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Abstract

Lipocalin-2 (Lcn2), an innate immune protein, has
come to be recognized for its roles in iron homeostasis,
infection, and inflammation. In this narrative review, we
provide a comprehensive description based on currently
available evidence of the clinical implications of Lcn2
and its therapeutic potency in gut-origin sepsis. Lcn2
appears to mitigate gut barrier injury via maintaining
homeostasis of the microbiota and exerting antioxidant
strategy, as well as by deactivating macrophages and
inducing immune cell apoptosis to terminate systemic
hyper-inflammation. We propose that development of a
therapeutic strategy targeting lipocalin-2 could be highly
promising in the management of gut-origin sepsis.

Keywords: Sepsis, Lipocalin-2, Gastrointestinal
microbiome, Inflammation, Neutrophils, Macrophages

Background

Despite the numerous advances in the field of critical
care, sepsis remains a widely recognized health concern
causing or contributing to up to 5.3 million deaths on a
worldwide scale per annum [1]. Indeed, the World
Health Assembly and World Health Organization made
sepsis a global health priority in 2017 by adopting a
resolution to improve, prevent, diagnose, and manage
sepsis. Sepsis has recently been re-defined as a life-
threatening organ dysfunction caused by a dysregulated
host response to infection [2]. While the latest Surviving
Sepsis Campaign guidelines 2016 provide a number of
evidence-based recommendations on the management
of patients with sepsis [3], significant knowledge gaps
remain on a wide array of issues, including in relation to
the fundamental mechanisms underlying the patho-
genesis of sepsis, the potential of tailored medicine
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approaches for sepsis, and monitoring of the response to
treatment [4].

As the Hippocratic quote goes “All disease begins in
the gut”, the concept of the gut being the motor of sys-
temic inflammatory response syndrome (SIRS) and mul-
tiple organ dysfunction syndrome (MODS) in critically
ill patients is referred to as gut-origin sepsis [5, 6].
Conversely, extra gut-origin sepsis such as Pseudomonas
aeruginosa pneumonia is also known to enhance epithe-
lial apoptosis and decrease intestinal villi, resulting in
gut barrier dysfunction [7]. In other words, the gut in-
jury becomes sometimes the consequence instead of the
origin of sepsis. According to the first hypothesis of gut-
origin sepsis, overgrowth of pathogenic microbiome,
termed “dysbiosis,” and intestinal barrier failure are in-
volved in the development of SIRS and MODS through
translocation of enteric bacteria and/or pathogen-
associated molecular patterns (PAMPs), such as lipo-
polysaccharide (LPS), from the intestinal lumen to the
portal vein in patients with sepsis [8—10]. This initial hy-
pothesis was, however, not fully supported by clinical
data; studies revealed no microbes or their products in
the portal blood in patients with severe trauma [11].

Soon thereafter, the role of the gut-associated lymph-
oid tissue (GALT), the largest immune organ in the
body, entered the spotlight. Mesenteric lymphatics, a
major part of GALT, which drain into the pulmonary cir-
culation, were suggested as the new pathway connecting
gut barrier dysfunction with the development of MODS.
A series of elaborate studies in Deitch’s laboratory pro-
vided formidable evidence for the gut-lymph theory,
according to which injured gut mucosa excretes danger-
associated molecular patterns (DAMPs) into the mesen-
teric lymphatics, which then enter the systemic circulation,
irrespective of bacterial translocation, via the portal vein
[12]. These injurious biomolecules are then recognized by
pattern recognition receptor (PRR)-bearing innate immune
cells (e.g., macrophages, leukocytes, and dendritic cells),
triggering the onset of SIRS and MODS, including acute
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lung injury or acute respiratory distress syndrome, and de-
teriorative gut failure (Fig. 1).

Lipocalin-2 (Lcn2), also known as neutrophil
gelatinase-associated lipocalin (NGAL), oncogene 24p3,
or siderocalin, is an innate immune protein that was first
discovered from a simian virus 40-infected murine kid-
ney cell culture [13], and its human protein analog
NGAL was later found to be associated with matrix
metalloproteinase (MMP)-9, a gelatinase secreted by neu-
trophils for extracellular matrix remodeling [14, 15]. For
many years, Lcn2 has been recognized as an emerging
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player in different physiological and pathological pro-
cesses, including iron homeostasis, inflammation, micro-
bial infection, organogenesis, neurodegeneration, and
tumorigenesis [16—18]. Meanwhile, its broad expression
in various tissues and cell types and its detectable size and
relative stability make it potentially useful both as a diag-
nostic biomarker and as a prognostic indicator for several
diseases, including inflammatory bowel disease [19, 20]
and sepsis-related acute kidney injury [21, 22]. In the field
of intestinal inflammation and critical illnesses, Lcn2
appears to be of clinical relevance in gut-origin sepsis.
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Fig. 1 Gut-lymph hypothesis of gut-origin sepsis and functions of lipocalin (Lcn) 2. Various deleterious stimuli can induce intestinal barrier injury
and microbial dysbiosis. The invasion by translocated enteric bacteria or their PAMPs and gut-derived DAMPs sets off a local inflammatory
response by immune cells stored in GALT, further impairing the intestinal barrier (first vicious circle). Mesenteric lymphatics transport DAMPs to
the systemic circulation where their recognition by immune cells triggers the development of SIRS and MODS (second vicious circle). Here, the
therapeutic potential of Lcn2 is considered. Inside the gut, Len2 is suggested to maintain intestinal microbiota homeostasis (a) and protect the
intestinal barrier against oxidative stress (b). When systemic hyper-inflammation occurs, Lcn2 bolsters its termination (c) and shield organs from
MODS (d). GALT gut-associated lymphoid tissue, DAMPs danger-associated molecular patterns, PAMPs pathogen-associated molecular patterns, PRR
pattern recognition receptor, SIRS systemic inflammatory response syndrome, MODS multiple organ dysfunction syndrome
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The aim of the present review is to provide new in-
sights into the possible roles of Lcn2 in gut-origin sepsis
and to pave the way for developing treatment strategies
targeting Lcn2 for sepsis.

Expression and modulation of Lcn2 in gut-origin
sepsis

A decade ago, the production and expression of Lcn2 in
the intestinal epithelium was demonstrated in a rhesus
macaque model of bacterial infection [23] and by admin-
istration of indomethacin in mice [24]. Using a murine
model of LPS-induced endotoxemia, we further con-
firmed the presence of Lcn2 in the intestinal crypt cells
under physiological conditions and demonstrated the ex-
istence of correlations between the severity of illness in
critically ill individuals and the accumulation of Lcn2 in
the crypt lamina of the ileum and colon and its dis-
charge into the intestinal lumen, the first scene of gut-
origin sepsis [25].

Elevated levels of Lcn2 protein in the plasma after bac-
terial infection has been described in animal models as
well as in critically ill patients, indicating the potential
functions and/or roles of Lcn2 in the pathogenesis of
sepsis [21, 22, 26]. Elevated expression levels of both
Lcn2 gene and protein in the hepatocytes, and release of
Lcn2 protein into the systemic circulation, were detected
in a mouse model of sepsis [27-30]. Xu et al. also
strongly contended that hepatocytes are responsible for
more than 90% of the elevated circulating Lcn2 levels,
which relies on the hepatic signal transducers and acti-
vator of transcription (STAT) 3 signaling pathway acti-
vated by interleukin (IL)-6 [31].

Apart from the intestinal epithelial cells and hepato-
cytes, innate immune cells such as neutrophils and mac-
rophages have also been shown in in vivo experiments
to secrete Lcn2 after LPS administration, via activation
of the toll-like receptor (TLR)-4, one of the PRRs
[27-30, 32, 33]. In addition to LPS, which has been iden-
tified as the major stimulator of Lcn2 expression in the
aforementioned cell types, induction of Len2 can also be
triggered by other TLR ligands [25, 34—37] and cytokines,
including IL-1p [38], IL-6 [31, 39], IL-10 [30, 40, 41],
IL-17 [23, 38, 42], IL-22 [23, 42], and tumor necrosis
factor-a [42], depending on the activation of the nuclear
factor-kappa B (NF-xB)-STAT3 loop (Table 1). Collect-
ively, inducible intra- and extra-gut expressions of Lcn2
by infection- and inflammation-related molecules suggest
that Lcn2 plays important roles in gut-origin sepsis.

Intra-gut functions of Lcn2 in gut-origin sepsis

As depicted in Fig. 1, bacterial translocation and local
immune responses trigger a vicious intra-gut circle of
intestinal barrier injury and downstream events, and
followed by another vicious circle in systemic circulation
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to develop MODS. Two major therapeutic approaches
to break these vicious circles in the early phase are (a)
restoration of the microbiota homeostasis, for example,
selective digestive tract decontamination and use of pro-
biotics, prebiotics, and synbiotics, and (b) prevention of
intestinal barrier injury via early resuscitation, enteral
nutrition, immunonutrition, and administration of anti-
oxidants [9, 12]. Since the safety and effectiveness of
these clinically available therapies are yet to be estab-
lished, there is an emerging need for new therapeutic
options in these directions. Accumulating evidence sug-
gested the potential usefulness of Lcn2 in this regard.

Microbiota homeostasis

Singh et al. demonstrated significantly reduced serum
and fecal Lcn2 levels in germ-free mice and that the
levels could be increased by oral gavage of cecal contents
from wild-type mice. In addition, Len2-null mice exhib-
ited gut bacterial dysbiosis with an increase in the bac-
terial burden and proportion of gram-negative bacteria.
In other words, Lcn2, being microbiota-inducible by
itself, could be a prerequisite to maintain microbiota
homeostasis [35].

Extracellular bacteriostasis

According to available evidence, iron is essential for life
and is stringently maintained at a low concentration by
iron-binding proteins (e.g., ferritin, transferrin) [44].
Notwithstanding the scarcity of available iron, bacteria
manage to synthesize siderophores to scavenge iron
from the host proteins and transport it back to them-
selves [45]. In 2004, an in vitro growth assay performed
by Flo et al. elegantly demonstrated that exogenous
Len2 directly inhibited the growth of Escherichia coli (E.
coli) via its binding specificity for catecholate-type side-
rophores such as enterochelin, as suggested by its alias,
siderocalin. This direct dose-dependent extracellular bac-
teriostatic function of Lcn2 against E. coli, one of the
major pathogens of gut-origin sepsis, has also been shown
by other groups in in vitro experiments [25, 46—48].

Bacteriostasis by macrophages

Intestinal macrophages in the lamina propria are consid-
ered to function as a firewall against bacteria that have
translocated across the mucosal barrier via phagocytosis
[49]. As these macrophages are derived from blood
monocytes, they do not express any innate response re-
ceptors against LPS or produce any inflammatory cyto-
kines. Thus, they retain avid phagocytic and bactericidal
activity without initiating overt inflammation [50]. In a
study of peritoneal macrophages obtained from Lcn2-
null mice cultured with E. coli, Toyonaga et al. demon-
strated weakened intracellular bacterial clearance by
macrophages as compared to the macrophages from
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Table 1 Modulation and expression of lipocalin-2 during gut-origin sepsis
Inducers Lcn2 Cell types References
TLR ligands Zymosan i Intestinal epithelial cells [25]
PGN, LTA 1 Macrophages [34]
Poly I: C 1 Intestinal epithelial cells [35-37]
Microglia
LPS il Intestinal epithelial cells [25,27-30, 32, 33, 38]
Hepatocytes
Macrophages
Blood cells and peritoneal cells
Flagellin i Intestinal epithelial cells [35]
CpG-DNA i Intestinal epithelial cells [25]
Cytokines IL-18 i Intestinal epithelial cells [38]
IL-3 l Hematopoietic cells [43]
IL-6 1 Hepatocytes [31, 39]
Macrophages
IL-10 1 Macrophages [30, 40, 41]
IL-17A i Intestinal epithelial cells [23, 38, 42]
IL-17+IL-22 1 Intestinal epithelial cells [23, 42]
IL-17+TNF-a il Intestinal epithelial cells [42]

TLR toll-like receptor, PGN peptidoglycan, LTA lipoteichoic acid, Poly I: C polyinosinic-polycytidylic acid, LPS lipopolysaccharide, NF-kB nuclear factor-kappa B,
STAT3 signal transducer and activator of transcription 3, TNF-a tumor necrosis factor-alpha

wild-type mice, which could be reversed by administra-
tion of recombinant Lcn2 [38]. Similar restriction of
intramacrophage bacterial growth by limiting iron avail-
ability to the pathogens was also shown in macrophages
infected by Salmonella typhimurium [32, 51, 52],
Chlamydia pneumoniae [53)], and Mycobacterium tuber-
culosis [47]. However, it should be noted that the macro-
phages employed in the aforementioned experiments
were not intestinal, but bone marrow-derived or periton-
eal macrophages. The results therefore need to be inter-
preted with caution.

Bacteriostasis by neutrophils

Neutrophils serve as the first line of the host defense sys-
tem against bacterial infections, that is, they migrate to the
site of infection and kill the bacteria phagocytosed by them.
Being named as a neutrophil protein, Lcn2 can be consid-
ered as necessary to ensure normal functioning of neutro-
phils. In one in vitro experiment, impaired activation of
genes critical for mobility (e.g., RhoA) despite chemo-
attractant stimulation was reported in neutrophils isolated
from Lcn2-null mice [54]. Another study using mouse
models of acute mycobacterial infection showed that Len2
accelerates macrophage production of the keratinocyte
chemoattractant (KC/CXCL1) for neutrophil recruitment
[55]. Of interest, Schroll et al. noted that polymorpho-
nuclear neutrophils (PMNs) from Lcn2-null mice reacted
with a delayed migratory potency and reduced expressions
of adhesion molecules, including CD51 and CD11b, in re-
sponse to intravenous LPS challenge. In addition, Lcn2 per

se has been shown to attract murine PMN:s in vivo and hu-
man PMNs in vitro, which might be related to Erk1/2-me-
diated signaling [56]. Nonetheless, contrary findings have
also been reported, in that Lcn2 exerted no influence neu-
trophil recruitment and activation in mice at 24 h post-
infection with Klebsiella pneumoniae, which could be at-
tributable to differences in the models and analytical
methods used among different studies [28, 57]. Taken to-
gether, it appears that Lcn2 might facilitate neutrophil re-
cruitment in a paracrine as well as autocrine manner,
because it is secreted by epithelial cells and neutrophils in
response to certain inflammatory stimuli.

Once they arrive at the site of infection from the
peripheral blood, neutrophils start to perform their
antimicrobial functions (which can be suppressed by E.
coli-derived enterobactin [58]), including phagocytosis
(ingestion), degranulation (release of soluble antimi-
crobials such as myeloperoxidase), and formation of
neutrophil extracellular traps (NETs) [59]. Peritoneal or
bone marrow-derived neutrophils from Lcn2-null mice
showed diminished phagocytotic activity when incubated
with fluorescence-labeled E. coli [54], and furthermore,
Lcn2 also rescued myeloperoxidase from enterochelin-
mediated inhibition in vitro [60]. On the contrary, Li et al.
argued that Lcn2 had no impact on neutrophil phagocyt-
osis or degranulation ex vivo. They also contended that
Lcn2 was not indispensable for NET formation, but con-
tributed to the antibacterial functions of NETs in an iron-
dependent manner [28]. This inconsistency, however, could
also be attributable to differences in the models adopted.
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To evade recognition by Lcn2, certain bacteria express
Len2-resistant or stealth siderophores (e.g., salmochelin,
aerobactin, yersiniabactin, and ferrichrome) [23, 27, 61-64],
which requires to be taken into account when evaluating
the practicality of applying Lcn2 in clinical situations.
Notwithstanding, increased levels of Lcn2 were observed in
patients with Staphylococcus aureus infection (bacterium
whose siderophores are unrecognizable by Lcn2) or
Streptococcus pneumoniae (bacterium that does not express
any siderophores) [41]. These findings hint at multiple roles
of Len2 other than as a siderophore sequestrant in the
course of infection.

Antioxidant effect

Since oxidative stress is also regarded as one of the
major factors involved in the disruption of the intestinal
barrier in gut-origin sepsis, a number of antioxidant
therapies are now under trial [9]. Lcn2 has been demon-
strated to exert protective effects against H,O, toxicity
in vitro [65, 66]. In addition, the presence or administra-
tion of Lcn2 induced hypoferremia of inflammation and
upregulation of antioxidant enzymes (e.g., superoxide
dismutase, heme oxygenase-1) in vivo, to limit iron-
induced oxidative stress during sepsis [67, 68]. In other
words, Len2 might protect against oxidative stress and
aid in mitigating intestinal barrier injury. Clark and
Coopersmith suggested that cumulative alterations and
integrated perturbation in the crosstalk between intes-
tinal epithelium, immune system, and commensal bac-
teria render the gut the “motor” of critical illness [69]. It
should be noted that Lcn-2 could modulate independently
each element of such intestinal crosstalk: bacteriostatic
properties on disturbed gut microbiota, antioxidant effects
on wounded gut barrier, and anti-inflammatory functions
on runaway immune system described below can conduce
to destroy this motor, thus breaking the vicious circles in
gut-origin sepsis.

Extra-gut functions in gut-origin sepsis

As Sir William Osler stated in his book, The Evolution of
Modern Medicine, in 1904: “Except on few occasions, the
patient appears to die from the body’s response to infec-
tion rather than from the infection,” our body enters a
hyper-inflammatory stage when DAMPs released to circu-
lation are recognized by immune cells in gut-origin sepsis,
resulting in the development of multiple organ failure.
Therefore, in addition to using antimicrobial strategies, it
is crucial to quell the overwhelming inflammation and
encourage tissue repair after the clearance of pathogens.

Termination of the immune response

Over and above its primary role as a chelator of bacterial
siderophores, Lcn2 is assumed as a modulator of inflam-
matory response, based on the findings of various
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studies. Lcn2 deficiency has been postulated to skew
different types of macrophages (peritoneal or bone
marrow-derived macrophages from mice or RAW?264.7)
toward M1 activation and to upregulate the expressions
of pro-inflammatory cytokines (e.g., IL-1B, IL-6, and
TNEF-a) in response to LPS stimulation via activation of
the NF-kB-STAT3 loop [38, 39, 67, 70, 71]. In addition,
it was found that IL-10 potentiated LPS-mediated Lcn2
gene expression in macrophages [30] and that Lcn2
skewed the cells toward a deactivated phenotype via in-
duction of IL-10 in mice with pneumococcal pneumonia
[41]. Since the PAMPs shared by pathogens, of which
LPS is a prototype, do not take part in the second vi-
cious circle of gut-origin sepsis pursuant to the “gut-
lymph” hypothesis, there is abundant room for more
work to validate the roles of Lcn2 in the inflammatory
response triggered by DAMPs (e.g., high-mobility group
box 1 (HMGBI), IL-1 family), which stimulate PRRs, in
a fashion similar to PAMPs [72-74].

On the other hand, preincubation with Lcn2 augmented
staurosporine-induced cell death of macrophages by in-
creasing caspase-3/7 activity [34], and Lcn2-null neutro-
phils failed to show granulocyte-colony-stimulating factor
(G-CSF) deprivation-induced cell death [54]. Furthermore,
Devireddy et al. revealed that Lcn2 can induce apoptosis
in the absence upon the withdrawal of IL-3 [43, 75]. Iron-
lacking Len2 is internalized by cells via the cell-surface re-
ceptor 24p3R on human and murine peripheral blood
mononuclear cells, binds to a putative intracellular mam-
malian “siderophore” iron complex, and subsequently
transports iron extracellularly via exocytosis. Conse-
quently, intracellular iron depletion induces expression of
the pro-apoptotic protein Bim, resulting in apoptosis [76].
When myeloid cells were cultured directly with Lcn2,
however, no indication of an altered apoptotic or inflam-
matory state was detected [39, 77], underscoring the no-
tion that Lcn2 per se may regulate neither inflammation
nor apoptosis, but exerts anti-inflammatory and pro-
apoptotic effects until a particular condition, as mentioned
above, is met.

IL-3 is initially secreted by T cells to stimulate differ-
entiation and proliferation of hematopoietic cells, and its
secretion decreases as the immune response comes to
an end [78]. It is thus rational that when the bacterio-
static role of immune cells is fulfilled and there are no
more iron-binding siderophores to sequester, upregula-
tion of Lecn2 by IL-3 withdrawal leads to macrophage
deactivation as well as apoptotic death of those immune
cells. Hence, although we are unable to assert that Lcn2
by itself has anti-inflammatory effects sufficient enough
to generate the compensatory anti-inflammatory re-
sponse syndrome (CARS) at this moment, Lcn2 may
play a role as a negative regulator, contributing to reso-
lution to excessive inflammation.



Lu et al. Critical Care (2019) 23:269

Prevention of multiple organ failure

In addition to its major role in maintaining local micro-
biota homeostasis and moderating systemic overactive im-
mune response, Lcn2 has also been reported to protect the
gut as well as the lungs, liver, and kidneys from organ
failure in sepsis models [28, 48, 67, 68]. Administration of
recombinant Lcn2 in vitro to wounded monolayers of co-
lonic epithelial cells promoted cell migration, and its sub-
cutaneous administration in the rat model attenuated
indomethacin-induced gastric injury in a dose-dependent
manner [24]. Impaired/delayed liver regeneration in Lcn2-
null mice after partial hepatectomy, Lcn2-inhibited renal
apoptosis during peritonitis-induced sepsis, and Lcn2-
enhanced reparative tubule formation in vitro have also
been documented [31, 68, 79]. It is noteworthy that in spite
of the contradiction to its foregoing pro-apoptotic effects
on myeloid cells, the jury is still out since the apoptosis-
related role of Len2 is seldom examined in the context of
sepsis. Nevertheless, it remains to be clarified if Len2 that
is secreted abundantly in the central nervous system
following systemic LPS injection acts to protect or is
deleterious to the central nervous system [17, 37]. Jang et
al. showed downregulated mRNA expression of pro-
inflammatory cytokines in Len2-null mice after intraperito-
neal injection of LPS [80], while the opposite was shown
by Kang et al. [81]. Further studies, taking these discrepan-
cies into consideration, will need to be undertaken when
exploring the systemic impact of Lcn2.

Therapeutic potential

On the bench side, Lecn2-null mice manifested greater
susceptibility to sepsis with a significantly accelerated
mortality rate, higher bacterial load in organs, and more
severe organ damages [27, 28, 31, 54, 64, 67], and Lcn2-
null immune cells exhibited reduced local bactericidal
activities and excessive systemic inflammatory responses
[32, 38, 41, 47, 51-54]; in both of the above cases, the
conditions could be rescued by exogenous administration
of recombinant Lcn2. In view of all that has been dis-
cussed so far, it could be hypothesized that Lcn2 offers
therapeutic promise against gut-origin sepsis through its
game-changing abilities summarized in Fig. 1.

Disparities in the pathophysiologic effects of Lcn2
were observed depending on specific conditions, includ-
ing the disease model, stage of illness, tissues/organs,
and analytical methods employed, which might make the
manipulation of this multifaceted protein during sepsis
extremely tricky, because of the risk of causing the
wrong war in the wrong place at the wrong time with
the wrong enemy. For example, Warszawska et al. wor-
ried that elevation of the Lcn2 level by inhaled cortico-
steroids in critically ill patients with bacterial pneumonia
might deactivate macrophages and in turn hamper ef-
fective bacterial clearance and aggravate the disease [41].
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It is also important to bear in mind that the gut-lymph
theory of gut-origin sepsis is merely one route plotted
on the roadmap to understanding sepsis, and practical
situations in the ICU can be exceedingly more complex
and perilous than laboratory-controlled experiments.

Conclusions

We have reviewed some characteristics of Lcn2, and
much remains to be unveiled. Further research is war-
ranted to comprehend the mechanism through which
Lcn2 may harness the power of the host immune system
to fight gut-origin sepsis, to provide bench side know-
ledge for bedside practice.

Abbreviation

CARS: Compensatory anti-inflammatory response syndrome; DAMPs: Danger-
associated molecular patterns; E. coli: Escherichia coli; GALT: Gut-associated
lymphoid tissue; G-CSF: Granulocyte-colony-stimulating factor; HMGB1:
High-mobility group box 1; IL: Interleukin; LPS: Lipopolysaccharide;

LTA: Lipoteichoic acid; MMP-9: Matrix metalloproteinase-9; MODS: Multiple
organ dysfunction syndrome; NETs: Neutrophil extracellular traps;

NF-kB: Nuclear factor-kappa B; NGAL: Neutrophil gelatinase-associated lipocalin;
PAMPs: Pathogen-associated molecular patterns; PGN: Peptidoglycan;

PMNSs: Polymorphonuclear neutrophils; Poly I: C: Polyinosinic-polycytidylic acid;
PRR: Pattern recognition receptor; SIRS: Systemic inflammatory response
syndrome; STAT3: Signal transducers and activator of transcription 3;

TLR: Toll-like receptor; TNF-a: Tumor necrosis factor-alpha
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