial cell proliferation, differentiation, and 
migration to restore the mucosal integrity and continuity. 
The normal physiological flora is restored. New undam-
aged epithelium forms; however, some angiogenic pro-
cesses persist (Sonis et al., 2000).

All of these phases can develop simultaneously in var-
ious areas of the mucosa (Sonis, 2004; van Vliet, 2010).

Sonis presented a morphological model of mucositis 
divided into four successive phases (Sonis, 1998): (1) 
an inflammatory/vascular phase followed by (2) an ep-
ithelial phase leading to (3) an ulcerative/bacteriological 
phase and ultimately resolving in (4) the healing phase. 
This model could also be applicable to the gut as a 
whole even though it is a more complex organ having 
a dynamic epithelial border with different functions and 
unique interactions with the immune system and luminal 
microflora (Sleisenger & Fordtran 1989, Blijlevens et al., 
2005).

The first phase is the inflammatory/vascular phase 
characterized by the induction of pro-inflammatory cy-
tokines IL-1, TNF-alpha and IFN gamma by cytotoxic 
drugs or irradiation while the epithelial cells are still in-
tact. The effects of chemotherapy result in the release 
of two pro-inflammatory cytokines, IL-1 and TNF-α, by 
activated macrophages and monocytes. Ionizing radiation 
at doses not directly harmful to the mucosa also leads 
to the release of these cytokines by epithelial cells and 
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the connective tissue beneath (Sherman, 1991). TNF-α is 
believed to cause direct cell injury and potentially initiate 
or accelerate the development of mucositis; IL-1, in con-
trast, initiates inflammation by increasing the number of 
blood vessels in the subendothelial layer, which in turn 
leads to increased local cytostatic levels in the area (Sonis 
et al., 1990). In the gut, macrophages and monocytes, the 
vast majority of total circulating lymphocytes and other 
members of lymphoreticular system reside in gut-associ-
ated lymphoid tissue (GALT). Released into the circula-
tion, cytokines amplify local tissue injury (Ferrara, 1993). 
This results in increased vascularity and probably higher 
local levels of cytotoxic agents. Before total cell destruc-
tion, TNF-α, IFN-γ and IL-1 induce major changes in 
the functionality, permeability, brush border transport, 
glutamine utilization (glutamine is the main source of en-
ergy for intestinal cells), and mucosal cell integrity (Ad-
ams et al., 1993; Austgen et al., 1992; Marano 1998).

The second phase is the epithelial phase when cells 
cease dividing and die. This coincides with neutropenia. 
Proliferating cells are non-specifically irritated by an-
ti-cancer treatment. The cytokines released as a result 
of the treatment continuously and directly intensify cell 
damage, ultimately leading to increased permeability of 
the intestinal epithelium. The second phase involves a 
halt in basement membrane cell divisions and epithelial 
atrophy. The resulting metabolic dysfunction of epithe-
lial cells leads to structural changes (villous flattening, 
epithelial thinning, brush border atrophy, and the forma-
tion of a mucoid layer that is thick but does not provide 
protection). Clinically, this phase may also manifest with 
mucous membrane redness resulting from enhanced vas-
cularity and reduced epithelial thickness.

The third, or ulcerative-bacteriological, phase is 
characterized by clinical manifestations. It is when ne-
crosis and ulceration occur and the resident microbial 
flora and its products, e.g. endotoxins, translocate into 
the bloodstream. Moreover, impaired local defenses and 
low levels of secretory IgA may allow local infection 
to develop. Death of the cells from the epithelial basal 
layer and a lack of epithelial regeneration result in ne-
crosis and structural defects in the tissue, erosions, and 
ulcerations. Those mucosal ulcerations become secondar-
ily infected by viral, bacterial, or fungal pathogens, which 
is additionally facilitated by progressively more severe 
neutropenia. The secondary infections are responsible 
for increased endotoxin secretion into subepithelial tis-
sue, which enhances the production of IL-1, TNF-α and 
ROS, resulting in local mucosal destruction. The causa-
tive pathogens are typically microorganisms of the physi-
ological flora as well as microflora non-typical for the 
given segment of the gastrointestinal tract. The forming 
ulcerations can be a source of generalized infection. The 
events that take place in the gut are more complicated 
than those occurring in the oral cavity. The gastrointes-
tinal tract is a more complex ecosystem, it possesses the 
specialized gut-associated lymphoid tissue (GALT) sys-
tem, and its resident microflora is more numerous and 
varied and shares a symbiotic relationship with the host. 
When the gut epithelium is disrupted, bacteria translo-
cation occurs and pro-inflammatory bacterial endotox-
ins readily gain access to subepithelial tissues (Ferry et 
al., 1989). The rate of bacterial translocation is strongly 
associated with the degree of neutropenia (Tancrède & 
Andremont, 1985). Microbial translocation is exacerbated 
by irradiation (Guzman, 1989) and chemotherapy (Berg, 
1999), as evidenced by the presence of microorgan-
ism cultures from extra-intestinal sites as well as blood 
(Wells, 1988).

As white blood cell counts normalize, the fourth, or 
healing, phase occurs involving recreation of the epithe-
lial mucous membrane structure and function. The mu-
cous membrane returns to its physiological state. The 
healing signal derives from the extracellular matrix and 
initiates epithelial cell proliferation and differentiation. 
Also, the white blood cell count in the inflammatory area 
normalizes. Defense mechanisms begin to gain control 
over intestinal microflora. Secondary changes within the 
epithelium remain, which increases the risk of mucositis 
during the next treatment cycle (Pico et al., 1998; Sonis 
2004; Miller & McLeod, 2007; Bowen & Keefe, 2008).

In contrast to what is observed after resolution of 
oral mucositis, gut function does not return to normal 
after structural repair. Malabsorption and diminished en-
zyme activity persist for up to several weeks. The healing 
of mucosal damage probably occurs in two phases: the 
restitution of mucosal integrity and then remodeling of 
the mucosal architecture. The mucosal repair process de-
pends on the severity of damage, since superficial injury 
can be repaired rapidly by epithelial migration without 
cell prolieration (Lacy, 1988).

CLINICAL PRESENTATION OF MUCOSITIS

Mucositis, also referred to as mucosal barrier injury, is 
one of the most debilitating side effects of radiotherapy 
and chemotherapy (Bellm et al., 2000). It is character-
ized by both inflammation and cell loss in the epithe-
lial barrier lining the gastrointestinal tract (Sonis, 2004; 
Blijlevens et al., 2005). Clinically, mucositis is associated 
with bacteremia, malnutrition, the need to use total par-
enteral nutrition, and an increased use of intravenous 
analgesics (Masszi & Mank, 2012). Observations on the 
relationship between oral mucositis (OM) and gastroin-
testinal mucositis (GIM) and the incidence of fevers of 
unknown origin and intravenous antibiotic use in pa-
tients after high dose chemotherapy suggest that the in-
cidence of fevers and use of antibiotics are more depen-
dent on GIM compared to OM (Vokurka et al., 2014). 
These complications lead to longer hospitalizations and 
increased health care costs. Moreover, mucositis is a fre-
quent reason for reducing the dosages of radiotherapy 
and chemotherapeutics or even for postponing cancer 
treatment, ultimately leading to higher mortality in can-
cer patients (Sonis et al, 2001; Blijlevens et al., 2005). His-
torically, research has focused on oral mucositis. More 
recently, the pathophysiology and clinical symptoms of 

Figure 2. Morphological four-stage approach to etiopathogen-
esis of mucosal barrier injury
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intestinal mucositis have been drawing more attention 
(Blijlevens et al., 2005; Lutgens et al., 2005). The epitheli-
al barrier lining the gastrointestinal tract is composed of 
a single layer of epithelial cells (Powell, 1981) forming 
a mechanical barrier separating the inside of the human 
body from the outside world. In patients treated with 
chemo- and/or radiotherapy, mucositis tends to have a 

rapidly aggravating course. A mucous membrane damage 
means a disruption of the body’s natural barrier against 
infection. Additionally, a weakened immune system is a 
factor contributing to the dynamic development of infec-
tions. Inflammation and loss of mucosal integrity togeth-
er with neutropenia increase the risk of local bacterial, 
fungal, and viral infections, which predisposes immuno-

Table 1. Tests for the assessment of small intestinal mucosal injury — advantages and disadvantages

Test Characteristic

Conventional endoscopy/small bowel biopsy

“gold standard”
affords visual perspective
therapeutic intervention possible

invasive, painful, expensive
assesses only proximal or distal regions of small intestine
reflects the function of only the biopsied region
additional risk for cancer patients

Sugar permeability test
(Menzies et al., 1979; Tooley et al., 2009)

assesses barrier function = can measure gut integrity and function
test measures in the permeability and absorption (loss of epithelial surface)

requires the patient to drink fluid containing a solution of four sugars: lactulo-
se, l-rhamnose, d-xylose and 3-O-methylglucose
requires 2-hour blood and 5-hour urine collection
not routinely used in clinical practice

Breath tests:
Oro-cecal transit time
Hydrogen breath test
(van Wyk et al., 1985; Almeida et al., 2008)

non-invasive
correlation with mucosal barrier injury

dependent on the presence of hydrogen-producing bacteria in the colon, diet, 
the use of antibiotics and proton-pump inhibitors
require specialized equipment

13C-lactose breath tests (Tooley et al., 2009)

non-invasive
correlation with mucosal barrier injury
precluded in lactose-intolerant patients
hardly available

Diamine oxidase (DAO)
(D’Agostino et al., 1986; Biegański et al., 1983; 
Bragg et al., 1991; Bounous et al., 1984)

plasma DAO activity is a candidate marker for ischemic small bowel injury
particularly high concentration in the epithelial cells of the small intestine

rapidly cleared by the liver

Calprotectin
(Costa et al., 2003)

fecal concentration has been identified as a sensitive biomarker of intestinal 
inflammation
highly sensitive
non-invasive
low specificity
does not allow for discrimination of anatomical sites of intestinal injury

Granulocyte marker protein (GMP)
(Richter et al., 1997)

pathophysiologically similar to calprotectin
sensitive non-invasive biomarker of radiation induced injury

Cytokines
(Logan et al., 2008; Engel et al., 1998)

markers of inflammatory response induced by various chemotherapeutic agents
play key roles in the pathogenesis of mucositis
biomarkers of febrile neutropenia

non-specific

C-reactive protein (CRP)
correlates with tissue injury

non-specific, may be influenced by other factors
levels increase after the beginning of inflammation

Citrulline

sensitive and specific for small bowel epithelial cell loss
simple
low-cost
no methodological drawbacks
biomarker of small intestinal enterocyte mass

requires repeated collection of blood samples

Thromboxane B2
Leukotriene B4
(Cole et al., 1993)

eicosanoid mediators of inflammation
potential biomarkers for radiotherapy-induced gut damage

one small study only
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suppressed patients to developing sepsis (Rubenstein et 
al., 2004). Oral mucositis manifests with pain, edema, 
erythema, lesions, pseudomembrane formation, excessive 
mucus production and reduced of saliva, and bleeding, 
all of which reduce the patient’s ability to eat and drink 
(Schubert et al., 1992; Woo 1993). Intensification of an 
inflammatory response involves development of erosions 
and ulcerations covered with a fibrin coating composed 
of exfoliated epithelial cells. Initially, these lesions are 
limited but large areas become covered with confluent fi-
brin coating. Extreme cases result in necrosis of the mu-
cous membrane. Oral mucositis can be accompanied by 
mild to severe pain and difficulty swallowing (dysphagia). 
The complex clinical presentation of oral mucositis also 
includes altered taste sensation (dysgeusia), dry mouth 
(xerostomia), ecchymoses, and hemorrhages, all of which 
cause difficulties in oral ingestion of fluids and food. The 
severity of oral mucositis can be assessed reliably during 
a physical examination (Zur, 2012; Raber-Durlacher et al., 
2012). By contrast, there are no reliable data on the in-
cidence of gastrointestinal mucositis, although almost 
every transplant recipient is affected to some extent and 
develops manifestations that include nausea, vomiting, 
and watery diarrhea accompanied by macroscopic loss 
of blood or mucus and abdominal cramps. The exact 
course and severity of the bowel symptoms of gut mu-
cositis are also difficult to ascertain as they are frequently 
masked either by antiemetic drugs taken by the patient 
as part of prevention and treatment of chemo/radiother-
apy-induced nausea and vomiting, or by narcotic analge-
sics used for oral mucositis, which induces constipation 
as a result of reduced gut motility. An assessment of the 
mucous membrane in the distal gastrointestinal tract is 
considerably more difficult (Zur, 2012). Anti-cancer ther-
apy-induced damage to the intestinal mucosa results in 
intestinal crypt cell apoptosis, atrophy of the villi, and 
reduction in enterocyte mass (Keefe et al., 2000). This 
leads to impaired absorption of the products of diges-
tion. Clinical consequences of mucositis include dehydra-
tion, malnutrition, potentially life-threatening infections 
and even increased mortality (van der Velden, 2010).

ASSESSMENT AND MONITORING OF MUCOSAL 
DAMAGE INDUCED BY CANCER THERAPY

Several scoring systems for oral mucositis have been 
proposed (Parulekar, 1998), although none are universal-
ly accepted and all lack standardization. However, there 
is no system for registering gut mucositis at present, 
although definitions for grading toxicity of individual 
signs and symptoms have been published (Blijlevens et 
al., 2000). Early detection, assessment and monitoring 
of mucosal damage are necessary for effective manage-
ment. The assessment scales for mucosal damage focus 
on clinical presentation. For chemotherapy complications 
both the World Health Organization (WHO) scale and 
the National Cancer Institute — Common Terminolo-
gy Criteria for Adverse Event (NCI-CTC AE) scale are 
commonly used (Neveux, 2004). Currently, the most 
commonly used classification systems (scales) of radia-
tion reactions are the Toxicity Criteria of the Radiation 
Therapy Oncology Group (RTOG) and the European 
Organization for Research and Treatment of Cancer 
(EORTC) criteria (Peterson et al., 2011). The toxicity 
scales developed for uniform reporting of side effects 
assess early and late complications of therapy for indi-
vidual tissues and organs. The severity of individual side 
effects is graded from 0 to 5, where 0 means no symp-

toms, and 5 — death due to a side effect. The interme-
diate grades from 1 to 4 correspond to various severity 
of the reaction: 1 — mild, 2 — moderate, 3 — severe, 4 
— life-threatening. Toxicity scores are considered to be 
the best scales for intestinal mucositis and are designed 
based on signs and symptoms related to gastrointestinal 
changes. Their reliability is subjective and subject to in-
terobserver and intraobserver variation. The oral toxicity 
scale combines objective signs of mucosal damage, er-
ythema and ulcers, with subjective and functional out-
comes, pain and ability to eat.

MARKERS OF SMALL INTESTINAL MUCOSAL INJURY

The small intestine is largely inaccessible by conven-
tional means, with endoscopy coupled with small bowel 
biopsy remaining the current “gold standard” technique 
for assessing small intestinal function. Endoscopy proce-
dures are used regularly in clinical practice for diagnostics 
of gastrointestinal complaints. However, this technique is 
invasive, painful, expensive and only the proximal and 
distal parts of the small intestine can be routinely as-
sessed. The real problem is to determine true function-
ality of the whole small intestine. Furthermore, cancer 
patients develop additional treatment-related side-effects, 
which makes it difficult to perform diagnostic proce-
dures on the gastrointestinal tract. Invasive diagnostic 
methods often are precluded because of the high risk of 
infectious and bleeding complications. Currently, there 
is no “one-fit-all” biomarker of regimen-related mucosal 
toxicity. A number of biomarkers have been investigated 
in gastrointestinal diseases. Some of them have proved 
to be useful in the oncology arena.

Two significant potential biomarkers of regimen-
related mucosal injury, i.e., citrulline and calprotectin, 
seem to be more sensitive and more specific for detect-
ing chemo- and radiotherapy induced small intestinal 
mucosal damage than other markers of small intestinal 
function (Gibson et al., 2011).

CITRULLINE ASSAYS

Amino acid composition analysis refers to analyti-
cal techniques measuring the concentration of indi-
vidual amino acids in a given sample. Citrulline assays 
are not routinely performed in analytical laborato-
ries because they require specialized high-resolution 
techniques. Various methods have been reported for 
quantification of citrulline. Most of them are based 
on chromatographic separation, which usually involves 
pre- or post-column derivatization of the amino acid 
(Stein & Moore, 1954; Efron et al., 1964; Neveux et 
al., 2004; Duranton et al., 2014). Although plasma, 
serum and urine are commonly used as test samples, 
whole blood or erythrocytes are also reported as po-
tential samples for clinical evaluation (Efron et al., 
1964; Rougé et al., 2008). The latter, however, due to 
the very complex matrix require highly-selective an-
alytical techniques such as mass spectrometry (MS). 
Hozyasz and coworkers (2010) proposed MS on dried 
blood spot specimens for screening citrullinemia as a 
promising candidate biomarker of abnormal embryo-
genesis. Dried blood spot amino acid profiling via tan-
dem mass spectrometry (MS/MS) can also be used for 
monitoring graft function following intestinal trans-
plantation (Yu et al., 2005). Whole blood citrulline 
concentration may be a simple biochemical marker for 
diagnosis and monitoring of enterocyte loss in celiac 
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disease (Hozyasz et al., 2006). Plasma or serum citrul-
line levels, measured with chromatographic separation, 
are ideal for small intestine function assessment. The 
technique shows adequate selectivity and high resolu-
tion. There is no significant difference in results or 
interpretation between analytical methods using serum 
or plasma for determination of citrulline (Crenn et al., 
2008).

The function of citrulline in the body and its use as a 
marker of small intestinal mucosal damage

Citrulline is an endogenous nonprotein amino acid, 
naturally occurring in the body. It has been known since 
1930, when Wada first isolated it from watermelon juice 
(Wada, 1930). Several years later, the same scientist con-
firmed the absence of citrulline in protein structures 
(reported by Kurtz, 1937). Those events coincided with 
the discovery of the urea cycle by Krebs and Henseleit 
in 1932, of its role in the elimination of toxic ammonia 
from the body, and the involvement of citrulline (after 
Adeva et al., 2012). Then, for nearly half a century, the 
metabolism of citrulline remained out of the spotlight 
of scientific interest. In the 1980s and 1990s, two sub-
sequent discoveries were made constitut the most recent 
chapter in the history of citrulline. In 1981, a study in 
rats demonstrated that citrulline, which is necessary for 
the production of endogenous arginine, is synthesized in 
the small intestine (Windmueller, 1981). De novo forma-
tion of citrulline takes place in enterocytes and its con-
centration is currently considered a marker of intestinal 
function (Crenn et al., 2000; Curis et al., 2005; 2007). An-
other significant discovery involved the role of nitric ox-
ide as a signaling factor in vascular smooth muscle relax-
ation and the role of citrulline in nitric oxide synthesis. 
In 1998, the three authors of this discovery, Furchgott, 
Ignarro, and Murad, received the Nobel Prize in medi-
cine (Nobelprize. Org. Web.).

METABOLISM OF CITRULLINE

Citrulline is a rare amino acid. As a nonprotein (non-
proteinogenic) amino acid it functions as an intermediate 
in protein (proteinogenic) amino acid metabolism and 
in the urea cycle. The metabolic activity of citrulline is 
mainly a result of its close link with arginine metabolism. 
Citrulline is a direct precursor of arginine as well as a 
metabolite of its transformations. The following are par-
allel metabolic transformations of citrulline:

1. The first metabolic pathway is arginine biosynthe-
sis, which involves citrulline exchanges at the systemic 
level. In the gut, citrulline is synthesized from glutamine, 
glutamate or proline (reported by Wu et al., 1997) and 
released into the bloodstream to be converted back to 
arginine (by ASS and ASL) in the kidneys. Approximate-
ly 60% of net arginine synthesis in adult mammals oc-
curs in the kidney, where citrulline is extracted from the 
blood and converted to arginine (Windmueller & Spaeth, 
1981). In this pathway, circulating citrulline is a masked 
form of arginine to avoid hepatic uptake and metabo-
lism by arginase. The process of arginine synthesis in the 
adult involves the intestinal-renal axis. However, many 
other tissues and cell types also contain ASS and ASL 
for generating arginine from citrulline (Mori & Gotoh, 
2004).

2. The second pathway is the arginine-citrulline-nitric 
oxide (NO) cycle. In most NO-producing tissues, cit-
rulline is locally recycled to arginine by ASS to increase 

arginine availability for NO production (Husson et al., 
2003).

3. The third pathway takes place in the liver, where 
citrulline is synthesized by OCT from ornithine and me-
tabolized by ASS in the urea cycle (Windmueller & Spa-
eth, 1981).

Figure 3 shows a schematic representation of citrulline 
metabolic pathways.

However, there are differences in citrulline metabol-
ic pathways between mammalian adults and neonates. 
Young mammals including preterm infants have a par-
ticularly high requirement for arginine (Wu et al., 2000). 
In the young, arginine is an essential amino acid for op-
timal growth and development, and therefore must be 
provided in the diet. In adults, arginine is a conditionally 
essential amino acid. Studies in neonatal pigs (an excel-
lent model for studying infant nutrition) showed that en-
dogenous synthesis of arginine is crucial for maintaining 
arginine homeostasis (Flynn & Wu, 1996). On the basis 
of our current knowledge of mammalian arginine metab-
olism, enterocytes are responsible for the major part of 
net citrulline and arginine synthesis from glutamine and 
proline in neonates (Wu & Morris,1998). In the neona-
tal period, arginase level in enterocytes is low, as are the 
ASS and ASL levels in the proximal tubule of the kid-
ney, where citrulline is converted to arginine in the adult. 
Thus, the neonatal process of arginine synthesis takes 
place entirely in the gut (Wu et al., 2004). In neonates, 
whose renal ASL activity is minimal, most of the citrul-
line synthesized in enterocytes is converted locally into 
arginine by ASS and ASL. The near absence of arginase 
in neonatal enterocytes maximizes the intestinal release 
of arginine into the systemic circulation (Wu, 1997). The 
low activities of key enzymes limit citrulline synthesis in 
the enterocytes, even if the substrates are fully available.

Citrulline synthesis in the small intestine

Diet is a poor source of citrulline. Small quantities of 
citrulline have been found in the fruits of cucurbitaceae 
(watermelons and melons) (Rimando & Perkins-Veazie, 
2005) and in birch sap (Ahtonen and Kallio, 1989). En-
dogenous synthesis is the main source of citrulline in the 
body (Cren et al., 2000; Curis et al., 2005; 2007). Small 
intestinal epithelial cells, enterocytes, play the key role 
in citrulline synthesis. The substrates for citrulline syn-
thesis in the small intestine are amino acids provided 
with diet: glutamine, glutamate, proline, and also serum 
glutamine (Wu, 1998). Absorbed by intestinal villi, they 
undergo further transformations inside the enterocytes. 
Most of the circulating citrulline comes from glutamine 
conversion in enterocytes (Wu, 1998). The key enzyme 

Figure 3. Metabolic transformations of citrulline
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for glutamine and glutamate transformation to citrulline 
is pyrolline-5-carboxylate synthase (Crenn et al., 2011), an 
enzyme located almost exclusively in the small intestinal 
mucosa. Citrulline synthesis from proline occurs by the 
enzyme pyrolline oxidase (Crenn et al., 2008; Curis et al., 
2005; 2007). Figure 4 presents these transformations in 
small intestinal epithelial cells. Given the low levels of 
argininosuccinate synthetase (ASS) in enterocytes, citrul-
line formed in the intestine is released into the blood-
stream, increasing the amount of blood-borne amino ac-
ids (Crenn et al., 2008; 2011).

RENAL TRANSFORMATION OF CITRULLINE AND 
ARGININE SYNTHESIS

Approximately 80% of the citrulline formed in the 
small intestine is carried with blood to the kidneys (Moi-
nard et al., 2008), where it is transformed to arginine by 
the ASS and ASL (Mori and Gotoh, 2004; Häberle et al., 
2012). Arginine formed in this way is subsequently re-
leased into the circulation and constitutes its main source 
for further metabolic transformations. Indeed, nearly 
60% of endogenous arginine in humans is synthetized in 
the kidneys (Morris, 2002). People with renal dysfunc-
tion or post nephrectomy have elevated blood citrulline 
levels (Lau, 2000). This arginine-citrulline-arginine cycle 
can be seen as a means of protecting dietary arginine 
from excessive degradation in the liver, especially in situ-
ations where the intake of protein is low.

CITRULLINE — A DIRECT PRECURSOR OF ARGININE

Citrulline is a direct precursor of arginine, as well as a 
product of its catabolism. The biological activity of cit-
rulline is mainly a result of its close coupling with argi-
nine metabolism.

Circulating citrulline is used for efficient arginine syn-
thesis by the brain, peripheral nerve cells, and vascular 
endothelial cells (Moncada & Higgs, 2006). Synthesized 
in these tissues, arginine becomes the substrate for the 
synthesis of nitric oxide (NO) — an important neuro-
transmitter and vasodilator (Luiking, 2010). The transfor-
mation of citrulline to arginine is catalyzed by two in-
tracellular enzymes ASS and ASL (Husson, 2003). Nitric 
oxide is synthesized directly from arginine by nitric oxide 
synthase (NOS) (Husson, 2003; Luiking, 2010). Direct-
ing of arginine (derived from citrulline) for NO produc-

tion optimizes NO formation (Flam, 2007; Schwedhelm, 
2008). Arginine is derived from dietary sources and en-
dogenous synthesis. In adults, arginine is synthesized en-
dogenously. It is essential in certain settings, especially 
in disease and in the recovery phase following diseases. 
Arginine synthesis in the liver takes place only if all the 
necessary components of the urea cycle — especially or-
nithine — are present. This, as well as the high arginase 
activity in hepatocytes, results in only a small amount 
of endogenous arginine produced in the urea cycle be-
ing released into the bloodstream. The remaining fool of 
this amino acid comes from local intracellular sources: 
protein degradation and synthesis from citrulline (Curis 
et al., 2005). The citrulline used for intracellular arginine 
synthesis must come from the bloodstream, since citrul-
line synthesized intracellularly is formed from arginine 
in a reaction catalyzed by nitric oxide synthase (the ar-
ginine–NO cycle). The arginine–NO cycle is responsi-
ble for arginine regeneration in various tissues (Graboń, 
2006). The key enzymes involved in arginine catabolism 
are arginase and nitric oxide synthase. Arginase catalyzes 
the hydrolysis of arginine to ornithine and urea. Unlike 
other enzymes of the urea cycle, arginase can also be 
found in extra-hepatic tissues. The activity of arginase 
is regulated by the accessibility of its substrate arginine. 
Arginase competes with nitric oxide synthase for their 
common substrate — arginine (Wu & Morris, 1998). 
This competition depends on tissue type and the pres-
ence of stimuli.

FORMATION OF NITRIC OXIDE

Vascular endothelial cells function not only as a pas-
sive diffusion barrier, but also have a role in active se-
cretion, which includes the production of nitric oxide. 
Nitric oxide is formed as part of arginine metabolism. 
This reaction is catalyzed by three izoenzyms of nitric 
oxide synthase (NOS) family that differ in their level of 
expression and their localization: nNOS is mainly pre-
sent in neural cells, iNOS in macrophages and eNOS in 
endothelial cells (after Luiking et al., 2010). All these en-
zymes share a common mechanism for synthesizing NO. 
The mechanism of nitric oxide production from arginine 
involves oxidation of the imino group of the guanidine 
residue by molecular oxygen. Arginine is first oxidized 
to N-hydroxyarginine, which is then further oxidized to 
citrulline with the formation of nitric oxide (Flam et al., 
2007; Schwedhelm et al., 2008):

                        NOSArginine + O2 -----------------------------> Citrulline + NO
Citrulline is essential to the formation of arginine, 

which in turn is needed to produce nitric oxide. Arginine 
is the only substrate for nitric oxide synthesis in the hu-
man body.

THE ROLE OF CITRULLINE IN NITRIC OXIDE SYNTHESIS

In 1975, Felig showed that visceral uptake of arginine 
(arteriovenous difference) in humans is positive. Thus, 
the liver is an importer rather than an exporter of this 
amino acid (Felig, 1975). Recent discoveries have proven 
that nitric oxide synthase is limited by the availability 
of extracellular arginine. Therefore, it is the extracellu-
lar and not intracellular arginine that is a substrate for 
the production of nitric oxide in endothelial cells. Nitric 
oxide formation does not correlate with the levels of in-
tracellular arginine (Dioguardi, 2011; Schwedhelm et al., 
2008). The direct involvement of extracellular arginine 

Figure 4. Citrulline synthesis in the small intestine
A — small intestine lumen, B — microvillis, C — enterocyte in-
side, Cit — citrulline, Gln — glutamate, Gln-ase — glutaminase, 
Glu — glutamine, OCT — ornithine carbamoyltranferase, Orn — 
ornithine, P5CS — pyrroline-5-carboxylate synthase, PO — proline 
oxidase, Pro — proline.
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in the production of nitric oxide optimizes its forma-
tion in endothelial cells. This phenomenon is consistent 
with the principle that the substrate regulates the activity 
of the enzyme involved in its transformations. In recent 
years, a phenomenon called the “arginine paradox” has 
been discovered. It turns out that arginine supplementa-
tion in physiological setting leads only to its increased 
consumption in the urea cycle and its hydrolysis via ar-
ginase in the liver; and only to a small extent, if at all, 
does it increase the production of nitric oxide (Shin et 
al., 2011). Conversely, citrulline supplementation increas-
es plasma arginine levels, which offers the possibility for 
nitric oxide synthesis (Husson et al., 2003; Asgeirsson et 
al., 2011). This constitutes another argument for revising 
the medical tenet stating that supplying the body with 
that which is missing is always beneficial.

THE INVOLVEMENT OF CITRULLINE IN UREA CYCLE

The urea cycle (also known as the ornithine cycle or 
Krebs–Henseleit cycle), which occurs in mammals, is a 
cycle of biochemical reactions that produce urea from 
ammonia. It was the first metabolic cycle discovered. Ni-
trogen from enteral sources (dietary protein) and mus-
cle is excreted from the body as urea via the urea cycle. 
Urea synthesis is the main pathway of the elimination of 
the toxic ammonia from the human body, and the only 
organ able to produce urea from ammonia and carbon 
dioxide is the liver, as it is only there that the complete 
set of enzymes essential for urea biosynthesis can be 
found (Windmueller & Spaeth, 1981). It is of note that 
the first two enzymes of the urea cycle, i.e., carbamoyl 
phosphate synthetase and ornithine carbamoyltransferase, 
are also present in the small intestine cells. That is why 
ammonia, considered to be an enterotoxin, can be trans-
formed into citrulline and transported to the liver, where 
it enters the urea cycle (van de Poll, 2007). In the liver, 

citrulline is an intermediate metabolite of the urea cycle 
(Häberle, 2012). Urea formation via the urea cycle is a 
cyclic process, and therefore it does not synthesize cit-
rulline in amounts higher than required by the stoichi-
ometry of the cycle. The metabolism of citrulline in the 
liver is not connected with other pathways of its metab-
olism (Häberle et al., 2012; van de Poll et al., 2007).

ENZYMES INVOLVED IN CITRULLINE 
TRANSFORMATIONS

The rates of metabolic transformation of citrulline 
vary in individual tissues and organs, hence the various 
organ distribution of the enzymes involved in citrulline 
metabolism. Citrulline synthesis can be accomplished by 
three enzymes: ornithine carbamoyltransferase (OCT), 
proline oxidase (PO), or pyrroline-5-carboxylate synthase 
(P5CS) (Wu et al., 1997). OCT is found in the liver and 
the small intestinal mucosa, PO is located mainly in the 
small intestine, liver, and kidneys, while P5CS is pre-
sent almost exclusively in the small intestinal mucosa. 
The key enzyme in citrulline catabolism is argininosuc-
cinate synthase (ASS), which catalyses the transformation 
of citrulline to argininosuccinic acid. In the subsequent 
step, argininosuccinic acid is cleaved by argininosucci-
nate lyase (ASL) yielding arginine and fumarate (Waka-
bayashi, 2004). Both of these enzymes are disseminated 
widely across mammalian tissues (Mori & Gotoh, 2004), 
hence most tissues are able to synthesize arginine from 
citrulline. However, the lowest levels of ASS and ASL 
can be found in the small intestinal mucosa (Husson et 
al., 2003). As a result of such low enterocyte levels of 
ASS and ASL, citrulline formed in the small intestine 
does not undergo further transformations. Instead, it 
enters the bloodstream, increasing the level of circulat-
ing amino acids (Windmuell & Spaeth, 1981). Citrulline 
used for intracellular arginine synthesis must be taken up 
from the bloodstream, as that synthesized intracellularly 
is produced from arginine via NO synthase (the arginine-
citrulline-NO cycle) (Schwedhelm, 2008). Table 2 shows 
relative levels of the enzymes catalyzing metabolic trans-
formations of citrulline.

THE ROLE OF CITRULLINE IN THE ASSESSMENT AND 
MONITORING OF DAMAGE TO SMALL INTESTINAL 
MUCOSA

The nonprotein endogenous amino acid citrulline syn-
thesized in enterocytes (cells of the small intestinal epi-
thelium), is a marker that is independent of diet and nu-
tritional status (Crenn et al., 2008). The normal plasma 
citrulline level in healthy individuals ranges from 30 to 
50 µmol/L (40 ± 10 µmol/L) (Crenn et al., 2003). The 
relationship between plasma citrulline concentration and 
epithelial cell mass has been demonstrated previous-

Figure 5. “Arginine paradox”

Table 2. Relative levels of enzymes for citrulline transformations (Wakabayashi, 2004)

relative enzyme levels

intestine liver kidney

OCT high high low

P5CS high low low

PO high high high

ASS low low high

ASS — argininosuccinate synthase; OCT — ornithine carbamoyltransferase; PO — proline oxidase; P5CS — pyrroline-5-carboxylate synthase
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ly. Clinical studies involving patients with short bowel 
syndrome, villous atrophy-associated intestinal diseas-
es, Crohn’s disease, small intestinal transplantation have 
shown that citrulline levels correlate positively with over-
all small bowel function. In 2000, Crenn et al. demon-
strated plasma citrulline levels to be significantly lower 
in the group of patients with short bowel syndrome 
than in the healthy control group. Short bowel syn-
drome involves conditions following surgical resection 
or functional exclusion of a part of or the entire small 
intestine. The most common cause is surgical resection 
due to intestinal ischemic necrosis, injury, or neoplasm. 
Functional exclusion is typically due to Crohn’s disease, 
enteropathy, or chemo- and radiotherapy-induced intes-
tinal injury. As any other organ, the small intestine with 
its vast absorptive surface has a large functional reserve. 
There is no set length of the resected intestinal segment 
that would determine the development of this syndrome. 
Usually resection of a small segment does not impair 
intestinal function, while if the remaining intestinal seg-
ment measures less than 100 cm, the syndrome is very 
likely to develop (Pappas et al., 2001). The manifestations 
of intestinal functional failure depend on the specific 
segment of the intestine removed and the extent of the 
resection. The most critical segments are the duodenum, 
proximal jejunum, and the area around the ileocecal 
valve (Pappadia et al, 2007; Santarpia et al., 2008). The 
plasma citrulline level in patients with short bowel syn-
drome is considered a reliable marker of small intestinal 
mucosal function. In another study, Crenn et al. (2003) 
demonstrated a correlation of plasma citrulline levels 
and both the severity and extent of villous atrophy in 
patients with celiac disease and patients with non-celiac 
villous atrophy disease. Blood citrulline levels of <10 
µmol/L were considered to be a marker of severe small 
intestinal mucosal injury and corresponded to total vil-
lous atrophy, levels ranging from 10 to 20 µmol/L cor-
responded to subtotal villous atrophy, and levels >20 
µmol/L indicated partial atrophy. In patients with villous 
atrophy diseases, plasma citrulline level is considered to 
be an early and reliable biomarker of enterocyte mass. 
Since the publication of these two pioneer studies other 
researchers have assessed the usefulness of plasma ci-

trulline level as a marker in various conditions involv-
ing small bowel mucosal dysfunction, showed by the 
correlation with the residual duodenum-jejunum length 
and enteral absorption. Moreover, there is a close cor-
relation between the duodenal and small-intestinal length 
and the small-intestinal absorption capacity (Crenn, 2003; 
Santarpia, 2008; Piton, 2011). In small-intestinal surgery, 
plasma citrulline levels are used in the follow-up of graft 
implantation (Gondolesi et al., 2002; Papas et al., 2002).

Crohn’s disease involves segmental inflammation of 
all layers of the affected intestinal wall. These segmental 
or skip lesions can involve any segment of the gastroin-
testinal system from the mouth to anus. Recent studies 
have demonstrated decreased plasma citrulline levels in 
patients with a severe form of Crohn’s disease, mainly in 
the cases of small-intestinal involvement or extensive in-
testinal resection. However, the plasma citrulline level is 
not a marker of Crohn’s disease activity (Diamanti et al., 
2011; Diamanti et al., 2012; Elkhatib & Buchman, 2011). 
More studies are needed to more precisely determine the 
role of citrulline in this disease.

Villous atrophy-associated small bowel disease (with 
celiac disease being the predominant etiology in West-
ern countries (Marsh, 1992), as well as “tropical” sprue 
and various forms of infectious enteritis) manifests as 
disturbances of intestinal digestion and absorption, and 
eventually — malnutrition (Hozyasz et al., 2006). In 
patients with extensive intestinal mucosa dysfunction, 
citrulline concentration is low and correlates with the 
severity and extent of villous atrophy. In this group of 
patients, citrulline concentration can be used as a simple 
and reliable marker of reduced enterocyte mass (Crenn, 
2008). Patients with untreated celiac disease have sig-
nificantly deminished plasma citrulline levels (Tuchman 
et al., 2000), which rise rapidly after the introduction of 
gluten-free diet (Carrit, 1977). This proves that citrulline 
level is a sensitive marker of the beneficial effect of diet 
on intestinal repair (Efron, 1964; Neveux, 2004; Duran-
ton, 2014). There is a close correspondence between gut 
structure and function in HIV-infected patients (Reka & 
Kotler, 1998). In these patients, a citrulline concentration 
of <10 μmol/L was highly associated with the need for 
parenteral nutrition, reflecting intestinal failure due to a 

Table 3. Citrulline level in different clinical situations (based on Crenn et al., 2008, modificated)

Citruline level Condition Comments Source

Normal
40 ± 10 μmol/L

adult Caucasian fasting Rabier et al., 1995

hepatocellular failure Weber et al., 1982

malnutrition without kwashiorkor Crenn et al., 2003

small bowell transplantation biomarker for rejection Pappas et al., 2002

Increased

renal failure if creatinine clearance below 50
ml/min Ceballos et al., 1990

ageing
can be increased
due to renal function insuffi-
ciency

Pitkänen et al., 2003

urea cycle disorders (rare) ASL deficiency
ASS deficiency

Scaglia et al., 2004
Brusilow et al., 1996

Decreased

intestinal failure:
— short bowel syndrome
— chronic villous atrophy diseases
— intestinal toxicity
due to anti-cancer treatment

Crenn et al., 2003
Crenn et al., 2003
Lutgens et al., 2003
Blijlevens et al., 2004

severe metabolic stress Jeevanandam et al., 1990

urea cycle disorders (rare) OTC deficiency Häberle et al., 2012
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reduced enterocyte mass. Patients with only mild entero-
cyte involvement presented with normal or only mod-
erately lowered citrulline concentrations (Crenn et al., 
2009).

Blood citrulline levels of <10 µmol/L are an estab-
lished marker of severe small-intestinal mucosal injury 
(Nagamani et al., 2012). Regular citrulline level assess-
ments help monitor the function of the small-intestinal 
mucosa (Häberle et al., 2002; van de Poll et al., 2007). 
Moreover, citrulline levels are closely correlated with the 
duodenal and small-intestinal length as well as with in-
testinal absorptive capacity (Hozyasz et al., 2010; Rougé 
et al., 2008; Yu et al., 2005). It is equally important to 
underline, however, that citrulline concentration does not 
provide etiologic diagnosis but is only a biomarker of 
the expected course of intestinal disease and prognosis 
in severe enteropathy or intestinal failure.

PLASMA CITRULLINE LEVELS IN CANCER TREATMENT

Systemic chemotherapy and radiotherapy for abdomi-
nal or pelvic malignances often causes severe bowel tox-
icity, with an impaired compensation for the natural defi-
ciency due to endothelial cell exfoliation. The small bow-
el epithelium regenerates every four days (Wong, 1999). 
The exact onset of inflammation is dictated by the life-
span of mature mucosal cells. The clinical presentation 
of enteritis includes nausea, vomiting, watery diarrhea 
with evident blood and mucus content, and abdominal 
cramps. A clinical examination assessing the signs and 
symptoms continues to be the basis for evaluating the 
extent of mucosal injury in routine clinical practice. Clin-
ical symptoms are most commonly used as a surrogate 
endpoint during and following treatment. Endoscop-
ic studies to evaluate the apparent mucosal changes in 
patients following standard chemotherapy by Keefe and 
coworkers (2000) have demonstrated apoptosis within 
the crypts of the small intestine, villous flattening, and 
enterocyte mass reduction. Small intestinal mucositis is 
associated with apoptosis in crypts that precedes hypo-
plastic villous atrophy and loss of enterocyte height. This 
results in a loss of mucosal integrity and continuity and 
the subsequent ulceration.

The sequelae of small-intestinal mucosal injury in-
clude:

— changes in transepithelial transport,
— changes in gut barrier function,
— motility dysfunction,

which leads to impaired absorption of the products of 
food digestion (Butler, 2000). These functional changes 
are correlated with the mass of epithelial cells capable 
of absorption (Juby et al., 1987). A biochemical evalu-
ation of the small intestine involves intestinal function 
tests that help detect absorption disturbances. The most 
important from the clinical point of view are sugar per-
meability tests (Travis & Menzies, 1992; Bjarnason et al., 
1995). These tests are considered to be sensitive func-
tional gauges of the proximal part of the small intestine 
(Melichar et al., 2001; Melichar et al., 2005; Kohout et al., 
1999). The 2004 studies by Blijlevens et al. have demon-
strated the usefulness of intestinal function testing in the 
form of sugar absorption evaluated in the population 
receiving high-dose chemotherapy and compared the re-
sults with the patients’ plasma citrulline levels. High-dose 
chemotherapy with hematopoietic stem-cell transplanta-
tion is an established treatment modality in proliferative 
hematopoietic and lymphatic diseases as well as in the 
case of some solid tumors. This is often the only ther-

apeutic option leading to a complete cure or improved 
survival by ensuring a response to treatment. The sig-
nificance of high-dose chemotherapy with hematopoiet-
ic stem-cell transplantation is confirmed by an increased 
number of these procedures noted by international regis-
tries. Intensive studies on this treatment modality which 
translate to its improved efficacy and reduced side effects 
are going. One serious clinical issue is the toxicity of the 
transplantation procedure. Intestinal mucosal injury is 
the second most common (after pancytopenia) complica-
tion associated with cancer treatment. The incidence of 
intestinal mucosal reactions in patients undergoing high-
dose chemotherapy exceeds 80% (De Vita, 2011; ESMO 
Guidelines Working Group, 2011). Mucositis can, in 
turn, be a source of further complications caused by the 
damaged natural barrier of the mucous membrane, such 
as increased incidence of infections, necessity to intro-
duce nutritional support, and extended hospital stay. In 
the period prior to graft revitalization any invasive ex-
aminations, including endoscopy, are contraindicated in 
patients receiving high-dose chemotherapy, due to my-
elosuppression and the associated high risk of hemor-
rhagic and infectious complications. This approach is 
consistent with the generally accepted standards of man-
agement (Fallows et al., 2001). The plasma citrulline lev-
els and sugar absorption tests in the patients evaluated 
by Blijlevens et al. corresponded well with each other as 
well as with the extent of intestinal mucosal injury. Many 
patients from the study group were unable to drink the 
sugar solution due to chemotherapy complications, i.e., 
severe oral mucositis, nausea, and vomiting. Plasma ci-
trulline levels proved to be an equally reliable parameter 
of intestinal mucosal injury as were the sugar absorp-
tion tests, with lesser burden for the patient (Blijlevens, 
2004). A 2004 study by Lutgens et al. has demonstrated 
higher sensitivity and specificity of the plasma citrulline 
determination versus sugar absorption tests in patients un-
dergoing chemotherapy for hematological neoplasms.

Herbers and coworkers (2010) have shown that an 
assessment system based on absolute plasma citrulline 
levels measures reliably the extent of intestinal mucosal 
injury for clinical purposes. However, the value of these 
results is compromised due to a lack of a “golden stand-
ard” in diagnostics. The knowledge of chemotherapy 
regimens that can induce long-term hypocitrullinemia 
of <10 µmol/L could help identify patients requiring 
adequate nutritional support. With the use of low-risk 
regimens without the associated long-term decrease in 
plasma citrulline levels, parenteral feeding may addition-
ally exacerbate small-intestinal mucosal injury and result 
in further villous atrophy, at the same time increasing 
permeability of the mucosal barrier and the risk of bac-
terial translocation. Moreover, low citrulline levels have 
been demonstrated to be associated with bacteriemia 
(Herbers et al., 2008). This, in turn, may indicate the 
necessity of additional means of daily care for patients 
during a transplantation procedure. The duration of hy-
pocitrullinemia below a certain value could also be useful 
in classifying the severity of intestinal mucositis. Further 
studies are necessary in order to determine the predic-
tive role of citrulline levels in individual patients and to 
identify adequate cut-off values. Low levels of citrulline 
have also been observed in patients with intestinal in-
jury due to acute graft versus host disease (GvHD). The 
serum citrulline level is valuable as a suitable marker of 
GI involvement in acute GvHD after allogeneic stem 
cells transplantation in both pediatric and adult patients 
(Vokurka et al., 2013; Merlin et al., 2013). In 2009, a 
study conducted by van Vliet and coworkers in pediat-
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ric patients treated with chemotherapy showed for the 
first time that plasma citrulline levels correlated well with 
gastrointestinal mucosal barrier injury. Plasma citrulline 
is a candidate marker for measuring radiation-induced 
epithelial small bowel damage, too. The effect of ra-
diotherapy on citrulline concentrations was studied in a 
mouse model (Lutgens et al., 2003) and later confirmed 
in humans treated for abdominal or pelvic cancer (Lut-
gens et al., 2007). Radiotherapy plays an important role 
in the treatment of abdominopelvic malignances. The 
small bowel is one of the most radiosensitive and dose-
limiting organs. Intestinal toxicity is a significant clinical 
problem in patients receiving radiotherapy to the abdo-
men or pelvis. Functional changes associated with small 
bowel injury have been reported in 40–50% of patients 
treated with conventional-dose radiotherapy (Letschert et 
al., 1994).

 Radiation-induced intestinal toxicity is clearly associ-
ated with the radiation dose to the small bowel and the 
volume of irradiated small bowel (Baglan et al., 2002; 
Gunnlaugsson et al., 2007; Onal et al., 2009). Various 
attempts have been made do decrease intestinal toxic-
ity in patients treated with radiotherapy, such as: three-
dimensional (3D) conformal radiotherapy and intensity 
modulated radiotherapy. Intestinal toxicity remains the 
dose-limiting side effect for abdominopelvic radiother-
apy. Early detection of mucositis as well as assessment 
and monitoring of mucosal damage are required for ef-
fective toxicity management. Few studies have investi-
gated the relationship between citrulline levels and radia-
tion-induced enteropathy. Lutgens and coworkers (2004) 
first found a positive correlation between citrulline con-
centration and intestinal dose toxicity. The study group 
was analyzed for the feasibility of citrulline as a marker 
for radiation-induced small-intestinal mucosal atrophy 
during and after abdominal fractionated radiotherapy. 
The interrelationship between plasma citrulline concen-
tration and clinical toxicity grading on one hand and the 
small-bowel dose and volume parameters on the other 
was investigated. In patients treated with fractionated 
radiation therapy for abdominal or pelvic cancer sites, 
plasma citrulline concentration correlated better with the 
radiation dose and volume parameters than did clinical 
toxicity grading (Lutgens et al., 2004). Onal and cowork-
ers (2011) evaluated the feasibility of using plasma cit-
rulline levels for predicting radiation-induced intestinal 
toxicity in patients who received pelvic radiotherapy with 
conventional fractionation. Citrulline levels were sig-
nificantly reduced and correlated with intestinal toxicity 
during and after radiotherapy. The results of that study 
demonstrated that patients with a higher intestinal dose 
and Radiation Oncology Toxicity Group (RTOG) toxic-
ity score experienced a significantly higher decline in cit-
rulline levels, thus acute radiation enteritis induced by to-
tal body irradiation or fractioned localized irradiation can 
be monitored via citrulline levels, which correlate with 
the morphological endpoints of epithelial radiation dam-
age, the dose received and the volume of small bowel in 
the radiation field.

CONCLUSIONS

Circulating citrulline concentration is emerging as an 
innovative and promising biomarker candidate for the 
assessment of intestinal function. As an amino acid ex-
creted exclusively by enterocytes of the intestinal mu-
cosa, citrulline is not absent from proteins or nutrition 
products and is a precursor for the production of argi-

nine by the kidney. In clinical setting, plasma citrulline 
concentration is an established biomarker of enterocyte 
functional metabolic mass (trophicity) in pediatric and 
adult patients due to its high correlation with the resid-
ual length of the active and functional small bowel in 
intestinal diseases (short bowel, extensive enteropathies, 
chemo- and radiotherapy-induced intestinal toxicity). In-
dependently of the nutritional status, the plasma citrul-
line concentration (normal range: 30–50 μmol/L) below 
10 μmol/L can give an objective threshold for parenteral 
administration of nutrition in case of intestinal failure 
due to a lack or dysfunction of enterocytes. Its regular 
assessment allows the monitoring of intestinal function, 
except in the case of significant renal failure.

In summary, the present lack of objective tests to as-
sess the degree or duration of intestinal mucosal injury 
resulting from cancer treatment needs to be emphasized. 
The intestinal mucosal injury evaluation is based on clin-
ical presentation and is biased as a result of a lack of 
validation or repeatability. Moreover, the investigators in 
this field tend to use different scales of intestinal toxic-
ity. In turn, functional assessments of the intestine are 
poorly tolerated. Invasive examinations, including en-
doscopy, have a high risk of complications. The plasma 
level of citrulline seems a good quantitative indicator of 
mucosal functionality. Levels that reach lowest values 
following chemo-/radiotherapy may indicate intestinal 
toxicity. Plasma citrulline level assessments are repeat-
able, sufficiently specific and sensitive, and meet the cri-
teria for an assessment technique of choice for intesti-
nal mucositis evaluation and monitoring. The simplicity 
of the method, its low costs and a lack of drawbacks 
make the citrulline assay the first choice for measur-
ing and monitoring treatment-related gut damage. A 
citrulline-based assessment of chemo/radiation-induced 
intestinal toxicity appears to be an objective parameter 
for monitoring one of the most common side-effect of 
cancer treatment. The low levels of circulating citrulline 
correspond with severe intestinal damage. However, this 
method needs randomized studies for assessing its reli-
ability. Plasma citrulline assays are also likely to help in 
the development of novel effective treatments to reduce 
the signs and symptoms of gastrointestinal mucositis.
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