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10 | General introduction

Arginine

1

Arginine is a conditionally essential amino acid, meaning that exogenous
and endogenous arginine supply meet the need of the adult human body in
physiological conditions, however during growth and pathological conditions
de novo arginine production becomes inadequate (1). Arginine is a molecule of
particular interest because it plays a variety of roles in many different pathways
in multiple cell types. Arginine is an important regulator of protein synthesis and
proteolysis and it serves as the precursor for nitric oxide (NO), creatine, agmatine,
polyamines, proline and glutamate (2). Accordingly, an arginine deficiency has
the potential to disturb many cellular and organ functions(3).
Besides being a precursor for several protein metabolites, arginine has important
metabolic functions on its own. Arginine is a component of proteins and is an
intermediate in the urea cycle in the liver. The urea cycle regulates the body
homeostasis by ammonia detoxification and metabolically generated bicarbonate
elimination (pH regulation) (4). Also, arginine affects the metabolism of amino
acids, protein, glucose and fatty acids on whole-body level by stimulating the
expression of several hormones, including pancreatic hormones (glucagon
and insulin), anterior pituitary hormones (growth hormone and prolactin) and
placental lactogen (5). In addition, arginine is an important regulator of the
complex mechanisms initiating protein synthesis and protein breakdown.
Furthermore, arginine on its own is essential for an adequate immune response
since it is the substrate for T-lymphocyte proliferation. T-lymphocytes depend on
adequate arginine levels for proliferation, the expression of the T-lymphocyte
receptor complex and the ζ-chain peptide, and the development of immunological
memory (6,7).
Free arginine is derived from the diet, endogenous synthesis, and proteolysis.
Approximately 5-6 gram arginine is from daily dietary (exogenous) origin
and whole-body arginine turnover ranges between 15-20 grams per day (8,9).
Arginine can also be generated from protein breakdown or endogenous
synthesis in the de novo arginine pathway. Close to 85% of arginine entering the
circulation finds its origin in protein turnover. Although contributing for only
10-15% to total arginine production in healthy circumstances, de novo arginine
synthesis becomes more important for arginine availability in disease states (10).
De novo arginine production involves the intestinal-renal axis (Figure 1). The
ultimate source for endogenous arginine production is glutamine, which is the
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most abundant amino acid in the human body, mainly stored in skeletal muscle
(11,12). Glutamine is used for the formation of citrulline in enterocytes of the small
intestine. Citrulline is scarce in the human diet and citrulline production in the
small intestine is responsible for almost the whole-body citrulline content (13).
This is illustrated by the fact that arginine becomes an essential amino acid when
citrulline formation in the small intestine is inhibited, for example after partial
surgical resection of the small intestine (14). Furthermore, low citrulline levels
are related to decreased glutamine concentrations as observed in nutritional
depletion (15). In physiological conditions, the citrulline turnover in the liver is not
significant and therefore the major part of intestinal produced citrulline enters
the systemic circulation (16). Endogenous arginine synthesis from citrulline takes
place in the proximal tubules of the kidneys by the enzymes argininosuccinate
synthetase (ASS) and argininosuccinate lyase (ASL). Interestingly, it has been
observed that glutamine supplementation increases citrulline and arginine
concentrations and may enhance renal citrulline uptake and arginine release (17).
Intestinal Lumen
Glutamine

Arginine

Glutamine

Citrulline

Arginine

Circulation
Glutamine

Citrulline

Arginine

Kidney

Citrulline

Arginine

Proximal Tubules

FIGURE 1 | The intestinal-renal axis for arginine de novo synthesis.

The first step in arginine metabolism is the transportation across the cellular
membrane through cationic amino acid transporters (CAT), which is a sodium
dependent mechanism with a substrate specificity, also known as system y+
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(18,19). Once intracellular, arginase and nitric oxide synthase (NOS) are the main
arginine catabolizing enzymes. Arginase converts arginine into ornithine and
urea and is the enzyme regulating arginine levels throughout the body (20,21).
There are two forms of arginase: the hepatic-form catalyzing the final step in the
urea cycle, generally referred to as arginase I. The extra-hepatic isoform is arginase
II. Apart from the location, these two types differ in several ways from each other.
Arginase I is a cytosolic enzyme, while arginase II is a mitochondrial enzyme. Also
the expression of the enzymes is regulated in different ways, mostly depending
on cell type and the type of stimulus for messenger RNA (21). However, the
enzymatic properties of the isoenzymes are similar, and both efficiently convert
arginine into ornithine and urea (22).
NOS uses arginine as the sole precursor for NO synthesis. NO plays key roles
in multiple regulating mechanisms in various organ systems. The level of NO
synthesis is very important in the signaling effect and therefore should be
accurately regulated. This is managed by means of one of the three isoforms
of NOS: originated in neuronal cells (nNOS), in endothelial cells (eNOS) and an
inducible form (iNOS) (3,23). The first two forms are constitutively expressed at
low levels in a variety of cell types and synthesize NO in low amounts in a dynamic
manner. Conversely, iNOS is normally not expressed in most cells and is highly
inducible by inflammatory factors. Once expressed, iNOS is continuously active
in generating NO (21,24).
The formation of NO is in part regulated by arginine availability, and arginase is
the enzyme able to affect arginine plasma levels (25). For example, low levels of
arginine are found in the liver, because of abundant levels of hepatic arginase.
Therefore, arginine synthesized in the liver as part of the urea cycle, is not used
for hepatic NO synthesis. Another important regulator of NO production are
the methylarginines. Arginine residues can be methylated by protein arginine
methyltransferases. Asymmetric dimethylarginine (ADMA) is a competitive
inhibitor for all NOS isoforms (26). The arginine/ADMA ratio is an indicator for
NOS activity and therefore NO production. ADMA is predominantly catalyzed
by the enzyme dimethylarginine dimethylaminohydrolase (DDAH). Thus, ADMA
and DDAH have an important regulatory role in NO production and the balance
between arginine and ADMA (arginine/ADMA ratio) is the preserving factor in
this pathway (27).
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Nitric oxide
As described above, arginine is the sole precursor for NO formation through the
NOS isoenzymes and many of arginine’s effects are based on the action of NO. The
metabolic role of NO has been studied extensively because of its broad signaling
effects in multiple organ systems.
The role of NO is widely studied in the cardiovascular system. There is a physiologic
NO-dependent vasodilator tone that is essential for the regulation of organ
blood flow and pressure, which is dependent on the arginine/ADMA ratio (27).
Endothelial-derived NO inhibits platelet aggregation and platelets themselves
generate NO as a negative feed-back mechanism, to inhibit their activation. eNOS
maintains endothelial function and activates endothelial cell proliferation and
migration, hereby promoting angiogenesis by producing NO (28). Consequently,
adequate NO formation prevents endothelial dysfunction, atherosclerosis, and
subsequent tissue ischemia. For example, patients with ischemic heart disease
may use a NO donor, nitroglycerin, to improve blood flow and endothelial
function in ischemic tissue.
NO derived from nNOS has a variety of different functions in the nervous system,
including a role as a central regulator of blood pressure and as a neurotransmitter
in mediating long-term synaptic transmission. nNOS is expressed in nerves
innervating peripheral smooth muscle cells for neurotransmission (29).
Besides arginine, NO derived from arginine is also an important molecule in host
defense mechanisms, since it plays a signaling role in the activation of damagerepair mechanisms of the cell. Furthermore, is is a cytotoxic agent and an immune
function regulator. NO can initiate apoptosis in hostile cells by activating or
inhibiting the expression of genes involved in programmed cell death (30). iNOS
is the main NO generating enzyme involved in the immunological effects of
NO. Many cells can express iNOS in reaction to inflammatory factors, including
immune cells (dendritic cells, monocytes, macrophages, eosinophils, neutrophils,
Kupffer cells, natural killer cells), as well as other cell types (fibroblasts, endothelial
and epithelial cells, keratinocytes, hepatocytes, chondrocytes, etc.) (31). NO
regulates the functional activity, growth and elimination of many immune and
inflammatory cells, suggesting also a role in the specific immune response. NO
regulates cytokine activation and receptor presentation in these cells. However,
the direct effects of NO are non-specific because it does not act through a
membrane receptor (29). Actions of NO do not depend primarily on the enzymatic
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source, but rather on the cellular context, NO concentration (dependent on the
distance from NO source) and initial programming of target cells (31). Significant
high amounts of NO can be secreted by immune cells, like macrophages, leading
to damage to microbes, parasites, or tumor cells. However, when released at the
wrong site, this cytotoxic capacity may also harm healthy cells (29). Furthermore,
when high amounts of NO are constantly induced and arginine levels become
depleted, NO is relatively instable, which may lead to the formation of radical
nitrogen species, like peroxynitrite (32).

Arginine deficiency states
Since arginine and NO derived from arginine are essential in so many ways, an
arginine deficiency has the potential to disturb many cellular and organ functions.
An arginine deficiency may be the result of 1) a dietary arginine deficiency, 2)
increased arginine catabolism, and 3) a decreased rate of endogenous arginine
production (22). Dietary arginine deficiency will not be outlined here. Several
pathological conditions have been found to induce an arginine deficiency, both
through a higher demand and breakdown of arginine and lower substrate levels
for arginine de novo synthesis (33-36).
As described, arginase is the most important arginine-catabolizing enzyme
able to decrease arginine availability. Arginase is expressed in both tissue and
plasma, and increased arginase activity is observed in multiple pathological
conditions, prominently in patients after surgery or trauma, during inflammation
and infection and in patients with cancer (22). Furthermore, arginase activity
stimulates intracellular arginine transport into arginase expressing cells (37).
This subsequently leads to lower arginine availability. The increased arginase
expression hereby also influences the production of NO, because, although the
affinity of NOS for arginine is 1000-fold greater than the affinity of arginase, the
maximal velocity of arginase is 1000-fold greater than that of the NOS enzymes
(3). One can imagine, that the increase in arginine catabolism and subsequently
decreased arginine levels and NO production, results in an impairment of immune
functions, disbalance in inflammation, vascular and hemodynamic complications,
alterations in protein turnover, etc (22,38).
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Moreover, in disease states, patients are metabolically stressed, and de novo
arginine synthesis is failing to meet the needs of the body, and arginine becomes
an essential amino acid. Also, other nutrients become scarce and specific (inter)
organ metabolism changes during catabolic states (11,39,40). Especially in disease
states, the various functions and the potential therapeutic targets of arginine and
NO are of interest. In this thesis, the arginine/NO metabolism in surgical oncology
is the focal point.

Cancer
Cancer is a major health problem all over the world and the incidence and
burden of this malignant disease is progressively increasing. The amount of new
patients diagnosed with cancer is still increasing by approximately 1% per year
and one in 3 deaths in the Netherlands is due to cancer (41). Cancer is a group
of diseases characterized by unregulated cell growth of ‘abnormal cells’, invasion
in surrounding tissue and the tendency to metastasize. The causes of cancer are
diverse and complex, and remain only partially understood. The development
of cancer is multifactorial and both external factors (tobacco, certain types of
infectious agents, radiation, diet, chemicals, etc.) and internal factors (inherited
diseases, immune function, hormonal status, genetic mutations, etc) are
involved in the onset of any type of cancer. These factors play a role together
or in a sequence in the multistep process of cancer development, called the
carcinogenesis (Figure 2).

FIGURE 2 | Carcinogenesis.
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In the human body, cells are constantly dividing and growing to preserve tissue
function. This process is controlled by multiple regulatory mechanisms to ensure
development of healthy new cells and elimination of damaged and outdated
cells. On a molecular level, cell damage happens almost one million times a
day, however in physiological circumstances the regulatory mechanisms are
perfectly capable in counteracting these errors. A cancer cell may develop when
the cellular genome that affects the expression and function of genes regulating
cell growth and differentiation is altered. This first step in the carcinogenesis is
the initiation phase of cancer development. Once a cancer cell is instantiated, the
immune system is the major surveillant of malignant outgrow (42). The immune
system selectively identifies cancer cells by the recognition of expression of
tumor-specific antigens and destroys them before they can evolve. Accordingly,
multiple perturbations in cellular damage-repair mechanism and in immune
surveillance have to occur to develop cancer. Cancer cells need to have six hallmark
capabilities to grow out as a malignant tumor: they sustain proliferative signaling,
evade growth suppressors, resist cell death, enable replicative immortality,
activate invasion and angiogenesis (43). These capabilities lead to the outgrow
of a malignant tumor in the promotion phase of the carcinogenesis and to
tumor invasion in the surrounding tissue and organs in the progression phase.
Additionally, cancer cells can spread throughout the body via the bloodstream
and lymphatic system and grow out to distant metastases.

Cancer and the immune function
As described above, the human body has an advanced immune system potentially
able to fight cancer. Many types of malignant cells have typical antigens that
distinguish them from normal cells. Activated immune cells can specifically
identify these targets and eliminate the cells that carry them, hereby preventing
malignant outgrow.
It is evident that an inflammatory environment is essential for development of
all tumors. For some cancer types, the relationship between inflammation and
the initiation of carcinogenesis is very direct (44). For example, chronic infection
with hepatitis B or C virus increase the risk of hepatocellular carcinoma (45) and
persistent human papilloma virus infection is the underlying cause of cervical
cancer (46). This chronic inflammation is primarily the result of protective
mechanisms in order to clear these pathogens. Although these mechanisms
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are self-limiting in general, a disbalance in inflammatory mediators may lead
to pathogenesis and disease progression. Also in cancers without a direct
detectable infectious cause, inflammation has been shown to play a central role
in tumor development. Physiologically, there is a balance in the expression of proinflammatory cytokines (Th1) and anti-inflammatory cytokines (Th2) by T-helper
cells (47). When a dysregulation in the expression of inflammatory factors occurs,
these factors are able to support angiogenesis, tumor growth and tumor-specific
immune suppression (48).
One of the immune suppressing strategies of cancer is the inflow of a class of
innate immune cells that help sabotage the anti-tumor immune attack of the
host. These immature cells are primarily recruited to control tumor growth,
however the disbalance in the production of immune modulating factors in the
tumor environment causes the development of a tumor-promoting phenotype.
These so called myeloid-derived suppressor cells (MDSC) accumulate in the
tumor environment, lymph nodes, spleen and liver of the tumor-bearing host
(49,50). The MDSC have many ways of blocking both innate and adaptive
immune responses (50-52). They are able to produce the two most important
enzymes involved in arginine catabolism: arginase I and iNOS (53,54). Already
during carcinogenic initiation, MDSC are found in the host (55). The expression
of the enzymes by the MDSC is regulated by the expression of cytokines by
T-helper cells. Th1 cytokines promote iNOS expression; Th2 cytokines are antiinflammatory and induce arginase expression (56). It is suggested that in the
first phase of tumor development the MDSC predominantly produce arginase
induced by Th2 cytokines. This results in a high level of arginine catabolism,
which causes an arginine deficiency (57,58). T-lymphocytes depend on arginine
for proliferation and receptor production and therefore depleted arginine levels
prevent these immune cells from fighting malignant outgrowth. During further
development of the malignant tumor, the Th1/Th2 balance switches to an increase
in Th1 cytokine production, promoting the MDSC to express iNOS (56,57). This
results in a continuous production of NO in the tumor environment, promoting
angiogenesis (see next paragraph) and tumor growth. Furthermore, together
high iNOS activity and low arginine levels may lead to the formation of reactive
nitrogen species, such as peroxynitrite. These highly reactive molecules damage
the surrounding tissue promoting tumor outgrow and also cause immune
suppression by blocking the binding of tumor-antigen to T-cell receptors (56).

1
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Malignant tumors cannot grow beyond a certain size or metastasize without
blood supply, because non-vascularized tumor tissue will become ischemic
and necrotic. The process in which the tumor stimulates migration, growth and
differentiation of endothelial cells from the already existing vascular system,
forming new blood vessels into the tumor, is called angiogenesis. Angiogenesis
follows a pathway that is triggered by the expression of specific growth factors.
The best characterized and most important factor is vascular endothelial growth
factor (VEGF) (59). One of the most potent stimuli inducing VEGF production is a
lack of oxygen in the tumor, commonly referred to as hypoxia (60). Physiologically,
cells in a hypoxic environment attempt to re-establish the oxygen and nutrients
supply by stimulating the development of new vasculature. The lack of oxygen
stimulates the formation of hypoxia induced factor (HIF), which in its turn
augments the release of VEGF into the surrounding tissue. The surrounding
endothelial cells are stimulated to migrate to the source of VEGF expression to
initiate the formation of angiogenetic sprouting (60). Several anti-angiogenetic
treatments, targeting the VEGF pathway, have shown promising results in the
treatment of various solid malignancies (61).
Nitric oxide is known for its role as an important regulator of vascular homeostasis,
including modulation of vascular tone, regulation of endothelial integrity and
cell growth. As described, NO is synthesized by the NOS enzymes from arginine.
eNOS, that is mainly present in blood vessels, is the primary generator of NO in the
endothelium and regulates vascular function and maturation (62). eNOS activity
is modulated by oxygen abundance and hypoxia induced VEGF stimulates NO
production via eNOS. NO from eNOS is the final mediator of VEGF dependent
angiogenesis (63). Also iNOS has a profound role in hypoxia induced angiogenesis.
iNOS expression is promoted by (pro)-inflammatory cytokines and molecules
induced by a disordered tumor environment, for example tumor necrosis factor-α
(TNF-α), interferon-γ (IFN-γ) and HIF (64). The amount NO produced by iNOS is
approximately one thousand-fold higher than produced by nNOS or eNOS (64).
Many cancer cells express all three isoforms of NOS, with the predominance of
iNOS. Similar to the pro-angiogenetic effect of eNOS induced NO, NO produced
by iNOS has been shown to mediate angiogenesis via VEGF (65).
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After activation of eNOS and iNOS by VEGF, the upregulation of NO levels in the
malignant tissue in turn induces VEGF expression and promotes the proliferation
of endothelial cells. Thus, there seems to be a positive feed-back system between
NO and VEGF in tumor angiogenesis. By activation of the NOS enzymes, VEGF
promotes the endogenous production of NO and therefore induces the ability
of NO to activate VEGF and facilitate angiogenesis (62). Furthermore, high levels
of VEGF and iNOS significantly correlate with the microvessel density in several
solid tumors, and are also considered to be independent prognostic indicators of
overall survival (65,66).
However, several studies have reported a conflicting role for NO in tumorgenesis
and angiogenesis, since high concentrations of NO may also promote the
immune system and cell growth arrest in the tumor and endothelial cells (62).
These discrepancies may result from differences in tumor stage and type, host
and tumor models in these studies. Thus, the role of NO in tumor biology is
complex, because it has both facilitatory and inhibitory roles in malignant
processes depending on tumor stage, cell type, the local concentration of NO,
and the presence of other regulators (67).
As explained, ADMA is an inhibitor of NO formation by all NOS enzymes and
hereby regulates NO bioavailability. Only a few studies analyzed the role of
ADMA and DDAH in tumor angiogenesis, however the role of ADMA and
DDAH in angiogenesis in cardiovascular disease is extensively studied (68). In
cardiovascular disease, high ADMA levels are a risk factor for deficient vascular
function because it impairs NO mediated angiogenesis. Contrarily, high DDAH
levels, the degrading ADMA enzyme, may maintain NO bioavailability and
hereby promote angiogenesis (69). Indeed, DDAH overexpression is associated
with increased VEGF expression. One of the few studies on tumor angiogenesis
showed that NOS, DDAH and VEGF expression is increased in a prostate cancer
cell line compared to benign hypertrophic prostate cells (70). Another study
showed that overexpression of DDAH in malignant brain tumors is stimulated
by hypoxia and results in blood vessel formation, increased blood content in the
tumor and even tumor growth (71,72).
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Cancer cachexia
Involuntary weight loss is seen in the majority of patients with advanced
malignant disease, which can be due to anorexia, reduced appetite, treatmentrelated malnutrition and also the catabolic state of cachexia. The word cachexia
is derived from the Greek words kakos (bad) and hexis (condition). More than
two thousand years ago, Hippocrates described a syndrome of wasting and
progressive weakness in ill and dying patients. Cachexia, is a complex metabolic
syndrome associated with underlying illness and characterized by loss of muscle
mass. Cachexia causes weight loss and anorexia, inflammation, insulin resistance,
and increased muscle protein breakdown are frequently associated with cachexia.
Cachexia is distinct from starvation and is associated with increased morbidity
(73,74).

Precachexia

Advanced cachexia

Weight loss of >5%, or BMI
<20 kg/mm2 and weight
loss of >2%, or sarcopenia
and weight loss of >2%.

Ongoing weight loss

Anorexia, malnutrition and
systemic inflammation

Functional impairment

Death

Cachexia

Health

1

Weight loss ≤5%, metabolic
changes and anorexia

Progressive malignant
disease, nonresponsive to
treatment
Low expected survival

FIGURE 3 | Stages of cancer cachexia. Not all patients will be subjected to this whole spectrum
of cachexia.

Cancer cachexia is an ongoing process and can be categorized in three stages
of clinical relevance (Figure 3) (74). The rate of progression in this spectrum
depends on patient characteristics, but also on type of malignancy and therapy
compliance. Precachexia is characterized by involuntary weight loss caused
by early clinical and metabolic signs, such as anorexia and decreased glucose
tolerance. Cachexia is the stage where patients show more than 5% loss of body
weight over the past 6 months, or a body mass index of less than 20 kg∙m-2 and
proceeding weightloss of >2%, or sarcopenia and proceeding weightloss of
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>2%. In this stage, patient and tumor-derived mechanisms cause ongoing loss of
body weight and skeletal muscle that cannot be (fully) reversed by conventional
nutritional support and leads to functional impairment. In advanced or refractory
cachexia, the hypercatabolic state as a result of advanced cancer or rapidly
progressive cancer is clinically persistent. Although lots of information on the
pathophysiology of cachexia is gained in the last decade, the main therapeutic
interventions are based on symptom control and prevent the complications of
cachexia instead of counteracting the underlying mechanisms.
Approximately half of all cancer patients show signs of cachexia as described
above, however the incidence of the development of cachexia depends on the
type of malignancy. Cachexia is characterized by depletion of lean body mass
and therefore distinguished from starvation, which induces a metabolic shift in
energy source from glucose to fat and ketones, leading to preservation of the
muscle protein compartment (75). Cancer cachexia is a multifactorial process in
which systemic inflammation, anorexia and a disturbed metabolism contribute to
sarcopenia and reduction in body weight. Importantly, cachexia and malnutrition
result in impaired immunity itself. In cachexia, the balance in protein synthesis and
protein breakdown is disturbed, and the arginine/NO pathway has been shown
to be of great importance in preserving this balance (76-78). Multiple cytokines
have been postulated to play a role in the etiology of this hypercatabolic state,
in which protein synthesis is diminished and protein breakdown is accelerated.
Pro-inflammatory cytokines TNF-α, IL-1β, IL-6, IL-8 and IFN-γ are so called procachectic mediators, which are activated by tumor cells and host (immune) cells
and lead to a progressive cachectic state (79). For example TNF-α augments
gluconeogenesis, lipolysis and proteolysis and diminishes protein synthesis. It
also stimulates the expression of other pro-cachectic cytokines as IL-1β (80). TNF-α
and IL-1β both increase energy expenditure, protein breakdown and loss of body
weight, furthermore they have been suggested to induce cancer related anorexia
by direct and indirect inhibiting influences on food intake (79). Furthermore, IL-6
levels are elevated in patients with a muscle wasting syndrome and increasing
IL-6 levels correlate with the development of cancer cachexia. Skeletal muscle
exposure to IL-6 induces protein degradation pathways, leading to wasting (81).
The arginine/NO pathway plays a regulating role in the inflammatory catabolic
state induced by these cytokines. Decreased arginine levels are associated with
the stimulation of the expression of several pro-cachectic cytokines, such as
TNF-α, IL-6 and IL-8 (82,83). However, it was shown that arginine supplementation
is able to decrease levels of TNF-α and IL-6 (84).

1

22 | General introduction

Cancer and surgery

1

As described above cancer goes hand in hand with a tumor-induced disbalance
in the host immune function. Cancer is a heterogeneous group of diseases with
multiple causes, however the involvement of the immune system is a common
denominator (85,86). Both the inflammatory state and the catabolic state of cancer
patients result in a vulnerable physical condition and makes cancer patients less
resistant to physical stress. Undergoing surgery induces traumatic stress responses,
and a low fitness due to cancer is not a good starting point. This may lead to an
increased complication risk (87). However, in most types of malignancies, surgery
is still implemented in the current oncological treatment strategies.
Surgery induces a variety of stress responses and hereby leads to a disturbance
in the immune function (88). The postoperative period is characterized by a
generalized state of immune depression, just at the time that risk on invasion
of pathogens and tumor cells is increased. This makes the patient particular
vulnerable for infectious complications and tumor metastasis and proliferation
during this postoperative period. Local production of inflammatory mediators
at the site of the operation may lead to a systemic inflammatory immune
response (SIRS), which initially is considered to be physiological and necessary
for the elimination of pathogens, reduce tissue damage and improve recovery.
Moreover, the body has a compensatory mechanism to maintain homeostasis
in the postoperative period by activating the production of anti-inflammatory
mediators (89). However, persistent disbalance in the immune system, due
to pre-existent conditions such as cancer and malnutrition or postoperative
complications, may lead to immune suppression. As described, bearing cancer
results in a disturbance in the Th1/Th2 balance of the immune system. After
surgery, the immune response shifts to a domination of Th2 response and a
decrease of the Th1 response, leading to an impaired cell mediated immunity,
which is important for tumor cell elimination (90). Furthermore, this shift also
results in the promotion of catabolism of arginine by arginase. This is supported
by studies showing a decrease in arginine levels in patients just a few hours
after surgical injury, indicating an increased breakdown of arginine rather than a
deficient intake (91). The arginine deficiency state after surgery could potentially
be treated with arginine supplementation. Most studies investigating the effect
of arginine enriched nutrition perioperatively are conducted in patients bearing
cancer and in international guidelines on the role of immune nutrition in surgical
patients arginine administration (in combination with other immune enhancing

General introduction | 23

agents) is particularly recommended in cancer patients undergoing major elective
surgery (92). One can imagine that the double immune dysfunction, caused
by surgery and the malignant disease, gains the most effect from (nutritional)
interventions counteracting a perturbation of the arginine metabolism.

Arginine supplementation in surgical oncology
As outlined, arginine supplementation in cancer patients undergoing surgery has
the potential to improve immune function and thereby decreases postoperative
complications and improves outcome. Reduced plasma arginine levels are found in
various types of cancer, including breast, colon, pancreas, head- and neck, and lung
cancer (36,93,94). This arginine deficiency is irrespective of weight loss, tumor stage
or body mass index, suggesting a general reduced arginine availability in the cancer
bearing state. Immune-enhancing nutritional interventions enriched with arginine
may restore arginine levels and thereby immune function. Arginine supplementation
corrects the Th1/Th2 imbalance in patients undergoing oncological surgery and
enhances the innate and adaptive immune responses (90). Furthermore, arginine
administration has been shown to improve oncological outcomes in multiple
experimental settings (95-97). Several meta-analyses showed a significant better
outcome, in terms of postoperative complications, postoperative hospital stay
and even improved survival (98-100). Most of the included studies in these metaanalyses used enteral formulas containing multiple immune modulating nutrients
(n-3 fatty acids, arginine, glutamine, nucleotides), leaving it indecisive which of the
individual nutrients or mixture was responsible for the improvement in outcomes.
International guidelines recommend the administration of arginine as part of an
immune modulating nutritional intervention in cancer patients undergoing major
elective surgery (92,101). One can also hypothesize that glutamine supplementation,
the precursor of arginine via the intestinal-renal axis, may improve endogenous
arginine synthesis in cancer patients in the perioperative phase. It was shown that
glutamine supplementation indeed may reduce complications after chemotherapy
and surgery in patients with colorectal and lung cancer (102,103).
Although these results sound promising for improving perioperative care in cancer
patients and thereby reducing postoperative complications, the role of arginine
supplementation alone in cancer patients remains controversial. Various tumor
cells have been shown to be auxotrophic for arginine, which indicates that these
malignant cells have a deficiency in arginine synthesizing enzymes as ASS and
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can only survive and expand invasively if arginine is available (104). In these tumor
types, arginine supplementation is suggested to be contra-indicated and arginine
deprivation by arginine catabolizing enzymes could be a potential strategy for the
treatment of these malignancies (105,106). Hence, this makes the application of
arginine and NO targeting strategies in surgical oncology complex and ambiguous.
In this thesis, we try to clarify this complex metabolism.

Aim and outline of the thesis
The general aim of this thesis is to elucidate the role of the arginine/NO pathway
in cancer development and to study the effect of arginine enhancing diets on
metabolic and clinical outcomes in surgical cancer patients.
In PART I of this thesis, the interorgan metabolism of arginine and NO is investigated
and their role in clinical nutrition is identified. CHAPTER TWO describes a review
to outline the potential of the administration of nutritional substrates, including
arginine and its precursors, to surgical patients and the underlying mechanisms
that make them particularly important in perioperative care. CHAPTER THREE
and CHAPTER FOUR outline the newly developed analysis method and the results
of a metabolic study using a stable isotope technique on the qualitative and
quantitative effects of an intravenous supplement of glutamine on renal de novo
arginine synthesis in humans. In CHAPTER FIVE the main findings of the studies of
PART I are clarified and future scientific perspectives are described.
PART II of this thesis focuses on arginine/NO metabolism in surgical oncology in
particular. CHAPTER SIX is a detailed overview of our hypothesis on the role of the
arginine/NO pathway in the onset of cancer cachexia. CHAPTER SEVEN describes
a metabolic study in tumor-bearing rats, determining the effect of cancer on the
interorgan pathway of glutamine, citrulline and arginine. In this study, we also
present the effects of a glutamine enriched diet on this pathway in rats with cancer.
In CHAPTER EIGHT we describe the long-term clinical outcome of a double blind
randomized clinical trial on a perioperative arginine enriched diet in malnourished
head and neck cancer patients. Alterations in the arginine/NO pathway on cellular
and tissue level in human primary liver cancer and the effect of these alterations
on tumor angiogenesis are studied in CHAPTER NINE. In CHAPTER TEN the main
findings of the studies described in PART II are discussed and future scientific
perspectives are proposed.
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abstract

Pharmaco-nutrients have beneficial effects on protective and
immunological mechanisms in patients undergoing surgery, which
are important for recovery after injury and in combating infectious
agents. The aim of this review article was to outline the potential
of the administration of nutritional substrates to surgical patients
and the underlying mechanisms that make them particularly
important in perioperative care. Surgery causes a stress response,
which has catabolic effects on the body’s substrate stores. The
amino acid glutamine is a stimulating agent for immune cells. It
activates protective mechanisms through its role as a precursor for
antioxidants and it improves the barrier function of the gut. Arginine
also enhances the function of the immune system, since it is the
substrate for T-lymphocytes. Furthermore, n-3 polyunsaturated fatty
acids (PUFA) stabilize surgery-induced hyperinflammation. Taurine
is another substrate that may counteract the negative effects of
surgical injury on acid–base balance and osmotic balance. These
pharmaco-nutrients rapidly become deficient under the influence
of surgical stress. Supplementation of these nutrients in surgical
patients may restore their protective and immune-enhancing actions
and improve clinical outcome. Moreover, preoperative fasting is
still common practice in the Western world, although fasting has
a negative effect on the patient’s condition and the recovery after
surgery. This may be counteracted by a simple intervention such as
administering a carbohydrate-rich supplement just before surgery.
In conclusion, there are various nutritional substrates that may be of
great value in improving the condition of the surgical patient, which
may be beneficial for postoperative recovery.
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Introduction
In the last few decades, adequate perioperative care has shown to be of great
value in improving clinical outcome in surgical patients. Although the importance
of nutritional support is increasingly acknowledged, it is still not incorporated in
common perioperative practice. Also, the potential positive effects of specific
pharmaco-nutrients for surgical patients have not yet been optimally exploited. A
stress response after surgery and the concomitant impaired immune function are
important factors that negatively influence clinical outcome. The administration
of specific nutritional substrates, such as glutamine, arginine, n-3 PUFA and
taurine, to surgical patients may balance this surgical stress response and the
associated inflammatory reaction, support the cell-mediated immune function
and may consequently improve outcome. Despite large amounts of research
data on these substrates, the implementation in current clinical practice is
disappointing. Also, fasting before surgery is still common practice in preoperative
care in many Western countries, even though international guidelines of various
professional nutrition societies state that preoperative fasting is unwanted. A
simple intervention such as the supplementation of carbohydrates (CHO) just
2h before surgery may improve the metabolic condition of the patient and
thereby clinical outcome. The purpose of this article is to review the underlying
mechanisms explaining the pharmacological actions of several novel substrates
and their potential role in nutritional care in surgical patients.

Glutamine
The immune system is of fundamental importance for the recovery from surgery.
It is not only essential in preventing or limiting infections, but also in the overall
process of repair and recovery from injury. Glutamine is a conditionally essential
amino acid during metabolic stress, induced by major surgery. Glutamine is an
important amino acid for the immune system, for the glutathione system and
also for gut mucosa integrity.

Background
In immune cells glutamine regulates the inflammatory response and is important
for cell proliferation and differentiation (1). Glutamine functions as the primary fuel
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for these cells, because it is the substrate for glutamate synthase (NADPH), which
is essential for intracellular energy supply. T- and B-lymphocytes are the major
components of the adaptive immune system, which prevents and eliminates
pathogenic invasion. Extracellular glutamine regulates the proliferation of
T-lymphocytes and antigen presentation. B-lymphocyte differentiation is also
glutamine dependent and their proliferation rate significantly increases when
glutamine levels are increased. Macrophages are immune cells that destroy
cellular debris and pathogens; accordingly, to do so, macrophages need
glutamine as their energy substrate (2). Furthermore, glutamine depletion limits
the activation of lymphokine-activated killer cells, which have a very broad target
cell spectrum (3).
Glutamine is important for cell protection against oxidative stress. Firstly,
glutamine has a protective capacity due to its role as a substrate for the synthesis
of glutathione, the major intracellular antioxidant (4). Glutathione has the ability
to counteract oxidative injury caused by oxygen-derived free radicals and
peroxides, as seen in surgery. When muscle glutamine concentrations decrease
during stress, glutathione depletion may occur (4). However, supplementation of
glutamine during surgical stress can sustain adequate glutathione levels (5).
Another mechanism of glutamine against the damaging effects of oxidative
stress is its stimulating role in the expression of the tissue heat shock protein 70
(6,7). Heat shock protein 70 is essential for cellular recovery after injury and is
protective against tissue damage. Absence of heat shock protein 70 may lead to
increased cellular apoptosis.
The gut has an important barrier function with concomitant protection
mechanisms, since it is intensively exposed to exogenous pathogens. Following
physical stress associated with surgery, the barrier function of the gastrointestinal tract may be impaired. This loss of barrier function may play a role in
the translocation of bacteria and endotoxins across the gut wall, subsequently
resulting in a prolonged systemic inflammatory response and sepsis. Glutamine is
an important regulator of the intestinal integrity, because it alters the expression
of tight junction proteins and improves the epithelial barrier function (8).
Glutamine is also utilized as a major fuel and nucleotide substrate by intestinal
mucosal cells and the gut-associated lymphoid tissue system (2).
Part of the benefits of glutamine supplementation is a consequence of its role
as a precursor for endogenous synthesis of arginine through an intestinal–renal
pathway involving interorgan transport of citrulline (9,10). It contributes to a
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greater intestinal release of citrulline when given enterally and higher plasma
levels of citrulline (11). Also glutamine can serve as a precursor for the production
of taurine (12). Arginine and taurine and their role in nutritional care in surgery
will be discussed later.

Glutamine supplementation in surgical patients
It is proposed that supplementation of glutamine in surgical patients is important,
because it may protect cells against injury and patients against complications
associated with the key roles described earlier. Thus, glutamine should be
administered to build up sufficient levels in order to sustain an appropriate
response to stress or injury and protect the patient against a poor clinical outcome.
Glutamine can be given via either the enteral or parenteral route. In both ways, it
is given as a dipeptide; because glutamine itself has limited stability in aqueous
solutions, adding alanine or glycine to form a dipeptide makes it easily hydrolyzed
and stable.
Delivery of parenteral glutamine raises systemic levels of glutamine more than
a similar dose of glutamine given by the enteral route. Although glutamine
can maintain gut integrity even when delivered from the vascular side of the
intestinal epithelial cell, enteral supplementation is more beneficial in preserving
the gut barrier function (13). Furthermore, enteral glutamine supplementation
is suggested to contribute more to the de novo synthesis of arginine than does
parenterally administered glutamine (14).
Parenteral route: Preoperative supplementation. Few studies are available on
the effect of glutamine supplementation before surgery. In one study, where
glutamine was given 5 days before surgery and was stopped on the day before
surgery, no beneficial effects were seen. Despite the fact that the potential
effects of glutamine were not sustained after surgery, the preoperative immune
indices (leucocytes, granulocytes and lymphocytes) were increased by glutamine
supplementation (15).
Parenteral route: Perioperative supplementation. Perioperative glutamine
administration is associated with reduced immune suppression, an improved
capacity to inactivate endotoxins and a significant increase in CD4+ count
(marker of immune cells) after surgery (16,17). In colorectal surgery, perioperative
supplementation of glutamine showed a decrease in complications and length
of hospital stay (LOS) after surgery (18). In another study, no effect was seen after
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abdominal surgery for cancer; however, this may be caused by an under-dosing
treatment (0.2 g∙kg-1 per day) (19). In patients with a risk of malnutrition before
gastrointestinal surgery, supplementation of glutamine may shorten intensive
care unit stay and improve insulin levels (20). In cardiac surgery, a perioperative
high-dose glutamine administration (0.5 g∙kg-1∙day-1) did increase the glutathione
concentration, and these increased glutathione levels remained after surgery
(21). Glutathione is known to be protective against myocardial ischemia/
reperfusion injury, which is associated with increased morbidity and mortality
(22). Glutamine supplementation has a preserving effect on contractile function
of cardiomyocytes after open-heart surgery (23,24). In patients undergoing
gastrointestinal surgery, perioperative supplementation may be beneficial in
ameliorating immune depression and shortening hospitalization (17,25).
Parenteral route: Postoperative supplementation. Characteristic features after
surgical stress are hyperglycemia and cumulative nitrogen losses, which may
increase the risk of infection, delay wound healing and diminish muscle strength
after surgery, resulting in a prolonged hospital stay (26). This response can also
be counteracted with postoperative parenteral glutamine supplementation.
Glycemic control is associated with decreased total postoperative infections
(27). Intravenous postoperative glutamine supplementation in surgical patients
reduces infectious complication rates, shortens LOS and decreases hospital costs
(28–31). The greatest benefit of intravenous supplementation was observed in
patients receiving high-dose glutamine. Thus, a high degree of benefits is found
in studies that used high doses of glutamine (30,31). The most optimal dose is
probably 0.5 g∙kg-1 per day (32).
In critically ill patients, low levels of glutamine also have been associated with
immune dysfunction and higher mortality (33). Also, glutathione becomes
depleted during critical illness and this is associated with a poor clinical outcome
(34). In critically ill patients, intravenous administration of glutamine increased
glutathione levels (35). Supplementation of parenteral glutamine in critically
ill patients was associated with a reduction of urinary tract infections and
nosocomial pneumonia (36).
Enteral route. Enteral supplementation has an advantage over parenteral
supplementation. An early initiation of postoperative enteral nutrition shortens
LOS, shows fewer complications and reduces infectious complications in patients
undergoing major abdominal surgery compared with delayed enteral nutrition (37).
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In trauma patients, supplementation of enteral glutamine lowered the incidence
of pneumonia (38). In critically ill patients the addition of glutamine to enteral
nutrition reduced LOS by more than 4 day (39). In trauma patients undergoing
shock resuscitation, enteral glutamine administration was safe and enhances
gastrointestinal tolerance (40). Postoperative ileus is a common complication
after gastrointestinal surgery; however, glutamine acts as a motility-recovery
agent (41). Not only is enteral glutamine protective via the enteral route for
myocardial injury and clinical complications in patients undergoing cardiac
surgery (42), it also has a protective effect on the epithelial barrier function.
Enteral glutamine supplementation increases intestinal fractional extraction of
glutamine. This higher intestinal fractional extraction is probably important to
sustain physiological levels of glutathione and preserve heat shock protein 70
and it serves as a substrate to the gut-associated lymphoid tissue system.
Guidelines of professional nutrition societies currently recommend intravenous
supplementation of glutamine in critically ill patients, as recent data support the
use of glutamine in order to reduce mortality in these patients (43). Parenteral
glutamine administration may also be beneficial in patients undergoing major
surgery. The European Society for Parenteral and Enteral Nutrition guidelines state
that ‘some evidence exists’ that intravenous glutamine administration to these
patients can improve LOS and infection risk (44). These guidelines recommend
the enteral route to deliver immune nutrients, but so far sufficient data are not
available to support enteral glutamine supple- mentation in surgical patients in
general (45). In a recent American Society for Parenteral and Enteral Nutrition
(ASPEN) position paper on the use of parenteral glutamine supplementation, it
is stated that it may be beneficial for certain adult surgical patients, for example,
patients undergoing major abdominal surgery. However, the heterogeneity of the
investigated patient populations makes this statement controversial. A growing
body of data shows that glutamine supplementation with an optimal dose of 0.5
g∙kg-1∙day-1 may be beneficial for the recovery after surgery. The best results may
be achieved by administering glutamine by both enteral and parenteral routes as
soon as possible after surgery (46). However, caution is advised in patients with
renal failure and severe hepatic dysfunction, since studies suggest that glutamine
may be harmful and more evidence for this patient population is needed (47,48).
Further high-quality research is necessary to confirm the afore-mentioned
perspectives. The results of the REDOXS trial will be available soon, which may
give more insight into the role of glutamine in clinical care (49). (The REDOX study
will be discussed in Chapter Five of this thesis)
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Arginine is a conditionally essential amino acid with several pharmacological
properties, which becomes depleted during stress associated with surgery and
trauma. Arginine is an immune enhancing nutrient, because it is essential for an
adequate immune response, since it is the substrate for normal T-lymphocyte
development (50). T-lymphocytes depend on adequate arginine levels for
proliferation, the expression of the T-lymphocyte receptor complex and
the z-chain peptide, and the development of immunological memory (51).
Furthermore, arginine is the sole precursor for NO. This versatile substance has
cytotoxic properties to kill parasites, bacteria and viruses. It has an important
signaling role for immune cells by regulating cytokine activation and receptor
presentation, and it is the regulator of organ perfusion. In addition, arginine
improves the process of wound healing (52). Because of all these properties,
arginine is often called an immune nutrient.
Patients undergoing surgical injury develop an arginine deficiency and
consequently an impaired immune function (53). Since arginine levels drop ±
50 % within a few hours after surgery, it is suggested that arginine deficiency
is caused not by decreased intake, but rather through a disturbance in arginine
metabolism (53). Arginine is mainly catabolized by two competing enzymes:
inducible nitric oxide synthase (iNOS) and arginase. iNOS metabolizes arginine
into NO. Arginine availability is the regulating factor of NO production. Arginase,
which converts arginine into urea and ornithine, is the only enzyme that is really
capable of decreasing arginine levels and thus NO production.
After traumatic injury, for example surgery, immature cells of myeloid origin are
found in the circulation, lymph nodes, liver and spleen. These so-called myeloidderived suppressor cells (MDSC) express the enzymes iNOS and arginase (54).
The expression of both enzymes is regulated by cytokines of T-helper (Th) cells.
Th1 cytokines are pro-inflammatory and promote iNOS expression; Th2 cytokines
are anti-inflammatory and induce arginase expression (55). In physiological
conditions this regulation is in balance; however, in patients with injury the
balance is disturbed. Surgical stress causes a predominant production of Th2
cytokines and this promotes the MDSC to express arginase (56,57). Thus, after
surgery, arginase-producing MDSC appear and cause an arginine deficiency.
Consequently, NO metabolites are decreased in patients with physical injury
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because of a perturbation in NO production (58). This results in the suppression
of the T-lymphocyte dependent immune function and NO activity and this is a
plausible explanation for the impaired immune function after surgery.
The described mechanism suggests that physical injury caused by surgery induces
an arginine deficiency, which can be restored with arginine supplementation.
Experimental studies have shown that arginine administration improves wound
healing, restores macrophage and T-lymphocyte function and augments
resistance to infectious pathogens (50,52). Furthermore, arginine supplementation
increases NO and improves microcirculation after injury (59). Other studies have
shown that preoperative arginine-enriched nutrition improves immune function
and decreased the production of Th2 cytokines (60,61). Several clinical studies
have shown that a correction of the arginine deficiency by arginine-enriched
nutrition restores T-lymphocyte count and function in surgical patients (50,62).
Other promising ingredients in immune nutrition are n-3 PUFA, which are often
administered in combination with arginine. n-3 PUFA also interfere with arginine
metabolism by decreasing Th2 cytokines and thereby maintaining the Th1/
Th2 balance. This results in a decrease in arginase activity and inhibits arginine
breakdown (63). The role of n-3 PUFA in surgery will be outlined in more detail.

Arginine supplementation in surgical patients
Adequate clinical data on the effects of parenteral arginine supplementation in
surgical patients are lacking. Nevertheless, in the past 20 years many randomized
clinical trials have been performed to examine the effects of arginine-enriched
enteral nutrition in various settings and nutrition compositions. Six major
meta-analyses reviewing these trials in surgical and trauma patients have been
published (64–69). The two most recent studies by Marik et al. and Drover et
al. describe both substantial reduction in postoperative complications and a
shorter LOS with the use of arginine administration. They found no overall effect
on mortality compared with standard perioperative nutritional care. Pre-, periand postoperative administration of arginine-enriched nutrition is associated
with a reduction of postoperative complications, and both perioperative and
postoperative use of arginine supplementation were associated with a reduction
in LOS. A greater effect of arginine is assumed when it is administered in both the
pre- and postoperative phases. However, there exists considerable heterogeneity
in the different trials examining the effects of arginine-enriched diets, likely due to
differences in patients, local practice protocols, health care systems, study designs,
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diet compositions and other methodologies. Furthermore, there are only a few
studies using arginine as a sole pharmaco-nutrient in the intervention group. In
most studies, the immune-enhancing diet consisted of arginine in combination
with glutamine, n-3 PUFA and antioxidants, which makes it hard to ascribe the
effects to a sole nutritional substrate. The variety in study methodology may also
be ascribed to the wide time span in which the trials are performed, because the
results of later studies might be influenced by new treatment opportunities.
The use of arginine-enriched nutrition in oncology deserves special attention.
Almost all clinical trials mentioned earlier included patients who underwent
curative oncological surgery. A malignant tumor also disturbs the arginine
metabolism of the host (70). The initial concept is quite similar to the alterations
seen after surgery. Cancer by itself recruits MDSC from the moment of
carcinogenic initiation (71). During the first phases of carcinogenesis the tumorderived MDSC seem to produce arginase to pre- vent the immune system from
fighting the malignant cells. However, during outgrow of the malignant tumor,
the Th1/Th2 balance switches to an increased Th1 cytokine production in the
tumor environment, which promotes the MDSC to activate high amounts of
iNOS (72). In this stage, arginine is converted into NO by iNOS. This results in
pathologically high NO levels, promoting angiogenesis and microcirculation in
the tumor environment. Furthermore, in the presence of increased iNOS activity
and low arginine levels, radical nitrogen species will be formed, which damage
the surrounding cells even more. This might explain the controversial outcomes
of studies in patients with inoperable advanced metastatic cancer. Arginine
supplementation in this advanced metastatic phase may even worsen clinical
outcome. This is supported by studies on the effects of supplemental arginine in
critically ill patients with sepsis. In sepsis, the Th1/Th2 balance is also shifted to
the Th1 side and extra exogenous arginine in septic patients causes no benefit,
and perhaps even harm (73).
However, it is hypothesized that the pronounced positive effects of perioperative
arginine supplementation may be explained by the return of the Th1/Th2 balance
(and therefore the iNOS/arginase balance) to the Th2 side after surgery (74,75).
The guidelines from leading nutrition societies in the world recommend the
use of immune enhancing arginine enriched nutrition in perioperative care of
patients undergoing major abdominal surgery, head and neck surgery and after
severe trauma, with caution in patients with severe sepsis (76,77). Perioperative
arginine supplementation in patients with a malignancy of the digestive tract may
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be beneficial (78); however, arginine administration to patients with progressive
non-curable cancer has to be avoided. Bozzetti has stated that immune enhancing
diets containing arginine are preferable to the standard enteral formulae in the
preoperative setting (79). It can be concluded that arginine supplemented enteral
diets should be prescribed to all patients undergoing elective surgery.

n-3 PUFA
Inflammation is a common sequel to surgery. The regulation of inflammation
depends on a balance between pro- and anti-inflammatory mediators. When
regulated adequately, inflammation is essential for recovery after surgical injury.
However, when the balance is disturbed, this intentional protection mechanism
becomes damaging for the host (80). Pathological inflammation is a result of
this disturbance and may evolve into severe complications, for example, sepsis,
multi-organ failure or acute respiratory distress syndrome (32). The pharmaconutrients n-3 PUFA have anti-inflammatory properties and may overcome
this postoperative morbidity by restoring the balance between pro- and antiinflammatory mediators.

Background
n-3 PUFA from fish oil may impair inflammatory responses (81). Eicosanoids and
leukotriene mediators are signaling molecules with an important regulatory
function in the inflammatory response. These signaling mediators are the
products of either n-3 PUFA or n-6 PUFA. In general, the n-6 PUFA are the
precursors for pro-inflammatory mediators and the n-3 PUFA are metabolized into
less inflammatory mediators (82). The n-3/n-6 PUFA balance in the membranes
of inflammatory cells, for example, neutrophils and macrophages, regulates the
inflammatory response. In this way, n-3 PUFA have anti-inflammatory actions, as
substitutes for n-6 PUFA in the cell membranes of inflammatory cells and thereby
diminish pro-inflammatory mediator production. Furthermore, n-3 PUFA block
the production of n-6 PUFA-derived mediators by competing for the metabolic
enzymes necessary for the conversion into the pro- inflammatory mediators (83).
In addition, another anti-inflammatory effect of n-3 PUFA is caused by their role
as precursors for resolvins and protectins. These resolvins and protectins have
multiple anti-inflammatory properties, for example, inhibition of accumulation
of dendritic cells and neutrophils, stimulation of macrophages and decreasing
the production of pro-inflammatory cytokines (84). The inflammatory condition
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or even the systemic inflammatory response syndrome seen after surgery may be
a result of a misbalance between n-3 PUFA and n-6 PUFA. As a result of the high
intake of n-6 PUFA and the low intake of n-3 PUFA, cell membranes of Western
populations are dominated by n-6 PUFA. Adequate supplementation of n-3 PUFA
may restore the membrane composition and thereby resolve the regulation of
the inflammation response and promote recovery after surgery (85).

n-3 PUFA supplementation in surgical patients
Supplementation of n-3 PUFA is expected to have beneficial effects in inflammatory
circumstances, such as surgery and systemic inflammatory response syndrome.
Three recent systematic reviews outline the effects of the supplementation of n-3
PUFA and two of them focus on parenteral supplementation (86–88).
Parenteral route. Based on a meta-analysis, it may be presumed that parenteral
supplementation of n-3 PUFA in patients undergoing major surgery is not only
safe, but may also decrease the risk of postoperative infections and reduce LOS
(86,88). Van der Meij et al. evaluated the effects of n-3 PUFA in both general surgery
and oncological surgery separately. This qualitative review did not find any effects
of perioperative n-3 PUFA supplementation on infection rate and mortality in
surgical patients. In patients undergoing surgery for a malignancy receiving
parenteral n-3 PUFA, LOS was shorter. In patients without cancer, the effects of
parenteral n-3 PUFA supplementation on LOS were inconsistent. Although the
studies did not report a significant improvement in mortality rate in patients
receiving parenteral n-3 PUFA, a trend towards a decrease in hospital costs was
observed compared with control groups (89). A recently published study on the
effect of post- operative parenteral n-3 PUFA supplementation in surgical critically
ill patients showed a significant decrease in the hyperinflammatory response
after major surgery, a reduction in the production of pro-inflammatory cytokines
and a tendency for less postoperative infections in the intervention group (85). In
most studies, the parenteral solution with n-3 PUFA was administered in the postoperative period. Only a few studies combined postoperative and preoperative
administration of n-3 PUFA (90,91), and meaningful conclusions on the ideal
administration period of n-3 PUFA cannot be drawn from these studies. However,
parenteral administration of n-3 PUFA down-regulated the n-6/n-3 ratio in plasma
and cell membrane in a relatively short time span (1–3 days) (87). This suggests
that the highest treatment effect can be reached by starting the administration of
parenteral n-3 PUFA a few days before surgery.
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Enteral route. The systematic review of van der Meij et al. found only three
randomized controlled trials of acceptable quality looking into the effects of
enteral nutrition enriched with n-3 PUFA in surgical oncology (87). No studies
investigated the effects of these nutrients on general non-cancer surgery. Overall,
these studies did not provide evidence for clinical benefits of postoperative
enteral supplementation of n-3 PUFA. However, a tendency for fewer infectious
complications in surgical patients who received an enteral formula with n-3 PUFA
for 7d postoperatively was reported (92,93). In a recently published study of high
quality in patients undergoing oesophagastric cancer surgery, perioperative n-3
PUFA supplementation did not affect the immune function and clinical outcome
(94). However, one study showed preservation of the body weight and lean body
mass, whereas both decreased in the control group (95). Basal research in healthy
volunteers shows that the incorporation of n-3 PUFA after enteral supplementation
occurred after approximately 4–7 days and reaches a new steady state composition within approximately 4 weeks in a dose-response fashion (96). Clinical
studies examining the effects of enteral nutrition containing high amounts of n-3
PUFA as well as γ-linolenic acid and antioxidants, consistently showed significant
clinical benefits in patients with other inflammatory diseases, for example, acute
respiratory distress syndrome or sepsis (32,97,98).
The supplementation of n-3 PUFA is widely investigated in studies using
commercially available enteral immune enhancing formulae, containing n-3
PUFA in combination with arginine, antioxidants and other immune modulating
nutrients. Although these studies report many beneficial clinical effects of
these immune enhancing formulae and international guidelines recommend
the administration of this nutrition in patients undergoing major surgery,
interpretation of the data in this area is difficult due to various amounts of n-3
PUFA present in the different enteral formulations and the inclusion of other
immune modulating nutrients in the formulae (65,82).
From the available clinical data, it can be concluded that there is insufficient
evidence to recommend the oral or enteral supplementation of n-3 PUFA in
oncological or general patients undergoing surgery. However, n-3 PUFA might
improve inflammatory response after surgery relying on its potential antiinflammatory properties. In patients with acute respiratory distress syndrome
and sepsis, the administration of enteral nutrition containing n-3 PUFA is
recommended. Parenteral supplementation of n-3 PUFA-enriched formulae
might be considered in the perioperative period (e.g. during postoperative
recovery or complications such as acute respiratory distress syndrome or sepsis).
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Taurine is a nutrient with regulating properties in both the immune system and
energy supply. Clinical data on the effect of taurine supplementation in surgical
patients are lacking, but the potential of this pharmaco-nutrient in perioperative
care will be outlined.
Taurine is a semi-essential aminosulfonic acid and its sulfonate group makes
taurine highly acidic, which makes it a zwitterion. As a zwitterion, taurine is able
to function as a buffer when pH is low and function as a hydrogen ion donor
when pH is high. Thus, taurine is very important in maintaining the acid–base
homoeostasis in the body. A disturbance in this homoeostasis may be induced by
surgery and associated factors, for example, mechanical ventilation, medication,
the stress response and alterations in the fluid compartments of the body during
surgery.
Taurine is an osmolyte that controls fluid movement and ion fluxes across cell
membranes (99). Surgery causes oxidative stress in several organs, for example,
through ischemia/reperfusion injury, which exerts an osmotic imbalance. This
may be reflected as postoperative edema: an excessive shift from body fluids to
the intracellular space. However, when taurine is released from the swollen cells,
ions and water will move from the intracellular space to the extracellular space,
suggesting that edema occurs when taurine is conditionally essential. In this way,
taurine might be a potential protector against surgery-induced oxidative damage.
Furthermore, other experimental data show that taurine plays a role in the
inflammation response and immune system. Taurine has been shown to downregulate pro-inflammatory cytokines and function as an antioxidant at the site
of inflammation (100,101). Moreover, taurine uptake by T-cells is crucial for the
survival and the immune reactions of these cells and a decrease in taurine uptake
results in a reduction of T-cell responses (102).
In response to surgical injury, plasma taurine levels decrease, which suggests
an increased metabolic requirement (103). Substantial evidence for the effects
of taurine supplementation in surgical patients is absent and further studies
are needed. However, with no known harmful effects and with much evidence
suggesting a potential role for taurine in the recovery from surgical injury and
inflammation, taurine supplementation may have positive effects.
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Carbohydrates
For some years, guidelines have stated that preoperative fasting is an unwanted
phenomenon (104). However, fasting before surgery is still common practice in
preoperative care in many Western countries (105).

Background
Fasting for 8 hours before surgery results in depletion of glycogen stores in the
liver. Subsequently, glucose has to be released in alternative ways, mainly by
the mobilization of glycogen from the muscle by eliciting a stress response. This
response has consequences for the physical condition of the patient, because
levels of cortisol, adrenaline and other signaling mediators are elevated. This
interplay may result in insulin resistance at the level of the liver and muscle.
Moreover, energy stores are depleted in the gastrointestinal tract, liver, kidneys,
heart and lungs. Insulin resistance is not a favorable state of the body, because it
may lead to increased infectious complications and prolonged hospital stay.

Preoperative carbohydrate loading
To avoid this unwanted stress response, patients can be given a sufficient amount
of CHO, via the intravenous route or via the enteral route shortly (2–3 hours)
before surgery. CHO loading preserves the energy status of the liver and most
importantly reduces insulin resistance (106). Also, it improves intestinal integrity
and reduces bacterial trans- location (107).
Parenteral route. Clinical studies in patients showed that intravenous CHO
supplementation in sufficient amounts reduces the postoperative infection rate
and improves wound healing (108,109). In patients undergoing cardiac surgery,
intravenous CHO loading is effective in overcoming the fasted state and this
results in less myocardial damage (110). Although intravenous CHO loading has
proved to be successful in overcoming a fasted state and in exhibiting beneficial
effects, this way of administration has certain disadvantages. For instance, high
dosages (5 mg∙kg-1∙min-1 or more) are needed to counteract the insulin resistance
(111). Also, intravenous administration of glucose requires concomitant insulin
infusion, which needs frequent monitoring of blood glucose levels and the risk
of fluid overload.
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Enteral/Oral route. An easier way to reach an optimal metabolic effect is by giving
an oral CHO drink (105). To attain beneficial effects in a clinical setting, the drink
must contain at least 48 g CHO; which is the amount needed to overcome the
fasted state and change it to a fed state. Up to 2 hours before surgery an isoosmolar CHO drink has proven to be safe in patients. After ingestion, the stomach
empties the CHO drink within 90min, thereby not increasing the risk of gastric
aspiration during anesthesia (112). Preoperative supplementation of CHO in
amounts of 800 ml during the evening before the operation and 400 ml 2–3 hours
before the operation was investigated extensively. Regarding clinical parameters,
a reduction in preoperative discomfort (e.g. feeling of thirst and hunger),
postoperative nausea and vomiting, and a shorter LOS were demonstrated in
prospective, randomized trials (113–117). Also, the unwanted insulin resistance
after surgery was shown to be reduced (117,118). Other studies demonstrated
an earlier return of gastrointestinal function and a preserved muscle mass and
strength (116,119). Recently, a study demonstrated that preoperative CHO loading
causes less immune suppression in terms of the human leucocyte antigen HLADR expression in monocytes (115).
Preoperative CHO loading has many positive clinical effects and no disadvantages
have been reported. However, outcome measures such as morbidity and mortality
have not yet been explored. Also, the effects of CHO loading in populations with
a proposed altered CHO metabolism, such as obese or overweight patients, have
not been investigated. It may be concluded that a simple intervention with a
preoperative CHO supplementation may contribute to the well-being of the
patient and that in this perspective preoperative fasting is outdated.

Summary
In summary, surgical injury causes various changes in the immune function
and the body’s homeostasis. This review outlines the potential role of several
pharmaco-nutrients in perioperative care, to improve recovery (Table 1). The
combination of both parenteral and enteral glutamine supplementation might
improve postoperative outcome; however, the results of large randomized trials
of high quality are awaited. Supplementation of immune enhancing formulae
with arginine and n-3 PUFA in the perioperative setting has been shown to be
beneficial, with special attention to surgical oncology. Although data are limited,
taurine has the potential to improve the physical condition of the surgical patient.
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Besides the specialized nutrients, adequate CHO intake before surgery should
now be common practice.
It is important to realize that a relatively simple intervention with these pharmaconutrients may improve the postoperative recovery of surgical patients. Nutritional
interventions should gain more ground in perioperative care.

TABLE 1 | Summary of recommendations on substrates in surgery
Substrate

Patients

Application

Glutamine

Surgical ICU patients
Burn and trauma patients

Preferable in EN, glutamine dipeptide
Start EN in the ICU setting
When PN is indicated, add glutamine dipeptide
0.3-0.5 g∙kg-1∙day-1glutamine dipeptide

Arginine

Major abdominal surgery
Head and Neck surgery
Severe trauma

Preferable in immune enhancing EN
Start 7-5 days before surgery
Until 10 days after surgery

Omega-3 PUFA

Major abdominal surgery
Head and Neck surgery
Severe trauma

Preferable in immune enhancing EN
Start 7-5 days before surgery
Until 10 days after surgery

Taurine

(limiting data)

(limiting data)

CHO loading

All elective surgery

CHO-rich drink before surgery
800 ml (100mg) and 400 ml (50 g) CHO
8 and 2 hours preoperatively respectively

This table shows a summary of the authors recommendations on the use of the nutritional
substrates in surgery. On the date of publication, ESPEN, ASPEN and ASA guidelines are in line
with these statements (77,78,107). ICU, intensive care unit; EN, enteral nutrition; PN, parenteral
nutrition; CHO, carbohydrates.
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abstract

Stable isotope studies offer the opportunity to study the in-depth
metabolic pathway of glutamine, citrulline, and arginine, amino
acids involved in NO synthesis. The use of multiple stable isotopes
can be used to elucidate the exact transformation of glutamine to
citrulline and arginine de novo synthesis. This novel method provides
a purification step using cation exchange resin in combination with
a rapid and easy derivatization procedure for a precise and robust
measurement of the concentration and isotopic enrichments of
NO synthesis-specific amino acids using a liquid chromatography
mass spectrometry (LC/MS) ion trap system with high sensitivity
and selectivity. The ethyl chloroformate derivatization procedure is
beneficial in terms of robustness, velocity, simplicity, and derivative
stability. In addition, the ethyl chloroformate derivatization can
be performed at room temperature in an aqueous environment
without incubation and the isolation of the derivatives from the
reaction mixture also serves as a purification step. The concentration
and enrichment of NO synthesis-specific amino acids as well as
phenylalanine and tyrosine to determine protein turnover, were
measured with good inter-day precision for the concentration
(<7.4%) and enrichment (<12.7%) in plasma samples at low and
high levels. The low limit of quantification was 0.2 μmol∙L-1 for
most of the amino acids and the purification method showed to
have good recoveries between 78% and 98%. No ion-suppression
was observed by post-column infusion experiments. In order to
develop new nutritional strategies, this novel method can be used
to support the elucidation of the effect of administration of specific
supplements on the glutamine–citrulline–arginine pathway by
using stable isotope studies.
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Introduction
Arginine plays an important role as a regulating metabolite in many different
pathways, as well as in protein synthesis and proteolysis and it also serves as the
sole precursor for nitric oxide (NO). Since arginine is identified as the precursor
for NO and plays important regulating roles in many physiological mechanisms,
the metabolism of arginine has been of major interest in medical research in
the last decades. Arginine is a conditionally essential amino acid, which means
that endogenous arginine production meets the needs of an adult human
body in physiological healthy conditions. However, in pathological conditions,
arginine levels may decrease due to inadequate de novo arginine synthesis.
Multiple studies in animals and humans showed that arginine plasma levels
are low in several pathological conditions such as cancer, critical illness, after
traumatic surgical injury, and during infections (1,2). Under those circumstances,
the shortage of arginine may lead to immunosuppression, impaired recovery,
disturbed inflammatory response, and diminished vascular function (1–3).
Glutamine administration increases plasma levels of arginine and its precursor
citrulline (4–7). Stable isotope studies showed that glutamine is used for citrulline
formation in the small intestine and that citrulline is the main precursor for de novo
arginine synthesis in the kidneys (8–10). In addition, the use of multiple stable
isotopes made it possible to elucidate the exact contribution of the glutamine
molecule to citrulline and arginine formation (11,12). In order to develop new
nutritional strategies, the effect of the administration of specific supplements
on the glutamine–citrulline–arginine pathway should be determined with
stable isotope studies. To measure isotope enrichments of amino acid tracers in
plasma samples, gas chromatography mass spectrometry (GC/MS) (13–15), gas
chromatography isotope ratio mass spectrometry (GC/C/IRMS) (16–20), liquid
chromatography mass spectrometry (LC/MS) (21), and liquid chromatography
isotope ratio mass spectrometry (LC/IRMS) (22–24) have been used.
Although the isotope-ratio mass spectrometry (IRMS) techniques are superior
for precise isotopic measurement compared with the MS techniques, the IRMS
techniques have the disadvantages of being more expensive, being less sensitive,
isotope dedicated and requiring an optimal separation of the compounds of
interest and other co-eluting peaks for correct measurement. Furthermore, in
case of using LC in combination with IRMS, gradient elution of compounds using
organic solvents are prohibited since it contains carbon atoms which are oxidized
to carbon dioxide. Therefore, methods involving GC/MS analysis are used most
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frequently to measure the stable isotope enrichment of amino acids, since this
technique has not the disadvantages of the IRMS. However, the detection of
arginine and citrulline is difficult with this method and in the last few years LC/
MS based methods have been reported to be capable of measuring arginine and
citrulline (21). For example, ion-exchange chromatography (25) and normal phase
separation principles (26) are used to measure these amino acids. Nowadays,
there is an increasing number of reported applications employing reversedphase LC. The use of ion-pair reagents is an example in which the reagent
interacts with the analyte to increase retention in reversed-phase separations (27).
Another commonly used method is the chemical modification of the analyte by
derivatization, which is widely used in GC/MS analyses for increasing the volatility
and polarity and obtaining more sensitivity and selectivity (28). In addition,
derivatization of the analyte decreases the matrix effects (29) and increases the
height of the isotopic signals measured due to the increase in mass. Especially
in isotopic enrichment studies, these features are beneficial. Common reagents
for this procedure areophthalaldehyde, phenylisothiocyanate, AccQ·TagTM, alkyl
chloroformate, or butanolic HCl (21,28,30–32). However, some of these procedures
are extensive and the derivatives obtained with these methods are unstable and
long incubation times at different temperatures have to be applied to ensure
the success of the derivatization reaction, which is inconvenient. Instead, alkyl
chloroformate derivatization procedures used for amino acid analysis with GC/
MS are beneficial in terms of robustness, velocity, and derivate stability (30,33).
The alkyl chloroformate derivatizationcan be performed at room temperature in
an aqueous environment without incubation and the isolation of the derivatives
from there action mixture also serves as a purification step. According to Cimlová
(33), derivatives obtained with alkyl chloroformates areamenable to LC/MS
analysis. In this study, we developed a novel method combining derivatization
of NO synthesis-specific amino acids using ethyl chloroformate and LC/MS ion
trap analysis for quantification and measurement of isotopic enrichment of these
specific amino acids in plasma samples. Additionally, phenylalanine and tyrosine
were measured to determine protein turnover.
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Materials & Methods
Reference standards
Amino acid standards and L-glutamine, L-citrulline, L-ornithine, L-tyrosine and
L-phenylalanine were purchased from Sigma–Aldrich (Milford, NH, USA). [U-13C5]
glutamine, l-[Ureido-13C; 3,5-13C2]citrulline, [15N2]ornithine, l-[U-13C6]arginine,
[U-13C9]phenylalanine, [U-13C9-15N]tyrosine used as internal standards were
purchased from Cambridge Isotope Laboratories (Woburn, MA, USA). The tracers
[2-15N]glutamine, [5-13C,D4]citrulline, and[15N2]arginine, [U-13C5]ornithine, [D2]
tyrosine, [D4]tyrosine, [D5]phenylalanine were also purchased from Cambridge
Isotope Laboratories (Woburn, MA, USA).

Chemicals
Acetonitrile, ethylacetate, methanol, and formic acid (all HPLC grade or higher)
were purchased from Biosolve (Valkenswaard, The Netherlands), ultrapure
water was obtained from a Milli-Q purifier (Millipore, Eschborn, Germany).
Tridecafluoroheptanoic acid and sulfosalicylic acid (SSA) were purchased
from Sigma–Aldrich (Zwijndrecht, The Netherlands) and pyridine, ethanol,
ethyl chloroformate, ammonia, hydrochloric acid, and sodium carbonate were
purchased from Merck (Darmstadt, Germany). Cation exchange AG-50W-X8 resin
200–400 mesh resin was purchased from Biorad (Veenendaal, The Netherlands).

Sample collection
Blood was collected in heparinized vacuum tubes (Vacutainer; Becton-Dickinson,
Franklin Lakes, NJ, USA) and directly placed on ice. After centrifugation (10 minutes,
1910 x g, 4°C), 50 μL of plasma was added to 20 mg dry SSA for deproteinization
within 1 h of sampling. After vortex mixing, samples were stored at -80°C until
analysis. SSA was used for deproteinization of the catabolic enzymes in the
plasma to measure adequate concentrations of the amino acids.

Standard preparation
Standard solutions of 2.5 mmol∙L-1 were prepared for each amino acid and its
labeled isotopomer in 0.1 M HCl and stored at -20°C, except for tyrosine which
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was stored at 4°C due to its insolubility at -20°C. A mixture was prepared for the
6 labeled amino acids in purified water which were used as internal standards. A
calibration curve was prepared at adequate levels for arginine, citrulline, ornithine,
tyrosine, phenylalanine in the range of 5–200 μmol∙L-1 and for glutamine from
20 to 700 μmol∙L-1. Construction of enrichment curves was depending on the
enrichments in the sample, but generally it ranges from 0.2% to 21% label.
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Sample preparation
20 μL internal standard solution, 20 μL of 1 M HCl, and 200 μL of cation exchange
resin (0.1 mg∙mL-1) were added to 50 μL of plasma. After mixing and centrifugation
(2 minutes, 1600 x g), the supernatant was removed. The resin was washed two
times with 1 mL water and the amino acids were extracted in two steps with 500
μL and 200 μL 6 M ammonia. The eluate was dried in a SpeedVac (Genevac Ltd.,
UK) and re-dissolved in 80 μL acetonitrile, 20 μL 1 M sodium carbonate, 200 μL
water, and 140 μL pyridine-ethanol (4:1). Derivatives of the amino acids were
prepared by adding 20 μL ethyl chloroformate and were allowed to react for 5
minutes. Then, 400 μL of ethyl acetate was added and the amino acid derivatives
were extracted by mixing (1 minute) and centrifugation (2 minutes, 1600 x g).
After two extractions with ethyl acetate, the combined solutions of both the first
(400 μL) and the second extraction (400 μL) were evaporated under a gentle
stream of nitrogen at room temperature until dry. The residue was re-dissolved in
100 μL water/methanol (8:2) and transferred to an insert in an auto sampler vial.
Aliquots of 10 μL sample were injected in the LC/MS system.

Liquid chromatographic conditions
Separation of the samples was performed on an ultra-high-performance liquid
chromatographic (UHPLC) Thermo Scientific Accela system. The UHPLC Thermo
Scientific Accela system was equipped with a degasser, an autosampler with
a cooled sample tray, a column oven, and a quaternary pump. Elution was
performed at a stable temperature of 40°C using a Waters Acquity BEH C18
column (100 mm X 2.1 mm i.d., 1.7 μm particle size). The mobile phases consisted
of 0.5 mM tridecafluoroheptanoic acid (TDFHA) and 1 mL∙L-1 formic acid (A) and
methanol with 0.5 mM TDFHA and1 mL∙L-1 formic acid (B). Ultra-pure, LC/MSquality water was used to eliminate excessive background signals and prevent
the formation of sodium or potassium adducts. A step-wise gradient starting at
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30% B was employed at a flow of 0.2 mL∙min-1. From 1 to 4.5 minutes, the % B
was linearly increased to 45% and instantly increased to 55% B. Between 4.5 and
24.5 minutes, the gradient was linearly increased to 57.5% B and finally increased
to 100% B in 3 minutes with a final hold for 4 minutes. The total run-to-run time
(including equilibration prior to injection of the next sample) was 30 minutes. The
injection volume was 10 μL and each sample was analyzed in triplicate.

Mass spectrometer instrument settings
The effluent of the UHPLC Thermo Scientific Accela system was directly interfaced
to a Linear Ion Trap Velos Pro mass spectrometer (LTQ Velos ProTM) equipped
with a heated electrospray interface (Thermo Fisher Scientific, San Jose, CA, USA)
operating in the positive mode. The spray voltage of the ion source was set at 3.0
kV and the S-Lens RF Level was set at 68%. The sheath gas was 60 arbitrary units
(abu), the auxiliary gas was 20 abu, and the sweep gas was 0 abu. The capillary
temperature was set at 300°C. Instrument calibration was performed externally
each month with a calibration solution consisting of caffeine, n-butylamine,
MRFA (Met-Arg-Phe-Ala), ultramark 1621, acetic acid in a mixture of acetonitrile/
water/methanol (2:1:1, v/v). Ion abundance was monitored in the full scan using
the zoom-scan mode for glutamine (m/z 245–260), citrulline (m/z 274–290),
ornithine (m/z 303–320), arginine (m/z 273–290), phenylalanine (m/z 264–280),
and tyrosine(m/z 352–370).

Principle of tracer methodology
Atoms of the same element that differs in mass are called isotopes which are
naturally occurring in molecules. Some of the isotopes are stable and by using
mass spectrometric analyses the occurrence of the various isotopes of a molecule
can be determined. Likewise, the measurement of the relative abundance of
isotopes of a compound can be used as a research tool which plays an important
role in biological studies nowadays. Stable isotopes of carbon, nitrogen, oxygen
and hydrogen are commonly used to incorporate synthetically in molecules
of particular interest to form tracers which are given to test subject in order to
elucidate biological pathways in the human body. In assumption that enzymes
do not discriminate between molecules (tracee) and its labeled counterpart
(tracer), the enrichment of the tracer and synthesized products will increase in
metabolic processes by which it is involved. Mass spectrometric analysis is used
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to determine the enrichment of tracers and enriched synthesized products
in biological samples that might be of help to elucidate metabolic pathways.
Furthermore, the peak integration of each individual isotope can be used to
calculate the enrichment, which is expressed in tracer-to-tracee ratio(TTR) and
molar percentage excess (MPE) in this study. The TTR is determined by calculating
the ratio of the labeled compound and the unlabeled compound. Additionally,
the MPE is the enrichment of that isotope as percentage of all isotopes which is
calculated with the next formula:
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MPE = (TTR /TTR + 1) x 100%

FIGURE 1| Representative extracted ion chromatogram (XIC) of the specific amino acid derivates
obtained from a plasma sample which was prepared according the developed purification and
derivatization method using ethyl chloroformate as the reagent. The absolute signal intensities
are presented in each XIC.

Method validation
The method was validated for the linearity and the limit of quantitation, the intraday precision, inter-day precision, and recovery and matrix effects. The upper
and lower limits of quantitation were determined and defined by the domain
of linearity of the concentration and enrichment curves. The intra-day precision
was determined by analyzing pool plasma samples in six-fold, which were spiked
at relevant enrichment levels. Inter-day precision was evaluated by analyzing
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the same pool plasma samples in duplication six different days. Recovery was
determined by the analysis of plasma samples that were spiked with known
amounts of amino acids before and after sample purification. Matrix effects were
evaluated by post-column infusion of internal standards and the injection of and
internal standard free matrix to reveal ion suppression.

Results & Discussion
Sample preparation
In preliminary experiments, plasma samples were prepared based on a simple
method using a protein precipitation step with acetonitrile and after derivatization
the sample extract was analyzed. For this study however, plasma samples were
treated with SSA directly after sample collection immediately after sample
collection to precipitate proteins and to prevent undesirable side reactions.
Although SSA is widely used for protein precipitation, it is not recommended
for use in combination with ethyl chloroformate since this derivatization
reagent reacts with acids. As a consequence, reaction products were formed by
derivatization of SSA in the preliminary experiments, which interfered with the LC/
MS analysis. To overcome this problem, a cation exchange purification (14) step
was introduced for removing interfering reaction products. Since the amino acids
are positively charged and SSA negatively charged at low pH, SSA will not bind to
the cation exchange resin and it is removed during the washing steps with water.
The introduction of this purification step resulted in lower background signals,
which was beneficial for the precise measurement of isotopic enrichments.

Derivatization of amino acids
Since the derivatization method of the amino acid with ethylchloroformate
(ECF) is based on preparation methods for GC/MS analyses, which have proven
to be robust derivatization methods, the initial conditions of the derivatization
were used with some minor modifications (30,34,35). Although the volumes of
solvents and reagent were slightly adapted, the ratios were generally maintained.
Based on these methods, the amino acids are typically derivatized directly in
an alkaline (pH 8) aqueous solution, which is a very fast reaction (5 minutes)
catalyzed by pyridine. Derivatization is followed by the extraction of the much
less polar formed products using organic solvents. Since the optimal extraction
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solvent for arginine and citrulline derivatives was not yet known, the extraction
efficiency of the derivatives from there action mixture was investigated to
increase the yield. Different extraction solvents were tested such as ethyl acetate,
mixtures of hexane/dichloromethane (1:1), and chloroform/iso-octane (2:1). The
extraction efficiency for glutamine and citrulline was doubled using ethyl acetate
and chloroform/iso-octane (2:1) compared with hexane/dichloromethane (1:1).
In the case of arginine, the extraction efficiency was increased more than 10-fold
using ethyl acetate.
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In conclusion, ethyl acetate had the highest yields and was selected for the
extraction of the derivatives in this study.

Liquid chromatography optimization
The UHPLC gradient and mobile phases applied by Cimlová were used in this study
as a starting point with small modifications. However, in preliminary experiments
that analyzed amino acid ECF derivatives in aqueous solvents, peak tailing was
observed after a few injections. Consequently, the back pressure of the column
was slowly increased until the upper allowable pressure limit was finally reached,
which resulted in an obstructed analytical column. Although replacement of the
guard column did not decrease the back pressure of the column, it was suggested
that particles such as pyridine salts in the derivatization reaction could be formed
and end up in the final extract, causing the increased back pressure. Therefore,
the standards were transferred to a 0.2 μm filter to remove possible particles, but
peak tailing and increasing backpressure were still observed. With this in mind, it
seems that a chemical modification of the column material occurs that involves
the derivatization reagent and active groups of the column material, which can
be prevented by the addition of ion pair reagents shielding the active groups.
By changing the mobile phase composition to formic acid and by the addition
of ion pair reagent TDFHA, the peak tailing issues and clogging of the column
were solved and numerous injections of standards and samples for amino acid
analysis could be performed. Since it is essential that the amino acids are baseline
separated from interfering signals to measure the isotopic enrichment accurately,
the most suitable gradient was selected based on the maximum distribution of
the derivatives over the chromatographic space within 30 minutes for obtaining
Gaussian peak shapes for individual compounds (Figure 1).
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Mass spectrometry
Optimal ion source parameters for each individual amino acid were obtained by
infusion of the amino acid derivatives that were mixed with the HPLC solvent
using a PEEK T-piece to mimic the chromatographic conditions. The selectivity of
the ion trap VelosPro MS system for reliable isotopic enrichment analysis depends
on the resolving power of the instrument. Since high resolving power can
discriminate between isotopes, the higher the resolution of the instrument, the
better the selectivity for tracer analyses. Therefore, the ion trap MS was operating
in the zoom scan that was the optimal compromise between resolution and still
having enough data cycles and sensitivity. Another way to improve the precision
of the tracer analysis would be to run the instrumental analyses in triplicate and
average the isotopic enrichment, which should improve the accuracy of the
enrichment in theory by a factor of about the square root of 3.

Method validation
The method was validated for the upper and lower limits of quantitation (LOQ),
which were determined by the domain of linearity using the upper and lower
part of the calibration curve. As a result, the LOQ for the concentration were
in the range of 0.5–700 μmol∙L-1 (glutamine), 0.2–200 μmol∙L-1 (ornithine), and
0.2–500 μmol∙L-1 (arginine, citrulline, phenylalanine and tyrosine). Furthermore,
upper and lower LOQ for enrichments were determined for [15N]glutamine
(0.50–12% label), [13C-D4]citrulline(0.28–21% label), [U-13C5]ornithine (0.4–10%
label), [15N2]arginine(0.5–14% label), [D5]phenylalanine (0.7–25% label), [D2]
tyrosine(0.33–22% label), and [D4]tyrosine (0.08–3% label). Instead of [5-13C,D4]
ornithine, the isotopomer [U-13C5]ornithine was used for the method validation
due to availability.The LOQ for the concentration and enrichment were determined
and defined by the domain of linearity of the concentration and enrichment
curves in the aqueous solvent. Although calibration curves in an aqueous solvent
may not account for possible ion suppression effects, it was revealed by postcolumn infusion that there were no matrix effects at the retention times of the
derivatives, as demonstrated in Figure 2. Therefore, the calibration curves were
prepared in an aqueous solvent of water/acetonitrile/1 M sodium carbonate
(10:4:1) which was of the same composition as the plasma samples just before
derivatization. Results of the retention times, molecular ions, and the LOQ for the
low and high concentrations are presented in Table 1. Furthermore, an example
of a concentration and enrichment curve of arginine are given in Figure 3 and 4.
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3

Figure 3 represent the concentration calibration curve of arginine ranging from
5 to 200 μmol∙L-1 and the enrichment calibration curve of [15N2]arginine in Figure
4, which is the measured tracer-to-tracee ratio plotted against the percentage
of added label to a fixed amount of arginine. The linearity, expressed in R2, was
better than 0.993 for all the calibration curves. The precision and accuracy of the
method were evaluated by analyzing pool plasma samples enriched with tracers.
The results of the intra-assay precision are less than 5% for each amino acid and
its isotopes, which are presented in Tables 1 and 2. The inter-assay precision is less
than 15% for all amino acids and their isotopomers, except for [U-13C5]ornithine,
due to the low signal of the measured isotopic fragment. The sample preparation
method had good recoveries for all amino acids (78–98%), which nicely fits in the
recommended 70–120% recovery range.

FIGURE 2 | Determination of ion suppression effects by post-column constant infusion of
internal standard derivates and simultaneous analysis of a plasma sample prepared according to
the developed purification and derivatization method. The extractedion chromatogram (XIC) of
citrulline and its internal standard reveals no evident ion suppression or enhancement effects at
the retention area of citrulline.

Application of the method in plasma samples
The amino acid kinetics were examined in seven patients. Written informed
consent was obtained from all patients. The study protocol was approved by the
Medical Ethics Committees of the VU University Medical Center, Amsterdam, The
Netherlands and was registered in The Netherlands’ trial register (NTR2914). The
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patients received 0.5 g∙kg-1∙day-1. alanyl-glutamine for at least 15 hour prior to the
start of the tracer protocol.
TABLE 1 | Validation results amino acid concentration.
Compound

RT
(min)

Glutamine
Citrulline
Ornithine
Arginine
Phenylalanine
Tyrosine

3.60
4.05
10.00
12.65
19.35
21.63

Intra-assay Inter-assay
Molecular
Recovery
Linear range Linearity
precision precicion
ion
(R2)
(%)
(μmol∙L-1)
(%)
(%)
(m/z)
247.2
276.2
305.2
275.2
266.2
354.2

0.7 - 700
0.2 - 500
0.2 - 500
0.2 - 500
0.2 - 500
0.2 - 500

0.9936
0.9989
0.9989
0.9983
0.9993
0.9996

2.15
0.46
0.67
0.51
0.43
0.61

7.39
4.44
4.28
5.97
4.49
4.85

82
92
98
78
89
88

TABLE 2 | Validation results amino acid enrichment.
Inter-assay Inter-assay
Linearity Enrichment
precicion precicion
(% MPE)
(R2)
(%)
(%)

Molecular
ion
(m/z)

Linear
range
(% label)

[15N]Glutamine

248.2

0.50–12

[ C-D4]Citrulline

281.2

0.28–21

0.9989

9.35

0.77

5.32

[U-13C5]Ornithine

310.2

0.4–10

0.9977

1.33

3.65

24.61

Compound

13

0.9994

5.02

1.90

3.22

[15N2]Arginine

277.2

0.5–14

0.9998

4.30

1.41

3.63

[D5]Phenylalanine

271.2

0.7–25

0.9978

4.91

1.81

12.70

[D2]Tyrosine

366.2

0.33–22

0.9996

4.17

1.33

5.07

[D4]Tyrosine

368.2

0.08–3

0.9996

0.70

2.85

9.00

After baseline sampling, a primed, continuous intravenous infusion of the stable
isotope tracers was administered and continued for 2.5 h. According to Table
3, tracer dosages for [5-13C,2H4]citrulline, [15N2]arginine, [2-15N]glutamine, [D2]
tyrosine, [D4]tyrosine, and [D5]phenylalanine were simultaneously infused to
reach adequate enrichments levels. Furthermore, blood samples were drawn at
0, 30, 60, 90, 120, and 150 minutes after the beginning of the infusion. Significant
enrichments in blood samples were found at T = 30, 60, 90, 120, and 150 minutes
for [2-15N]glutamine (3–6% MPE)), [5-13C,2H4]citrulline (3–10% MPE), [15N]citrulline
(0.6–6% TTR)), [15N2]arginine (3–11% MPE), and [D5]phenylalanine (1.8 to 7%
MPE). Low enrichments in plasma were found for [15N]arginine (0.4–1.7% TTR)
and [5-13C,2H4]arginine (0.4–1.9% TTR), as well as for [5-13C,2H4]ornithine (0.5–3%
MPE), [D2]tyrosine (0.7–3.7% MPE), and [D4]tyrosine (0.2–0.6% MPE). Amino acid
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concentrations were found in plasma for glutamine (667 ± 79 μmol∙L-1), citrulline
(30 ± 4 μmol∙L-1), arginine (69 ± 21 μmol∙L-1), ornithine (78 ± 24 μmol∙L-1), tyrosine
(60 ± 17 μmol∙L-1), and phenylalanine (63 ± 22 μmol∙L-1).
y = 0.0624x - 0.0329
R2 = 0.9999
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FIGURE 3 | Concentration calibration curve of arginine. The peak area to internal standard ratio
is plotted against the concentration of arginine which is ranging from 5 to 200 μmol∙L-1. [U-13C6]
arginine was used as internal standard. Y = (0.06237 ± 0.00012)X - (0.0329 ± 0.0016).

y = 0.0101x + 0.0175
R2 = 0.9998

FIGURE 4 | Enrichment calibration curve of [15N2]arginine. The measured tracer-to-tracee ratio
is plotted against the percentage of added label which is ranging from 0.5% to 14% label. Y =
(0.01011 ± 0.00006)X - (0.0175 ± 0.0002).
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Conclusion
In this report, a derivatization procedure for amino acids in plasma using ethyl
chloroformate in combination with LC/MS ion trap analysis has been discussed.
In contrary to GC/MS analysis, this novel method is capable of measuring arginine
and citrulline with sufficient sensitivity for enrichment analysis. Despite superior
isotopic enrichment analysis of the IRMS, this novel method has the advantage
that it is able to measure arginine and citrulline with multiple isotopes like
deuterium, 15-nitrogen and 13-carbon in a single run using less sample material.
Furthermore, in case of using LC in combination with IRMS, elution of the specific
amino acid would be challenging since the use of organic solvents are prohibited.
The concentration and enrichment of NO synthesis-specific amino acids as well
as phenylalanine and tyrosine to measure protein turnover, were determined
with good inter-day precision in plasma samples at low and high enrichment
levels. However, a low abundance of [U-13C5]ornithine in the plasma resulted in
a lower intra-day precision for enrichment analysis. The purification method had
good recoveries (78–98%) and no ion suppression was observed by post-column
infusion experiments. Several separation methods using ion-pair reagents and
HILIC, as well as derivatization procedures such as the on-line derivatization
method of Van Eijk were tested for this study (21). We found that the sensitivity
of these methods was insufficient for accurate measurement of low enrichment
levels in the plasma samples. The developed ethylchloroformate derivatization
procedure provided the highest sensitivity and was only capable of measuring
low enrichments levels with good precision in the plasma samples for this study.
Another important advantage is that the proposed derivatization procedure is
robust, rapid, simple, and can be performed in an aqueous environment without
any incubation step and the obtained derivates are stable. All results considered,
this novel method provides a rapid and easy derivatization procedure for precise
and robust measurement of isotopic enrichments of NO synthesis-specific amino
acids using an LC/MS system with high sensitivity and selectivity.
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Background: Arginine plays a role in many different pathways in
multiple cell types. Consequently, shortage of arginine, caused
by pathological conditions like cancer or injury, has the potential
to disturb many cellular and organ functions. Glutamine is the
ultimate source for de novo synthesis of arginine in humans via the
intestinal-renal axis. Therefore, we hypothesized that parenteral
glutamine supplementation may stimulate the interorgan pathway
of arginine production.

abstract

Objective: The objectives were to quantify arginine production
from its precursor glutamine and to establish the contribution of
the kidneys to de novo synthesis of arginine in patients receiving
intravenous supplementation of glutamine dipeptide during major
abdominal surgery.
Design: Whole-body and renal metabolism of glutamine, citrulline,
and arginine was assessed by stable isotopes techniques in 7
patients receiving a perioperative supplement of intravenous
alanyl-glutamine (0.5 g∙kg-1∙day-1).
Results: Plasma glutamine, citrulline and arginine concentrations
increased significantly in patients receiving intravenous glutamine
dipeptide. On whole-body level, 91% of total citrulline turnover
was derived from glutamine, whereas 49% of whole-body citrulline
turnover was used for de novo synthesis of arginine. The kidneys
were responsible for 75% of whole-body arginine production from
citrulline.
Conclusion: Glutamine and citrulline are important sources for de
novo arginine synthesis. The kidneys are the main production site
for endogenous arginine. After comparison of these results with
previous similar studies, our data suggest that an intravenous
glutamine supplement doubles renal arginine production from
citrulline.
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Introduction
Arginine is a conditionally essential amino acid. This means the normal
endogenous arginine production meets the need of the adult human body, but
in pathophysiological conditions, de novo arginine synthesis becomes inadequate.
Without adequate supplementation of arginine or its precursors, arginine availability
may decrease to concentrations jeopardizing normal biological responses (1,2).
Arginine is a molecule of particular interest because it plays a role in many different
pathways in multiple cell types. Arginine is an important regulator of protein
synthesis and proteolysis and it serves as the precursor for nitric oxide, creatine,
agmatine, polyamines, proline and glutamate (3).
Studies in animals and humans showed that arginine becomes an essential amino
acid in several pathological conditions, such as after traumatic surgical injury,
during cancer, critical illness and infections (4,5). This arginine deficiency may lead
to immunosuppression, impaired recovery, disturbed inflammatory response, and
diminished vascular function (2, 4). Unfortunately, arginine supplementation showed
controversial effects in critically ill patients (6). Yet, it was also found that glutamine
administration increases plasma concentrations of arginine (7-10). Metabolic studies
showed that glutamine is an important precursor for the synthesis of citrulline in the
intestines and arginine by the kidneys (glutamine-citrulline-arginine intestinal-renal
axis) (11-13), and also has been quantified using a stable isotope method (12-16).
Moreover, glutamine supplementation has positive effects on clinical outcome in
several diseases (17-20). It has been suggested that a major part of glutamine’s effects
can be attributed to the formation of arginine from the administered glutamine (21).
However, data on clearly defined net contribution of glutamine to the synthesis
of citrulline and arginine when extra glutamine is administered are lacking. When
translating research, the development of optimal nutritional strategies relies
on distinct insights into the effect of a supplemental component on metabolic
pathways. Especially now that a recently published randomized trial has shown
controversial effects of high-dose glutamine supplementation (22), in-depth
metabolic data on the effects of glutamine supplementation are desired more than
ever. We hypothesized that a parenteral supplement of glutamine, provided as a
dipeptide, stimulates citrulline formation and enhances de novo arginine synthesis in
the kidneys in humans in the postabsorptive state. We designed this stable isotope
study in glutamine-supplemented patients undergoing abdominal surgery to
investigate the effects of extra glutamine on whole-body and renal metabolism of
glutamine, citrulline and arginine.
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Subjects & Methods
Patients

4

Whole-body and renal amino acid kinetics were quantified in 7 patients during
abdominal surgery. Patients with parenchymal liver disease, renal failure,
inborn metabolic disease, type 1 diabetes, recent weight loss, cachexia, or other
indications of metabolic disorders were excluded from the study. After a baseline
blood sample was drawn along with a blood sample for routine preoperative
laboratory tests, a primed continuous intravenous infusion of 0.5 g∙kg-1∙day-1
alanyl-glutamine (Dipeptiven®, Fresenius Kabi) was administered 1 day before
surgery. The dosage of 0.5 g alanyl-glutamine ∙kg-1∙day-1 has been proven to
be save and is recommended by the manufacturer. Oral intake was allowed
only until 12 h before surgery, except for water. Written informed consent was
obtained from all patients. The study protocol was approved by the Medical Ethics
Committees of the VU University Medical Center, Amsterdam, the Netherlands
and was registered in the Netherlands trial register (NTR2914).

Study design
The study design consisted of 2.5-hour tracer infusion and blood sampling
during open abdominal surgery enabling steady state isotopomer calculations.
The metabolic study was conducted during major abdominal surgery to quantify
renal citrulline and arginine turnover. The tracer infusion and the blood sampling
were performed during the first exploratory phase of the laparotomy, before
invasive surgical intervention of abdominal or retroperitoneal anatomical
structures. During the study period, an antecubital vein catheter was used for
tracer infusion. This catheter was already in place for alanyl-glutamine infusion
and clinical purposes. Blood was sampled from a radial artery catheter, installed
according to standard perioperative protocol. In all patients, anesthesia and
epidural analgesia was applied according to a standard protocol.

Stable isotope tracers
The tracers [2-15N]glutamine, [5-13C,2H4]citrulline, and [15N2]arginine were
purchased from Cambridge Isotope Laboratories. The Department of Clinical
Pharmacy at the Erasmus Medical Center in Rotterdam, the Netherlands prepared
sterile and pyrogen-free stock solutions of the tracers. The glutamine tracer was
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prepared the day before surgery, due to the limited stability of glutamine in
solution (72 hour). The stock solutions were diluted with a physiological saline
solution just before the start of the tracer infusion.

Tracer infusion, blood sampling, and renal blood flow measurement
After baseline sampling, a primed, continuous intravenous infusion of the stable
isotope tracers was administered and continued for 2.5 hour. Tracer infusion was
controlled by a calibrated, volume-controlled pump (Graseby 3000; Graseby
Medical Ltd).
Blood samples were drawn at 30, 60, 90, 120, and 150 minutes after the beginning
of the tracer infusion. After approximately 120 minutes, at isotopic steady state,
blood was drawn from both the radial artery catheter and the renal vein by direct
puncture simultaneously, to study renal metabolism. The renal vein was sampled
before organ clamping or transection.
Blood was collected in heparinized vacuum tubes (Vacutainer; Becton-Dickinson)
and placed on ice. First, the hematocrit of the blood samples was measured.
Blood was centrifuged (10 minutes, 1910 x g, 4°C), and 50 µL of the supernatant
was deproteinized with 20 mg dry SSA within 1 hour after sampling. After mixing,
samples were stored at -80°C until analysis.
To quantify renal amino acid fluxes, renal blood flow was determined with a
color Doppler ultrasound (Aloka Prosound SSD 5000; Aloka Co, Ltd) as described
previously (12); time-averaged mean velocity of the bloodstream and crosssectional area of the right renal vein were measured during the explorative phase
of the operation. Blood flow was calculated by multiplying the cross-sectional
area with the velocity of the bloodstream. Plasma flow was calculated by this
equation: plasma flow = blood flow(1-hematocrit). Total renal flow was estimated
by multiplying plasma flow by 2. Mean renal plasma flow was used to calculate
amino acid fluxes across the kidneys.

Mass spectrometric analysis
Plasma enrichments of the infused tracers and the tracer products were
measured by liquid chromatography-mass spectrometry (LC/MS) (23). Briefly,
20 µL of hydrochloric acid, 20 µL of intern standard and 200 µL cation exchange
solution [0.1 mg∙mL-1 AG 50W-X8 resin (Biorad), 200-400 mesh] were added to
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50 µL of deproteinized plasma. After mixing and centrifugation, the supernatant
was removed. The resin was washed with 1 mL water and the amino acids were
extracted twice with 500 µL and 200 µL 6 mol∙L-1 ammonia respectively. The eluate
was dried in a SpeedVac (Genevac Ltd) and redissolved in 80 µL acetonitrile, 20
µL 1 mol∙L-1 sodium carbonate, 200 µL water and 140 µL pyridine-ethanol (4:1).
Derivatives of the amino acids were prepared by adding ethyl chloroformate and
incubating for 5 minutes. After two extractions with ethyl acetate, the combined
solutions of both the first (400 µL) and the second extraction (400 µL) were
evaporated under a gentle stream of nitrogen at room temperature until it was
almost dry and redissolved in 100 µL 20% methanol. Analyses were performed
on a LC/MS (Velos Pro, Thermo Fisher) by injecting 10 µL of sample extract on a
2.1- to100 mm, 1.7µm Waters Acquity BEH C18 column. Elution was performed
at a stable temperature of 40˚C using mobile phases consisting of 0.5 mmol∙L-1
tridecafluoroheptanoic acid and 1 mL∙L-1 formic acid (phase A) and methanol with
0.5 mmol∙L-1 tridecafluoroheptanoic acid and 1 mL∙L-1 formic acid (phase B). Ion
abundance was monitored in full scan using the zoom-scan modus for glutamine
(m/z 245-260), citrulline (m/z 274-290), ornithine (m/z 303 - 320) and arginine
(m/z 273 -290).

Calculations
All equations used for calculating the whole-body and organ metabolism of
glutamine, citrulline and arginine are described in Table 1. Isotope enrichments
were expressed as mole percent excess (MPE), calculated as enrichment at
steady state minus isotopic background measurements at baseline. Whole-body
turnover of glutamine, citrulline and arginine was calculated. Furthermore, wholebody conversion rates for glutamine into citrulline and citrulline into arginine
were determined. Renal plasma flow and arteriovenous differences in amino acid
concentrations and isotopic enrichments were used to obtain insight into the
renal metabolism of citrulline and arginine. Arginine production from citrulline
in the kidneys was calculated by using the arterial enrichment of citrulline [M+5]
and the venous enrichment of arginine [M+5]. The renal output of arginine [M+5]
was corrected for bypassing arginine. All fluxes are presented in micromole amino
acid per kilogram of total body weight of the human subject per hour.
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TABLE 1 | Equations.
Variable

Equation

Whole-body Turnover

Q = i[(Ei/Ep) – 1]

Whole-body endogenous glutamine flux

QGln-endo = Total QGln - QGln-exo

Whole-body conversion rate glutamine to citrulline QGln-Cit = ECit M+1/EGln M+1 x QCit M+5
Whole-body conversion rate citrulline to arginine

QCit-Arg = EArg M+5/ECit M+5 x QArg M+2

Whole-body conversion rate glutamine to arginine QGln-Arg = EArg M+1/EGln M+1 x QArg M+2
Renal Net Balance (NB)

NB = ([A]-[V]) x F

Renal Tracer Net Balance (TNB)

TNB = ((EA [A])-(EV[V]) x F

Renal Fractional Extraction (FE)

FE = Tracer NB / ([A] x EA x F)

Renal Disposal

TNB/EV

Renal Production

Net renal influx - NB

Renal ArginineM+5 Output

([V] x EV x F) – ([A] x EA x F x (1-FE))

Renal arginine production from citrulline

QCitrullineArginine = ArginineM+5 Output / ([ACit]
x EA-Cit M+5 x F) x ([ACit] x F)

Q, flux in µmol·kg-1·h-1. E, enrichment in mole percent excess (MPE). Ei, enrichment in infusate.
Ep, enrichments in plasma at steady state. QGln-endo, endogenous glutamine flux in µmol·kg-1·h-1.
Total QGln, whole-body glutamine turnover during alanyl-glutamine infusion in µmol·kg-1·h-.
QGln-exo, exogenous flux of glutamine in µmol·kg-1·h-. QGln-Cit,, whole-body glutamine to citrulline
conversion rate in µmol·kg-1·h-1. ECit M+1, plasma enrichment of citrulline [M+1] in MPE. EGln M+1,
plasma enrichment of glutamine [M+1] in MPE. QCit M+5, whole-body flux of citrulline [M+5]
µmol·kg-1·h-1. QCit-Arg, whole-body citrulline to arginine conversion rate in µmol·kg-1·h-1. EArg M+5,
plasma enrichment of arginine [M+5] in MPE. ECit M+5, plasma enrichment of citrulline [M+5] in
MPE. QArg M+2, whole-body flux of arginine [M+2] in µmol·kg-1·h-1. NB, renal net balance in µmol·kg1 -1
·h . TNB, renal tracer net balance in µmol·kg-1·h-1. FE, renal fractional extraction in percent. F,
renal plasma flow. [A], arterial concentration. [V], venous concentration. EA, arterial enrichment
in MPE. EV, venous enrichment.

Statistical analysis
Results are presented in mean ± SEM. Enrichment curves were fitted to determine
a mean steady state value per individual using Prism 5.0 for Windows (GraphPad
Software Inc). Quantile-quantile plots of the data showed linearity, indicating that
the distribution is consistent with the assumption of normality. The Student’s t-test
was used to determine significant differences in amino acid concentrations between
the plasma sample before the start of parenteral alanyl-glutamine administration
and during parenteral alanyl-glutamine supplementation just before the tracer
infusion. The 1-sample t test was used to test whether the values were significantly
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different from zero. SPSS 20.0 for Windows software (SPSS Inc) was used to perform
statistical tests. P<0.05 was considered to indicate a significant difference.

Results

4

Baseline characteristics of the patients are shown in Table 2. The patients received
0.5 g alanyl-glutamine ·kg-1·day-1 for at least 15 h before the start of the tracer
protocol. Tracer dosage for [5-13C,2H4]citrulline and [15N2]arginine were comparable
with that in other studies (11, 18, 21); [2-15N]glutamine tracer dosage was corrected
for the simultaneous alanyl-glutamine infusion to reach adequate enrichments
(Table 3). We found significant enrichments of glutamine [M+1], citrulline [M+5]
and citrulline [M+1] and arginine [M+2]. We also found significant enrichments
of arginine in plasma at [M+1] and [M+5], which confirms the metabolic route
from glutamine to citrulline and arginine. No significant tracer enrichments for
ornithine were detected. Arterial plasma enrichments of the infused tracers and
the tracer products were observed to be in steady state (Figure 1).

FIGURE 1 | Steady state curve of primed, continuously infused tracers (A) and their products (B)
in MPE (n=7). 60 minutes after the start of tracer infusion, all isotopomers are in equilibrium.
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Amino acid concentrations increase with a supplement of glutamine
The plasma concentrations of glutamine, citrulline and arginine significantly
increased after the administration of intravenous 0.5 g alanyl-glutamine ·kg-1· day-1
compared to baseline (Figure 2).

4

FIGURE 2 | Plasma concentrations of glutamine, citrulline and arginine (mean ± SEM) at the time
of inclusion (Tincl) and after the administration of intravenous 0.5 g·kg-1·day-1 alanyl-glutamine
just before the start of the tracer infusion (T0) (n=7). The Student’s t-test was used to determine
significant differences in amino acid concentrations between Tincl and T0. *P < 0.05.

Whole-body amino acid turnover
Whole-body plasma turnover of glutamine, citrulline and arginine was 423±29,
9.5±1.0 and 30.4±2.2 µmol·kg-1·h-1, respectively. Whole-body endogenous glutamine
flux was 327±29 µmol·kg-1·h-1. Estimated whole-body citrulline production from
plasma glutamine was 8.1±0.9 µmol·kg-1·h-1, representing 91% of the total citrulline
turnover. Forty-nine percent of total citrulline turnover was used for de novo
arginine synthesis at the whole-body level, which was 4.5±0.6 µmol·kg-1·h-1. Wholebody arginine [M+1] production derived from glutamine [M+1] was 6.33 µmol·kg1 -1
·h . Since this is more than 100% of the citrulline to arginine conversion rate, this is
probably an overestimate caused by nitrogen recycling or channeling, as discussed
later.

88 | PART I - CLINICAL NUTRITION AND ARGININE/NO METABOLISM
TABLE 2 | Patient baseline characteristics.
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Patient characteristics

Values (n=7)

Sex

2 female; 5 male

Age (years)

64 ± 3

Height (cm)

178 ± 3

Weight (kg)

91 ± 5

Body Mass Index

29 ± 1

Amino Acid Concentration (μmol∙L-1)*
Glutamine
Citrulline
Arginine

667 ± 30
30 ± 2
69 ± 8

Preoperative Laboratory Results
Creatinine (µmol∙L-1)
Urea (mmol∙L-1)
Glomerular Filtration Rate
Billirubin (µmol∙L-1)
Albumin (g∙L-1)
Glucose (mmol∙L-1)

84 ± 9
6 ± 0.5
>60
7±2
41 ± 3
6.9 ± 0.6

Surgical procedure

7 Infrarenal abdominal
aorta aneurysm repair

Urine production during protocol (mL)

156 ± 40

Total fluid provided during protocol (mL)

1489 ± 199

Total renal Plasma flow (mL·kg ·min )

5.58 ± 0.5

-1

-1

Values in mean ± SEM. *Before alanyl-glutamine administration
TABLE 3 | Tracer dosage.
Priming dose (µmol·kg-1)

Infusion dose (µmol·kg-1·h-1)

L-[2- N]glutamine

23.82

20.98

2

L-[5- C-4,4,5,5 H4]citrulline

1.18

0.57

L-[15N2]arginine

2.73

2.16

Tracer
15
13

Renal metabolism
To determine organ-specific amino acid handling, the enrichment of
simultaneously taken arterial and venous samples was used. Arterial and venous
plasma enrichments and concentrations are summarized in table 4. Renal net
balance of citrulline showed an uptake of 4.1±1.2 µmol·kg-1·h-1 and this was
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accompanied by a net release of arginine of 4.0±0.7 µmol·kg-1·h-1, illustrating the
role of the kidney in arginine metabolism (Figure 3). Eighty-five percent of the net
renal citrulline [M+5] uptake was utilized for net arginine [M+5] production. Total
renal arginine production from citrulline was 3.0±0.7 µmol·kg-1·h-1, representing
72% of net renal citrulline uptake and 74% of net renal arginine release. The kidneys
were responsible for 75% of de novo arginine synthesis at the whole-body level.

Discussion
This study shows the qualitative and quantitative effects of an intravenous
supplement of glutamine on whole-body and renal metabolism of glutamine,
citrulline and arginine in humans in the postabsorptive state. The use of the [215
N]glutamine tracer showed that almost all circulating citrulline derived from
glutamine. Approximately half of the circulating plasma citrulline was used for
arginine production. The kidneys were responsible for 75% of whole-body de
novo arginine synthesis with a production rate of approximately 3.0 µmol·kg-1·h-1.
This study’s effect of the intravenous glutamine supplement on the metabolism
of citrulline formation and arginine production should be interpreted in the
background of results obtained in previous stable isotope studies with a similar
design. The study by Ligthart-Melis et al is comparable to the current study,
because similar intravenous stable isotopes were used in human subjects in the
postabsorptive state during abdominal surgery to determine renal metabolism
(12). In those patients, the whole-body glutamine flux was 240±14 µmol·kg-1·h-1,
whereas in our patients receiving a supplement of glutamine, the whole-body
total glutamine flux was almost doubled and the endogenous glutamine flux was
approximately 40% higher. In both studies, half of circulating citrulline was used
for de novo arginine synthesis. However, in our study the glutamine supplement
caused an increase in citrulline concentrations and renal arginine production
from citrulline was 3.0±0.7 µmol·kg-1·h-1 compared with only 1.5±0.7 µmol·kg1 -1
·h in the study without glutamine administration (12). Thus, renal arginine
production seems to be doubled in humans receiving 0.5 g alanyl-glutamine·kg1
·day-1 intravenously, compared to previous results in humans without glutamine
supplementation. This was also reflected by the significant increase of arginine
plasma concentration during glutamine infusion compared with baseline in the
current study.
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TABLE 4 | Renal arterial and venous plasma amino acid concentrations and tracer enrichments.
Citrulline
(μmol∙L¯¹)

Arginine
(μmol∙L¯¹)

Citrulline
[M+5] (MPE)

Arginine
[M+2] (MPE)

Arginine
[M+5] (MPE)

Arterial 33 ± 7

80 ± 7

6.11 ± 1.0

6.9 ± 0.8

0.7 ± 0.1

Venous 21 ± 4

91 ± 9

6.3 ± 1.0

5.9 ± 0.7

1.1 ± 0.1

Values in mean ± SEM (n=7). Amino acid concentrations and enrichments were measured by
using mass spectrometry.
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FIGURE 3 | Renal net citrulline uptake and net arginine release in µmol·kg-1·h-1 (n=7), from which
74% was derived from de novo arginine synthesis from citrulline (dark grey).

Arginine is an important regulator of the immune system, cell homeostasis and
protein synthesis and it plays important roles in multiple metabolic pathways (24).
In addition, arginine is the sole precursor for nitric oxide generation, a signaling
agent with a crucial role in immunity, inflammation and organ perfusion (25). As
demonstrated in previous studies and the present study, citrulline can be converted
into arginine, mainly in the kidneys (12,26). This de novo arginine synthesis has
been shown to be the main regulator of plasma arginine concentrations (11).
Plasma arginine concentrations can be affected in pathological conditions in
which the disposal capacity of arginine is enhanced (5,27-31). Thus, in various
pathological conditions de novo arginine synthesis appears to be insufficient.
Systemic arginine deficiency contributes to immunosuppression, inflammation
disorders and vascular dysfunction in sick patients, which may lead to concomitant
morbidity and mortality (4). Metabolic studies suggested that an arginine
deficiency is related to a decreased glutamine availability, affecting intestinal
citrulline formation and subsequently arginine production (11). Conversely,
after glutamine supplementation, an increase in citrulline and arginine plasma

Glutamine enhances renal arginine production | 91

concentrations is found (7,10,32). Other intermediates of the intestinal-renal
axis have been suggested to enhance arginine production as well. For example,
the supplementation of ornithine α-ketoglutarate resulted in increased citrulline
and arginine concentrations, whereas ornithine supplementation did not
(33). Furthermore, citrulline regulates de novo arginine synthesis and citrulline
supplementation could augment a similar effect on arginine production, as
shown in the current study. However, glutamine is still considered to be the
premier precursor of arginine via the intestinal-renal axis. In fact, in this study we
confirmed the existence of this precursor role and demonstrated that glutamine
supplementation enhances renal de novo arginine synthesis from citrulline in
comparison to previous published results (12).
Glutamine administration showed to be beneficial in several pathological
conditions (7,10). Recently the administration of high doses of glutamine in
critically ill patients with multi-organ failure became controversial after possible
adverse effects were found in these patients (22).
However, this clinical trial included patients with kidney failure and liver
failure, which are both contraindications for glutamine supplementation. After
combination of available studies on glutamine supplementation, however, it was
found that glutamine still may prevent and limit infections, improve recovery from
injury and positively affect mortality (34-36). Because glutamine is the substrate
for citrulline and arginine, (part of ) the effects of glutamine supplementation
could be mediated by its derivatives. As described before, de novo arginine
production from citrulline is the regulating factor in optimizing plasma arginine
concentrations in the body. Excessive arginine supplementation could also
have adverse effects, probably from the excessive formation of nitric oxide and
oxidative metabolites, subsequently leading to oxidative stress (6). Glutamine
supplementation is suggested to be a more physiological way of correcting
arginine concentrations and subsequently achieve both glutamine and arginine
benefits. In light of previous work, our results seem to support this by showing
the qualitative and quantitative effects of the glutamine supplement on renal de
novo arginine synthesis from citrulline.
Some specific patient populations may benefit most from a supplement of
glutamine, because they show disease-related low glutamine and arginine
concentrations. In combination with data from the literature, our results indicate
that in these specific patient populations, intravenous glutamine supplementation
could restore renal arginine production.
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However, the aim of this study was to investigate the effect of glutamine
administration on arginine production on whole-body level as well as in the
kidneys under the most physiological condition possible. The included patients
did not have metabolic disorders, organ failures or aberrant diets, glutamine,
citrulline and arginine concentrations were in the normal ranges, and the
tracer protocol was conducted in the exploratory phase of surgery. Although
our results suggest that an intravenous supplement of glutamine could correct
depleted arginine concentrations in patients with a pathological induced
arginine deficiency, quantitative and qualitative studies using a stable isotope
technique in these specific patient populations should be performed in the
future. Furthermore, the patients in this study had an average high BMI and were
relatively of high age, representative of patients with abdominal aortic aneurysm,
which may have influenced our metabolic measurements.
The use of stable isotope tracers to quantify glutamine to arginine metabolism
has been a subject of discussion in the past years, ever since a study by Marini
et al. showed that the use of a [2-15N]glutamine tracer may overestimate the
quantitative contribution of glutamine to arginine in mice due to nitrogen
recycling (15). However, studies in humans showed that citrulline plasma
concentrations increase after glutamine supplementation, which is confirmed by
our study. This is possible only when a substantial part of the carbon skeleton
of glutamine is used for citrulline formation. An excellent study by Tomlinson et
al. evaluated this complexity of the glutamine to arginine pathway in humans in
the fed state by using both a C-labeled and an N-labeled glutamine tracer (16).
Similar to our results, they found that the N-labeled tracer showed a contribution
of glutamine [M+1] to arginine [M+1] synthesis that exceeded the citrulline to
arginine conversion. Furthermore, they demonstrated that the labeled N-atom
was found in various locations of the ornithine, citrulline and arginine molecules.
Thus, although they demonstrated that the N-atom from glutamine is used for
ornithine formation and the equivalent isotopomers of citrulline and arginine,
the way it contributes to the formation of the isotopomers remains indefinite. Our
results showed citrulline [M+1] and arginine [M+1] enrichments, but ornithine
enrichments were not significant, indicating a complex contribution of the
N-atom in this pathway. Consequently, we agree with Tomlinson et al. (16) that the
N-labeled glutamine tracer can provide qualitative information on the glutamine
to citrulline and arginine pathway, yet quantitative results should be interpreted
with caution because outcomes may overestimate the contribution of glutamine
to citrulline and arginine formation. More important, quantitatively they

Glutamine enhances renal arginine production | 93

confirmed with a [1-13C]glutamine tracer that the carbon skeleton of glutamine is
used for approximately 50% of de novo arginine synthesis in humans, supporting
the existence of the glutamine-citrulline-arginine pathway (16). With this in mind,
future stable isotope studies to elucidate glutamine to arginine metabolism in
humans should be performed using a carbon-labeled glutamine tracer.

Conclusion
This study was conducted to investigate the way in which a therapeutic dose of
parenteral glutamine affects the synthesis of arginine at the whole-body level
and in the kidneys specifically. Although the amino acid kinetics were examined
in only seven patients, our data consistently showed that during glutamine
supplementation most of the circulating citrulline derived from glutamine
and 49% is used for de novo arginine synthesis in the kidneys. The intravenous
glutamine supplement resulted in significantly higher glutamine, citrulline and
arginine plasma concentrations. To our knowledge, this is the first quantitative
study showing that renal arginine production from citrulline is enhanced in
patients receiving an intravenous glutamine supplement when comparing these
results with previously published data. In conclusion, an intravenous supplement
of glutamine dipeptide enhances de novo arginine synthesis in the kidneys of
humans in the postabsorptive state.
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The results described in part one of this thesis, concerning the whole-body and
interorgan pathway of glutamine, citrulline and arginine, provide new nutritional
opportunities to counteract possible disturbances in pathological settings. For
the past decades, the intestinal–renal axis, representing this interorgan turnover
of glutamine into citrulline and arginine, has received considerable attention
from various research groups. The potential positive but also the potential
harmful clinical effects of the use of these amino acids in nutritional interventions
contributes to the relevance of investigating the role of glutamine as a possible
precursor for the synthesis of arginine.

5

In the general introduction of this thesis, the various mechanisms of action of
glutamine, citrulline and arginine are outlined. These so called semi-essential
amino acids become essential under conditions of stress when the capacity of
endogenous synthesis is exceeded. Just a drop in amino acid levels does not
necessarily results in a clinically significant deficiency, however in some catabolic
states, biological processes that depend on these semi-essential amino acids are
compromised, which may lead to abnormal physiological responses and even
poor clinical outcomes. Cancer, but also critical illness, trauma, sepsis and many
more catabolic conditions may lead to glutamine and arginine deficiencies (1).
Consequently, the effect of enriched nutrition, both enteral and parenteral, with
these amino acids is widely studied.
In the 1980s, many randomised trials were performed to investigate the role of
glutamine and arginine as a nutritional supplement in metabolically stressed
patients. Consistent with the theory, supplementation of these semi-essential
amino acids in the deficient states led to improved clinical outcomes. This
resulted in adjustments in international nutrition guidelines, recommending
enriched nutrition with glutamine and/or arginine in several clinical settings (2,3).
However, these recommendations became controversial after the publication of
two randomised controlled trials showing possible adverse effects of glutamine
supplementation in critically ill patients, the REDOXS trail and the MetaPlus study
(4,5). Both study groups investigated the effect of glutamine and antioxidants in
a wide range of critically ill patients and found that glutamine supplementation
did not have any beneficial effects on ICU mortality and sub-group analyses
suggested that it even may be harmful under specific conditions. However, it
should be noted that in in the REDOXS trial, glutamine was administered both
enteral and parenteral, it was not combined with adequate energy and nitrogen
delivery and study doses exceeded the 0.5 g∙kg-1∙day-1 used in previous studies
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(including our study described in chapter four). Furthermore, included patients
had renal and hepatic dysfunction, which are clear contraindications for
glutamine administration (4). In the MetaPlus study however, very low doses of
glutamine were provided (< 0.3 g∙kg-1∙day-1) and also in this study they were not
able to provide the patients with their required target energy intake (5). Moreover,
the results were only found in small subgroup analyses and post-hoc analyses in
both studies. Although it is of great importance to take these suggested adverse
effects of glutamine supplementation into account in daily practice, given the
limitations of these studies more data is needed to clarify the role of glutamine
supplementation in various disease states. A meta-analysis recently published by
the European Society of Parenteral and Enteral Nutrition showed that glutamine
supplementation to critically ill patients according to clinical guidelines as part
of an adequate nutritional regimen may significantly improve clinical outcome
(6). This indicates that the supplementation of this all-round pharmaco-nutrient
should be combined with adequate energy delivery so that the administered
glutamine serves as the precursor for important biosynthestic pathways instead
of only fuel for depleted cells. Furthermore, it is suggested that several of the
effects of glutamine supplementation can be assigned to its precursor role for
arginine. Increased arginine availability leads to clinical relevant changes in
metabolism. Cancer patients, trauma and surgical patients have been shown to
develop disturbances in immune and inflammatory responses and endocrine
reactions. This is elaborately outlined in chapter one and two on this thesis.
Although some studies show beneficial effects of arginine supplementation in
specific patient populations, the latest guidelines of the Society of Critical Care
Medicine, the American and European Society of Parenteral and Enteral Nutrition
only provide little evidence for immune enhancing nutrition containing arginine
in patients undergoing major oncologic surgery, patients with severe trauma
and in patients with traumatic brain injury (7-9). In part two of this thesis, the
application of arginine enriched nutritional interventions specifically in surgical
oncology is further explored. The benefit of arginine administration, mostly
combined with other immune enhancing compounds, in surgical cancer patients
may be due to its immune stimulating effect on T-lymphocytes and regulation of
the circulation through NO. Also, arginine has a positive effect on wound healing.
However, arginine administration to patients with sepsis or hemodynamic
instability is suggested to cause further deterioration of hemodynamic stability
due to vasodilatation and excessive pro-inflammatory responses (10). Insight
in metabolic changes and specific nutritional requirements in various disease
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states, cancer in particular, could improve the daily care for oncologic patients by
development of tailor made nutritional programs.

5

Studies determining the arterial-venous fluxes of the amino-acids suggested the
existence of the intestinal-renal axis of glutamine, citrulline and arginine. These
flux studies formed the basis for more in-depth metabolic studies, using stable
isotope tracers, which enabled us to investigate the actual conversion of the
metabolites on molecular level for the whole-body or specific organs. In chapter
four we showed that extra glutamine supplementation in patients undergoing
major abdominal surgery results in a promotion of renal arginine de novo synthesis
from citrulline, compared to patients without a glutamine supplement. This proofof-concept study is of great value for future research in cancer patients to create
new nutritional strategies. Animal studies support that glutamine enriched diets
are able to restore host glutamine reserves and support glutamine metabolism,
without influencing tumor growth (11). A stable isotope study by Engelen et al. for
the first time gave insight in the relation of the diminished arginine availability in
cancer patients and endogenous arginine/NO metabolism (12). Interestingly, they
showed that the conversion of citrulline into arginine (indicator for NO production)
on whole-body level was reduced in patients with advanced non-small cell lung
cancer caused by impaired de novo arginine synthesis related to a diminished
endogenous production of its precursors. An increased whole-body rate of
appearance and clearance, which would suggest stimulated arginine breakdown,
was not found. They did find that a dietary amino acid mixture (glutamine free)
was able to restore arginine to citrulline conversion in the cancer-bearing patients,
indicating that correcting arginine availability by a nutritional intervention is able
to drive NO synthesis. A more recent study from the same research group showed
that plasma arginine, citrulline and glutamine concentration were lower in patients
with breast cancer compared to healthy controls, however no differences were
found in the rate of appearances of arginine, citrulline and their conversions (13).
Surgery in breast cancer patients further reduced the systemic arginine availability
due to a combined process of increased arginine breakdown and impaired arginine
de novo synthesis. In addition, postprandial increase in conversion of citrulline into
arginine (indicator for NO production), plasma citrulline and glutamine levels were
lower in patients after breast cancer surgery.
Stable isotope methodology to investigate this pathway is still a hot topic in
scientific literature and old pitfalls and new strategies come to light. Windmueller
and Spaeth were the first to show that both arterial and luminal glutamine are
extensively metabolized by the rat gut into CO2 and other amino acids, in particular,
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citrulline (14). In the same study, it was shown that the intestinal production of
citrulline accounted for 34% of the glutamine nitrogen turnover, and citrulline
accounted for 6% of the glutamine carbon turnover (14,15). Another more recent
tracer study in mice showed that the carbon skeleton of glutamine accounted
for only a small amount of the carbon found in citrulline, and that glutamine
contributed mostly nitrogen to arginine synthesis (16). Whereas tracer studies in
humans showed that glutamine does serve as an important carbon and nitrogen
precursor for citrulline and arginine (17,18). This raised questions on the precursor
relationship of glutamine and citrulline, and subsequently glutamine and arginine.
A strong correlation between glutamine uptake by the small intestine and the
release of citrulline has been observed in multiple settings (19-24). Studies
showed that plasma concentrations of citrulline and arginine increased after
the administration of extra glutamine, and this supports the possible precursor
relationship between glutamine, citrulline, and arginine (25-28). However, the
increase in plasma levels of citrulline and arginine with provision of glutamine
may also be the result of a common element of action: glutamine is the most
important fuel for the enterocytes, and citrulline is an indicator of gut mass and
function. Therefore, glutamine administration has the potential to augment
metabolic activity of the enterocytes and thereby increases citrulline synthesis
and levels, without being an actual precursor (29). In addition, since they share
important cell membrane transporters, an increase in glutamine availability may
cause a reduction in citrulline clearance from the circulation, resulting in higher
plasma citrulline concentrations. Though, high correlations between renal arterial
citrulline uptake and renal venous arginine release have been observed (30).
When quantifying the metabolic pathway of glutamine to citrulline and arginine
with stable isotope methodology, it is important to study the whole-body as
well as organ turnover, in order to distinguish the contribution of the intestinal–
renal axis and alternative routes. Many studies followed the approach used in the
Windmueller and Spaeth publications (14,24,31,32). Stable isotopes allow us to
analyze every step within this pathway and, when combined with sampling across
organs, even indicate the location of the conversions. Glutamine has been reported
to be the main precursor of citrulline in humans, proline in infants and neonates,
and arginine in mice. Although this difference may be due to species variations,
this may influence the methodological choices in future stable isotope studies.
The most frequently used tracer for glutamine has been [2-15N]-glutamine, which
was also used in the stable isotope study in this thesis. This glutamine tracer has
provided us with a large amount of metabolic data, however during the scientific
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quest to unravel the intestinal–renal axis, the application of this tracer to the study
of the conversion of glutamine into citrulline recently has become controversial
(15-18,33-35). The figure below shows the expected route of the 15N tracer on the
amino group (or α-position) from glutamine to citrulline and arginine.

5
FIGURE 1 | Schematically example of the proposed conversion of the tracer [2-15N]glutamine
tracer into [2-15N]citrulline and [2-15N]arginine.

As shown in Figure 1, there is a nitrogen molecule in glutamine in both the
α-position and the δ-position or amido group. The citrulline molecule has nitrogen
molecules at three locations: the α-, δ-, and ureido position. It has been shown
that the 15N of the glutamine tracer does not always remain in the original position
during the conversion into citrulline, since it is also retrieved from other positions
on the citrulline molecule (16,36). The enrichment of citrulline is usually determined
by measuring the abundance of the marked ions, as in our study, and this may lead
to overestimating the contribution of the carbon skeleton of glutamine to citrulline
synthesis. Simultaneous infusion of an 15N glutamine tracer and a citrulline tracer
(usually a carbon-labeled tracer, such as [13C]-citrulline) results in a larger amount
of glutamine converted into arginine, compared to the conversion of citrulline into
arginine. This was also seen in our stable isotope study and this implies that the use
of a nitrogen tracer does indeed overestimate the conversion that occurs in the
essential intermediate step. This also suggests that alternative routes, for example,
transamination, nitrogen recycling, or channeling, contribute to the incorporation
of the labeled nitrogen tracer into citrulline and arginine.
Using tandem mass spectrometry techniques (LC-MS/MS) in the multireacting
mode (MRM), allows specific fragmentation of the analytes of interest (36).
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This makes it possible to detect the location of a tracer within the molecule. In
combination with the fact that nitrogen tracers may appear in different locations
on the product molecule, this method could give us more information on the exact
conversion of glutamine or parts of its molecule into other molecules, including
citrulline and arginine. Another recently developed technique using an Orbitrap
mass detector enables separation of the isotopes of C, N, D, and O in a single
compound by using high-resolution mass spectrometry. This technique makes it
possible to distinguish between multiple isotopic labels within a compound (37).

Future perspectives
More high-quality studies are needed to investigate the exact clinical effect
of glutamine and arginine supplementation. I would suggest a well-designed
randomized controlled trial in cancer patients. When determining amino acid
metabolism before and after a nutritional intervention and combine these results
with clinical outcome data, specific metabolic disturbances could be associated
with decreased outcome measures. This could be a future opportunity to screen
specific patients on their metabolic status and subsequently prescribe them a tailor
made nutritional program. Furthermore, up-to-date metabolic requirement tests
could adjust nutritional intervention on demand.
It is clear that more research is needed to elucidate the complex pathway of the
intestinal-renal axis. The implementation of new tracer techniques could be of great
value to improve our understanding of the intestinal-renal axis in several disease
states. New approaches may change our whole idea of the glutamine, citrulline,
and arginine pathway as it is now: a complex pathway that still needs unraveling.
Researchers in this field should be aware of the possible alternative metabolic routes
of the infused tracers and should be informed of the correct approach to analyzing
those tracers to allow adequate determination of the amino acid metabolism.
Stable isotope research on the intestinal–renal axis may present big challenges in
clinical practice, cost, and effort. However, tracer studies can teach us a lot about the
in-depth conversions of this complex pathway, and they also may improve clinical
outcomes by providing important information for the development of tailor-made
nutrition for specific patient populations. Future studies are necessary to further
determine the complicated interorgan route of glutamine, citrulline and arginine in
the cancer-bearing state.
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abstract

Cancer cachexia is a complex catabolic state in patients with a
malignancy, associated with increased morbidity and mortality. This
syndrome is characterized by a redistribution of the body’s protein
content and a subsequent muscle wasting. The etiology of this
syndrome seems multifactorial, but remains unclear. It is suggested
that this catabolic state occurs in response to the alterations in
immune interactions between tumor and host. The amino acid
arginine and its derivate nitric oxide (NO) play various roles in antitumor immune response and the body’s homeostasis. Glutamine is
the precursor for arginine de novo synthesis and the most abundant
amino acid in the body, mainly stored in skeletal muscle. Tumors
develop a protection mechanism against the specific anti-tumor
attack of the immune system by recruiting myeloid-derived
suppressor cells (MDSC). The MDSC deplete arginine levels and
disturb NO production.
We here hypothesize that the perturbation of the arginine/
NO metabolism plays a significant role in the etiology of cancer
cachexia. Arginine/NO metabolism is disturbed in patients with
cancer. The body will try to correct this perturbation by mobilizing
arginine and glutamine from muscles. The decreased arginine levels
and the disturbed NO production activate several cascades, which
in turn inhibit protein synthesis and promote proteolysis, leading to
cachexia. Cachexia remains one of the most frequent and damaging
opportunistic syndromes in cancer patients. In this review, we will
elaborate on a new hypothesized concept and the underlying
mechanisms of this syndrome. New studies are essential to ground
this hypothesis and to develop interventions to break through the
pathological mechanisms underlying cachexia.

Arginine/NO metabolism in cancer cachexia | 113

Introduction
The designation cachexia is derived from the Greek words kakos (bad) and hexis
(condition). The international accepted definition of cachexia is “a complex
metabolic syndrome associated with underlying illness and characterized by loss
of muscle with or without loss of fat mass” (1). Weight loss is observed in up to 80
percent of all cancer patients and it is associated with a reduced survival rate (2,3).
Almost one third of all cancer patients die from cachexia rather than from cancer
itself (4). Most obvious in this syndrome is the elimination of the body’s protein
content. Cancer cachexia is characterized by an ongoing loss of skeletal muscle
mass, which is the result either from a decrease in protein synthesis, an increase in
protein degradation, or a combination of both (5). The etiology of cancer cachexia
seems multifactorial, but remains unclear. Tumor and host-derived factors cause
multiple alterations in immune response and inflammation resulting in this
catabolic state.
The body’s immune system is one of the most important factors that may prevent
the evolvement of a malignant tumor. However, in the presence of a malignancy
the immune system is disarmed by tumor-derived mechanisms. Inflammation
and the subsequent production of pro-inflammatory mediators are strongly
associated with cancer. In the first phase of the carcinogenesis, at the onset of
malignant initiation, this inflammation is the result of the normal protective
mechanism of the host to combat pathological evolving cells. However, though
these processes are self-limiting in general, dysregulation of this response can
lead to the initiation or progression of the (pre)malignant disease. A perturbation
in the expression of pro-inflammatory mediators augments tumor promotion by
the induction of factors that support angiogenesis, tumor cell growth and tissue
emodeling. In addition, these pro-inflammatory mediators are the initiators for
the inhibition of the immune response by T-lymphocytes, Natural Killer (NK)
cells, macrophages and neutrophils against the tumor. Moreover, tumor-derived
inflammatory cells migrate into the tumoral stroma and various immune involved
organs, and on their turn disbalance the inflammatory reaction and anti-cancer
immune response. These alterations may induce tumor promoting inflammation,
suppression of the immune system and tumor progression. Experts in the field of
nutrition in oncology concur that cancer cachexia may be a result of an interaction
between this pathological inflammation and immune suppression (6).
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In the last decades, the semi-essential amino acid arginine and its derivate NO
have been shown to play major roles in different homeostatic and immunological
processes. The arginine/NO metabolism is disturbed in various diseases, including
cancer, and this contributes to the alterations in immune function and metabolism.
We propose that arginine may play a major role in the onset of cachexia. In this
review, we will clarify our hypothesis, which suggests that a disturbed arginine/NO
metabolism in cancer patients may contribute to the initiation and progression of
cancer cachexia. With this knowledge, we may be able to optimize our nutritional
interventions to diminish the negative consequences of cachexia.

The arginine deficiency – cancer cachexia hypothesis
We propose that the perturbation in the arginine/NO pathway in cancer patients
plays a causal role in the development of the cachexia process. To overcome the
arginine deficiency, present in cancer patients, this pathway may adapt in the
already identified catabolic mechanisms by compromising the immune system
and disorganizing the regulation of protein turnover.

6
The current perspectives
The identified pathogenesis of cancer cachexia
Cancer cachexia is characterized by a depletion of skeletal muscle, with a 75%
decrease in protein content at 30% body weight loss, whereas the non-muscle
protein compartment is relatively preserved (7). Several tumor and/or host
induced factors are proposed to mediate this malignant catabolism by inhibiting
protein synthesis and promoting protein breakdown.
Protein Synthesis. Protein synthesis in skeletal muscle is primarily regulated at
the initiation phase of protein translation, a highly complex and conserved
process with numerous mediators involved (8). There are two points of control
in this process. The first is the binding of the initiator methionyl tRNA (mettRNA)
to the 40S ribosomal subunit. This is regulated by eukaryotic initiation factor 2
(eIF2) and mediated by guanosine triphosphate (GTP). eIF2 binds to GTP, and
the ternary complex eIF2.GTP.met-tRNA binds to the 40S ribosomal subunit,
together with eIF3 forming the 43S pre-initiation complex. Once the initiation
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is completed, eIF2 is released from the ribosome and bound to the inactive
guanosine diphosphate (GDP). To mediate in the next cycle of translation
initiation GDP must be exchanged for GTP. This recycling process of GTP can
be inhibited by phosphorylation of eIF2 on the α-unit by eIF2α kinases, which
respond to stress conditions that affect transcription and protein synthesis.
This subsequently inhibits the initiation of protein translation. Although some
studies suggest that decreased protein synthesis in skeletal muscle is the result
of anorexia, protein synthesis is also depressed in cachexia where anorexia is
absent, which suggests an underlying defect in protein synthesis regulation. In
cachectic cancer patients, an increase in eIF2α kinase activity is described and a
subsequent increase in phosphorylation of eIF2α, hereby inhibiting myofibrillar
protein synthesis. Furthermore, it is found that when the activity of eIF2α kinase is
inhibited, the phosphorylation of eIF2α decreases, which enables the conversion
of eIF2.GDP to eIF2.GTP and thus reverse the inhibition of protein synthesis (9).
Moreover, stimulation of the eIF2α kinases have been found to reduce protein
synthesis and also activate various transcription factors which, in turn, induce
the transcription of genes necessary for amino acid synthesis and transport (10).
Another crucial step in the process of protein translation involves the formation
the active eIF4F complex. This complex consists of three subunits eIF4E, eIF4A
and eIF4G. The main regulatory action is the conversion of the inactive complex
eukaryotic initiation factor 4E (eIF4E) and its binding protein (4EBP1) to the active
eIF4G-eIF4E complex, mediated by phosphorylation of 4E-BP1 and mammalian
target of rapamycin (mTOR) (11). Weight loss in tumor-bearing mice is associated
with an increased amount of the inactive eIF4E-4E-BP1 complex in muscle, due to
hypophosphorylation of 4E-BP1, as well as a decrease in phosphorylated mTOR,
resulting in inhibition of translation initiation (12). To reverse the inhibition, mTOR
has to be activated to cause hyperphosphorylation of 4E-BP1, resulting in the
release of eIF4E to form the active eIF4F complex (8).
Thus, these two points off control are the regulating steps in protein synthesis. A
disturbance in these steps will result in a dysregulation of protein synthesis.
Protein Breakdown. Furthermore, increased protein breakdown may also result
in cachexia related muscle wasting. The most important pathway regulating
myofibrillar protein degradation in cachexia is the ubiquitinproteasome pathway,
which consists of two main steps: the ubiquitination of protein and the degradation
of ubiquitanated protein by 26S proteasoma (13). In the first step, E1 Ub-activating
enzyme, E2 Ub-carrier protein and E3 Ub-protein ligase mediate the ubiquitination
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of the muscle proteins. Atrogin-1 is a muscle-specific F-box type E3 ligase that is
induced 8 to 40-fold in muscle atrophy during cancer (14). MuRF1 is a ring finger
type muscle-specific E3 ligase and plays an important role in myofibrillar protein
breakdown. Both muscle-specific E3 ligases are considered to be essential in muscle
protein catabolism, because knockout mice lacking these E3 ligases are prevented
from muscle wasting (15). Moreover, besides their role in translation regulation, the
eIF2α kinases activate the transcription of nuclear factor kappa B (NFκB), a regulator
of DNA transcription, leading to an increased expression of the ubiquitinproteasome
pathway (16). As a result of this activation of protein breakdown, ammonia
production is increased and subsequently the formation of urea is stimulated (17).
Especially the protein myosin heavy chain, the principal muscle contractile protein,
is selectively eliminated by the ubiquitin-proteasome pathway in cachectic muscle
wasting, while other myofibrillar proteins are preserved (18).

6

Catabolic Mediators. As stated in the introduction, a disturbance in the host
immune response in the presence of a malignancy causes a pathological
attendance of immune cells and production of signaling factors. Several tumor
and host-derived factors have been implicated in the pathogenesis of cancer
cachexia. Pro-inflammatory cytokines are involved in the metabolic disturbances
in cancer cachexia. These cytokines can be produced by the tumor, tumor
infiltrating immune cells and other cells. Although there is no consensus for the
exclusive roles of any of these cytokines, several of them have been shown to
evidently mediate the cachectic process (19,20). Various studies showed that the
cytokines tumor necrosis factor alpha (TNF-α) and interferon gamma (IFN-γ) are
major triggers of muscle wasting. An increase in TNF-α levels is associated with a
decline in muscle mass and strength (21). TNF-α mediates its effects on muscle
protein turnover by activation of NFκB. There are three main mechanisms by
which NFκB induces muscle wasting. The first is the inhibition of protein synthesis,
the second is the upregulation of the ubiquitin-proteasome pathway and the last
is the induction of oxidative stress in muscle cells (22-24).
Protein synthesis is inhibited by decreasing the formation of the active
eIF4F complex by hypophosphorylation of the binding protein 4E-BP1 (25).
Furthermore, TNF-α may cause degradation of muscle protein synthesis by
the degradation of MyoD, a myogenic transcription factor promoting muscle
fiber formation. The loss of MyoD leads to a reduction in myosin heavy chain
(MyHC) expression (26). Increased levels of TNF-α induce loss of Jun-D activity
in muscle tissue. The decrease of this transcription factor causes a decrease in
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muscle creatine kinase (CKM) expression. This enzyme regulates ATP reserves and
muscle function. Therefore, a depletion of CKM provides a molecular impulse for
the onset of muscle wasting (23). It has been shown that the effects of TNF-α are
more pronounced when also IFN-γ is expressed (26). TNF-α has been shown to
upregulate the ubiquitin-proteasome pathway through an increase in expression
of various ubiquitin transcripts and the ubiquitin ligase atrogin-1 (24,27). Also,
the oxidative stress, initiated by TNF-α, directly induces skeletal muscle protein
loss by stimulation of the ubiquitin-proteasome pathway. Furthermore, oxidative
stress may cause direct apoptosis in muscle cells.
Moreover, several cytokines from the interleukin family, like IL-6 and IL-8, have
been shown to play a promoting role in cancer related muscle wasting, while
other cytokines of this family, like IL-4, seem to have a preventive function (28).
The actions of the pro-cachectic factors described seem to be indirect and the
actual catabolic effects are proposed to be caused by more direct mediators.

Support of hypothesis
Cancer, a condition associated with a perturbation in arginine/NO
metabolism
Arginine is a semi-essential amino acid. This means that in physiological conditions
exogenous and endogenous arginine meet the needs of the adult human body.
However, during growth or disease, the body requires more arginine than present
and arginine de novo synthesis is inadequate. As defined in the introduction,
malignant tumors may cause immune suppression in the host. It has been
shown that cancer interferes with arginine metabolism to combat the immune
responses (29). Reduction of extracellular arginine levels generates an arrest in
the proliferation of activated T-cells and blocks the re-expression of the CD3ζ
chain (30). Furthermore, in the absence of arginine, T-cells are arrested in the G0G1 phase of the cell cycle and can not proliferate because of a cyclin D deficiency.
T-cells activated in an arginine free environment will develop all the alterations as
found in cancer patients and tumor-bearing mice (31). Furthermore, NO is used
in the immune response by cytotoxic cells and many other cells of the immune
system. A disturbance in the NO production also results in the blockage of T-cells
proliferation and reactive nitrogen species may cause a cell cycle arrest (32).
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Cancer and the subsequent chronic inflammation create a protection mechanism
against the specific anti-tumor immune response of the host. One of the most
important immune suppressing strategies is the inflow of innate immature
myeloid cells. Primarily, these cells are recruited to combat the malignant tumor,
however because of a disbalance in pro-inflammatory mediators, cytokines and
chemokines, these immature cells develop into a tumor promoting phenotype
(33). Myeloid-derived suppressor cells (MDSC) accumulate in the tumor
environment, lymph nodes, spleen and liver of the tumor-bearing host. They
represent a heterogeneous population of immunosuppressive cells expressing
a variety of surface markers. These MDSC produce the two most important
enzymes involved in arginine catabolism: arginase I and inducible nitric oxide
synthase (iNOS) (34,35).

6

Arginase I metabolizes arginine into urea and ornithine (36). The arginase activity
is increased by 6-10 fold in cancer patients (37). Arginase I is the only arginine
metabolizing enzyme able to modify serum levels of arginine (38). Increased
arginase activity induces a depletion of extracellular arginine and increases the
uptake of arginine trough the y+ system of cationic amino acid transporters (CAT).
Accordingly, arginine concentrations are decreased in patients with cancer (39).
Alternatively, arginine is converted by iNOS into NO, which has many important cell
signaling roles in the immune function and protein turnover. NO is an important
vasodilator and regulator of the blood flow. Furthermore, NO can be generated by
immune cells which use NO for cytostatic immune responses and cell proliferation
(40). Under conditions of limiting arginine, when both arginase I and iNOS are
induced, reactive nitrogen species are generated by iNOS. These highly reactive
oxidizing agents may cause apoptosis in activated T-cells and have many more
inhibiting and destructive effects on a variety of cell types (41).
In physiological conditions, the majority of the arginine de novo synthesis involves
the “intestinal-renal axis”: glutamine is converted into citrulline in the small intestine.
Citrulline is mainly produced by enterocytes without incorporation into proteins.
Subsequently, citrulline is metabolized in the kidney into arginine (42). Glutamine is
the most abundant amino acid in the body with skeletal muscles as most important
reservoir. Glutamine is consumed by cells with rapid turnover and participates in
regulation of protein synthesis. The glutamine levels in skeletal muscle correlate
with muscle protein mass (43).
Citrulline is a non-protein amino acid, which is very efficiently transported into
enterocytes and generally escapes hepatic uptake. Therefore, citrulline is a very
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important metabolic intermediate (44). The conversion of citrulline into arginine
is the only way for citrulline utilization inside the cells. Healthy humans with
functional kidneys have high rates of arginine synthesis from endogenous and
exogenous citrulline (45). After proceeding the intestinal-renal axis, arginine is used
in the immune system for the proliferation of T-cells, functions as the precursor for
NO, regulates the urea cycle and has numerous roles in other homeostatic systems.
However, in the presence of a malignancy, arginase and iNOS activity are
increased on the whole-body level, essentially caused by the MDSC (46). This
induces a decrease in plasma arginine concentration, a pathologic production
of NO and the formation of reactive nitrogen species, like peroxynitrite.
Moreover, exogenous arginine and the arginine de novo synthesis fail to meet
the high demand for arginine. Accordingly, we propose that the perturbations
in the arginine/NO pathway will initiate a correction of this harmful disturbance.
Skeletal muscle consists for a major part of glutamine, the substrate for arginine
de novo synthesis. To correct the arginine deficiency, glutamine may be recruited
from skeletal muscles and this redistribution of the protein content results in
muscle wasting. Muscle wasting is the result of depression in protein synthesis,
an increase in proteolysis, or a combination of both. When arginine levels are low,
protein synthesis will attenuate to preserve the already deficit arginine levels.
Furthermore, increased protein breakdown will generate the release of arginine
and its precursor glutamine from the muscles.
One of the most important characteristics of muscle wasting in cachexia is that,
different from starvation induced wasting, it cannot be restored by conventional
nutritional supplements (5). This supports the indication that complex metabolic
changes underlie the onset of this catabolic state (Figure 1).

Arginine deficiency induced modification of the protein turnover in
cancer
To correct the arginine deficiency, arginine and its precursors have to be
preserved. To establish this, the translation initiation and protein degradation
machinery adapts to the requirements in times of an arginine deficiency. Also, the
increased NO levels, caused by the increased iNOS expression, effect the process
of general proteolysis and protein synthesis. This disturbance in the arginine/
NO metabolism has been shown to interfere in the most crucial steps in these
processes, seen in cancer cachexia.
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Protein Synthesis. When arginine levels are low the demand for arginine by protein
synthesis has to be reduced. In an arginine deficiency state eIF2α kinases are
stimulated, leading to phosphorylation of eIF2α (47,48) and subsequently to the
inhibition of muscle protein synthesis. Furthermore, the increased iNOS activity in
the tumor-bearing host also activates the eIF2α kinases and thus inhibits protein
synthesis (49).
Tumor cells

Cytokines
TNFα
IFN-γ
Interleukines

MDSC

Arginase

iNOS
Arginine

T cells

6

Arginine ↓

NO and ONOO- production

Protein synthesis ↓
Protein breakdown ↑

Muscle cells
Glutamine

MUSCLE WASTING

FIGURE 1 | The hypothesized role of the disturbed arginine/NO pathway in the onset and
development of cancer cachexia.

In the second regulatory step in the translation initiation, adequate arginine
levels are required for the phosphorylation of mTOR and the subsequent
phosphorylation of 4E-BP1 in muscle. Also, the increased urea synthesis leads to
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activation of the mTor pathway (50). This promotes the formation of the eIF4F
complex and thus enhances protein synthesis (51,52). However, one can suggest
that when arginine levels are decreased the translation initiation will stagnate
at this important regulatory step. Another study found that increased NO levels
inhibit the mTOR pathway as well and induce the phosphorylation of initiation
factors of protein translation, like eIF2α, leading to degradation of general protein
synthesis (53,54).
When arginine is depleted by high arginase I activity, NO reacts with the
simultaneously produced superoxide to form peroxynitrite (ONOO-). This reactive
and toxic molecule induces oxidative stress in muscle cells (55,56), which is
illustrated by increased levels of malondialdehyde, a degenerative product of
oxidative stress, in skeletal muscle of cachectic cancer patients. Peroxynitrite also
has been shown to activate eIF2α kinases and thus inhibit protein synthesis (48).
Furthermore, peroxynitrite selectively inhibits MyoD, leading to a reduction in
MyHC expression and thus compromising the integrity of the myofibrillar protein
complex (Figure 2).
Protein Breakdown. Moreover, evidence shows that adequate arginine levels are
essential not only for protein synthesis, but also for the regulation of protein
breakdown in skeletal muscle (57). Arginine is found to decrease the ubiquitin
protein kinases atrogin-1 and MuRF1 and thus to decrease protein degradation.
It is assumed that an arginine deficiency causes an over expression of both
E3 ligases and leads to muscle atrophy. Although the exact mechanism of the
inhibitory effect of arginine on MuRF1 remains unclear, the decrease in atrogin-1
expression is dependent of the phosphorylation of mTOR (58). Therefore,
adequate regulation of the arginine levels may improve protein turnover and
generate muscle gain (59).
Furthermore, high peroxynitrite levels in cachexia are associated with increased
expression of several proteolytic systems, such as the increased expression and
activity of the intracellular ubiquitin-proteasome pathway (60,61). Peroxynitrite
causes a prolonged alternative activation of the NF-κB complex, this pleyotropic
transcription factor participates in several muscle wasting processes. In the
presence of peroxynitrite increased levels of ubiquinated MyHC are found, which
indicates an activation of the ubiquitin-proteasome pathway, mediated by NF-κB
(62,63). To support the previous clarification on the role of iNOS and NO in muscle
wasting, Buck et al. described that muscle wasting in cachexia can be prevented
by inhibitors of iNOS (23)(Figure 2).
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Catabolic Mediators. Arginine and its derivate NO are known to have many
regulatory roles, and also in cancer cachexia they have various points of action.
Decreased arginine levels are associated with the stimulation of the expression of
several pro-cachectic cytokines, such as TNF-α, IL-6 and IL-8 (64,65). The increased
iNOS activity in cancer patients causes pathologic NO levels and several NO
dependent pathways may be responsible for the induction of muscle wasting
(66). As described before, cytokines seem to be one of the main causative factors
in the development of cancer cachexia (8). Studies showed that the cytokines
TNF-α and IFN-γ are major triggers of muscle wasting (67). These cytokines
are a stimulus to increase iNOS expression and thus promote the conversion
of arginine into NO. TNF-α activates the NF-κB complex, which enhances the
transcription of iNOS (55). It seems that many of the effects of TNF-α are mediated
by NO. There is a consistent increase in TNF-α and iNOS levels in patients with
cancer cachexia, which indicates that iNOS and increased NO levels mediate in
the effects of TNF-α in muscle wasting (68). Furthermore, TNF-α promotes NO
production, by increasing the arginine uptake of the cells trough the y+system of
the CATs, and thus decrease arginine levels even more (69). TNF-α stimulates the
membrane-bound NADPH oxidase complex, which also results in the release of
superoxide (O2-) and causes formation of peroxynitrite (70). Furthermore, the loss
of Jun-D activity in muscle tissue, induced by increased levels of TNF-α is shown
to be mediated by the upregulation of iNOS. As stated before, this disturbance
provides a molecular impulse for the onset of muscle wasting. IFN-γ was found to
potentiate the effects of TNF-α on this disturbed iNOS/NO balance (71,72). Other
studies showed that arginine is able to decrease interleukins levels that promote
muscle wasting, like IL-6 (73).

Reflexion in whole-body arginine metabolism in cancer patients
As described above, cells have the capacity to detect alterations in the availability
of specific nutrients and alter the expression of key genes necessary to adapt
under new conditions. This is a perfectly regulated mechanism in healthy subjects.
However, in tumor-bearing subjects these alterations in protein turnover are
reflected in a perturbation of the amino acid metabolism on whole-body level.
This further supports our hypothesis.
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FIGURE 2 | The mechanisms of protein synthesis and protein breakdown. The boxes with “Arg ”
show the points of impact of the disturbed arginine metabolism in cancer patients.

In the arginine deficiency state, an increased muscle glutamine output is found,
accompanied with a decreased intracellular glutamine concentration (74,75).
Tumor growth is inversely related to host glutamine stores, and cancer cachexia is
marked by massive host skeletal muscle glutamine depletion (76). Several studies
show an increase in protein breakdown in the presence of a small tumor, with a
concomitant increase in muscle glutamine production, but depletion in plasma
glutamine levels. In rats bearing larger tumors whole-body glutamine turnover
increased, though muscle glutamine turnover decreased, likely because of the
depleted muscle glutamine pool. The increase in whole-body glutamine turnover
appears to be caused by increased turnover in cells of the immune system and
visceral organs (17,77). During cancer the glutamine uptake by the gut and the
conversion into citrulline is increased (75). However, in this condition the liver starts
to utilize citrulline, hereby compromising arginine de novo synthesis. The hepatic
citrulline uptake limits the amount of gut-derived citrulline reaching the kidney, so
less citrulline is taken up by the kidneys and renal arginine production is decreased
(78). At the same time the hepatic arginase I activity and the urea production are
higher and consequently the arginine utilization in the liver is increased (75,79,80).
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This might be explained by two mechanisms: during a hypercatabolic state, like
cancer cachexia, ammonia levels increase because of high amino acid breakdown.
Arginine is necessary to wash out ammonia in the urea cycle and hereby prevents
the pathological effects of hyperammonemia (17). Complementary, the increased
arginine utilization in the liver may be a result of the inflow of the arginase and iNOS
producing MDSC into the liver in the cancer bearing host (81). Thus, arginine levels
remain low. Reduced arginine levels, caused by arginase, are the drive for arginine
production by the kidney in non-tumor-bearing rats (82), but apparently, there
is a shift in the intestinal-renal axis metabolism in the presence of a malignancy:
de novo arginine production is decreased in tumor-bearing hosts compared with
controls, despite of the arginine deficiency (Figure 3).

6

Another plausible explanation of the disturbance in the arginine metabolism may
be the consumption of arginine and its precursors by the compromised immune
system. In an arginine deficient environment, T-cells develop a compensating
mechanism by using citrulline as a substrate too. Citrulline is transported across
the cell membrane, into T-cells, by a specific membrane transport protein. Now
intracellular, citrulline is metabolized by argininosuccinate synthetase (ASS) to
citrullyl-AMP, which is further metabolized by argininosuccinate lyase (ASL) into
arginine (83). Up-regulation of ASS expression has been described in several
cell lines in an arginine deficiency state (84-86). The T-cell-derived arginine is
directly used for T-cell proliferation and in this way escapes the high arginase
activity. Unfortunately, this physiological compensating mechanism does not
suffice the high arginine demand and T-cell proliferation remains inadequate in
these patients. Furthermore, by producing their own arginine, T-cells withhold
the kidneys from citrulline for arginine de novo synthesis and therefore stimulate
proteolysis and decreased protein synthesis even more (Figure 3).
The adjustments in protein synthesis and protein breakdown to compensate
the arginine depletion cause increased glutamine output in skeletal muscle,
while arginine levels remain low. Obviously, this pathological mechanism keeps
supporting itself, resulting in severe glutamine muscle wasting.
In support of this view, several studies show that glutamine supplementation in
cancer patients improves protein metabolism by decreasing protein breakdown
and increasing protein synthesis rate in skeletal muscle (87). Several other
studies show beneficial effects of arginine supplementation in catabolic states
on protein turnover (88-90). Arginine supplementation was also effective in
increasing fat free mass in advanced cancer patients with cachexia. Maintenance
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of lean body mass should lead to improved survival and decreased morbidity in
cancer patients (91). Arginine supplementation also increases glutamine levels in
muscle and plasma. However, the observed physiological conversion of arginine
to glutamine is to small to explain the large increase in glutamine production
(92), suggesting that the corrected arginine levels do not require glutamine
output anymore. Furthermore, glutamine enriched diets replete host glutamine
stores and support muscle glutamine metabolism without stimulating tumor
growth (93). Oral glutamine administration, may even decrease tumor growth
by enhancing immune function, through support of host glutamine stores (94).
Also, arginine supplementation has been showed to retard tumor growth by
enhancing immune function. In a study in severe malnourished cancer patients
perioperative arginine supplementation even decreased cancer recurrence and
prolonged survival (95).
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B. Changes in cancer
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FIGURE 3 | The intestinal-renal axis in (A) physiological conditions and (B) in the presence of
cancer. In figure B, muscle glutamine output and citrulline production increase, however arginine
synthesis decreases and liver amino acid turnover rises.

However, arginine supplementation in patients with cancer show controversial
results and administration of arginine to patients with advanced metastatic
cancer may have negative oncologic effects (96,97). Therefore, arginine should
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not be given to patients with progressive malignant disease. Glutamine, which is
the main precursor for arginine de novo synthesis, is described to be a promising
alternative and may be a save way to overcome the arginine deficiency in
cancer patients (98). Though, arginine enriched nutrition administration in
the perioperatieve phase may promote the immune system and may improve
oncological outcome (95).

Role of arginine metabolism in other immune suppressive cachectic
conditions

6

It is generally known that patients with other immune suppressive and inflammatory
diseases may develop cachexia (99). We explained that malignant tumors have
sophisticated mechanisms to escape immune response. Among these the
induction of MDSC, which, through depletion of arginine by the enzymes arginase
I and iNOS, inhibit specific signaling molecules and arrest the T-cell cycle, resulting
in a stage of tolerance. This phenomenon however is not unique to cancer and is
linked to other diseases associated with cachexia. MDSC are detected in patients
with traumatic stress, chronic obstructive pulmonal disease (COPD), acute and
chronic inflammation, sepsis, chronic infections, and several other conditions (100).
In the same patients, arginase activity and iNOS activity are increased and arginine
levels are decreased. Furthermore, proteolysis is increased in these patients and
they show muscle wasting, while arginine levels remain low. This suggests that also
in these patients arginine de novo synthesis is inadequate, secondary to decreased
citrulline and glutamine supply (101-104). Subsequently, the immune function of
T-cells in patients with these alterations in arginine/NO metabolism is impaired
(105). MDSC are detected in other patient populations with immune dysfunction
and severe cachexia as well, like AIDS patients (106). When these patients receive
an arginine (and glutamine) enriched supplement, muscle mass acquisition and
body weight increase, in addition T-cell counts improve (107). While the underlying
mechanism is unclear, it is presumed that the presence of adequate arginine (and
glutamine) levels enhance protein synthesis.
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Testing the hypothesis
The proposed effect of an arginine deficiency on protein turnover in cancer
patients, caused by MDSC, may be a plausible explanation for the host skeletal
muscle glutamine depletion characteristic for cachexia. To test whether an
arginine deficiency state underlie the development of cachexia, we propose the
following experiments. According to our hypothesis, the arginine deficiency in
cachectic cancer patients is caused by MDSC producing arginase and iNOS. The
presence of these cells should be determined in tissues of patients with cancer
cachexia. The population MDSC found in humans is very heterogeneous and
examining the presence of these cells in all known potential tissue, like spleen,
liver and lymphatic systems, is not compatible with ethical grounds. Human
MDSC are CD11b+, CD33+ and HLA-DR-/low with granulocytic and monocytic
subtypes, also accumulate in blood and the tumor environment, and these
specimens may be analyzed more sufficient in humans. The presence of these cells
is correlated to the stage of the malignant disease and tumor burden in various
cancer types. As stated before, tumor burden is correlated to muscle glutamine
content as well and thus might be correlated to cachectic muscle wasting.
Subsequently MDSC’s arginase and iNOS expression should be analyzed and
the presence of the cells should be correlated to arginine concentrations in the
cachectic patient. Furthermore, in the presence of these cells, decreased arginine
levels should match with an increased glutamine output from skeletal muscle,
which again should correlate with the state of cachexia. Ultimately, inhibiting
the MDSC by new therapies or specialized nutrition, such as immune-enhancing
nutrition containing arginine and the arginase inhibitor fish oil, might lead to a
reduction in muscle wasting in cancer patients or even may lead to prevention
of the cachectic process. Similarly, also in the other cachexia inducing diseases,
such as COPD, chronic infections and AIDS, determination of the MDSC, arginine
concentration and protein turnover may help to confirm the role of the arginine
deficiency in the development of cachexia in these diseases.

6
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Conclusion
The arginine deficiency – cancer cachexia hypothesis offers an explanation for the
association between immunosuppressive states, caused by an arginine deficiency,
and muscle wasting in cancer cachexia. A large component of the pathological
changes in cancer cachexia can be ascribed to the arginine deficiency, glutamine
releasing muscle wasting and excessive changes in the amino acid metabolism.
The central role of the arginase and iNOS producing MDSC in our hypothesis is
in accordance with other studies ascribing an important role to a compromised
immune system in cachectic conditions. In other words, the accumulation of
MDSC in cancer patients may affect immune function and protein turnover by
depleting arginine levels and extract glutamine from skeletal muscle. We hope
that our arginine deficiency – cancer cachexia hypothesis will generate procreative research that extend our understanding of the pathophysiology of
cancer cachexia and may contribute to the design of preventive or therapeutic
intervention strategies.

6
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abstract

Malignancies induce disposal of arginine, an important substrate
for the immune system. To sustain immune function, the tumorbearing host accelerates arginine’s intestinal-renal axis by glutamine
mobilization from skeletal muscle and this may promote cachexia.
Glutamine supplementation stimulates arginine production in
healthy subjects. Arginine’s intestinal-renal axis and the effect of
glutamine supplementation in cancer cachexia have not been
investigated. This study evaluated the longterm adaptations of the
interorgan pathway for arginine production following the onset of
cachexia and the metabolic effect of glutamine supplementation
in the cachectic state. Fischer-344 rats were randomly divided into
a tumor-bearing group (n=12), control group (n=7) and tumorbearing group receiving a glutamine-enriched diet (n=9). Amino
acid fluxes and net fractional extractions across intestine, kidneys,
and liver were studied. Compared to controls, the portal-drained
viscera of tumor-bearing rats took up significantly more glutamine
and released significantly less citrulline. Renal metabolism was
unchanged in the cachectic tumor-bearing rats compared with
controls. Glutamine supplementation had no effects on intestinal
and renal adaptations. In conclusion, in the cachectic state, an
increase in intestinal glutamine uptake is not accompanied by
an increase in renal arginine production. The adaptations found
in the cachectic, tumor-bearing rat do not depend on glutamine
availability.

Interorgan arginine metabolism in tumor-bearing rats | 139

Introduction
Cachexia is a complex catabolic state seen in up to eighty percent of patients
with advanced cancer (1). It is associated with increased morbidity and mortality,
and characterized by a loss and redistribution of the body’s protein content
resulting in muscle wasting. The etiology of this syndrome seems of multifactorial
origin, but mechanisms remain unclear. This catabolic state is thought to occur in
response to immune interactions between tumor and host (2).
Arginine and its derivate nitric oxide (NO) are important mediators of the antitumor immune response and metabolism (3). However, tumors develop a
protection mechanism against the anti-tumor immune response by reducing
arginine availability (4). The enzyme arginase is highly expressed during tumor
development and arginase activity is found to be increased by 6-10 fold, resulting
in an arginine waste (5,6).
Under physiologic circumstances endogenous arginine production results
from de novo synthesis of arginine via the intestinal-renal axis. Glutamine is the
precursor for this pathway and the most abundant amino acid in the body, with
its main pool in skeletal muscle (7). Glutamine is converted into citrulline in the
intestine and citrulline in its turn is used for arginine synthesis in the kidneys (8).
Previous studies in tumor-bearing rats have shown adaptations of arginine’s
intestinal-renal axis in different phases of malignant disease. In the first phase
of malignant disease, arginine levels decrease without alterations in intestinal or
renal metabolism. In a more advanced phase, the onset of cachexia is preceded
by increases in glutamine release from muscle and citrulline production in the
intestine, with a subsequent increase in renal arginine production (9,10). Although
these adaptations normalize arginine levels, tumor-induced arginine waste may
continue to drive glutamine mobilization (11-13).
Cancer cachexia is characterized by increased glutamine release from muscle
and low glutamine plasma concentrations (14). It has been suggested that, when
arginine demand is high in the presence of a malignancy, glutamine is excessively
released from skeletal muscle to form extra substrate for the intestinal-renal
axis. When this becomes a chronic process, it results in muscle wasting and
subsequently in cachexia (15,16).
Other studies have shown that in an environment with altered arginine
metabolism, citrulline and glutamine may take over arginine’s immune enhancing
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capacity (17-19). Thus, the body is able to adapt to changes in substrate availability
and to recruit other sources to maintain immune function and homeostasis. In
the context of the current study, we hypothesized that the body does not sustain
wasteful arginine synthesis by increasing glutamine and citrulline supply longterm, but instead readjust the intestinal-renal axis. Instead of using musclederived glutamine for redundant de novo arginine synthesis, the host may find
alternative ways to support immune function and protein metabolism.
Glutamine supplementation in healthy subjects stimulates de novo arginine
synthesis via the intestinal-renal axis (20). Although some studies suggest that
glutamine supplementation may restore glutamine sufficiency in cachexia, we
speculate that the adaptation of the intestinal-renal axis is not reversible by
glutamine supplementation, since the initiating factor, arginine waste, is still
present.
In this study, the primary aim was to investigate the long-term adaptation of
the intestinal-renal axis in the tumor-bearing host. The secondary aim was to
determine if extra glutamine could reverse these adaptations.

Materials & Methods
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This is a preliminary study to explore the metabolism of glutamine, citrulline
and arginine in the cachectic tumor-bearing host. The animal protocol in this
study was approved by the Memorial Sloan-Kettering Cancer Center Institutional
Animal Care and Use Committee, where the experiments were conducted.

Animals
Immature, male, Fischer-344 rats (Charles River Breeding Laboratories,
Wilmington, MA) with an initial weight of 200-210 grams were used in this
study. They were housed in a temperature-controlled environment (21 ± 2⁰C)
and subjected to a standard 12-hour light-dark cycle. After an acclimatization
period of five days, rats were randomly divided into a tumor-bearing group (TBR;
n=12) and a control group (n=7). To investigate whether the intestinal-renal
axis in the tumor-bearing rat can be influenced by glutamine supplementation,
we performed an additional experiment in tumor-bearing rats (TBR+GLN; n=9)
receiving a glutamine-enriched enteral diet.
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Tumor model
Sarcoma induced with methylcholanthrene (MCA) and serially passaged in our
laboratory, was the tumor model chosen for this study. The MCA tumor is known
to induce a cachectic state in the host and this experimental model has been
widely used to study metabolic mechanisms in mice and rats. Implantation
was performed by anesthetizing animals and inserting a 1 mg piece of tumor
aseptically and subcutaneously in the caudal dorsal area of the TBR and TBR+GLN.
Control rats received a sham operation.
During the acclimatization period, all rats received pulverized standard rat chow
(Purina Mills, St Louis, MO, USA). Following implantation, the rats were housed
individually in suspended wire cages designed to permit accounting of scattered
food. Food and water intake were measured daily. The animals in the TBR group
were matched to the animals of the TBR+GLN group and the control group to
allow pair feeding. TBR rats were provided with ad libitum excess to food. The pairfed animals were placed on a protocol that provided the amount as consumed by
the TBR on the corresponding experimental day. TBR+GLN received the matched
amount of water and food, but enriched with glutamine. The glutamine-enriched
diet was prepared in our laboratory by adding 12.5% L-glutamine powder to the
pulverized standard rat chow. The control group and the TBR group received the
control diet, in which glutamine was replaced by asparagine (3.3%), serine (2.4%),
glycine (3.9%), proline (2.6%), alanine (2.0%) to balance the nitrogen and caloric
content of the glutamine-enriched diet.
Twenty-six days after implantation and 4-5 hours after removal of food, the rats
underwent blood sampling. The animals were then sacrificed by intravenous
overdose of pentobarbital and dissection was performed. Weights of body, tumor,
and organs were measured. Tumor dimensions were measured externally with a
skinfold caliper, and tumor weight was computed assuming an ellipsoidal shape.
Tumor weight was calculated by taking ninety percent of the tumor volume and
add 1.84, as previously validated (21).

Blood sampling and analysis
A laparotomy was performed on each rat following anesthetization with
pentobarbital sodium (50 mg ⋅ kg-1 i.p.). Blood (1 ml per sample) was taken from
the aorta and the hepatic, portal and renal veins using a technique previously
described (22). Plasma amino acid concentrations were then determined by HPLC
as previously described (23).
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Blood flow measurements
Organ plasma flows were determined by a radiolabeled microsphere technique.
The surgical and physical techniques by which the microsphere measurements
were performed have been previously described in detail (24). In brief, 14 μm
radiolabeled microspheres (85Sr, 3M Health Care, St. Paul, MN, USA) were injected
into the aorta, and reference blood samples were drawn from a femoral artery
catheter. Adequate mixing of the microspheres in aortic blood was confirmed
via bilateral comparison of radioactivity per gram of tissue in the kidneys. High
statistical precision of the microsphere distributions was verified by estimating the
number of microspheres in each tissue and blood sample. Arterial whole blood
flow values were computed according to the “reference organ” technique (24).
Mean organ blood flow was used for metabolic quantification, as recommended
in the literature (25). Arterial plasma flow was computed by using hematocrit
(Table 1).
TABLE 1 | Equations
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Variable

Equation

Blood flow (Fb)

Fb = Fa (Co / Ca)

Plasma flow (Fp)

Fp = Fb(1-hematocrit)

Portal-drained viscera flux (QPDV )

QPDV = ([A] – [PV]) * Fp(PV)

Renal flux (QREN)

QREN = ([A] – [RV]) * (Fp(RV) * 2)

Splanchnic flux (QSPLANCH)

QSPLANCH = ([A] – [HV]) * Fp(HA + PV)

Hepatic flux (QHEP)

QHEP = (QPDV ) – (QSPLANCH)

Net FE portal-drained viscera (FEPDV )

FEPDV = ([A] – [PV]) / [A]

Net FE kidneys (FEREN)

FEREN = ([A] – [RV]) / [A]

Substrate Load Liver (LoadHEP)

LoadHEP = (Fp(HA) * [A]) + (Fp(PV) * [PV])

Net FE liver (FEHEP)

FEHEP = (Load – (Fp(HA) + Fp(PV)) * [HV]) / Load

Fb, blood flow. Fa, reference flow (computed from reference blood weight and duration of withdrawal, assuming whole blood density of 1.069 g⋅mL-1). Co, organ count rate. Ca, reference blood
count rate. Fp, plasma flow. Q, flux in nmol⋅min-1. PDV, portal drained viscera. REN, renal. SPLANCH,
splanchnic. HEP, hepatic. A, arterial. PV, portal vein. RV, renal vein. HV, hepatic vein. FE, fractional
extraction in percent. Positive values resemble net uptake, negative values resemble net release.
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Calculations
All equations used for calculating organ metabolism of the amino acids of interest
are described in table 1. Amino acid fluxes across the portal-drained viscera (PDV)
(representing mainly intestinal metabolism), liver and kidneys were calculated.
Since changes in net amino acid flux may result solely from changes in organ flow,
net fractional extraction (FE) was determined. Net protein breakdown in the PDV
was estimated from the respective phenylalanine flux. Net protein breakdown
in liver and kidney were equated with the respective valine fluxes, as described
previously (13,26).

Statistical analysis
All statistical analyses were performed using SPSS 20.0 software (SPSS Inc.,
Chicago, IL). Data are presented as mean ± standard error of the mean (SEM).
To test the significance of differences between groups, Student’s t-test (in case
of equal variances) or Welch test (in case of unequal variances) were used. Nonpaired Student’s t-test was used to determine if net FE rates differed significantly
from zero. P-values < 0.05 were considered to be significant.

Results
Food intake, body weight, tumor weight and arterial amino acid
concentrations
Food intake was constant at 16 ± 0.2 g ⋅ d-1 during the first 24 days and then declined
slightly on the 25th day. The control group had a constant growth rate throughout
the study. Total body weight (host + tumor) of the TBR exceeded that of the
controls after day 16 (Figure 1A). At sacrifice, mean tumor weight was 53 ± 9 g or
17% of body weight. Non-tumor weight (total – tumor) was significantly lower in
TBR than controls, implying that the TBR were cachectic by day 26 (Table 2; Figure
1A). Tumor growth and non-tumor weights did not differ significantly between
the TBR and TBR+GLN groups (Figure 1B). Arterial glutamine concentrations in the
TBR group were 19% lower than in the control group. There were no significant
differences in citrulline and arginine plasma concentrations between the TBR and
control groups. Although mean arterial glutamine concentration in the TBR+GLN
group was even higher than in the control group, citrulline and arginine levels did
not change significantly (Table 2).
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TABLE 2 | Subject characteristics.
Group

CONTROL

TBR

TBR+GLN

Total Body weight (g)

291 ± 3

317 ± 7*

315 ± 2*

-

53 ± 9

53 ± 2

291 ± 3

264 ± 11*

262 ± 9*

Tumor
Non-tumor weight (g)
Organ weights (g)
Portal drained viscera

13.41 ± 0.20

12.17 ± 0.54

11.89 ± 0.30

Small intestine

6.79 ± 0.20

6.93 ± 0.40

7.13 ± 0.31

Spleen

0.76 ± 0.03

1.32 ± 0.16*

1.36 ± 0.10*

Liver

9.70 ± 0.21

11.55 ± 0.22*

11.7 ± 0.20*

Kidney

2.04 ± 0.05

2.09 ± 0.06

2.07 ± 0.02

Glutamine

698 ± 30

565 ± 21*

756 ± 33*

Citrulline

42 ± 3

44 ± 5

44 ± 4

85 ± 7

82 ± 4

86 ± 3

5.2 ± 0.6

13.6 ± 1.6*

13.5 ± 1.2*

Kidneys

5.0 ± 0.9

10.2 ± 1.6*

10.2 ± 1.2*

Liver

6.5 ± 0.6

17.4 ± 1.7*

14.7 ± 1.2*

Arterial plasma concentrations (nmol⋅ml-1)

Arginine
Plasma flows (ml⋅min )
-1

Portal drained viscera
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Values are mean ± SEM on day 26 after tumor implantation; TBR tumor-bearing group; TBR+GLN
tumor-bearing group with glutamine-enriched diet. Plasma flows were measured in separate
identical groups (n=7 per group) * P<0.05 compared to the control group.

Organ plasma flow
Portal, hepatic and renal plasma flows increased in TBR compared with controls
(Table 2). The change in hepatic blood flow in the tumor-bearing state resulted
from an increase in both portal venous and hepatic arterial flows. Organ flows in
the TBR+GLN group were comparable to those in the TBR group.
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FIGURE 1 | (A) Mean body weight (g) of the rats in the control group, TBR group and TBR+GLN
group with and without tumor weight. (B) Mean tumor weight (g) of rats in the TBR and TBR+GLN
group.

Adaptations in the portal-drained viscera
The weight of the small intestine showed no significant differences among
groups, while the spleen was enlarged in the TBR relative to the control group
(Table 2). Despite lower glutamine plasma levels, the glutamine load to the PDV
was higher in the TBR group as a result of the higher PDV blood flow. Glutamine
utilization by the PDV was significantly increased in the presence of tumor,
while citrulline release was significantly decreased (Figure 2). Glutamine FE by
the PDV was decreased in the tumor-bearing rats (Table 3). Citrulline FE showed
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a marked increase in TBR (-14% compared with -121% in controls), indicating a
sharp decline in citrulline output. Net protein breakdown in the PDV in the tumorbearing group was unchanged compared to the control group, i.e. phenylalanine
flux was unchanged (Table 3).
TABLE 3 | Organ amino acid fluxes and net fractional extraction rates.
Group

CONTROL

TBR

TBR+GLN

Flux
(nmol⋅min-1)

Net FE
(%)

Flux
(nmol⋅min-1)

Net FE
(%)

Flux
Net FE
(nmol⋅min-1) (%)

Glutamine

1366 ±158

37 ± 3

2031± 242*

26 ± 2*

2040 ± 426* 20 ± 4*

Citrulline

-253 ± 21

-121 ± 14

-35 ± 82*

-14 ±11*†

Portal drained viscera

Phenylalanine
Glutamate
Alanine

-2 ± 18
-129 ± 26
-1082 ± 115

-7 ± 46
-379 ± 137
-1318 ± 660

-195 ± 42 -35 ± 10
-39 ± 84
-255 ± 117
-2720 ± 777

Kidneys
Citrulline

99 ± 19

45 ± 7

220 ± 72

35 ± 13

163 ± 46

Arginine

-126 ± 20

-31 ± 5

-154 ± 43

-19 ± 5

-184 ± 68 -27 ± 10

Valine

56 ± 28

79 ± 21

34 ± 9

182 ± 44*

Liver
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Glutamine

-438 ± 100

-14 ± 4

-171 ± 414

- 3± 6†

Citrulline

134 ± 48

25 ± 9

-16 ± 67

-5 ± 11†

Arginine

223 ± 45

34 ± 5

276 ± 76

7 ± 11†

Valine

34 ± 24

324 ± 87*

2230 ± 322* 19 ± 2*
82 ± 54

10 ± 7†

473 ± 36*

34 ± 3

324 ± 128*

Values are mean ± SEM on day 26 after tumor implantation; TBR tumor-bearing group; TBR+GLN
tumor-bearing group with glutamine-enriched diet. Positive values resemble net uptake, negative values resemble net release. * P<0.05 compared to the control group. † Not significantly
different from zero.

The high glutamine uptake was accompanied by a trend towards an increase
in glutamate release by the PDV in the TBR group. Alanine flux showed a nonsignificant increase in the TBR group compared to the control group (Table 3).
The glutamine-enriched diet had no effect on the intestinal-renal axis of tumorbearing rats compared to control rats (Figure 2). Even with high glutamine plasma
levels, the PDV did not release more citrulline in the TBR+GLN group compared to
controls. Glutamate and alanine release from the PDV were higher in the TBR+GLN
group compared to the control group, however this was not a significant increase
(Table 3).
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FIGURE 2 | Glutamine and citrulline flux across the portal-drained viscera (PDV). Values are mean
± SEM on day 26 after tumor implantation; Positive values resemble net uptake, negative values
resemble net release. * P<0.05 compared to the control group.

Renal adaptations
Kidney weight did not differ between the control group and the tumor-bearing
groups (Table 2). Citrulline and arginine kidney fluxes did not differ significantly
among groups, although there appeared to be modest increases in citrulline
uptake and arginine release in tumor bearers (Figure 3). However, citrulline and
arginine FEs both trended toward decreased conversion (Table 3). Net renal
protein breakdown did not differ between the TBR and control groups. The
TBR+GLN group showed the same renal metabolism as the TBR group. However,
net renal protein breakdown was reduced in the TBR+GLN group, as indicated by
increased valine uptake (Table 3).
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FIGURE 3 | Arginine and citrulline flux across the kidneys. Values are mean ± SEM on day 26 after
tumor implantation; Positive values resemble net uptake, negative values resemble net release.
* P<0.05 compared to the control group.

Hepatic adaptations
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Liver weight was significantly increased in the TBR group compared to the control
group. There were no significant differences in net amino acid fluxes across the
liver between the TBR and control groups (Figure 4). Hepatic amino acid FEs
showed small amounts of glutamine release and citrulline and arginine uptake in
the control group. In the TBR group, glutamine, citrulline and arginine fluxes were
not significantly different from zero. Net hepatic protein breakdown was reduced
in the tumor-bearing rats, as indicated by an increase in valine uptake.
In the TBR+GLN group, liver weight showed a similar increase as the TBRs
compared to the control group. However, in the TBR+GLN group, liver glutamine
flux switched to strongly positive utilization compared to modest release by
controls and near balance for TBRs (Figure 4). Hepatic glutamine FE for the
TBR+GLN group showed high glutamine uptake relative to the other groups.
Hepatic citrulline FE was also not significantly different from zero. Arginine FE was
unchanged compared to the control group. Net hepatic protein breakdown was
also reduced in the TBR+GLN group (Table 3).
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FIGURE 4 | Glutamine, citrulline and arginine flux across the liver. Values are mean ± SEM on day
26 after tumor implantation; Positive values resemble net uptake, negative values resemble net
release. * P<0.05 compared to the control group.

Discussion
This experimental study shows that the intestinal-renal axis is adapted in cachectic
tumor-bearing rats and extra glutamine does not reverse the adaptations.
Unlike in pre-cachectic rats with MCA sarcomas, the intestine does not produce
significantly more citrulline and kidneys do not release significantly more arginine
in cachectic tumor-bearing rats than in controls (Figure 2). The administration of
a glutamine-enriched diet did not alter tumor growth or weight loss and did not
increase intestinal citrulline or renal arginine release compared to controls.
Cachexia is a highly negative prognostic factor in cancer and one third of all
cancer patients die from this catabolic state rather than from the malignancy
itself (27). Cachexia results from alterations in anti-tumor immune response and
inflammation caused by tumor and host-derived factors.
As frequently described, arginine plays an important role in anti-tumor immune
defense, since it is the primary substrate for cells of the immune system, and
the precursor for NO, which regulates cell proliferation and immune responses
(28). However, malignant tumors protect themselves by interfering with arginine
metabolism. Malignant tumors recruit immature myeloid-derived suppressor
cells (MDSC) that accumulate in the tumor environment, peripheral blood, liver
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and organs of the immune system. These MDSC activate arginine catabolizing
enzymes, which increases arginine demand (29). Eventually, the body has to adapt
to this tumor-induced arginine waste in order to sustain its immune function (30).
In physiologic conditions, arginine is produced by the intestinal-renal axis.
Glutamine is converted into citrulline in the intestine and citrulline is used as a
substrate for de novo arginine synthesis in the kidneys. The intestinal-renal axis
adapts to the ongoing arginine waste in the tumor-bearing state, depending on
the phase of tumor development.
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In the early phase of tumor growth, plasma arginine levels are low, while
glutamine and citrulline levels remain normal. Ornithine levels are high in this
phase of tumor growth, consistent with increased arginine catabolism (12).
Intestinal glutamine utilization and citrulline efflux do not adapt in this early
phase and de novo arginine production is unchanged (9,12). In a more advanced
phase of tumor development, but still prior to signs of cachexia, muscle
glutamine output and glutamine conversion to citrulline in the intestine increase
(9,10,13). Consequently, arginine production increases and arginine plasma
levels normalize (13). Ornithine levels remain high in this pre-cachectic phase,
indicating that arginine catabolism is still high (12). In this advanced phase,
muscle glutamine release is initiated to provide substrate for the intestinal-renal
axis, which implies that the body adapts to the high demand for arginine in the
tumor-bearing state. As this process proceeds, the glutamine pool in the muscles
diminishes, contributing to muscle wasting and cancer cachexia.
Our study characterizes the intestinal-renal axis in the advanced tumor-bearing
phase, when signs of cachexia are present. Our observations suggest that
the body does not sustain the adaptations from the previous phase and finds
alternative ways to overcome arginine waste. This occurs by an adaptation of
intestinal amino acid metabolism, leading to decreased citrulline efflux. Renal
arginine production from citrulline stays in balance, i.e. there is no long-term
renal adaptation in the tumor-bearing state.
We found significantly increased glutamine utilization and significantly decreased
citrulline release by the PDV. Similar to our results, other investigators have shown
increased glutamine utilization in the tumor-bearing state (9,13,31). It is implied
that glutamine turnover is increased in visceral organs and cells of the immune
system (14,32). A major part of the immune system, known as the gut-associated
lymphoid tissue (GALT) is located in the PDV, however in the presence of a
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malignancy the immune function of the GALT is impaired (33-35). Arginine has
been shown to be an important substrate for the GALT with stimulating effects
on its immune function (36). As described above, MDSC accumulate in lymphoid
tissues like the GALT, and deplete arginine availability in the tumor-bearing state
(29). Consequently, the substrate supply for the GALT is lacking. Studies showed
that glutamine and citrulline may function as substrates for the GALT and thus
improve intestinal immunity when arginine is scarce (17,36). This may explain the
observed increased glutamine utilization and significantly decreased citrulline
release by the PDV in the cachectic tumor-bearing state. The trend towards
a higher glutamate release from the PDV may support this, since glutamate is
the end product of glutamine utilization by the immune cells of rats (37). Thus,
the PDV would increase glutamine uptake and decreases citrulline release to
generate substrate for the GALT.
In the non-cancerous state, dietary glutamine increases citrulline production in
the intestine and subsequently increases renal de novo arginine synthesis (20).
Thus, theoretically it should be possible to reverse the adaptation process of the
intestinal-renal axis in cachectic tumor-bearing rats with a glutamine-enriched
diet. However, the adaptations of the intestinal-renal axis in our cachectic
tumor-bearing rats were not significantly altered by the administration of extra
glutamine. The present study shows that the intestinal metabolic adaptation in
tumor-bearing rats fed with a glutamine-enriched diet is similar to the adapted
intestinal metabolism of tumor-bearing rats without a glutamine-enriched diet.
Furthermore, the glutamine-enriched diet also did not affect renal citrullinearginine metabolism.
A major effect of the glutamine-enriched diet was seen in the liver, which
adapted to the increased glutamine availability by utilizing more glutamine.
In the liver, glutamine is used for acid base regulation and hepatic ammonium
detoxification, both very important processes during cancer cachexia. Hepatic
glutamine flux was approximately zero in the TBR group and we assume that
increased intestinal glutamine uptake in the tumor-bearing state depletes hepatic
glutamine. Decreased glutamine concentrations in the liver of tumor-bearing
rats are described in the literature (38). However, when administered enterally,
glutamine is directly available for liver metabolism via the portal circulation and
the ‘first pass’ eliminates 40-90% of the enterally administered glutamine (39).
This may explain the high hepatic glutamine uptake. Furthermore, this may
deplete glutamine supply from the diet to the muscles. Accordingly, weight
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loss was similar in the TBR and TBR+GLN groups. Although it is unclear whether
supplemental glutamine restores muscle glutamine during muscle wasting,
findings from Boutry et al. also suggest that glutamine supplementation is not
effective in counteracting glutamine release from muscle or muscle protein
breakdown in endotoxemia (40).
Taken together, our results imply that metabolic alterations found in tumorbearing rats with advanced cancer cachexia do not depend on glutamine
availability, but rather seem to be an adaptation process to tumor-induced
changes in the host. Future studies are necessary to further determine the
complicated interorgan route of glutamine, citrulline and arginine in cancer
cachexia, using in-depth research techniques to define the specific precursor
functions in this pathway. Furthermore, it would be of great interest to explore
the role of the immune system in the metabolic adaptations in the tumor-bearing
state. Distinct insight in the adaptations of amino acid metabolism and the effect
of supplemental components on metabolic pathways in the tumor-bearing host
with cachexia offers opportunities to counteract nutritional and immunological
deficiencies.
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Background: Plasma arginine concentrations are lower in patients
with cancer, which indicates that arginine metabolism may be
disturbed in these patients. Arginine supplementation has been
associated with positive effects on anti-tumor mechanisms and
has been shown to reduce tumor growth and to prolong survival.
Furthermore, the prognosis of patients with head and neck cancer
remains disappointing. Insufficient intake frequently leads to
malnutrition, which contributes to high morbidity and mortality
rates.

abstract

Objective: The aim of this study was to assess the long-term effects
of perioperative arginine supplementation in severely malnourished
patients with head and neck cancer.
Design: In this double-blind, randomized, controlled trial, we
randomly assigned 32 severely malnourished patients with head
and neck cancer to receive 1) standard perioperative enteral
nutrition (n=15) or 2) arginine-supplemented perioperative enteral
nutrition (n=17). The primary outcome was long-term (≥10 year)
survival. Secondary outcomes included the long-term appearance
of locoregional recurrence, distant metastases, and second primary
tumors.
Results: No significant differences in baseline characteristics were
observed between groups. The group receiving arginine-enriched
nutrition had a significantly better overall survival (P=0.019) and
better disease-specific survival (P=0.022). Furthermore, the argininesupplemented group had a significantly better locoregional
recurrence-free survival (P=0.027). No significant difference in the
occurrence of distant metastases or occurrence of a second primary
tumor was observed between the groups.
Conclusion: Perioperative arginine-enriched enteral nutrition
significantly improved the long-term overall survival and long-term
disease-specific survival in malnourished patients with head and
neck cancer.
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Introduction
Despite the available treatments, the survival of head and neck cancer patients
remains disappointing because of uncontrollable persistent or recurrent disease.
The incidence of postoperative complications within this population is 20–50%,
which leads to prolonged hospital stays and a poorer prognosis. Malnutrition is
one of the factors that contributes to disappointing morbidity rates. Most studies
report malnutrition in 35–50% of all head and neck cancer patients, particularly in
those with squamous cell carcinoma of the oropharyngeal and hypopharyngeal
areas (1–6).
Plasma arginine concentrations are reduced in patients with cancer, which
indicates that arginine metabolism is disturbed in the presence of a malignancy
(7–10). Arginine-enriched nutrition in postoperative head and neck cancer
patients is known to improve short-term outcomes, such as local wound
complications, fistula rates, and length of hospital stays (11,12). Moreover,
arginine supplementation is believed to augment specific and nonspecific antitumor mechanisms, such as retarding tumor growth and prolonging survival
(13), whereby normal T-lymphocyte function is essential because of its substrate
arginine (10). Actual prevention of malignant progression only manifests in the
initiation and promotion phases. With the appearance of arginase, decreased
T-cell proliferation, low expression of specific T-cell receptors, and decreased
production of cytokines have been observed (14). Myeloid-derived suppressor
cells appear to play a key role in these mechanisms by infiltrating the tumor and
producing arginase, which enables the tumor to develop a cover shield against
immune attacks (15).
In addition, arginine might play a role in carcinogenesis via its enzymatic
conversion by nitric oxide synthase (NOS) with concomitant formation of
nitric oxide (NO). Long-term exposure to low levels of NO induced by chronic
inflammation may promote carcinogenesis by inhibiting apoptosis (8,16). In
contrast, high levels of NO can be toxic for malignant cells (16,17). These tumortoxic mechanisms particularly play a role in the initiation and promotion phases
of the carcinogenesis. Generally, arginine and arginine-derived NO participate
in many overlapping and conflicting regulatory processes, which lead to cancer
development and prevention.
Our hypothesis is that, after surgical removal of malignant tumors, remnant
cells can proliferate. This stage is comparable with the initiation and promotion
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phases of carcinogenesis. In these circumstances arginine supplementation may
improve T-cell function and promote NO production. The combination of these
body defense mechanisms may combat remnant malignant cells. Thus, to prevent
recurrence, arginine should be ideally administered perioperatively.
Until now, the long-term effects of arginine have never been explored. Therefore,
the present study was designed to analyze the long-term (≥10 y) survival
of malnourished patients undergoing head and neck surgery who received
either arginine-enriched tube feeding or standard tube feeding. In this patient
population, we studied the long-term overall survival, the long-term diseasespecific survival, locoregional recurrence, distant metastases, second primary
tumors, and the (possible) cause of death of head and neck cancer patients.

Subjects & Methods
Patients

8

In the period 1994–1997, 56 patients undergoing surgery for head and neck
cancer who entered the Department of Otolaryngology/Head and Neck Surgery
of the VU University Medical Center, Amsterdam, were studied. Patients who
were severely malnourished, defined as a preoperative weight loss ≥10% over
the past 6 months, were eligible for inclusion (18). The study was a prospective,
randomized, double-blind, controlled clinical trial. All patients had a diagnosis
of histologically proven squamous cell carcinoma of the oral cavity, larynx,
oropharynx, or hypopharynx (18). Patients were excluded from the study if they
received other investigational drugs or steroids; had renal insufficiency, hepatic
failure, or any genetic immune disorder; or had a confirmed diagnosis of AIDS (18).
The study was approved by the medical ethics committee of the VU University
Medical Center (18).
This long-term survival study limited itself to 2 subgroups of patients: those
who received standard enteral nutrition (control group) and those who received
the arginine-enriched nutrition (arginine group) both preoperatively and
postoperatively. The products were produced and blinded in the Netherlands
(Nutricia Laboratories). An independent statistician generated the blinding
procedure.
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Nutrition
After stratification for type of surgery (combined mandibular resection or total
laryngectomy) and previous radiotherapy (yes or no), the patients were randomly
assigned to the arginine group or to the control group. The arginine group (n=17)
received preoperative and postoperative enteral nutrition in which 41% of the
casein was replaced by arginine, whereas the control group (n=15) received
preoperative and postoperative enteral nutrition with a specifically formulated
product that closely reflected the current standard of practice (standard
formula) (Table1). Nutritional solutions were isocaloric and isonitrogenous.
The only difference between the 2 was the amount of arginine. Specifically, no
other immune-modulating nutrients (eg, omega-3 fatty acids, nucleotides, and
antioxidants) were added.
Target intake was based on estimated energy requirements, calculated as 1.5 ×
the basal energy expenditure based on actual body weight. The patients were
given their complete nutritional requirements by enteral feeding, but they were
allowed to eat in addition to tube feeding on demand.
Postoperatively, all patients received the same tube feeding (1.5 × basal
energy expenditure), either the arginine or the control product, starting on the
first postoperative day until an X-ray conducted to assess swallowing ability
performed 10 days after surgery showed no leakage from anastomoses. (Repeated
“swallowing X-rays” were scheduled if anastomotic leakage occurred.) Patients
were not allowed to eat next to their tube-feeding until 10 days after surgery.
If patients were in need of prolonged tube-feeding after the 10th postoperative
day, they were all given standard tube-feeding (ie, the special formula was not
continued).

Event monitoring
The data were collected in August 2007, after a follow-up period of ≥10 years.
The following events were monitored: survival or death, the occurrence of
locoregional recurrence, the occurrence of distant metastases, and the occurrence
of second primary tumors. The cause of death was categorized as follows: 0, alive;
1, in-hospital-death; 2, death from recurrent cancer; 3, death from second primary
tumor; and 4, death other than cancer related. Causes 1, 2, and 3 were noted as
disease-specific causes of death. Survival analyses were made for both overall
survival and disease-specific survival. The variables were expressed in months
after the date of surgery.
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TABLE 1 | Composition per liter of the nutritional formulas1.
Supplement
Standard formula

Arginine formula

62.50

36.85

Free arginine

0.00

12.50

Glutamine

6.30

3.70

Protein (g)

9.80

9.80

Fat (g)

Nitrogen

48.61

48.61

Carbohydrate (g)

140.63

153.77

5250

5250

Energy (kJ)

Assumptions: 1 g protein = 17 kJ, 1 g arginine = 17 kJ, 1 g carbohydrate = 17 kJ, 1 g fat = 38 kJ,
glutamine content = 10% by weight of casein, conversion factor for casein = 6.38, and arginine
contains 32.16% nitrogen.

1

Statistical procedures

8

Curves for overall survival, disease-specific survival, and disease-free survival
were made according to the Kaplan-Meier method. Log-rank tests were used
to compare survival between the control group and the arginine group. Cox
regression was used to study confounding and effect modification. To bring the
effect of arginine supplementation into perspective, crude hazard ratios (HRs)
were computed with Cox regression and tabulated for the grouping variable and
for several well-known risk factors. Calculations were made with SPSS version 16.0
(SPSS Inc, Chicago, IL) computer software. All P values <0.05 were considered to
indicate statistical significance.

Results
Patients
Seventeen patients were randomly assigned to the arginine group and 15 patients
to the control group. None of the patients dropped out after randomization.
Preoperatively, all 32 patients were given enteral nutrition for 7–10 days through
a nasogastric feeding tube. The groups did not differ significantly in age, sex,
tumor stage, tumor localization, comorbidity, weight loss, type of operation, or
type of reconstructive surgery (Table 2). In the preoperative period, patients in
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the arginine group reached 113% and patients in the control group 110% of their
estimated energy requirements, with 15% and 10% of intake originating from oral
food intake, respectively. Preoperative tube feeding was provided for 8.6 ± 1.4 day
(arginine group) and 8.8 ± 1.4 days (control group). Postoperatively, patients in the
control group reached 96 ± 9% of their estimated requirements, whereas patients in
the arginine group reached 83 ± 18% of their estimated requirements (NS). Overall,
no difference in energy and protein intakes was observed between the groups,
neither preoperatively nor postoperatively. For the patients in the arginine group,
the mean total arginine intake over the preoperative and postoperative periods
added up to 1015 ± 307 g—ie, 50 ± 15 g· d−1 or 0.72 ± 0.19 g · kg−1 · d−1.
TABLE 2 | Baseline characteristics.
Characteristics
Sex (male/female)

Arginine-supplemented group (n=17) Control group (n=15)
12/5

7/8

59 ± 121

60 ± 8

III

3

2

IVa

9

7

IVb

0

0

Recurrent tumor

5

5

Not staged

0

1

Oral cavity

1

2

Larynx

3

3

Oropharynx

9

4

Hypopharynx

3

5

Age (y)
Tumor stage (n)

Tumor localization (n)

Other
Preoperative weight loss (%)
1

Mean ± SD (all such values).

1

1

12.8 ± 5.1

17.1 ± 7.2
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Long-term survival
All 15 patients in the control group and 14 of 17 patients in the arginine group
had died at the time of data collection. Sixteen patients died of the consequences
of recurrent cancer (locoregional recurrence and/or distant metastases), and 4
patients died because of a second primary tumor. Three patients died within the
first 30 day after surgery (in-hospital death), and 6 patients died of causes other
than cancer and were censored from the disease-specific survival analyses.
The median overall long-term survival was 34.8 mo in the arginine-supplemented
group and 20.7 mo in the control group (P=0.019; Figure 1). Disease-specific
survival was 94.4 mo in the arginine-supplemented group and 20.8 mo in the
control group (P=0.022).
To exclude the influence of well-known, prognostic factors (TNM stage, margins,
lymph nodes, preoperative weight loss, sex, and age) on survival, Cox regression
analyses were performed to test for confounding and effect modification. N stage,
and to a lesser extent weight loss and T stage, turned out to be confounders. When
the confounders (either individually or combined) were entered into the model,
the differences in survival between the arginine and control groups remained
significant (P=0.031 with all 3 confounders in the model).
To put the effect of arginine supplementation into perspective, crude HRs were
computed with Cox regression and tabulated for the grouping variable and for
several well-known risk factors. The results for overall survival are shown in Table
3. Similar results were found for disease-free survival (not depicted in the table).

8

Being assigned to the arginine group had a positive influence on both overall
survival (HR: 2.632; 95% CI: 1.142, 6.061) and disease-free survival (HR: 4.167;
95% CI: 1.389, 12.500). Absence of extracapsular spread had a positive effect on
disease-free survival (HR: 2.8120; 95% CI: 1.008, 7.831) but not on overall survival.
Lower tumor stages had marginally significant effects on overall survival, but these
results attenuated disease-free survival. In the first instance, age was entered as a
linear term in the model. However, because of the possibility on nonlinear effects,
age was also entered as a nominal variable and a time-dependent covariate,
which did not change the results.
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Figure 1: Overall Survival

FIGURE 1 | Kaplan-Meier curve of the overall survival of severely malnourished patients with
head and neck cancer after major surgery. The black line represents the arginine group (n=17),
and the dotted line represents the control group (n=15).

Locoregional recurrence
Locoregional recurrence occurred in 4 of the 17 patients in the arginine group
and in 9 of the 15 patients in the control group. Because less than half of the
patients in the arginine group had died of locoregional recurrence, median time
until development of locoregional recurrence could not be estimated, but was
>92.8 mo; it was estimated at 10.6 mo in the control group (P=0.027; Figure 2). All
patients with locoregional recurrence had died at the time of analysis; 9 of them
were reported to have locoregional recurrence only, whereas another 4 were
reported to have locoregional recurrence in combination with distant metastases.
Locoregional recurrence-specific survival differed significantly between the 2
groups (P=0.010). When the confounders were accounted for, the observed effect
became even more pronounced.
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Figure 2: Locoregional Recurrence Free Survival

FIGURE 2 | Kaplan-Meier curve of locoregional recurrence-free survival in severely malnourished
patients with head and neck cancer after major surgery. The black line represents the arginine
group (n=17), and the dotted line represents the control group (n=15).

Distant metastases and second primary tumors
We observed no significant differences between either the development of
distant metastases or the occurrence of second primary tumors between the
arginine-supplemented and the control groups.

8

TABLE 3 | Hazard ratios (HRs) for the influence of perioperative variables on survival.
Perioperative variables

P

HR

95% CI

Group (arginine/control)

0.023

2.632

1.142, 6.061

Age

0.155

0.975

0.942, 1.010

Weight loss (%)

0.188

1.047

0.978, 1.120

Sex (male/female)

0.245

0.639

0.301, 1.360

Extracapsular spread (no/yes)

0.293

1.539

0.689, 3.440

Major postoperative complications (no/yes)

0.139

1.757

0.833, 3.705

Radical surgery (no/yes)

0.513

1.285

0.607, 2.270

N stage (≥N2)

0.552

1.256

0.593, 2.660

T stage (≥T4)

0.064

2.452

0.949, 6.336

Stage (≥IVa)

0.086

2.934

0.858, 10.037
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Discussion
To our knowledge, our study was the first to show that a nutritional intervention
with arginine-enriched nutrition before and after surgery may improve survival.
Overall survival was a median of 34.8 mo in the arginine group and 20.7 mo in
the control group; disease-specific survival was a median of 94.4 and 20.8 mo,
respectively.
Despite the available surgical treatments, the survival of head and neck cancer
patients remains disappointing because of uncontrollable persistent and
recurrent disease. The most important prognostic factors are histologic tumor
grade, clinical stage, tumor invasion, tumor thickness, angio-lymphatic invasion,
and dissemination (19,20). Within our study, pathologic results concerning
malignant tissue removed from the patients showed no significant differences
in tumor stage and localization between groups. Furthermore, the type of
resection and the type of reconstructive surgery were not significantly different
between the 2 groups. Although suggested as prognostically important, the true
predictable value is controversial.
Generally, in patients with cancer, immune suppression can be caused by
malnutrition, surgical trauma, and the immunosuppressive capacity of the tumor
itself. The immune suppression in these patients can be linked to low levels of
arginine (15,18,21). Nutritional support with arginine is suggested to improve
nutritional status and immune function, which may subsequently result in
enhanced defense against tumor growth (22–25). Although the mechanisms
by which our positive results can be explained remain speculative, interplay of
arginine and immunologic defense seems plausible. Our hypothesis, advocating
the concept of proliferating remnant malignant cells that could be attacked
by arginine-induced improved T-cell function and enhanced NO production,
originates from several pioneering studies (10,15,26). This hypothesis might also
explain the difference in short-term survival and long-term outcome. Besides
the large influence of direct postoperative effects, the primary arginine effect
occurred during the supplementation phase, but the result was observed much
later. First, the effects of arginine on NO metabolism have been observed in
animal and human studies (27). Furthermore, increased concentrations of NO in
the microenvironment have been noticed to induce cytostasis and cytotoxicity in
tumor cells and to induce apoptosis by stimulating the tumor suppressor gene
p53 (16,17,28,29). Recent data support the importance for this latter specific
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action. In surgical patients with head and neck squamous cell carcinoma, some
patients were shown to still possess p53 mutations in adjacent epithelial cells
(30–32). Most head and neck squamous cell neoplasms are observed to develop
within a field of premalignant cells, which show alterations associated with the
process of carcinogenesis involving mutations in the p53 genes. Other recent
studies provide additional similar evidence. After surgical cancer resection, part
of the “field” may be left in the patient (33). Thus, arginine-derived NO could have
activated the intact p53 genes and thereby switched on the immune system to
clear this tissue from the residual normal-appearing cells (28,29). This may have
been one of the key principles to explain better survival and lower the appearance
of locoregional recurrence and longer recurrence-free survival in the argininesupplemented group.
Second, arginine is essential for normal T-cell proliferation. T-cells play an
important role in the body’s defense against malignant cells. Rodriguez et al.
showed decreased proliferation, a low expression of T-cell receptor CD3zeta
chain, and a decreased production of cytokines in appearance of arginase, the
enzyme that converts arginine (14). Moreover, high arginase activity surrounding
the tumor has been suggested to host arginine metabolism, which subsequently
leads to reduced arginine concentrations in cancer patients. These reduced
arginine concentrations are observed independently of tumor type, tumor stage,
and body mass index as investigated by Vissers et al (9).
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Furthermore, arginase is produced by myeloid-derived suppressor cells (MDSC)
(described as macrophages or immature dendritic cells) that are observed
to deplete arginine and to impair T-cell proliferation by infiltrating the tumor
(10,26,34). Different types of these myeloid cells are already detected in colon,
lung, and renal cell tumors and could be well present in many other types of cancer
(10,15,34). Interestingly, blocking arginase eliminated the suppressor function
of the MDSC in vitro and even showed anti-tumor effects in vivo, because of
normalized arginine metabolism. Arginine depletion could thus be a mechanism
by which the tumor regulates the immune system in favor of its own survival.
Therefore, immunotherapy could be of great value to restrict this mechanism,
which could be accomplished by arginase blocking therapy or arginine
administration and thereby improve arginine balance (10,35). However, no
significant difference in the inflammatory response (lymphocytes, tumor necrosis
factor-α, interleukin-6, and C-reactive protein concentrations) was observed in
patients with head and neck cancer between an arginine-supplemented group
and a control group (36).
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Supplemental arginine has been administered in a variety of clinical trials.
However, many studies have suggested that arginine can reduce tumor growth,
and some have observed a negative influence on tumor growth. Nevertheless,
the approach is controversial (37,38). New data showed that arginine can be
converted into glutamine (39). On the basis of current knowledge, we advocate
arginine supplementation in the initiation and promotion phases. Arginine
should not be given in the subsequent (progression) phases of cancer, because it
could stimulate angiogenesis and tumor growth through mechanisms involving
NO and growth factors. A recent study by Ascierto et al. showed that reducing
arginine concentrations in patients with metastatic melanoma may result in
prolonged survival (40).
The benefit of arginine supplementation has been reported in several studies
and has been registered in the European Society for Clinical Nutrition and
Metabolism guidelines (41). Jones and Heyland (42) hypothesized that arginine
supplementation could inhibit arginase and thus prevent dysfunction of the
immune system. The significant better locoregional recurrence-free survival in
the arginine group supports our hypothesis that arginine-derived NO and T-cells
can provide surveillance against (pre)malignant cells after surgery.
Arginine was also shown to block the formation and development of colorectal
tumors, as observed in restrained crypt cell hyperproliferation and enhanced
expression of survivin (an inhibitor of apoptosis). This might be related to the
increased NO concentrations and decreased arginine conversion by arginase (43).
These results strongly support our hypothesis and clinical results.
As a result of the conflicting effects of arginine on cancer, a review by Edwards
et al. reported the following: “Long term data regarding the impact of arginine
supplementation on mortality are not available. It had been suggested that this
is probably a result of persistent concern about a possible promotion of tumor
growth in some cases.” (37). Because of the long-term follow-up period, we
were able to investigate the long-term effects of perioperative enteral arginine
supplementation in head and neck cancer patients. Our study is innovative
because it involved single nutrient supplementation, homogeneous patient
groups, and the length of follow-up.
The long-term effects of arginine supplementation on survival in the current study
should be considered promising; still, small numbers of patients were included,
and contemplations with respect to future studies are inevitable. Postoperative
factors, such as lifestyle (which includes exercise, a reduction in alcohol, and
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healthy food) and malnutrition, may have influenced the results between the
groups. However, this study was not powered and designed to adequately rule
out these factors. Therefore, we cannot exclude that these confounding factors
might have influenced the results.
However, this study inevitably suggests that arginine may be a potential new
valuable player in the treatment of head and neck cancer patients: this apparently
simple intervention is suggested to improve the prognosis of these patients.
Larger studies are necessary to confirm our results and to disentangle the
underlying mechanisms of the therapeutic activity of arginine on tumor cells and
immune function.
In conclusion, this study suggests that arginine-enriched nutrition given
perioperatively may be a valuable tool for improving long-term survival in
malnourished head and neck cancer patients. Larger groups are needed to
confirm these results.

8
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Background: Anti-angiogenic therapies, targeting VEGF, are
a promising treatment for hepatocellular carcinoma (HCC). To
enhance this potential therapy, identification of novel targets in
this pathway is of major interest. Nitric oxide (NO) plays a crucial
role in VEGF-dependent angiogenesis. NO production depends on
arginine as substrate and asymmetric dimethylarginine (ADMA) as
inhibitor. Dimethylarginine dimethylaminohydrolase 1(DDAH-1)
catabolizes ADMA and therefore regulates NO and VEGF expression.
This study unravels additional mechanisms to improve VEGF
targeting therapies.

abstract

Methods: The expression of DDAH-1 was examined in HCC specimen
and non-tumorous background liver of 20 patients undergoing liver
resection. Subsequently, arginine/ADMA balance, NO production,
and VEGF expression were analyzed. The influence of hypoxia on
DDAH-1 and angiogenesis promoting factors was evaluated in
HepG2 cells and primary human hepatocytes.
Results: DDAH-1 expression was significantly induced in primary
HCC tumors compared to non-tumorous background liver. This
was associated with an increased arginine/ADMA ratio, higher NO
formation, and higher VEGF expression in human HCC compared
to non-tumorous liver. Hypoxia induced DDAH-1, iNOS, and VEGF
expression in a time-dependent manner in HepG2 cells.
Conclusions: Our results indicate that DDAH-1 expression is
increased in human HCC, which is associated with an increase in
the arginine/ADMA ratio and enhanced NO formation. Hypoxia
may be an initiating factor for the increase in DDAH-1 expression.
DDAH-1 expression is associated with promotion of angiogenesis
stimulating factor VEGF. Together, our findings for the first time
identified DDAH-1 as a key player in the regulation of angiogenesis
in human HCC, and by understanding this mechanism, future
therapeutic strategies targeting VEGF can be improved.
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Introduction
Hepatocellular carcinoma (HCC) is a global health problem, representing the
fifth most common cancer and the third most common cause of death from
cancer worldwide. The incidence of this primary liver cancer has increased in
the last decades (1). Clarifying the underlying mechanisms responsible for HCC
development and progression may lead to the identification of key targets for
therapeutic intervention.
Hepatocarcinogenesis is a multistep process involving genetic and environmental
changes, which allow the hepatocyte to escape normal control mechanisms in cell
proliferation, differentiation, migration, and death, resulting in the evolvement of
malignant disease (2). Angiogenesis is a crucial process in HCC development since
HCC is one of the most vascular solid tumors known. Vascular endothelial growth
factor (VEGF) is the primary mediator of angiogenesis in primary liver tumors (3).
Anti-angiogenic therapies, targeting VEGF, such as sorefenib (blockage of the
VEGF tyrosine kinase receptor) and bevacizumab (antibody to VEGF), have been
shown to be a promising effective treatment for advanced HCC, and sorafenib
has now been approved for the treatment of advanced HCC in both the USA and
Europe (4,5). To enhance this type of targeted treatment for HCC, evaluating the
effect of vertical blockade in which the VEGF pathway is interrupted at different
points, is needed. This concept is appealing because it may lead to more complete
blockade, block feedback loops, and have non-overlapping resistance patterns (6).
Therefore, the identification of novel targets in this pathway is of major interest.
Nitric oxide (NO), produced from arginine by the nitric oxide synthases (NOS), is
a crucial molecule and regulator of angiogenesis. NO enhances the expression
of other angiogenic factors, vascular permeability, perivascular cell recruitment,
and vessel remodeling and maturation (7). NO has a reciprocal role in VEGF
mediated angiogenesis by stimulating the expression of VEGF and mediating its
downstream angiogenic effects.
Regulation of NO production may therefore be crucial in the regulation of VEGFdependent angiogenesis and consequently tumor progression. The amino acid
arginine is the sole precursor for NO via the three isoforms of NOS: neuronal
NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS) (8). Asymmetric
dimethylarginine (ADMA) is a competitive inhibitor of all NOS isoforms (9). The
ratio between arginine and ADMA is the indicator for NOS activity and therefore
NO formation. ADMA is predominantly catalyzed by the enzyme dimethylarginine

9

178 | PART II - ARGININE/NO METABOLISM IN SURGICAL ONCOLOGY

dimethylaminohydrolase (DDAH) (10). Thus, ADMA and DDAH have an important
regulatory role in NO production, and the balance between arginine and ADMA
(arginine/ADMA ratio) is the preserving factor in this pathway (7,11). The DDAH
enzyme has two isoforms: DDAH-1 is the most important isoform in ADMA
metabolism, and the liver is a major expression site. DDAH-2 is particularly
expressed in vascular tissue, and it was found that ADMA levels do not evidently
depend on DDAH-2 activity (12).
The role of ADMA and the DDAH isoforms in angiogenesis is excessively studied
in cardiovascular settings. It was shown that ADMA and DDAH-1 metabolism
significantly influences NO formation and hereby plays a role in the regulation
of endothelial function, vascular condition and development (13-15). Moreover,
increased DDAH-1 expression is associated with upregulation of angiogenic
factors, most importantly VEGF (16). These findings suggest that DDAH-1 and
ADMA may be potential anti-angiogenic targets in cancer treatment. Insights in
the mechanisms of action of these players in HCC development may provide new
pointers in treatment and amplify the battle against this malignancy.
We hypothesized that DDAH-1 may be a potential target in HCC therapy. Therefore,
we evaluated whether DDAH-1 expression is increased in HCC tissue compared to
non-cancerous liver tissue of 20 patients who underwent hepatic resection. In the
same tissue samples, we determined the arginine/ADMA ratio, NO formation, and
VEGF expression. In addition, we determined the effect of hypoxia on DDAH-1,
iNOS, and VEGF expression in HCC cells.

Materials & Methods
In vivo materials

9

Tissue and serum samples were collected from 20 HCC patients undergoing
surgical resection at the Liver Cancer Center of the University of Pittsburgh
Medical Center under an institutional review board (IRB)-approved protocol.
From each patient, a HCC sample, a non-tumorous liver sample, and serum were
collected. Serum of these patients undergoing hepatic resection for HCC (n=20)
and from a control group of patients undergoing hepatic resection for benign
lesions (n=10) was collected preoperatively. Patient tissue samples and serums
were stored at −80 °C until analysis. Informed consent was obtained from all
individual participants included in the study.
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In vitro materials
Experiments were also done in cell cultures. The HepG2 cell line (HB-8065) was
purchased from and tested by American Type Culture Collection (Manassas, VA),
and the primary hepatocytes were obtained from histologically normal liver
under an IRB-approved protocol.

Immunoblotting analysis
Whole-cell protein was extracted from the HCC and corresponding non-tumorous
tissue samples with tissue protein extraction reagent (Pierce Biotechnology,
Rockford, IL). Whole-cell protein of the cultured primary hepatocytes and HepG2
cells were extracted with cell lysis reagent (Sigma, St. Louis, MO). Samples were
quantified, and 20–100μg of total protein was separated by gel electrophoresis.
The separated proteins were transferred to a membrane, and membranes were
blocked in 5% low-fat milk, and western blotting was performed with antibodies
against DDAH-1 (Santa Cruz Biotechnology Inc., Dallas, TX) (1:500), iNOS (BD
Biosciences, San Jose, CA) (1:500), VEGF (Santa Cruz Biotechnology Inc., Dallas, TX)
(1:500), and β-actin (Abcam, Cambridge, MA) (1:1000) diluted in 1% low-fat milk
solutions overnight. The membranes were washed with Tris-buffered saline with
Tween (TBST) and incubated with horseradish peroxidase-conjugated secondary
antibodies and washed again with TBST. Chemiluminescent substrate (Thermo
Fisher Scientific, Rockford, IL) was added to the membranes for 3–7 minutes.
Excessive substrate was removed, and the membranes were placed in transparent
plastic sheets and exposed to film (Laboratory Product Sales Inc, Rochester, NY).

Immunofluorescence
HCC tissue samples and non-tumorous liver tissue samples were fixed in 2%
paraformaldehyde for 2 h and placed in 30% sucrose for 24 h. The fixed tissue
samples were placed in liquid nitrogen cooled 2-methylbutane, and cryostat
sections (6–10 μm) were placed onto glass slides. After rehydration with
phosphate-buffered saline, the tissue sections were permeabilized with 0.1%
Triton X-100 (Sigma, St. Louis, MO) and washed in protein blocking buffer (PBB;
0.5% bovine serum albumin in phosphate-buffered saline) after each treatment.
Tissue sections were blocked in the serum of the host of the secondary antibody
for 45 minutes at room temperature (Sigma, St. Louis, MO; Millipore, Billerica,
MA). After 1-h incubation with specific primary antibody for DDAH-1(Santa Cruz
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Biotechnology Inc., Dallas, TX) (1:100 dilution in PBB with 0.1% triton X-100),
iNOS (BD Biosciences, San Jose, CA) (1:100 dilution in PBB), and VEGF (Abcam,
Cambridge, MA) (1:250 dilution in PBB) at room temperature, tissue sections were
treated with species specific secondary antibody and fluor-conjugated phalloidin
(Invitrogen, Carlsbad, CA) for 1 h at room temperature. Hoechst stain was added
for 30 s. Fluorescent images were captured with a confocal microscope (FluoView
1000, Olympus, Tokyo, Japan). Quantification analyses were performed by means
of traditional binary threshold using the negative staining control as a reference
point for staining intensity of an area per nucleus.

Arginine and ADMA measurements
The arginine/ADMA ratio was determined by measuring arginine and ADMA
concentrations by using a previously described liquid chromatography mass
spectrometry method (17).

Serum and tissue NO assay
NO in serum and tissue was predicted by measuring nitric oxide metabolites
(NOx) by the Griess reaction after conversion of nitrate to nitrite using a nitric
oxide colorimetric assay kit (Cayman Chemical Company, Ann Arbor, MI). The
NOx measurements were performed in preoperative serum samples of the HCC
patients (n=20); the serum of patients with benign liver lesions functioned as
control (n=10). Also, tissue homogenates of 20 paired HCC samples, and their
non-tumor counterparts were analyzed. Serum and tissue samples preparation
was according to the manufacturer’s protocol. NOx concentrations were defined
as μM per μg protein in tissue homogenates and as μM per L serum.

9

Hypoxia experiment
HepG2 cells were seeded on 12 sterile culture dishes. After 24 h of incubation, the
cells were washed and incubated under normoxic (21.0% O2) and hypoxic (1.0%
O2) conditions in duplicate for 0, 1, 3, 6, 12, and 24 h. DDAH-1, iNOS, and VEGF
expressions were determined by immunoblotting as described above.

DDAH is a key player in tumor angiogenesis | 181

Statistical analysis
Results are expressed as mean ± standard error of the mean (SEM). Statistical
analysis was performed using the Student’s t-test. SPSS 20.0 for Windows (SPSS
Inc., Chicago, IL) was used for statistical analysis. P < 0.05 was considered as
statistically significant.
TABLE 1 |
Clinicopathological features
Number of patients
Sex
Age (years)
Cirrhosis
Hepatitis
HBV
HCV
Non-viral Hepatitis
ETOH
NASH
Other
Mean Tumor Size (cm)
No. Tumor Nodules
1
≥2
Differentiation
Well
Moderate
Poor
Vascular invasion
Stage
I
II
III
HBV, hepatitis B virus. HCV, hepatitis C virus. ETOH,
alcoholic steatohepatitis.

Value
20
8 female; 12 male
66 ± 3
5 (25%)
1 (5%)
5 (25%)
2 (10%)
8 (40%)
1 (5%)
6.8 ± 1
10 (50%)
10 (50%)
4 (20%)
16 (80%)
0 (0%)
11 (55%)
5 (25%)
15 (75%)
5 (25%)
alcohol induced hepatitis. NASH, non-
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Results
Patient characteristics are shown in Table 1. We found a higher expression
of DDAH-1 in the HCC tumor samples compared to the corresponding nontumorous liver tissue samples (Figure 1A). Immunofluorescence confirmed
increased DDAH-1 expression in the primary HCC tumors compared to nontumorous liver tissue. DDAH-1 was localized in hepatocytes and most abundant
in HCC cells, whereas expression of DDAH-1 in endothelial cells of vascular
structures was not observed (Figure 1B). In vitro experiments also showed that
the expression of DDAH-1 was increased in the HCC cell line HepG2 compared
to normal primary hepatocytes (Figure 1C).
To determine the effect of the observed increase in DDAH-1 expression on the
arginine/ADMA ratio (the indicator for NO production), arginine and ADMA
concentrations in HCC and the paired non-tumorous tissue of 20 patients were
measured using mass spectrometry. A higher arginine/ADMA ratio is linked to a
higher NO production. The arginine/ADMA ratio was 74% higher in HCC tissue
compared to the non-tumorous liver tissue (137 ± 29 vs. 79 ± 7, respectively)
(Figure 2).
To study the effect of the increased DDAH-1 expression and subsequently
increased arginine/ADMA ratio in HCC on NO formation in these patients,
NO metabolites were measured in the same tissue homogenates. We found
significant higher NOx levels in the HCC homogenates compared to the nontumorous liver homogenates (Figure 3A). Furthermore, NOx levels in serum
of HCC patients were significantly higher compared to non-cancer patients
(Figure 3B).

9

We also found that the increased DDAH-1 expression in HCC tissue was
accompanied by an increased expression of the angiogenesis stimulating factor
VEGF (Figure 4A). In vitro, the HCC cell line also showed an increased VEGF and
iNOS expression compared to the primary hepatocytes (Figure 4B, C).
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Figure 1
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FIGURE 1 | Overexpression of DDAH-1 in HCC. A DDAH-1 protein levels were measured with
immunoblotting in paired HCC samples and their non-tumorous counterparts. Protein expression
results were normalized to internal control β-actin. *P < 0.05. N non- tumorous liver (n=20), T
HCC tumor (n=20). Imagings shown are representative results of three patients. B Non- tumorous
human liver and human HCC tissues were stained for DDAH-1. In the composite images: Red,
DDAH- 1; blue, nuclei. In the single DDAH-1 channel images: DDAH-1, gray. C Expression of
DDAH-1 in in vitro cultured human primary hepatocytes and in a HCC cell line was detected with
immunoblotting analysis.
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Hypoxia is often seen in solid tumors, including primary liver tumors. This is
confirmed in a recent study by our group, showing that hypoxia-inducible factor-1
alpha (HIF-1α) is indeed substantially increased in HCC specimens, compared to
the non-tumorous specimens of our patients (18). Hypoxia and the subsequent
expression of HIF-1α have shown to induce the expression of iNOS and VEGF (19,20).
To determine whether tumor hypoxia also influences the expression of DDAH-1, we
performed this in vitro experiment: HepG2 cells were cultured under normoxic and
hypoxic conditions. DDAH-1 expression increased in hypoxia in a time-dependent
manner. The
expression
of the angiogenesis promoting factors iNOS and VEGF
Figure
2
showed a similar increase in time in the hypoxic HepG2 cells (Figure 5).

*

180
160

Arginine/ADMA ratio

140
120
100
80
60
40
20
0

Non-Tumor

HCC

FIGURE 2 | Increased arginine/ADMA ratio in HCC tissue. Arginine and ADMA concentrations
in HCC tissue (n=20) and non-tumorous liver tissue (n=20) were measured with a liquid
chromatography mass spectrometry method. *P <0.05.
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Discussion
Despite advances in surgical and ablative techniques in the past decades,
HCC is still a leading cause of cancer-related death worldwide. Many patients
are diagnosed with HCC in an advanced state of malignant disease, and there
remains a lack of effective chemotherapeutic treatment for widely progressive
disease (21,22). Recently the therapeutic application of anti-angiogenetic
agents in HCC, targeting the VEGF pathway, has shown promising results in the
treatment of advanced HCC. The search for novel targets in the VEGF pathway in
HCC to complement this therapy may clarify molecular and metabolic changes
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in hepatocarcinogenesis and improve therapeutic effects. Therefore, obtaining
more insight in these mechanisms of action is an important objective in advance
of novel strategies to prevent and treat primary liver tumors.
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With regard to our results, we hypothesize on the HCC-induced mechanisms
to allow malignant outgrowth: Solid tumors create an environment which
prevents the immune system from counteracting tumor development and
promote malignant progression, indicating tumor sprouting and angiogenesis.
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FIGURE 4 | Overexpression of angiogenesis promoting factors VEGF and iNOS in HCC. (A) VEGF
protein levels were measured with immunoblotting analysis in paired HCC samples (n=20) and
their non-tumorous counterparts (n=20). Protein expression results were normalized to internal
control β-actin. *P < 0.05. N non-tumorous liver, T tumor. Expression of VEGF (B) and iNOS (C) in
in vitro human primary hepatocytes and in a HCC cell line were detected with immunoblotting
analysis.

One of the most prominent factors implicated in angiogenesis and tumor
progression is VEGF. This angiogenetic mediator induces vascular sprouting,
increases endothelial permeability, and maintains vascular integrity in the tumor
(23). NO derived from tumor-induced iNOS expression is also a key regulator of
angiogenesis and tumor growth. This inducible isoform of NOS is only expressed
in stressed tissue. Whereas nNOS and eNOS produce small amounts of NO in a
pulsatile manner, iNOS continuously produces high amounts of NO (24).
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NO induces the expression of VEGF and mediates its angiogenesis stimulating
effects. VEGF on its turn stimulates the expression of iNOS and its continuous
production of NO. Furthermore, the expressions of iNOS and VEGF are closely
related to tumor angiogenesis and are involved in tumor metastasis and
invasiveness (25,26).
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FIGURE 5 | Hypoxia induces overexpression of DDAH-1, VEGF and iNOS in HCC cells in a timedependent manner. Expression of DDAH-1, VEGF and iNOS was determined by immunoblotting
in HepG2 cells subjected to a time course up to 24 h of hypoxia (1% O2).

Arginine is used by all NOS isoforms to form NO. ADMA regulates this NO
production by competing with arginine for NOS and therefore blocking the
formation of NO. NOS is mainly localized in the cell, and thus the intracellular
ADMA and arginine levels influence NO production. Extracellular ADMA is also an
antagonist to extracellular arginine on cell membrane transporter level, whereas
they are both transported into the cell via cationic amino acid transporters of
system y+ (27,28). Thus, NO production depends on the arginine/ADMA ratio,
which was also shown in our results.
ADMA is catabolized by DDAH and the high DDAH-1 expression as found in our
human HCC specimens was associated with an increase in the arginine/ADMA
ratio and higher NO formation. Although the role of both arginine and NO are
excessively studied in the oncological setting, studies on the role of ADMA and
DDAH in human tumor development and progression are lacking. Though,
ADMA and DDAH are widely analyzed in the cardiovascular setting as regulators
of NO dependent endothelial function, vascular tone, organ perfusion, and
vascular proliferation (16). Low DDAH activity and subsequently increased ADMA
levels cause a deficiency in NO bioavailability, and this results in cardiovascular
dysfunction. There are only a few studies that translated the role of ADMA and
DDAH in the oncological setting. Those studies reported that both isoforms of
DDAH indeed may play a role in the development of tumor vasculature (29).

9
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A key role for DDAH in tumor angiogenesis is supported by studies showing
that DDAH overexpression activates angiogenic pathways in vitro. Vanella et
al. showed that DDAH-2, iNOS, and VEGF expressions were higher in a prostate
cancer cell line compared to cells that represent benign prostate hypertrophy
(30). Consistent to our results, Kostourou et al. showed in in vivo experiments in
rats bearing glioma xenografts that overexpression of DDAH-1 and a subsequent
decreased inhibiting effect of ADMA on NOS result in increased tumor growth,
tumor vascularization, and VEGF secretion (31). We now report that DDAH-1 is
overexpressed in human HCC compared to non-tumorous liver, that this increase
in DDAH-1 expression results in enhanced NO formation and is associated
with stimulation of angiogenetic factors. More studies are needed to further
unravel the mechanisms behind this pathway; for example, DDAH-1 knockdown
experiments in rodents may gain more insight into the point of action of DDAH-1
in VEGF-dependent angiogenesis and tumor growth of HCC.

9

HCC shows signs of hypoxia, which is associated with tumor progression and
a poor prognosis. Increased expression of angiogenesis promoting factors is
required for tumor growth, counteracting cancer cell hypoxia (32). However,
the mechanism by which deprivation of adequate oxygen supply influences
cancer progression is still unclear. Previous studies showed that NO production
is primarily present in tumor areas between viable and necrotic tumor regions,
the hypoxic area (33). Hypoxic tissue induces the expression of hypoxia-inducible
factor-1 alpha (HIF-1α), which stimulates the expression of iNOS and VEGF, which
was also seen in our hypoxia experiment in the HCC cells. In the clinical setting,
malignancies with high iNOS and VEGF expression typically present as highly
vascularized tumors (34). When inhibiting iNOS and VEGF activity in tumors, the
tumor vasculature becomes dysfunctional and tumor perfusion is not effective,
resulting in decreased tumor growth (35,36). Our study also aimed to determine
the effect of tumor hypoxia on DDAH-1 expression and the arginine/NO pathway.
We found that hypoxia also induces DDAH-1 expression in HCC cells.
Our results suggest that DDAH has a regulating role in tumor angiogenesis in
humans by stimulating NO formation and VEGF expression. Multiple trials
already studied the clinical effects of angiogenesis targeted therapy (37,38).
Incomplete knowledge and complexity of the underlying mechanisms of the
hepatocarcinogenesis are most likely to be the restrictive factors in refining these
therapies (39). The results of our study further elucidate the complex tumorpromoting pathways in HCC. Whereas VEGF inhibitors alone show promising
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effects in the treatment of HCC, our study suggests an additional novel role
for DDAH-targeted therapy in HCC to significantly improve clinical outcome
in HCC patients. As stated above, tumors with high DDAH-1 expression grow
almost twice as fast as controls, which clearly shows the importance of DDAH in
tumor progression (31). Combined with our results, inhibiting DDAH may serve
as a potential anti-tumor strategy. Therefore, we hypothesize the development
of multiple-targeted inhibitors to control NO formation and subsequently
angiogenesis and tumor progression.
In conclusion, our data show that DDAH-1 is overexpressed in HCC and plays a
pivotal role in the regulation of hypoxia-induced angiogenesis by regulating the
NO/VEGF pathway. These findings suggest that DDAH-1 may serve as a promising
target for development of novel therapeutic agents for HCC and that future studies
are needed to further explore the role of DDAH-1 in the hepatocarcinogenesis
and as a targeted agent in HCC therapy development.
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The results described in this thesis concerning the whole-body and interorgan
pathway of glutamine, citrulline and arginine provide insights in the metabolic
changes in the (cachexic) tumor-bearing host and provide new nutritional
opportunities to counteract these disturbances.
In chapter six, a new hypothesized concept is demonstrated on the role of the
glutamine, citrulline an arginine metabolism in development of cancer cachexia,
explained and supported by an elaborate literature study. The arginine/NO
metabolism is disturbed in patients with cancer. We theorized that the body will
try to correct this perturbation by mobilizing arginine, citrulline and glutamine.
The decreased arginine levels and the disturbed NO production activate several
cascades, which in turn inhibit protein synthesis and promote proteolysis, leading
to cachexia. In a recent study in mice, Marini et al. found no significant effect of
arginine deprivation after administration of arginine deiminase on body weight
and fractional protein synthesis rates (1). This chemical deprivation of arginine
by arginine deiminase is accompanied by an increased citrulline level more than
ten-fold, since arginine deiminase converts arginine into citrulline and ammonia.
However, arginine deprivation caused by excessive arginase activity as seen in
early phases of cancer development, converting arginine into ornithine and urea,
results in severe weight loss and death, which can be counteracted by correction
of citrulline levels (2). In conclusion, arginine deiminase does cause a depletion in
circulating arginine, however this depletion is not systemic due to the ability of
multiple cells to derive arginine from citrulline themselves. Catabolic syndromes
are still a common problem in oncologic care and the presence of cancer related
malnutrition may limit their recovery functions and responses to even the best
treatments. This highlights the need for more scientific appraisal of metabolic
derangements and nutritional requirements of cachectic subjects.
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Metabolic flux studies, primarily in animals, have gained information on the
qualitative interorgan uptake and release of the amino acids of interest. In chapter
seven, the influence of the advanced tumor-bearing state with signs of cachexia
on arginine’s intestinal-renal axis is outlined. Our findings were in line with the
mechanism described above. Previous studies in tumor-bearing rats have shown
adaptations of arginine’s intestinal-renal axis in different phases of malignant
disease. In the first phase of cancer, arginine levels decrease without alterations in
intestinal or renal metabolism. In a more advanced phase, the onset of cachexia is
preceded by increases in glutamine release from muscle and citrulline production
in the intestine, with a subsequent increase in renal arginine production (3-5). In
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our tumor-bearing rats with advanced cancer cachexia, a high glutamine uptake
by the small intestine was not attended by higher citrulline output and renal
conversion of citrulline into arginine was not altered compared to non-tumorbearing subjects. These observations suggest that citrulline is used as a substrate
for metabolic and immunologic processes in times arginine metabolism is
diminished. Our results imply that metabolic alterations found in tumor-bearing
rats with advanced cancer cachexia do not depend on glutamine availability,
but rather seem to be an adaptation process to tumor-induced changes in the
host. Although a previous study showed that a glutamine enriched diet is able
to restore host glutamine reserves and support glutamine metabolism, without
stimulation of tumor growth (6), it seems that in advanced stages of cancer
cachexia other nutritional interventions should be considered.
The arginine/NO pathway plays a crucial role in surgery, oncology and surgical
oncology. In this thesis, it is shown that the arginine/NO pathway and the
associated mediators are closely linked to angiogenetic pathways in primary liver
cancer development. Furthermore, it was found that arginine supplementation
in the perioperative setting improves long term (disease free) survival and
recurrence of the malignant disease. The last outcome is of great importance,
since it supports the hypothesis that arginine could prevent malignant outgrowth
when available “in the right place at the right time”.
Myeloid-derived suppressor cells (MDSC) are assigned to be major players
in cancer’s strategies for initiation, promotion and progression of malignant
development and are a hallmark in cancer-associated inflammation discrepancies
(7-10). In the multistep process of cancer development, these MDSC change their
role and activity, depending on the phase of carcinogenesis. In the first phase,
MDSC predominantly produce arginase induced by Th2 cytokines. This results in a
high level of arginase activity, which causes an arginine deficiency. T-lymphocytes
depend on arginine for proliferation and receptor production and therefore
depleted arginine levels prevent these immune cells from fighting malignant
cells (11,12). Also, increased NO concentrations, derived from arginine by iNOS,
have been noticed to promote cytostasis and cytotoxicity in malignant cells
and to induce expression the tumor suppressor gene p53 leading tot apoptosis
(11,13-15). Evidently, in these early phases of cancer development, arginine is of
great value to prevent malignant cells from evolving.
During further development of the malignant tumor, the progression phase of
the carcinogenesis, the Th1/Th2 balance switches to an increase in Th1 cytokines,

10

198 | PART II - ARGININE/NO METABOLISM IN SURGICAL ONCOLOGY

promoting the MDSC to express iNOS and eNOS. This results in a continuous
production of NO in the tumor environment, suppressing immune functions
and promoting angiogenesis and tumor growth. Furthermore, together high
iNOS activity and low arginine levels may lead to the formation of reactive
nitrogen species, such as peroxynitrite. These highly reactive molecules damage
the surrounding tissue promoting tumor outgrow and also cause immune
suppression by blocking the binding of tumor-antigen to T-cell receptors. In this
phase, extra arginine may cause harm by aggravating the pro-malignant effects
of the MDSC in the tumor environment (16-18).
As described, bearing cancer results in a disturbance in the Th1/Th2 balance of
the immune system. It is suggested that a curative surgical intervention for cancer
may reverse the carcinogenetic pathway to the initiation phase with its Th2
response, as illustrated the phase where restoring arginine availability may have a
protective role against tumor development. Furthermore, in general, the immune
response has been found to shift to a domination of Th2 response and a decrease
of the Th1 response after surgery (19). This shift further augments catabolism of
arginine by arginase. This is supported by studies showing a decrease in arginine
levels in patients just a few hours after surgical injury. Arginine supplementation
may correct the Th1/Th2 imbalance in patients undergoing oncological surgery
and hereby may enhance the innate and adaptive immune responses (20). This is
supported by the fact that we found a better recurrence free survival in head and
neck cancer patients receiving an arginine enriched enteral diet perioperatively.
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Furthermore, tumor cells also change their own metabolic strategy to stimulate
malignant outgrowth. In chapter eight, a more in-depth study on tumor cell
metabolism and biology is presented. An important tumor growth promoting
process is angiogenesis, in which new vasculature is formed to supply the tumor
from oxygen-rich blood and nutritional compounds. From cardiovascular studies,
we learned that the arginine/NO pathway is of major influence in the regulation
of endothelial function, vascular condition and development. Significant
angiogenesis requires adequate levels of NO. Various angiogenetic factors
stimulate the expression of NOS isoenzymes. VEGF stimulates endothelial-derived
NO and NO from the inducible enzyme stimulates VEGF expression in a positive
feedback loop. The role of DDAH and ADMA in the regulation of NO biosynthesis
in angiogenesis was also extensively investigated. DDAH overexpression results
in the stimulation of the angiogenetic cascade (21). Overexpression of DDAH
may augment a significant reduction in plasma ADMA levels and a significant
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increase in tissue NOS activity with subsequent stimulating vascular effects (22).
Furthermore, DDAH is able to augment complementary VEGF upregulation in a
NO-independent manner (23). Together, increased DDAH activity lowers ADMA
levels, increases the levels of VEGF, whilst blockade of DDAH reduces angiogenesis
(21). Others demonstrated that downregulation of DDAH or treatment with
ADMA impairs angiogenesis via a reduction in NO and VEGF signaling (21,25,26).
Functional studies looking into the DDAH/NO/VEGF pathway in the oncological
setting show similar effects. Increased NO production has been associated with
higher tumor grade in various types of malignancies, including gynaecological,
breast, neuronal, head and neck and gastrointestinal tumors (27-31). Data
from in vitro experiments showed that higher NO production resulted in tumor
angiogenesis by upregulating VEGF and VEGF dependent neovascularisation
(32,33). Conversely, inhibition of NOS results in decreased tumor growth (34).
Moreover, suppression of iNOS in hepatocellular carcinoma cells led to decreased
tumor growth and increased tumor cell death (35). Enhanced expression of
DDAH increases NO formation, expression and secretion of VEGF, and hereby
induced angiogenesis in malignant cells. Tumors with higher DDAH expression
and thus higher NO levels grow more rapidly than tumors with normal DDAH
expression and normal NO levels. Tumor cells that overexpress DDAH have a
more aggressive and better-vascularized phenotype and the degree of DDAH
expression can be correlated to the degree of hypoxia in the tumor environment
(36-38). Thus, higher DDAH, iNOS, eNOS and VEGF expression is found in cancer
cells compared to benign cells and inhibition of NOS shows a reduction in the
overexpression of both NOS isoenzymes and VEGF-derived angiogenesis (39).
In malignant cells overexpressing DDAH, a selective inhibitor of DDAH1 leads
to downstream inhibition of NO biosynthesis (40). In conclusion, angiogenesis
in cancer is stimulated by VEGF, VEGF augments NO formation to mediate
angiogenesis, DDAH stimulates NO formation by catabolizing ADMA and NO
and DDAH both also promote VEGF expression. The pathway of arginine, ADMA,
DDAH, NOS and VEGF is summarized in a flow chart in Figure 1. We found that
DDAH was upregulated in human primary liver cancer and that this increase in
DDAH expression was accompanied by an increase in the arginine/ADMA ratio
and subsequently enhanced NO formation and the angiogenesis promoting
factors VEGF.
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FIGURE 1 | The pathway of arginine, ADMA, DDAH, NOS and VEGF. Arginine is the sole precursor
for NO via the three NOS isoforms. ADMA is the direct antagonist of arginine for NOS and thus
inhibits NO production. DDAH converts ADMA into dimethylarginine and citrulline and hereby
indirectly stimulates the formation of NO from arginine. VEGF directly stimulates the biosynthesis
of NO. NO itself also augments VEGF expression in a positive feedback loop. DDAH also enhances
VEGF dependent angiogenesis in a NOS independent manner.

Future persepectives
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Influencing the arginine/NO pathway in oncological management is all about “in
the right place at the right time”. As described in the metabolic studies in this
thesis, alterations in arginine metabolism may induce changes in protein turnover
and immune function. Glutamine supplementation may be a useful intervention
to restore citrulline and arginine levels in the first phases of cancer development.
However, we also showed that in a more advanced phase with signs of cachexia,
the body does not depend on glutamine administration anymore and seem to
find other routes to warrant the arginine-derived processes by using citrulline
as a surrogate instead. It would be of interest to study the role of the specific
citrulline metabolism in the sequential phases of the carcinogenesis and the effect
of nutritional interventions on the role of citrulline as arginine’s surrogate in times
of need.
Although multiple studies already have shown the role of arginine in tumor
development and host immune function, the mechanism of how arginine
supplementation may affect immune responses and metabolism on tissue or
cell level still has to be unraveled. Arginine supplementation to patients in the
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early phases of carcinogenesis or the perioperative phase could be beneficial in
promoting the hosts immune system, however it would be even more interesting
to tackle the real cause of the arginine deficiency state. Copious amounts of data
show an association between MDSC accumulation and clinical outcome in patients
with a malignancy (41,42). It was shown that MDSC are linked to poor disease
specific and overall survival in patients with various tumor types (43). Furthermore,
the level of MDSC is associated with lower responses to chemotherapies (44-46).
This knowledge makes it particularly important to find new therapeutic options
to target these cells. Various therapies, for example low dose chemotherapy,
can induce MDSC depletion (47,48). MDSC can be functionally inactivated by
unarming their suppressive mechanisms. For example, administration of tadalafil,
a phosphodiesterase type 5 inhibitor, to patients with head and neck cancer and
multiple myeloma resulted in lower circulating MDSC count, decreased iNOS and
arginase expression and more spontaneously generated tumor-specific T-cells
(49-51). Furthermore, interfering with the maturation pathway of the MDSC may
lead to differentiation of the cells to another, non-pro-malignant phenotype.
Moreover, the perturbations in the arginine/NO metabolism may be counteracted
by interventions that affect its mediators. Increased DDAH expression by cancer
cells is an important key strategy in the stimulation of angiogenesis through
induction of NO and VEGF formation, by inhibition of the antagonist function
of ADMA. An interesting concept is to “inhibit the inhibitor”. VEGF is a major
target for anti-angiogenetic therapies, for example bevacizumab and sorafenib,
showing promising therapeutic results in patients with different types of cancer.
However, carcinogenesis and angiogenesis are multistep complex processes,
not only involving VEGF. First, VEGF stimulates endothelial-derived NO and
inducible NO stimulates VEGF expression. VEGF inhibitors have been shown to
decrease NO levels, however this is only a downstream effect of the therapy (52).
To optimize anti-VEGF therapy also the upstream stimulation by NO could be
blocked. Second, NO does not only have tumor promoting effects through VEGF
dependent angiogenesis, but NO itself is also important for tumor cell migration
and progression (53). Thus, for optimal anti-tumorous effect, it would be essential
to counteract upstream and downstream NO actions in the VEGF pathway in a
horizontal and vertical way (54), and DDAH is a potential target to augment this
additional contribution to the current available anti-VEGF therapies.
Direct inhibition of NO as a target in anti-cancer therapies will not only influence
the pathological NO production, but may also disrupt physiological NO-mediated

10

202 | PART II - ARGININE/NO METABOLISM IN SURGICAL ONCOLOGY

processes as well. An alternative way to obviate these problems would be via
indirect inhibition of NO synthesis by one of the DDAH isoforms. DDAH catabolizes
ADMA, the most important inhibitor of NO synthesis because of its antagonist
function for the NOS enzymes for arginine. ADMA is not a selective agent and
will reduce both iNOS and eNOS production of NO. Therefore, the enzymatic
action of DDAH is a potential endogenous mechanism for the regulation of NO
formation by competitive inhibition (21). Furthermore, DDAH has been shown
to also stimulate VEGF dependent angiogenesis in an NOS-independent manner.
Besides the known endogenous DDAH inhibitors, e.g. citrulline and homocysteine,
very few commercially available inhibitors of DDAH are obtainable and most of
these are not DDAH selective or lack DDAH isoform selectivity (54). Several of these
compounds have been shown to inhibit both DDAH activity and NOS activity itself,
hereby missing the point of the potential advantage of this target. Besides the
problem of NOS inhibition by non-selective DDAH inhibitors, arginase inhibition
is described as well. This could result in higher arginine levels, the precursor for
NO synthesis via NOS, controversially leading to higher NO production. Therefore,
the optimal pharmalogical agent that reduces NO formation via DDAH inhibition
does not inhibit NOS itself or arginase. Currently, only two of these synthetic
DDAH inhibitors have been described showing selectivity for DDAH over NOS
and arginase, namely the guanidine substituted arginines NG-(2-methoxyethyl)L-arginine(L-257) and NG-(2-methoxyethyl)-L-arginine methylester(L-291) (55,56).
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Selective inhibition of one of the DDAH isoforms could result in a tissue-specific
rise of ADMA and subsequently inhibition of NOS. This may also prevent systemic
NOS blockade, seen in direct NOS inhibition by administration of methylated
arginines and anti-VEGF, leading to serious cardiovascular adaptations associated
with diminished clinical outcome in septic patients (57,58). Another, even more
innovative, option to prevent systemic effects of VEGF and DDAH inhibitors, is
the use of microbubbles to deliver the therapeutic agents at the tumor site. First,
this new method enables tissue specific target localization by microbubbles
conjugated with a biomarker, specific for the tissue of interest. Second, the
microbubbles can be loaded with a therapeutic agent, which can be released at
the targeted tumor site by the use of ultrasound. In summary, there are numerous
new and exciting potential options of DDAH inhibition alone and in combination
with other anti-angiogenetic therapies.
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Summary
The objective of this thesis was to gain insight in the role of the arginine/NO
metabolism in surgical oncology, from molecular level to whole-body level. In
PART I background information on the arginine and its derivatives is provided
and the physiological arginine/NO pathway is further elucidated. Arginine and
its precursors have been shown to be essential pharmaco-nutrients due to
their immune enhancing capacities (CHAPTER TWO). An adequate immune
response is particularly important in patients undergoing surgery for recovery
from injury and combating various diseases. A surgical intervention causes stress
with subsequent catabolic effects on the body’s substrate stores. Glutamine, the
precursor of arginine, functions as fuel for rapidly dividing cells, especially cells of
the immune system. Also, it activates protective mechanisms of the host because
it is an important precursor for antioxidants and it improves intestinal function.
Moreover, arginine is the substrate for T-lymphocytes and the sole precursor for
NO production, both essential for the immune system. Supplementation of these
pharmaco-nutrients in surgical patients may improve clinical outcome, since
these nutrients become deficient fast under the influence of surgical stress and
in disease states.
Glutamine is the precursor for arginine and glutamine supplementation augments
an increase in arginine levels in healthy subjects. We designed a stable isotope
study to determine the effect of intravenous glutamine supplementation on
arginine production from glutamine and citrulline (CHAPTER THREE AND FOUR).
It was found that an intravenous glutamine supplement in patients undergoing
abdominal surgery doubles renal arginine production.
PART II of this thesis focuses on arginine/NO metabolism in surgical oncology. The
nutritional status of patients is a major prognostic factor. Especially cancer patients
may develop a severe catabolic state, also called cancer cachexia (CHAPTER SIX).
The presence of cachectic and sarcopenic symptoms is significantly related to
survival in oncologic patients. It was hypothesized that part of the pathological
changes in cancer cachexia can be ascribed to an arginine deficiency state,
leading to excessive changes in amino acid metabolism. It is shown in previous
studies that the tumor-bearing host accelerates arginine’s intestinal-renal axis
by glutamine mobilization from skeletal muscle and this may promote cachexia.
In CHAPTER SEVEN we describe a metabolic flux study in rats with advanced
cancer cachexia. Amino acid fluxes and net fractional extractions across intestine,
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kidneys, and liver were studied. In the advanced cachectic tumor-bearing state,
an increase in intestinal glutamine uptake is not accompanied by an increase in
renal arginine production. The adaptations found in the cachectic, tumor-bearing
rat did not depend on glutamine availability.
An arginine deficiency state is typically found in tumor-bearing patients, and
this diminishes immune responses against malignant degeneration. In CHAPTER
EIGHT a randomized trial on the clinical effect of arginine supplementation in
surgical oncology is outlined. In this double-blind trial, we randomly assigned
severely malnourished patients with head and neck cancer to receive a standard
perioperative enteral nutrition or an arginine-supplemented perioperative enteral
nutrition. We did not observe significant differences in baseline characteristics.
The group receiving an arginine-enriched diet had a significantly better overall
survival and a significantly better locoregional recurrence-free survival. This
supports the thought that arginine availability is particular important at the
moment one requires the most of the immune system for recovery from surgical
injury and to encounter remnant malignant cells in the perioperative period.
The function of both arginine and NO are elaborately studied in the tumor
environment. However, the role of other mediators in the arginine/NO pathway
in surgical oncology is poorly represented in literature. NO production depends
on arginine as substrate and asymmetric dimethylarginine (ADMA) as inhibitor.
Dimethylarginine dimethylaminohydrolase (DDAH) catabolizes ADMA, and hereby
regulates NO production. Solid tumors need vasculature to evolve and therefore
angiogenesis is an essential part of cancer development. Vascular endothelial
growth factor (VEGF) is a crucial component in cancer angiogenesis and uses NO
as a mediator. To study the role of ADMA and DDAH in the angiogenetic pathway
of primary liver cancer, we analyzed the resection specimens of twenty patients
(CHAPTER NINE). Our results indicate that DDAH expression is increased in human
hepatocellular carcinoma, which is associated with an increase of the arginine/
ADMA ratio and enhanced NO formation. The increased DDAH expression is
initiated by hypoxia and is associated with promotion of the expression of the
angiogenesis stimulating factor VEGF. This suggests that DDAH might be a
potential target in novel therapeutic agents and future studies are warranted to
investigate the role of the arginine/NO pathway with all its mediators in cancer
development and anti-cancer strategies.
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Samenvatting
Het doel van dit proefschrift is om inzicht te verkrijgen in de rol van het arginine/
NO metabolisme in de chirurgische oncologie, van moleculair- tot lichaamsniveau.
In DEEL I geven we achtergrondinformatie over arginine en haar derivaten en
proberen we de fysiologische pathway van arginine en NO te verhelderen.
Arginine en haar voorlopers zijn essentiële farmaconutriënten vanwege
hun immuunmodulerende capaciteiten (HOOFDSTUK TWEE). Een adequate
immuunrespons is essentieel in patiënten die herstellen van een operatie
of lijden aan een ernstige ziekte. Een chirurgische interventie veroorzaakt
stress, resulterend in katabolisme van de substraatvoorraden van het lichaam.
Glutamine, de voorloper van arginine, functioneert als brandstof voor snel
delende cellen, in het bijzonder cellen van het immuunsysteem. Daarnaast
activeert glutamine belangrijke beschermende mechanismen in het lichaam,
zo is het de voorloper van antioxidanten en behoudt het de gastro-intestinale
functie. Arginine is het substraat voor T-lymfocyten en de unieke voorloper voor
NO productie, beide essentieel voor een goed functionerend immuunsysteem.
Omdat deze aminozuren snel deficiënt raken onder invloed van chirurgische
stress en uiteenlopende ziekten, kan suppletie van deze farmaconutriënten de
klinische uitkomst optimaliseren.
Glutamine is de precursor voor arginine en glutamine suppletie resulteert in
een verhoging van de arginineconcentraties in gezonde proefpersonen. We
verrichtten een onderzoek met behulp van stabiele isotopen om het effect van
intraveneuze glutamine suppletie op de arginine productie van glutamine en
citrulline te bestuderen (HOOFDSTUK DRIE EN VIER). Het bleek dat intraveneuze
toediening van glutamine aan patiënten die een abdominale operatie ondergaan
leidt tot een verdubbeling in de productie van renale arginine.
In DEEL II van het proefschrift wordt de focus gelegd op het arginine/NO
metabolisme in de oncologische chirurgie. De voedingsstatus is een belangrijke
prognostische factor voor een verscheidenheid aan ziektebeelden en
behandelingen. Vooral kankerpatiënten kunnen een katabole status ontwikkelen,
ook kanker-cachexie genoemd (HOOFDSTUK ZES). De aanwezigheid van
cachectische en sarcopene symptomen is significant gerelateerd aan overleving
bij oncologische patiënten. Een deel van de pathologische veranderingen in
kanker cachexie zou kunnen worden toegeschreven aan kanker gerelateerde
argininedeficiëntie en uitgebreide veranderingen in het aminozuurmetabolisme
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van de gastheer. Er werd eerder al aangetoond dat de aanwezigheid van een
maligniteit leidt tot een acceleratie van de intestinalel-renale as door toegenomen
glutaminemobilisatie uit skeletspieren en dit zou het ontstaan van cachexie
kunnen ontketenen. In HOOFDSTUK ZEVEN beschrijven we een metabool
flux onderzoek in ratten met gevorderde kanker cachexie. Aminozuurfluxen
en fractionele extracties over darm, nieren en lever werden bestudeerd. In de
ratten met gevorderde kanker cachexie zagen we een verhoging van de opname
van glutamine in de darm, echter ging dit niet gepaard met een toename van
de productie van arginine door de nieren. Deze metabole veranderingen in de
cachectische, tumor-dragende ratten waren niet afhankelijk van de glutamine
beschikbaarheid.
In patiënten met kanker wordt frequent een arginine-deficiëntie gevonden
en dit zou de immuunrespons tegen maligne ontaarding kunnen beperken.
In HOOFDSTUK ACHT wordt een studie naar het klinische effect van
argininesuppletie in de chirurgische oncologie beschreven. In dit dubbelblinde
gerandomiseerde onderzoek kregen ernstig ondervoede patiënten met hoofdhalskanker een standaard perioperatieve enterale voeding of een met arginine
verrijkte perioperatieve enterale voeding. Er werden geen significante verschillen
waargenomen in de basiskarakteristieken. De groep die een met arginine verrijkte
voeding kreeg, had een significant betere totale overleving en een significant
betere ziekte-vrije overleving. Dit ondersteunt onze hypothese dat adequate
arginine levels essentieel zijn voor het immuunsysteem tijdens het herstel van
chirurgisch letsel en ter bestrijding van eventueel achtergebleven kwaadaardige
cellen in de perioperatieve periode.
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De functie van zowel arginine als NO is uitvoerig bestudeerd in de oncologie. De rol
van andere mediatoren van de arginine/NO pathway in de oncologische setting
wordt nog nauwelijks beschreven in de literatuur. NO synthese is afhankelijk van
arginine als substraat en asymmetrische dimethylarginine (ADMA) als remmer
van NO synthase. Dimethylarginine dimethylaminohydrolase (DDAH) katalyseert
de afbraak van ADMA en reguleert daardoor de productie van NO. Solide
tumoren hebben vascularisatie nodig om te groeien en daarom is angiogenese
een essentieel onderdeel van de ontwikkeling van kanker. Vascular endothelial
growth factor (VEGF) is een cruciale component in het proces van angiogenese en
NO is zijn belangrijkste mediator. Om de rol van ADMA en DDAH in angiogenese
van primaire leverkanker te bestuderen, analyseerden we de resectiepreparaten
van twintig patiënten (HOOFDSTUK NEGEN). Onze resultaten toonden dat de
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DDAH-expressie verhoogd is in humaan hepatocellulair carcinoom, wat gepaard
gaat met een toename van de arginine/ADMA-verhouding en toegenomen NO
synthese. De verhoogde DDAH expressie wordt geïnitieerd door hypoxie en is
geassocieerd met een verhoogde expressie van de angiogenese stimulerende
factor VEGF. Dit suggereert ook dat DDAH mogelijk een potentieel target is in
nieuwe therapeutische strategieën. Toekomstige studies zijn nodig om de rol van
de arginine/NO pathway met al zijn spelers in de ontwikkeling van kanker en in
potentiele anti-kankerstrategieën te verhelderen.
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