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Abstract

Intestinal secretion is a normal phenomenon, indispensible to solubilize and dilute nutrients and to maintain fluidity in the intestinal
lumen. Enterotoxins and certain drugs may disrupt the proabsorptive status maintained by the small intestine under physiologic conditions.
Hormones found in nervous and specialized intestinal enterochromaffin cells are responsible, in part, for secretion of fluid into the lumen.
Afferent vagal nerve impulses mediated by 5-hydroxytryptamine (serotonin; 5-HT), vasoactive intestinal peptide (VIP) and substance P are
the major agents of secretory stimulation. Toxins from pathogenic bacteria, especially some strains of E. coli and V. cholerae, trigger a
secretory response and a chain of events involving cGMP and cAMP which result in chloride secretion, coupled to sodium and fluid efflux
into the lumen. If secretion is unchecked by natural mechanisms or medications, the consequences are diarrhea, with potential dehydration,
hyponatremia and ultimately death. Introduction of absorbable nutrients in the intestinal lumen has a major antisecretory action, both by a
nutrient-gene interaction and by proabsorptive hormone expression. In additon, during the absorptive process water is carried into the
enterocyte together with solutes. Hydrolysis-resistant peptides of dietary origin and ingested soluble fiber may also have a proabsorptive
effect. The gastrointestinal system has a variety of antisecretory or proabsorptive hormonal and protein agonists that balance the outflow
of fluid and electrolytes. The more extensively studied are neuropeptide Y/peptide YY (NPY/PYY) and the antisecretory factor (AF). Nitric
oxide (NO), a short-lived second messenger, has a major role in secretion by activating cGMP. The intracellular concentration of NO may
regulate the absorptive/secretory status of the small intestine, either stimulating absorption or inducing secretion. Specifically targeted 5-HT
receptor antagonist drugs and other pharmacologic agents have been clinically tried for the treatment of severe diarrhea, drug-induced
malabsorption and reversal of cellular damage. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Although under normal conditions the mammalian small
intestine is in a net absorptive mode, secretion is a concur-
rent physiologic process. Together with movement from the
lumen into the enterocyte, via the apical membrane and
through intercellular tight junctions, there is simultaneous
recirculation of water and electrolytes, exiting from the
crypts into the lumen. Water influx occurs by diffusion

driven by osmotic gradients generated during sodium-pro-
ton exchange, and by hydration of solutes which enter
absorptive cells utilizing glucose and amino acid transport-
ers [1,2]. These fluid exchanges drive the concentration of
luminal contents close to isotonicity prior to absorption [3].
In adult humans, water reaching the jejunum is rapidly
absorbed in a matter of minutes. However, the rate of
lumen-to-blood fluid influx is several-fold greater than ac-
tual net absorption [4], reflecting considerable blood-to-
lumen fluid efflux. When water efflux outpaces water inflow
a net secretory condition ensues, resulting in malabsorption
or diarrhea.

The distance between the two hydrogen atoms of water is
less than 2 Å, small enough to allow for the crossing of
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membrane channels, or intermolecular spaces between hy-
drophobic chains, even under conditions that would require
a single file movement of water molecules. Immediately
contiguous to the apical membrane there is an unstirred
layer where fluid movement is laminar and which limits
diffusion of solutes and accompanying water from the areas
of turbulent movement in the center of the small intestinal
lumen. This physiologic barrier slows access of water and
electrolytes to the apical membrane or to the tight junctions
where absorption occurs [5]. Water moves into the intercel-
lular spaces between enterocytes via transcellular and para-
cellular routes in response to an osmotic gradient between
the lumen and the cytosol of the enterocyte, and between the
latter and the extracellular space, eventually reaching the
circulation [1,2,6].

Intestinal secretion is vital to obtain a chyme with ap-
propriate characteristics to serve as a substrate for digestion
and absorption. Attaining an adequate pH, progressive sol-
ubilization of absorbable solid nutrients and combining with
pancreatic and biliary secretions are all phenomena that take
place in the duodenum and upper jejunum. Osmotic and
neural stimuli trigger hormonal release and make possible
normal absorption, as large molecules of macronutrients are
progressively hydrolyzed either to single glucose (or other
monosaccharides), di- and tripeptides, or monoglycerides
and fatty acids. The successful interplay of regulatory mech-
anisms is consistent with normal gastrointestinal function,
while pathological events lead to malabsorption. Only vir-
ulent pathogens, cytostatic drugs or hormone receptor ago-
nists can overcome the natural balancing capacity of the
system.

2. Hormonal regulation of secretion

A complex array of hormonal mechanisms controls entry
and exit of fluid into the gastrointestinal tract. Synthesis of
these hormones occurs both in neural and specialized intes-
tinal enterochromaffin cells, and receptors for these hor-
mones exist in both systems [7]. These two sets of hormonal
secretory and absorptive regulators combine to produce a
finely tuned control of secretory and absorptive mecha-
nisms. In this section we describe the roles of some hor-
mones responsible for controlling fluid secretion into the
intestinal lumen. Antisecretory hormones and their agonists
will be discussed in a subsequent section.

The most intensely studied secretory agents are 5-hy-
droxytryptamine (5-HT; serotonin) [8] and vasoactive in-
testinal peptide (VIP) [9,10]. VIP mediates some of the
secretory effects of 5-HT as shown by inhibition of the
secretory effect elicited in vitro by a 5-HT3 receptor agonist
with a VIP receptor antagonist [11]. A series of 5-HT
receptors have been identified by radioligand binding stud-
ies in various areas of the gastrointestinal system, from the
duodenum to the colon [12]. Specific antagonists to each
receptor and its subtypes have been used to discriminate

particular drug effects tested in clinical intervention trials
for conditions such as carcinoid and irritable bowel syn-
drome to reduce the frequency of bowel movements [13]. In
addition to the stimulation of cyclic nucleotide synthesis,
5-HT also inhibits sodium influx into the enterocyte via the
Na�/H� exchanger, as demonstrated by fluid accumulation
in the lumen of ligated intestinal loops [14,15].

VIP is a 20-amino acid peptide, structurally related to
another gastrointestinal hormone, secretin. VIP has substan-
tial homology with a pituitary adenylate cyclase-activating
peptide (PACAP). PACAP-27 has a 27-amino acid chain
and predominates in the intestine. A longer peptide,
PACAP-38, is found in neural tissues [16]. Both VIP and
PACAP induce relaxation of precontracted rat ileal longi-
tudinal muscle [9]. This action may explain the prosecretory
activity of these peptides.

Substance P (SP), also known as P-glycoprotein [17], has
been recognized for its secretory properties since the 1930’s
[18]. SP belongs to the tachykinin family (also described as
neurokinins) and is a short peptide with 11 amino acids. It
is widely distributed in the gastrointestinal tract, primarily
in the small intestine. SP alters blood flow, water exchanges
and intestinal motility. Secretion occurring in carcinoid syn-
drome has been attributed to SP overproduction, as much as
that of 5-HT [18]. Kinins, in general, act on the basolateral
membrane Na�/K�-ATPase and the apical cystic fibrosis
transmembrane conductance regulator (CFRT) chloride
channel, and secondarily on the K� channel of both apical
and basolateral membranes [19,20]. CFRT is responsible for
chloride transport in most epithelial tissues. Furthermore,
neurokinins have been shown to mediate, at least partly, the
secretory effects of cholera toxin-induced secretion in rat
jejunum, as demonstrated by receptor antagonists of neuro-
kinins 1 and 2, which inhibited cholera toxin secretory
effects [21]. Neurokinins also regulate bicarbonate secretion
in the duodenum, an action possibly mediated by prosta-
noids [22]. Other gastrointestinal hormones and peptides,
such as cholecystokinin (CCK), galanin and guanylin/
uroguanylin also play roles directly or indirectly on intes-
tinal secretion [20,23,24].

Regulation of secretion by neurohormones is altered dur-
ing gastrointestinal infections, especially due to V. cholerae,
enterotoxigenic E. coli and S. flexneri. Cholera toxin in-
duces 5-HT release from enterochromaffin cells [25], as
well as increased production of cAMP [26]. Furthermore, V.
cholera may produce a toxin which transiently opens the
tight junctional barrier (zonula occludens) allowing paracel-
lular efflux of water and sodium [27]. The other cyclic
nucleotide, cGMP, perhaps the key molecule of the secre-
tory process, is also similarly involved, as will be discussed
later [28]. It is clear that cholera toxin inflicts a multi-
pronged attack on secretory controls. Sensitivity to bacterial
endotoxins decreases with age in experimental animals [29,
30]; this may explain why susceptibility to diarrheal disease
is greater in infancy.
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The biochemical precursor of 5-HT, L-tryptophan (Trp),
also has secretory and/or antiabsorptive effects when pre-
sented to the luminal compartment of the small intestine
[31,32], presumably by production of 5-HT via the 5-hy-
droxylation pathway, a minor, but physiologically important
metabolic route of amino acid catabolism. Histamine, de-
rived from histidine, extensively studied for its gastric ef-
fects, has been shown to affect H2 receptors in the small
intestine, which are also involved in regulating secretion
[33,34].

Secretory gastrointestinal hormones may act through the
modulation of intracellular Ca2� concentration, probably
more significantly in the colon than in the small intestine.
Ca2� is released from its stores by inositol triphosphate
(IP3) and increases the conductance of basolateral K� chan-
nels with exit of this ion to the circulation and chloride
release into the lumen [35,36]. Chloride secretion induced
by histamine is Ca2�-dependent, as demonstrated in vitro
by removal of serosal Ca2� or by calcium channel blockers
[33], a class of drugs with strong antisecretory effects.
Calcium channels are also affected by 5-HT and cholera
toxin [37]. It has been suggested that Ca2� signaling takes
place via sigma receptors [38]. There are at least two sub-
types of sigma receptors, denominated 1 and 2. The latter,
when activated, produce an increase of intracellular Ca2�

[39], and offer a potential antidiarrheal approach, since
sigma receptors are concentrated in the small intestine. This
class of agonists may offer therapeutic advantages over
calcium channel blockers, which have multiorgan, and often
undesirable, side effects [40].

An indirect hormonal regulation of secretion may be
due to dietary bioactive peptides [41]. Some of these
substances escape or are impervious to luminal and intra-
cellular peptidases and hydrolases; they can reach the
circulation from where they return to the gastrointestinal
system or other organs. Arguably the most important sub-
stance in this category is carnosine (�-alanyl-L-histidine),
a dipeptide with vasodilatory action mediated by en-
hancement of cGMP production [42], with additional ef-
fects on cardiac contractility and intracellular calcium con-
centration [43].

3. Antisecretory regulation

Physiologic proabsortive mechanisms are vital to assure
the normal functioning of the intestine and to counterbal-
ance fluid outflow. Introduction of digestible foods into the
gastrointestinal tract is an important part of the proabsorp-
tive/antisecretory capacity of the organism. The use of ago-
nists and antagonist ligands of certain hormone receptors
has also deserved attention as possible treatment of diar-
rheal disease.

3.1. Nutrients

Absorbable nutrients have clear antisecretory effects due
to the physiology of the absorptive process itself. Such
nutrients act by presenting to apical mucosa transporters,
which bind and translocate substrates across the luminal
membrane creating a lumen-to-serosa movement of small
molecules into the enterocyte. Assimilated nutrients enter
the cell surrounded by water molecules, thus effectively
producing a hydrating action simultaneously with the up-
take of nutrients.

Normal small intestinal absorption centers on the activity
of two major mechanisms: the sodium-dependent SGLT1
glucose transporter [44], and the uptake of protein-derived
substrates, namely oligopeptides and amino acids, by an-
other group of transporters, which may entail sodium re-
quirements in certain cases [45]. Absorption of lipids has a
lesser impact on fluid exchanges. Micronutrients in the diet
have a minor role in terms of hydration. The major sources
of sodium in the intestinal lumen required for transport
include all types of gastrointestinal secretions and, to a
minor extent, the diet. An adult may ingest 1000 kCal or
more per day from carbohydrates, which would represent at
least 250 g of glucose, that is, no less of 1.5 moles. If
sodium were not secreted and reabsorbed, that amount of
carbohydrate would require 3 moles of sodium, or more, or
a minimum of 175 g of sodium chloride, since the SGLT1
transporter couples two atoms of sodium for each glucose
molecule. Clearly, this amount far exceeds physiologic tol-
erance.

Glucose absorption entails net water influx into the en-
terocyte, since each glucose molecule in solution is sur-
rounded by water molecules which are carried over during
membrane translocation [46]. Solutes in the lumen also
trigger physicochemical phenomena linked to osmolality
changes [47], which can contribute to diminish secretory
effects due to enterotoxins, rotavirus, inflammation and
other causes of gastrointestinal disease. In addition, osmotic
stimuli release 5-HT from enterochromaffin cells, thus ac-
tivating 5-HT3 receptors which send vagal afferent infor-
mation to the brainstem [48]. The presence of nutrients in
the gastrointestinal tract influence the expression of gastro-
intestinal neuropeptides, such as CCK and the glucagon-like
peptides (GLP-1 and GLP-2) [49]. GLP-2 increases nutrient
absorption with consequent improvement of lean body mass
and total body weight in patients without terminal ileum and
colon, who had functional short-bowel syndrome [50]. It
has also been shown that peptones, a soluble protein hydro-
lysis product, activate CCK gene transcription in enteroen-
docrine cells, thus establishing a direct link between nutrient
and hormone secretion [51].

Certain natural peptides derived from casein, such as
�-casomorphins, elicit opioid effects and act as “food hor-
mones” [52]. They appear to be absorbed intact by the
apical mucosa and reach the serosal side where opiate re-
ceptors are located [53]. These considerations have in-
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creased the relevance of peptide-based enteral formulas, as
means to improve nitrogen absorption, especially in criti-
cally ill and hypoalbuminemic patients [54].

A related aspect of potential proabsorptive/antisecretory
action is the introduction of non-absorbable soluble fiber in
the intestinal lumen. Some products, such as soy fiber, gum
arabic and partially hydrolyzed guar gum have shown ef-
fectiveness in clinical trials [55,56], as well as in animal
models of gastrointestinal disease [57]. It is still unclear
what mechanisms may be involved in the putative proab-
sorptive effects of this kind of substances. Studies with gum
arabic in rats suggest that a physicochemical modification of
the fluid phase, altering paracellular transport, may provide
a tentative explanation [58]. Experiments with dogs re-
vealed that fermentable fiber increased release of GLP-1
and insulin, while poorly fermentable wood cellulose was
much less effective [59]. The greater relevance of fiber in
the diet has paralleled the growing recognition of their
potential beneficial role in formulas as proabsorptive agents
[60].

Mucins and at least one type of immunoglobulin (IgA)
are also secreted by the small intestine, as early as in the
fetal stage [61,62]. Both have enteroprotective roles and at
variance with smaller molecules are not recirculated intact.
Simultaneously with IgA a secretory component related to
the poly-IgA receptor is secreted into the lumen by exocy-
tosis after having crossed the enterocyte by a transcytotic
process [63]. These macromolecules bind to dietary indi-
gestible material and possibly to lectins and intestinal bac-
teria [64].

3.2. Hormones

Neuropeptide Y (NPY), also described as peptide YY
(PYY), is a hormone present in neural and gastrointestinal
tissues. PYY is the denomination more frequently used for
the gastrointestinal hormone. NPY/PYY is a 36 amino acid
peptide, and in the gut PYY is predominantly found in crypt
and neuroendocrine L cells. It is considered to be the major
proabsorptive hormone of the small intestine [65–67]. The
antisecretory action of CCK in the colon has also been
attributed to its eliciting PYY release [68]. The proabsorp-
tive effects of PYY have been clearly demonstrated by its
administration to humans [69], and PYY has been proposed
as a potential treatment for syndromes involving malabsorp-
tion [70]. PYY is a powerful inhibitor of gastrointestinal
motility, pancreatic, gastric and chloride secretions [15]. Its
function has been equated with earlier descriptive concepts
of ‘ileal brake’, or ‘colonic brake’, because PYY lengthens
the mucosal contact time of luminal nutrients in the ileum
and the colon, counterbalancing gastric emptying impulses
and intestinal peristalsis [71,72]. Receptors for PYY are
expressed in human and rodent gastrointestinal epithelia and
are coupled to G-proteins on the membranes. PYY induces
a specific type of protein kinase C (PKC�) [73], which may

play a role in the activation of transport mechanisms. In
addition to being neuroregulated, PYY is induced by nutri-
ents in the gut [74,75], although studies in a monogastric
animal model showed it made no difference whether feed-
ings were continuous or intermittent [76]. Fats appear to be
potent activators of PYY release in the distal segments of
the gut [77]. Long-chain, but especially medium-chain trig-
lycerides (MCT) stimulate PYY secretion. Although rapidly
absorbed in the proximal gut, however, MCT exert their
effects in a distal part of the gastrointestinal tract, but do not
stimulate CCK release, as was considered earlier [78]. PYY
action as a proabsorptive hormone and food intake stimulant
may also involve a histaminergic mechanism [79].

In the last two decades, proteins with antisecretory prop-
erties have been identified and generically denominated
‘antisecretory factor’ (AF) [80,81]. They have been largely
studied by Swedish investigators who confirmed the effects
of AF on cholera toxin-induced hypersecretion [80,82,83].
AF proteins have a pituitary origin [84], and have been
cloned and sequenced from a human pituitary library [85].
Animal studies indicate that AF can be induced by certain
types of foods. This has led to the testing of hydrothermally
processed cereals (partially hydrolyzed complex carbohy-
drates) for the relief of symptoms of patients with inflam-
matory bowel disease (ulcerative colitis and Crohn’s dis-
ease). The results confirmed induction of AF synthesis and
subjective improvement of the gastrointestinal symptoms in
the majority of subjects [86].

3.3. Antisecretory drugs

A number of 5-HT3 receptor antagonists in the ‘setron’
group: granisetron, ondansetron, dolasetron and tropisetron,
as well as thioperamide, have been used to diminish secre-
tion or treat certain types of diarrhea [79,87]. These agents
are already extensively used for chemotherapy- and motion-
induced nausea and vomiting. European investigators [88]
have pioneered in the study of antisecretory drugs to counter
the effects of V. cholerae and E. coli toxins. The most
extensively tried have been granisetron [89], substance P
and kinin antagonists [90], as well as the sigma ligand
igmesine [91,92]. Another type of drug for the same pur-
pose is racecadotril (acetorphan), an enkephalinase inhibi-
tor, which has proven to be effective and with less side
effects than the widely used �-opiate receptor agonist, lop-
eramide [93,94], including intervention in infantile diarrhea
of viral or bacterial origin [95]. Although certain ciclooxy-
genase (COX) inhibitors, such as indomethacin, increase
duodenal secretion and paracellular permeability [96], se-
lective inhibitors of COX-2 suppress cholera toxin-induced
prostaglandin E2 biosynthesis and decrease fluid secretion
in a dose-dependent fashion [97].

A diagrammatic summary of secretory agonists and an-
tagonists is depicted in Fig. 1.
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4. Role of nitric oxide in secretory regulation

Since the importance of nitric oxide (NO) as a second
messenger became better understood in the last several
years, new connections between gastrointestinal disease,
inflammation and tissue damage by free radicals have been
mapped. NO plays an important role in the control of se-
cretion and in many conditions associated with pathologic
changes of the gut. NO has the chemical characteristics of a
free radical, and since the half-life of NO molecules in
tissues is in the order of seconds, they can be considered an
ideal regulatory mechanism to rapidly respond to hormonal
or exogenous stimuli, as well as to cease its action within a
short interval. Arguably, NO control is the point where
several cell signaling pathways converge, including neuro-
hormones, such as VIP, inteleukins and cyclic nucleotides
[98–100].

NO modulates inflammation and can act both as a pro-
inflammatory and as an anti-inflammatory agent depending
on whether there is excess or limited synthesis [101]. The

nuclear transcription factor, NF-�B, a central regulator of
gene activation involved in cell adhesion, immune and in-
flammatory responses, may determine the expression of
inducible NO synthase (iNOS), the key mechanism in the
control of tissue NO concentration. NF-�B also regulates
the synthesis of pro-inflammatory cytokines. The latter can
also upregulate iNOS and perpetuate pathologic conditions
(Fig. 2) [102–104]. The effects of NO in experimental
colitis were shown to be mediated by proinflammatory cy-
tokines [105]. The NF-�B/iNOS axis may be activated in
sepsis and in localized infections. Conversely, a sharp re-
duction of NO synthesis in endothelia may lead to cell
contraction, increased vascular protein leakage and tissue
damage. There is evidence that in the small intestine the
normal proabsorptive status entails a delicate balance in the
modulation of NO synthesis. Severe inhibition of NO syn-
thesis is deleterious, since insufficient generation of NO
may be detrimental to the integrity of the mucosal epithe-
lium and produce a dysfunctional epithelial barrier. This
may be translated into partial loss of protection against

Fig. 1. Schematic depiction of major hormones and agents that induce intestinal secretion, marked with filled arrows and (�). Significant antisecretory and
proabsorptive factors, or sites for receptor antagonists used to counteract secretion are indicated with dashed arrows and (�).

Fig. 2. Diagrammatic pathways leading to secretion via cyclic nucleotides cGMP and cAMP. NO in excess, as well as other inducers, will result in an
intracellular elevation of cGMP and cAMP concentrations. The synthesis of NO, in turn, is downregulated by cyclic nucleotides.
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transcellular passage of potentially deleterious antigens, al-
lowing the translocation of pathogenic bacteria [106–109].
Infection by a toxigenic organism, such as V. cholerae, and
probably other enteric pathogens, is associated with an
increased NO production [110].

Experiments with iNOS inhibitors and the NO biochem-
ical precursor, L-arginine, have been the key to understand-
ing the role of NO in secretion [107,111–113]. Luminal low
concentrations of L-arginine (1–2 mM) were found to en-
hance absorption of water, electrolytes and glucose, while a
higher concentration (20 mM) reduced fluid exchanges.
Laxatives, such as phenolphthalein, biscacodyl, castor oil
and magnesium sulfate elicit an increase of small intestinal
NO synthesis, in addition to the osmotic effect caused by
sulfates and magnesium salts [114,115]. Removal of NO
from the intestinal lumen by scavenging or trapping may be
partially responsible for the antisecretory action of a soluble
fiber such as gum arabic [57,116], poorly soluble fibers like
psyllium, calcium carbophil or wheat bran [117], and pre-
sumably solids such as bismuth subsalicylate, kaolin, tan-
nins, activated charcoal and anionic resins [118–120].

There is a close link between NO and cyclic nucleotide
metabolism. NO forms a Fe-nitrosyl complex in guanylate
cyclase, which becomes activated and upregulates the syn-
thesis of cGMP (Fig. 3). In turn, cGMP activates a cGMP-
dependent protein kinase C [121–124]. Following kinase
phosphorylation, and dephosphorylation of the light chain
of myosin, cell contraction and relaxation of the interepi-
thelial junctions takes place, together with an increase of
permeability of the membrane barrier with the conse-
quences mentioned above [125]. In addition, protein kinase
C acts on the CFRT precipitating an outflow of chloride,
ionically balanced by loss of sodium and, to a lesser extent,
potassium. If unchecked or not compensated, the secretory

condition may end in diarrhea. A similar phenomenon is
produced via formation of cAMP [126]. There is crosstalk
between the cAMP and cGMP pathways, not only in the
gastrointestinal system, but in many other physiologic and
cellular processes as well [122].

5. Conclusions

Gastrointestinal hormones and NO interplay in response
to neural and external physiologic and pathologic stimuli.
Under normal conditions the brain-gut axis functions
through a strong array of counterbalancing mechanisms
maintaining equilibrium between absorption and secretion
that responds to the precise needs of the organism. Under
certain circumstances, such as toxigenic bacterial infection,
as side effects of chemotherapy, or membrane targeting
drugs, antisecretory defenses may be overcome leading to
secretion and diarrhea. In higher organisms, the main ex-
change of water and solids between the body and the envi-
ronment is protected by coordinated checks and balances,
which have served well throughout evolution.

Nuclear factors, peptide hormones and intracellular mes-
sengers constitute the signaling system that operates to
provide the necessary fluid milieu to achieve optimal ab-
sorption. Mono- and multigastric organisms possess the
mechanisms to solubilize foodstuffs and render them ready
for absorption. Secretion is also the process that allows the
body to create the environment to free itself of microscopic
pathogens and indigestible material. After weaning, alimen-
tation would be impossible if secretory mechanisms would
not be in place. It may also be considered an Achilles’ heel,
since loss of its regulation may open the doors to dehydra-
tion and its consequences.

Fig. 3. Interactions operating in the synthesis of NO via stimulation of iNOS. An increase of nuclear factor NF-�B expression upregulates iNOS, and
consequently accelerates NO synthesis and increases secretion. Other concurrent effects attributable to NF-�B that may affect cellular integrity are depicted
as well. NF-�B regulates the expression of proinflammatory cytokines. NO is also linked to the release of cytokines with strong secretory action. The
interactions described in the text are indicated with full arrows; other metabolic consequences are marked with dotted arrows.
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