Unraveling Lipocalin-2: Friend or foe?
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Introduction

In mice, Lipocalin-2 (LCN-2) (or 24p3) was first identified by an overexpressed gene in
simian-virus-infected kidney cells (Hraba-Renevey et al. 1989). Later, the human analog of
LCN-2 was discovered by Kjeldsen et al in 1993 (Kjeldsen et al. 1993). Polyclonal antibodies
raised against human neutrophil gelatinase were used to classify this 25kDa protein
(Kjeldsen et al. 1993). For this reason LCN-2 is also known as neutrophil gelatinase
associated lipocalin (NGAL), at least in humans. For the remainder of this essay, LCN-2 will be
used to refer to all analogs of this protein, while a discrimination will be made between
rodent and human functions. Liu & Nilsen-Hamilton found LCN-2 to be upregulated in the
liver during the acute-phase response (Liu and Nilsen-Hamilton 1995). Indeed in rodents,
LCN-2 has been further described to be an important mediator in the acute-phase response
(Sultan et al. 2012). LCN-2 is furthermore believed to be a bacteriostatic agent (Flo et al.
2004), acting as an iron-depleting factor in the innate immune response (Berger et al. 2006).
The examples above lie at the basis of the goal of this current study, which is to describe the
extensive and complex functions of LCN-2. The molecular functions and related biological
processes will be exposed to try and understand the primary function of LCN-2.

LCN-2 belongs to the Lipocalin superfamily of proteins, which were first considered to
function as binding proteins for small hydrophobic molecules (Flower, North, and Attwood
1993). However more functions became clear later on, such as retinol transport, olfaction,
pheromone transport, and the enzymatic synthesis of prostaglandins (Flower 1996). Also the
implications on the regulation of the immune response and mediation of cell homeostasis
became apparent for the Lipocalin protein family (Flower 1996). Although LCN-2 belongs to
this superfamily of proteins, sequence homology and functions within this family varies
greatly. The characterization of a lipocalin is based on structure similarity. In humans, LCN-2
is covalently attached to neutrophil gelatinase, closely associated with matrix
metalloproteinase-9 (MMP-9) (Kjeldsen et al. 1993; Triebel et al. 1992). The finding that LCN-
2 is a positive acute-phase protein indicates that this protein may possess
immunosuppressive or anti-inflammatory properties (Triebel et al. 1992; Liu and Nilsen-
Hamilton 1995), or at least regulatory functions. The direct relationship between neutrophil
activation and LCN-2 concentrations becomes increasingly clear by the action of granulocyte
macrophage colony-stimulating factor (GM-CSF) on human neutrophils. Induction with GM-
CSF shows significant synthesis and secretion of LCN-2 (Axelsson, Bergenfeldt, and Ohlsson
1995). GM-CSF is a haemapoietic growth factor and immune modulator that is known to
sustain the viability and activation of function of neutrophils (Katano et al. 2009; Shi et al.
2006). Upon receiving immune stimuli, GM-CSF is primarily produced by a variety of
immune-cells including T cells, macrophages, endothelial cells and fibroblasts, although also
produced locally (Shi et al. 2006). Mice injected with GM-CSF also developed an increase in
blood neutrophils (Metcalf et al. 1987). Normal human plasma and serum levels of LCN-2
seem to differ between several papers. Table 1 contains an overview of several known
papers that measured plasma and serum levels of LCN-2 in control subjects.



paper analyzed (#) Serum/plasma LCN-2 Sampling method Study

1 72 ng/mL Not described Axelsson et al 1995

2 132 ng/mL Not described Naude et al 2012

3 163 ng/mL Fasting Choi et al 2011

4 163 ng/mL Overnight fasting Magnusson et al 2012
5 31,1 ng/mL Overnight fasting Ni et al 2013

6 93 ng/mL Not described Sung et al 2012

7 50,3 ng/mL Morning samples Kafkas et al 2012

Table 1. Plasma/Serum LCN-2 levels in humans.

Table 1 seems to show a large spread of plasma levels of LCN-2 (100 * 53,2 ng/mL). Although
there are obvious differences between studies in methodology, it seems that a large part of
the studies take samples directly after fasting. Even within these studies there is still a large
spread of the plasma LCN-2 levels. Clearly there has to be a modulatory effect on these
levels. Perhaps the time of day can play a role in this variability, or an unknown
inflammatory upregulation at that point in time. Scheer et al have studied a variation in
plasma LCN-2 levels concerning day/night rhythm and fed/fasted state in humans (Scheer et
al. 2010). They found that in the fed-state the mean concentration of plasma LCN-2 is 29.7 +
10.1 ng/mL, while in the fasted state this concentration was higher at 63.1 * 15.4 ng/mL.
Day/night rhythm showed the highest peak of plasma LCN-2 around 16:00-17:00 pm, while
the lowest levels were measured around 04:00-05:00 am (Scheer et al. 2010). This suggests
there might be a strong circadian regulation in plasma LCN-2 levels. Whether this is
specifically regulated by an entrainable oscillator or because of other time-dependent
factors, remains to be revealed. A direct link between the innate immune system, of which
LCN-2 is thought to be a part of, and circadian rhythmicity has been established (Gibbs et al.
2012; Scheiermann et al. 2012). Macrophages possess an efficient clock machinery, thus
show tight circadian regulation (Hayashi, Shimba, and Tezuka 2007; Keller et al. 2009). For
LCN-2 however it is not clear whether its expression is regulated under circadian conditions.
It has been shown that a host’s response to a Salmonella infection can greatly differ
depending on the phase of induction, whether the infection is induced in the active or rest
phase of mice (Bellet et al. 2013).

It was shown that in the brain LCN-2 is produced in the choroid plexus (CP) (Marques et al.
2008), also responsible for the main production of CSF. CSF production shows circadian
rhythmicity showing peak production around 02:00 am and lowest production around 6:00
pm in humans (Skipor and Thiery 2008). In mice there is less evidence on circadian
rhythmicity and the production of CSF. There is however a study on transportinl (Tnpo1l),
which is a transport receptor that transports substrates between the nucleus and the
cytoplasm (Sato et al. 2011). Aside from this well described transporter function, suggested
physiological roles of Tnpol include sensing and production of CSF under the regulation of




the suprachiasmatic nucleus (SCN), the major circadian clock regulator. Sato et al found high
Tnpol signals in the CSF, SCN and in the subventricular zone of the lateral ventricle (Sato et
al. 2011). There is no connection between Tnpol and LCN-2 yet, however this study does
raise the possibility of a strong circadian regulation of CSF production in rodents, and
possibly LCN-2 as well. It would be beneficial to study the possible circadian rhythmicity of
LCN-2, both circulatory and in the brain, since this would yield greater accuracy when
performing assays for this protein.

Iron transport and apoptosis

As mentioned before, LCN-2 is believed to be a bacteriostatic agent (Flo et al. 2004), acting
as an iron-depleting factor in the innate immune response (Berger et al. 2006). By
sequestering iron, LCN-2 can reduce the growth of susceptible bacteria (Flo et al. 2004). Iron
is an essential part of sustaining life, since it is needed to form the functionality of red blood
cells by making the oxygen-carrying protein hemoglobin. Since iron is essential for viral and
bacterial cell synthesis, iron concentration and availability has to be tightly regulated.
Excessive iron can favor viral and bacterial infections and increase oxidative stress (Weinberg
1984, 1996). Because of the low bioavailability of ferric iron, bacteria can produce iron
chelators-siderophores that can remove iron from the host by high-affinity binding to iron
(Ratledge and Dover 2000). Bacteria use these siderophores to acquire iron (Raymond,
Miller, and Matzanke 1984). An iron-limiting response is therefore considered an active
anti-bacterial response in mammals. LCN-2 seems to be a potent iron-limiting agent by
binding to bacterial catecholate-type ferric siderophores with great affinity (Goetz et al.
2002). LCN-2 responds in this way to the activation of the innate immune Toll-like receptor 4
(TLR4), which detects lipopolysaccharide (LPS) from Gram-negative bacteria like Escherichia
coli (E. coli) and Salmonella enterica (Flo et al. 2004; Roach et al. 2005). Essentially, LCN-2
starves bacteria from iron (Fischbach et al. 2006). Studies done in LCN-2-deficient mice show
a profound increase in sensitivity and susceptibility to E.coli (Flo et al. 2004; Berger et al.
2006). An infection with Salmonella in macrophages and dendritic cells can lead to the
production of cytokines. This release of cytokines can lead to the recruitment of neutrophils,
which is an important component of the antibacterial response (Raffatellu et al. 2009),
possibly enhanced by the action of LCN-2.

LCN-2 does not interact with bound iron; instead it acts as a transporter to deliver iron to
cells (Yang et al. 2002; Yang et al. 2003; Goetz et al. 2002). LCN-2 delivers iron to the
cytoplasm, either activating or repressing iron-responsive genes (Yang et al. 2002).
Interestingly, LCN-2 seems to play a role in apoptosis considering this response. Apoptosis is
regulated by various transcription factors, however recently also withdrawal of interleukin-3
(IL-3) is shown to induce apoptosis in haemapoietic cells (Devireddy et al. 2001). LCN-2
seems to be implicated in this response, either stimulating or inhibiting apoptosis,
depending on whether LCN-2 is loaded with iron or not. Iron-loaded LCN-2 can increase



intracellular iron concentration, thereby inhibiting apoptosis by decreasing the proapoptic
protein Bim (Bcl-2-interacting mediator of cell death) (Devireddy et al. 2005; Richardson
2005). Conversely, iron-free LCN-2 decreases intracellular iron by its high-affinity binding,
this in turn induces the expression of protein Bim, resulting in the stimulation of apoptosis
(Devireddy et al. 2005; Richardson 2005). An overview of this response can be seen in figure
1.
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Figure 1. Intracellular iron transport and the route to apoptosis. A: Iron-bound LCN-2 can
increase intracellular iron concentration, thereby inhibiting pro-apoptotic protein Bim,
inhibiting apoptosis. B: Iron-free LCN-2 can decrease intracellular iron concentration, thereby
increasing pro-apoptotic protein Bim, stimulating apoptosis. Source: Richardson 2006.

Further involvement in the apoptotic pathway becomes apparent when considering that a
potent inducer of LCN-2, MK886, is also a strong pro-apoptotic agent (Tong, Wu, and Kehrer
2003; Correnti et al. 2012). However it also seems that LCN-2 might play a role in cell
survival. This was made clear in a study om human cell lines by Tong et al, who found that
purified recombinant LCN-2 was non-toxic, antibodies against LCN-2 were highly toxic, and
the overexpression of LCN-2 significantly reduced apoptosis-induced cell death (Tong et al.
2005).

What has become clear from this section is that LCN-2 plays an important role in the anti-
bacterial response by limiting iron-availability for bacterial proliferation. However what
happens after this response raises more questions about the effects of LCN-2. Iron bound to
LCN-2 is suggested to have an anti-apoptotic effect, while iron-free LCN-2 is hypothesized to



stimulate apoptosis. The discussion whether LCN-2 is either pro- or anti-apoptotic is an
ongoing one, however theories can be built upon them. For example from an evolutionary
standpoint, if there is an initial induction of LCN-2 directly upon bacterial infection, one can
think LCN-2 mediates an acute anti-bacterial response. Perhaps an overshoot in LCN-2
production, due to immune system hypersensitivity, results in side-effects. Or perhaps this
same hypersensitivity induces an immune response, while there is no immediate foreign
threat. Perhaps oxidative stress, as a co-morbidity of infection, induces this response, since
LCN-2 also seems to possess antioxidant properties by induction of heme-oxygenase-1 and
super-oxide dismutase (Bahmani et al. 2010). For these reasons, LCN-2 does seem to have a
modulatory effect of the inflammatory response.

Renal & hepatic injury

The LCN-2 gene was first discovered in mice, which were infected with a simian-virus in the
kidneys (Hraba-Renevey et al. 1989). Furthermore during the acute-phase response,
specifically LCN-2 was found to be upregulated in the liver (Liu and Nilsen-Hamilton 1995).
This was a relatively new insight compared to an earlier wide molecular characterization of
LCN-2 tissue expression in humans. This showed high LCN-2 expression in bone marrow,
uterus, prostate, salivary glands, stomach, appendix, colon, trachea and lungs (Cowland and
Borregaard 1997). A study that used a transcriptome-wide strategy to identify genes
upregulated after renal ischemia, identified LCN-2, which was previously unrecognized in
renal injury (Mishra et al. 2003). This study showed a very rapid response, with LCN-2
appearing in urine (first urine output after intervention) 2 hours after ischemic injury (Mishra
et al. 2003). Renal re-epithelization is crucial for renal repair. LCN-2 enhances the epithelial
phenotype by acting as an iron-transporter during nephrogenesis (Mishra et al. 2003; Yang
et al. 2002). This is also supported by research done on cultured epithelial cells, in which is
shown that LCN-2 regulates epithelial morphogenesis (Gwira et al. 2005). A follow up by
Mishra et al also show a striking increase in LCN-2 concentration in both the serum and urine
after acute renal failure (Mishra et al. 2005). And recently Shum et al also correlated plasma
LCN-2 levels with the severity of acute kidney injury (Shum et al. 2015). Kjeldsen et al find
that synthesis of LCN-2 is induced in epithelial cells during inflammation (Kjeldsen, Cowland,
and Borregaard 2000). And LCN-2 expression also seems to be induced in injured epithelia in
sputum of asthma patients and in bronchial fluid from emphysematous lungs (Xu and Venge
2000). Bengatta et al provide information that MMP-9 protects mice from apoptosis in acute
kidney injury (Bengatta et al. 2009). LCN-2 is able to bind to MMP-9, protecting it from
degradation (Ni et al. 2013). This LCN-2/MMP-9 complex has a high molecular weight, which
makes it detectable in urine. These studies are all exploring the possibility of using LCN-2 as a
biomarker for kidney disease, since it can be monitored using non-invasive techniques in a
clinical setting. This provides great insights in the status of the injured kidneys (Devarajan
2008).



Besides the fact that LCN-2 is expressed in renal tubule cells, it is also expressed in immune
hepatic cells and adipose tissue (Mori and Nakao 2007; Schmidt-Ott et al. 2007; Roth et al.
2013). The study by Roth et al shows that LCN-2 is upregulated in the serum of acute and
chronic liver failure patients (Roth et al. 2013). A pro-inflammatory response, involving the
release of chemokines and cytokines, is a hallmark of hepatic failure (Roth et al. 2013; Leifeld
et al. 2003). Pro-inflammatory mediators like tumor necrosis (TNF)-a, interleukin (IL)-1pB, IL-6
and IL-18 further contribute to a systemic inflammatory cascade, which can eventually cause
further hepatic injury (Roth et al. 2013). LCN-2 expression can be upregulated by IL-1B and
oxidative stress in epithelial cells and hepatocytes (Roudkenar et al. 2007; Jayaraman et al.
2005). Perhaps LCN-2 protects hepatic cells from oxidative stress by this immune hyper
activation, due to its antioxidant properties (Bahmani et al. 2010).

Another mechanism could be that energy needed for tissue repair in the liver, which is
provided by glucose (Singh et al. 1998), is initiated by an inflammatory response concerning
LCN-2. Insulin growth factor 1 (IGF-1), which is produced by the liver under influence of
growth hormone (GH) from the pituitary (Dunaiski and Belford 2002), stimulates glucose
uptake into injured tissue (Rajpathak et al. 2009). LCN-2 plays a synergistic as well as an
individual role in this response by its induction by IGF-1, acting mainly as an anti-bacterial
agent in the process of wound healing (Sorensen et al. 2003). This insight would definitely
broaden the perspective on the role of the inflammatory response on wound healing. A
synergy with anti-bacterial peptides like LCN-2 greatly increases efficacy and decreases risk
of further infection. In any case, inflammation seems to play a great role in the processes
named above. The next section of this essay will further focus on the topic of inflammation
and the role of LCN-2

Inflammation

The role of LCN-2 in the immune response is apparent, since it is rapidly upregulated in an
extensive list of bacterial infections. However its exact role in the molecular processes
underlying inflammation have yet to be elucidated. As already mentioned the pro-
inflammatory cytokines TNF-a, IL-1B, IL-6 and IL-18 play an important role in the
inflammatory cascade concerning hepatic injury. Firstly the global topic of inflammation
needs to be further discussed. The reaction of the human body to harmful stimuli, like tissue
damage or invasion of the host by harmful pathogens, lies for one part in an inflammatory
response; inflammation. To limit ongoing infection and initiate tissue repair, various cell
types (platelets, neutrophils, macrophages, fibroblasts, endothelial cells, nerve cells and
lymphocytes) are recruited and interact to clear out any harmful pathogens (Nathan 2002).
However, if inflammation is not properly phased it can lead to persistent tissue damage
(Nathan 2002). Macrophages are considered to be the first responders in the inflammatory
response. The TLR’s on macrophages recognize pathogens, thereby generating an immune
response (Takeuchi and Akira 2010). TNF-a is suggested to be one of the most important



mediators of inflammation, mainly released from macrophages (Gustafson 2010). This
response underlies the acute phase reaction (Kmiec 2001). TNF-a can locally either promote
cell death, through apoptosis, or stimulate a cell survival pathway through nuclear factor
kappa B (NF-kB) (Rath and Aggarwal 1999; Gupta et al. 2005).

Other inflammatory cytokines like interleukins all have their specific function in immune
regulation, either pro- or anti-inflammatory depending on its receptor and pathway (Akdis et
al. 2011). IL-1B, IL-6 and IL-18 are all pro-inflammatory cytokines mainly released by
activated macrophages (Akdis et al. 2011). LCN-2 can be upregulated by a number of these
inflammatory mediators, including IL-1B (Cowland et al. 2003). However, upregulation of
LCN-2 via IL-1B seems greatly dependent of a transcription factor upstream of NF-kB, namely
IkappaB-zeta (IkB-{) (Cowland, Muta, and Borregaard 2006). IkB-T is essential for the
induction of various inflammatory genes, represented by IL-6, and inhibits TNF-a expression
(Matsuo et al. 2007). LCN-2 also seems to be regulated at a transcriptional level by IL-17,
which is highly dependent on NF-kB, plays a role in the defense against bacteria and fungi,
and seems to play a role in developing an adaptive immune response (Li and Chan 2011;
Shen et al. 2005). This last statement is made clear by the fact that IL-17 can also be
produced by T-cells, which are attracted by chemokines generated by macrophages (Godinez
et al. 2008), this in turn amplifies LCN-2 expression. Figure 2 shows a suggested mechanism
for this induction of LCN-2 expression. This figure also shows that after innate immune
activation TNFa and IL-1B are released, which then leads to activation of the IL-1B and NF-kB

pathway and subsequently LCN-2 induction (Li and Chan 2011).
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Figure 2. Receptor activation and negative regulation of Lipocalin-2. This
model shows how TNFa, IL-1B, and IL-17 could acutely upregulate lipocalin-2
expression. As inflammation progresses, LCN-2 can be repressed as well.
Source: Li and Chan 2011.




Figure 2 in fact proposes that the inflammatory stimuli, leading to the upregulated
expression of LCN-2, can also repress LCN-2 as inflammation progresses (Li and Chan 2011).
The figure shows that binding of IL-17 to its ligand can subsequently activate glycogen
synthase kinase 3B (GSK-38). TNF-a can lead to downregulation of GSK-3B, which can lead to
apoptosis (Takada et al. 2004). In figure 3, GSK-3p is upregulated via IL-17, therefore thought
of as a cell-survival mechanism. GSK-3B leads to phosphorylation of C/EBPB (which is a
transcription factor), in turn suppressing LCN-2 (Li and Chan 2011). In summary, there seems
to be a complex interaction with LCN-2 and the inflammatory mediators named above.

An inflammatory response that is generated in the periphery can also coincide with the
appearance of a similar inflammatory response in the brain (Riazi et al. 2008). Inflammation
in the brain, neuroinflammation, is characterized by activated microglia (the resident
macrophages of the brain), and increases in pro-inflammatory cytokines like TNF-a, IL-1B, IL-
6 (Riazi et al. 2008; Dantzer et al. 2008). Excessive neuroinflammation can result in
neurotoxicity and is also thought to accelerate the progression of numerous
neurodegenerative diseases like Alzheimer’s diseases (AD) and Parkinson’s disease (PD)
(Cunningham et al. 2005; Dilger and Johnson 2008). Aged individuals are particularly at risk
for this phenomenon, since they are more infection-prone, and most neurodegenerative
diseases are commonly driven by age (Dilger and Johnson 2008). There are several proposed
mechanisms of how peripheral inflammation “migrates” to the brain. This so-called cross-
talk between the immune system and the brain is believed to be primarily mediated by the
blood-brain-barrier (BBB) (Dilger and Johnson 2008). The permeability of the BBB is highly
selective to protect the brain from blood-borne compounds and to maintain a strict
homeostasis for optimal brain functioning (de Vries et al. 1997). The BBB is known to be
permeable to mainly water and lipid soluble substances and other molecules which is
dependent of their physicochemical properties such as molecular weight, electrical charge
and extent of ionization (de Vries et al. 1997). There are also specific active transport
systems present in the BBB. One example is GLUT1, a selective stereospecific glucose carrier
system (de Vries et al. 1997). The permeability of the BBB may be affected however under
inflammatory stress, for example by the opening of tight junctions (de Vries et al. 1997).
Studies have shown that administration of TNF-a, IL-1B and IL-6 can also lead to increased
BBB permeability (de Vries et al. 1996). There are several brain regions that do not possess a
BBB; the circumventricular organs. These regions lie in close proximity to the hypothalamus,
and it is suggested that the lacking of a BBB in these regions is to maintain homeostatic
functions like thermoregulation, neuroendocrine secretions, and behavior (Dilger and
Johnson 2008). Cytokines, like IL-1B, can pass into the brain via these regions (Komaki,
Arimura, and Koves 1992). Evidence even suggests that pro-inflammatory cytokines like TNF-
a, IL-1B and IL-6 can pass over the BBB by an active carrier-mediated transport system
(Banks and Kastin 1991; Banks, Kastin, and Broadwell 1995; Gutierrez, Banks, and Kastin
1993). However it remains undefined whether cytokines transported via this pathway are
sufficient to mediate any behavioral responses. It is further theorized that endothelial cells
that make up the BBB itself are able to produce specific immune-related molecules, like NO,



prostaglandins, IL-1 and IL-6, under the influence of a peripheral immune challenge (Dilger
and Johnson 2008; Fabry et al. 1993). This would suggest an increase in pro-inflammatory
cytokines in the brain, without any physical entry of blood-born molecules.

As opposed from blood-derived stimuli for “migration” of a peripheral immune response to
the brain (and CNS), there can also be neuroimmune communication by the autonomic
nervous system. Vagal afferents have been shown to possess IL-1 receptors on vagal
paraganglia (Goehler et al. 1999). This would suggest rapid communication as opposed to a
slower humoral response concerning cytokine signaling and overall neuroimmune
communication.

A recent study by Louveau et al describes a unique new insight in the interaction between
peripheral and brain (CNS) immunity (Louveau et al. 2015). Namely the fact that the CNS
seems to possess a lymphatic system that governs the entrance and exit of immune cells
(Louveau et al. 2015). Functional lymphatic vessels, lying within the dural sinuses (in the
meningeal compartment), carry fluids and immune cells from the CSF, and are connected to
cervical lymph nodes (Louveau et al. 2015). This discovery gains new insights into theories on
immune system dysfunction and how this affects neuroinflammatory-induced
neurodegeneration.

The interaction between the periphery and the brain, concerning the classical inflammation
pathways, has been described in great extent. The same cannot be said considering LCN-2.
Clearly LCN-2 is not a classical marker of inflammation yet. However recent work by Ferreira
et al describe the broad spectrum of functions of LCN-2 and the interaction between the
periphery and the brain (Ferreira et al. 2015). The involvement of LCN-2 in innate and
adaptive immunity, and its IL-13 and NF-kB dependent upregulation (Bu et al. 2006) confirms
its role in immunomodulation and inflammation. What this role is specifically remains to be
discovered. The next section will focus on these classical inflammatory pathways in the brain
and the interaction with LCN-2.

Neuroinflammation

As discussed in the previous section, the BBB forms a firm barrier for any blood-born
molecules to pass over from the periphery to the brain. LCN-2 seems to play a role in
protecting the brain from infection in case pathogens do enter the brain. As mentioned
before, in the brain LCN-2 is produced in the CP (Marques et al. 2008), but also in astrocytes
(Mesquita et al. 2014). The CP is responsible for most of the production of the CSF, showing
peak production during nighttime (around 02:00 am) and minimum production at night
(around 06.00 pm) (Skipor and Thiery 2008). The CP also mediates secretion of various
proteins and processes that are necessary for the clearance of substances from the CSF and



blood, including amyloid-B (Gonzalez-Marrero et al. 2015). Dysfunction of this clearance is
one of the most prominent pathological constituents for the development and progression
of AD (Gonzalez-Marrero et al. 2015). Amyloid-B concentrations in the CSF have been widely
implicated as a biomarker of later clinical stages of AD. Namely, CSF amyloid- seems to be
significantly reduced in patients with AD (Prvulovic and Hampel 2011). Patients with MCI,
who later develop AD, also show lower CSF amyloid- concentrations compared to patients
that do not develop AD (Diniz, Pinto Junior, and Forlenza 2008). It has been suggested that
an impaired clearance of amyloid-B, reflected as lower levels in the CSF, lies as the basis of
neuronal toxicity and the progression of AD. This is because modification of CSF turnover
might favor transformation of amyloid-B and tauopathy (Serot, Bene, and Faure 2003).
Naudé et al describe a similar interaction with CSF LCN-2, being significantly lowered in
individuals with MCl and AD (Naude et al. 2012). Mesquita et al describe LCN-2 to be highly
upregulated by CP epithelial cells and astrocytes after incubation with amyloid-B (Mesquita
et al. 2014). In LCN-2 (+/+) astrocytes from mice, induction with amyloid-B showed reduced
survival of astrocytes that produce LCN-2 by reduced dehydrogenase activity (Mesquita et al.
2014). This effect was avoided in LCN (-/-) astrocytes from mice, and induced again by
addition of exogenous LCN-2 onto these cells (Mesquita et al. 2014). Underlying this effect
might lie in the mediation of the pro-apoptotic protein Bim.

Taken together, the findings by Mesquita et al could relate to the findings by Naudé et al. If
higher amyloid-B leads to higher levels of LCN-2, lower levels of amyloid-B could in turn
result in the decrease of CSF LCN-2. This decrease of CSF LCN-2 could be the result of
increased expression of LCN-2 in the entorhinal cortex and the hippocampus (Naude et al.
2012). These regions are crucial in the pathology of AD, and indeed show an accumulation of
amyloid-B in AD brains (Small et al. 2006). Also TNF-a expression in the same brain regions is
increased, possibly upregulating LCN-2 in the early clinical stages of AD.

Possibly mediating the activity of LCN-2, and the clearance of amyloid-f in the CP is megalin.
Megalin is a member of the low-density lipoprotein receptor family and has also been
demonstrated to act as a cellular receptor for LCN-2 (Hvidberg et al. 2005). This study also
demonstrates that there does not seem to be a difference in affinity for megalin between
iron-bound and iron free LCN-2 (Hvidberg et al. 2005). The affinity of megalin for LCN-2
seems to be determinant on a number of unique positive charges identified on LCN-2’s
crystalline structure (Goetz et al. 2002). During inflammation, LCN-2 is highly expressed in
the instestinal epithelia, during which megalin is also highly expressed (Nielsen et al. 1996;
Moestrup and Verroust 2001). In the brain, megalin is also expressed in brain capillaries and
in the CP (Dietrich et al. 2014; Chun et al. 1999). In the CP, megalin serves as a clearance
transporter for amyloid-B (Zlokovic et al. 1996; Carro et al. 2005). Spuch et al demonstrate
that soluble megalin binding to amyloid-B is decreased in the CSF of AD patients (Spuch et al.
2015). This response seems highly similar to the decreased levels of LCN-2 in the CSF in AD
patients that was described earlier. Megalin also contains binding sites for apolipoprotein-E,
leptin, insulin and IGF-1 (Orlando et al. 1997; Orlando et al. 1998; Dietrich et al. 2008; Carro
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et al. 2005). Leptin is considered to be a neuroprotective hormone because of its
involvement in memory processing in the hippocampus (Farr, Banks, and Morley 2006).
Insulin and IGF-1 can also mediate neuroprotection, since deficiency can lead to the
appearance of hyperphosphorylated tau and loss of cognition (Schubert et al. 2003). IGF-1
can also protect against amyloid-p toxicity and can even promote hippocampal neurogenesis
(Niikura et al. 2001; Trejo, Carro, and Torres-Aleman 2001). In any case, endocrine-brain
communication, characterized by transport over the blood-CSF barrier, seems highly
dependent on megalin (Dietrich et al. 2008). With these new insights, LCN-2 expression in
the CSF can also be related to megalin acitivity. Lower LCN-2 expression in the CSF now not
only serves as an indicator for impaired clearance of amyloid-B, but might also indicate
impaired endocrine-brain communication.

Circulatory levels of LCN-2 seem to be upregulated as a form of pro-inflammation. Further
studies by Naudé et al describe circulatory LCN-2 concentrations to be significantly
associated with increasing age, as well as depression (Naude et al. 2013). A further follow-up
by Naudé et al describe the comorbidity of LCN-2 in heart failure patients and cognitive
decline (Naude et al. 2014), which reflects on the interaction between periphery and the
brain. Choi et al indicate increased plasma LCN-2 levels in patients with mild cognitive
impairment (MCI), preceding clinical AD (Choi, Lee, and Suk 2011). These findings are crucial
for establishing LCN-2 as a biomarker for the neurodegenerative processes underlying AD.

The clinical implementations considering circulatory and CSF LCN-2 could be very significant.
CSF samples are relatively easy to obtain and analyze in both human and animal models.
However, CSF LCN-2 concentrations do seem to be 10-fold lower than circulatory LCN-2
(Naude et al. 2012). Nonetheless, the CSF does seem to provide more diagnostic value for
neurodegenerative diseases like AD than circulatory samples do, since it can be related to a
direct neuropathological effect in the brain underlying AD.

Mesquita et al also describe the production of LCN-2 in astrocytes, the most abundant glial
cell type in the brain, and its role in astrocytosis (Mesquita et al. 2014). Astrocytosis is the
changing of astrocyte morphology and molecular functioning in response to CNS injury,
which can increase the pathogenesis of AD and other neurodegenerative diseases (Jain,
Wadhwa, and Jadhav 2015). LCN-2 is believed to be an autocrine mediator of reactive
astrocytosis, since in cultured astrocytes its expression and secretion is increased after
inflammatory stimulation (Lee et al. 2009). Treatment with LCN-2 increased the sensitivity of
astrocytes to cytotoxic stimuli involving iron and the Bim protein (Lee et al. 2009). Recently it
has been shown that LCN-2 can also promote M1 macrophage polarization, which is the
activated state of macrophages (Cheng et al. 2015). A similar study, however on the
morphological changes of microglia, show that LCN-2 is involved in the deramification (thus
activation) of microglia. LCN-2 seems to have a feedback loop to microglia, making them
more sensitive to apoptotic signals (Lee et al. 2007). This proposed dual role of LCN is
illustrated in figure 3.
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Figure 3. LCN-2 seems to feed back to the microglia, causing
deramification to the activated state of the microglia. This also
increases the apoptotic sensitivity (Lee et al 2007).

TNF-a can also be considered as a key regulator of LCN-2 in neurodegenerative diseases like
AD, since it may serve as a stimulating factor of LCN-2 in astrocytes (Lee et al. 2009; Naude
et al. 2012). Evidence for this was found in a study on patients with Crohn’s disease.
Treatment with infliximab, a monoclonal antibody preventing TNF-a from binding to its
receptors, showed significantly lower levels of peripheral LCN-2 (Bolignano et al. 2010).
What was already previously known is that TNF-a is upregulated in the brain of patients with
AD, particularly in the vicinity of crucial brain regions affected in AD (Naude et al. 2012; Rao,
Rapoport, and Kim 2011; Zhao et al. 2003). TNF-a mediates its signals via two receptors: TNF
receptor 1 (TNFR1) and TNF receptor 2 (TNFR2) (Zettlitz et al. 2010). One receptor, TNFR1 is
predominantly associated with pro-inflammatory effects, actuated to exert axonal and
neuronal damage upon binding of TNF-a (Fischer et al. 2011). While the other, TNFR2, is
particularly associated with neuroprotective effects like cell survival and neuronal protection
by activation of the NF-kB pathway (Marchetti et al. 2004; Wajant, Pfizenmaier, and
Scheurich 2003; Fontaine et al. 2002). In the AD brain, Cheng et al found increased
expression of TNFR1 and decreased expression of TNFR2 (Cheng et al. 2010). This confirms
the importance of these two different TNF signaling pathways in neurodegenerative diseases
like AD and (neuro)inflammation as an underlying mechanism. LCN-2 production can be
triggered in neurons, astrocytes and microglia by TNF-a, solely via the TNFR1 pathway
(Naude et al. 2012). These three cell type all express TNFR1 and TNFR2 (Viel et al. 2001;
Fernandes et al. 2011; Veroni et al. 2010), however the cells in this study were treated with
receptor-specific agonistic antibodies to determine the specific signaling pathway (Naude et
al. 2012). TNFR2 seems to be silenced by LCN-2, which shifts the neuroprotective effects
downstream of this receptor to a more pro-apoptotic response (Naude et al. 2012). This
TNF-a induced upregulation of LCN-2, was confirmed to be dependent of NF-kB signaling,
which is illustrated in figure 4.
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Figure 4. TNF-a-induced LCN-2 upregulation is dependent of NF-kB

signaling. Adapted from: Naude et al 2012.

The release of TNF-a from microglia and other neuroimmune cells evidently contributes to
chronic inflammation in the brain, which is a key element in the pathogenesis of AD
(Eikelenboom et al. 2010). AD is driven by advanced age. Microglia are also affected by age,
showing specific changes like enhanced sensitivity to pro-inflammatory stimuli (Raj et al.

Ill

2014). This phenomenon is called microglial “priming”. A peripheral LPS challenge can lead
to a hyperactive microglial response, which seems to be exaggerated in the aged brain. The
reason for this is a higher induction of the pro-inflammatory cytokines TNF-a, IL-1B, IL-6 and
anti-inflammatory cytokines IL-10 and TGFB1 (Henry et al. 2009; Sierra et al. 2007). To our
knowledge, no research is done on this phenomenon in association with LCN-2, either
peripheral or in the brain. Possibly, microglial priming can have an upregulating effect on
LCN-2 as well, further contributing to the neuroinflammatory-induced neurodegeneration

driven by age.

Overall, these findings suggest the implications of LCN-2 in the pro-(neuro)inflammatory
processes are prominent. Hopefully, LCN-2 can answer some unsolved questions or might
even be considered as a viable biomarker for early detecting of AD before any clinical
symptoms.

Metabolic consequences

Diabetes, obesity and other metabolic disorders can greatly contribute to inflammation, as
well as homeostatic and other regulatory functions in the body. Evidence for this is based on
loss of function of adipose tissue, which can lead to abnormal production of adipokines and
cytokines from lipid-filled adipocytes, preadipocytes, fibroblasts, endothelial cells and
immune cells like macrophages and T cells, which constitute adipose tissue (Guo et al. 2013).
Furthermore, in mice fed a high fat diet (HFD), LCN-2 might have a role in adipose tissue
remodeling and in regulating adipogenesis (Guo et al. 2013). TNF-a can also be produced by
adipose tissue, even by adipocytes, in obese and hyperinsulemic mice and humans (Moller
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2000). The expression of LCN-2 seems altered in patients with obesity, insulin resistance or
metabolic syndrome in general. Evidence for this is based on observations of increased
expression of LCN-2 in adipose tissue of human obese subjects (Catalan et al. 2009), as well
as in mice (Wang et al. 2007). Furthermore LCN-2 is shown to promote insulin resistance
(Yan et al. 2007), further strengthened by the fact that LCN-2 deficiency improves age- and
obesity-induced insulin resistance (Law et al. 2010). Administration of an insulin-sensitizing
drug, rosiglitazone, which is used as an antidiabetic drug in patients with type 2 diabetes
mellitus, also shows significant decreases in LCN-2 concentrations (Wang et al. 2007).

The fact that metabolism and inflammation can also contribute to the formation of
atherogenic plaques, implicates LCN-2 in this process as well. Indeed increased serum LCN-2
levels are positively correlated with the development of coronary artery disease in patients
with atherosclerosis (Ni et al. 2013). As mentioned in the introduction, LCN-2 is covalently
bound to neutrophils in humans, which associates LCN-2 with the gelatinase MMP-9, also
secreted by neutrophils (Kjeldsen et al. 1993). MMP-9 is involved in the degradation and
remodeling of extracellular matrix, which is a pathogenic hallmark of vascular remodeling
(Galis and Khatri 2002). LCN-2 can form complexes with MMP-9, a so called LCN-2/MMP-9
complex, which can destabilize artery plaques (Galis and Khatri 2002; Ni et al. 2013). MMP-9
on its own can promote infiltration of white blood cells and cytokines into the intima by
degradation of the vascular basement membrane, which increases endothelial permeability
(Ni et al. 2013). LCN-2 serves as a stabilizing agent for MMP-9, protecting it from
degradation (Yan et al. 2001). As mentioned before, the LCN-2/MMP-9 complex has a high
molecular weight, which makes it readily detectable in urine. This might possibly serve as a
diagnostic marker for coronary artery disease and associated pathogenic indicators. In most
tissues however, MMP-9 expression is very low (Labrie and St-Pierre 2013). Particularly II-1B
and TNF-a, are potent inducers of MMP-9 gene activation (Labrie and St-Pierre 2013).
Essential for MMP-9 gene-expression, are NF-kB binding sites, further implicating MMP-9
and LCN-2 in the characteristic inflammatory responses underlying metabolic and brain
diseases (Esteve et al 2002) .

Overall, metabolic alterations can lead to an increased inflammatory state characterized by
an increase in inflammatory cytokines like TNF-a, IL-1B and IL-6. Alterations in hormone
concentrations like leptin, adiponectin and ghrelin are also considered hallmarks of
inflammation (Saucedo et al. 2011). In particular, reduced levels of ghrelin is considered to
be a hallmark of inflammation derived from impaired metabolism (Saucedo et al. 2011).
Ghrelin is an important regulator of food intake; being up-regulated during fasting, and
directly downregulated after ingestion of a meal (Schwartz et al. 2000; Ott et al. 2012). A
recent study by De la Chesnaye et al found a reduction in ghrelin, similar to one in plasmatic
LCN-2 levels in patients suffering from long-term type 2 diabetes (De la Chesnaye et al.
2015). A reduction in LCN-2 levels however would suggest a lower state of inflammation,
since most literature associate LCN-2 with pro-inflammation. The outcome of the study by
De la Chesnaye et al therefore seems counter intuitive. The same is true for the outcome of

14



a study by Guo et al, which find that LCN-2 deficient mice gain more body weight when fed a
HFD (Guo et al. 2010). Furthermore they find that LCN-2 deficient mice seem to have a
dysregulated thermogenic response to thermal stress (Guo et al. 2010), which is normally
regulated by brown adipose tissue (BAT). LCN-2 deficient mice, fed a HFD, also demonstrate
increased sensitivity for insulin resistance, hyperglycemia, hyperinsulemia and
hypoadiponectinemia (Guo et al. 2010). The specific effects of LCN-2 on regulating
metabolism after food intake seem unclear. Multiple studies suggest a minor role for LCN-2
in mediating age- or obesity-related metabolic consequences (Jun, Siddall, and Rosen 2011;
Friedlander et al. 2014). Perhaps there is an overall regulatory/homeostatic role for LCN-2,
since deficiency seems to lead to disorganization of metabolism.

Discussion

The iron-binding properties, thereby bacteriostatic functions, of LCN-2 greatly involve this
protein in the innate immune response, as described by Flo et al and Berger et al (Flo et al.
2004; Berger et al. 2006). The innate immune response has been a crucial determinant for
the evolutionary advantage of human beings and other mammals alike. Should we not
possess an innate immune response, life span would be much shorter. Being part of the
innate immune response, LCN-2’s response is immediate. Its siderophoric properties are not
specific to a particular pathogen, which is advantageous. This non-specific action is made
clear by the necessity of iron by all bacteria and viruses, and LCN-2’s ability to limit this iron-
availability. Apoptosis is another process which is crucial for mammalian development and
healthy life. Apoptosis is a highly regulated and programmed cell death to ensure healthy
cell turnover. When iron binds to LCN-2, this bound protein can get transported
intracellularly, where it is hypothesized to inhibit apoptosis. Dysregulation of apoptosis can
lead to different forms of cancer. One study showed that reduced levels of LCN-2 are in
accordance with increased cancerous tumor progression (Candido et al. 2014). This would
suggest that LCN-2 plays a protective role in metastatic development. On the other side, as
mentioned before, MK886 is a potent inducer of LCN-2, as well as a strong pro-apoptotic
agent (Tong, Wu, and Kehrer 2003; Correnti et al. 2012). Thus the role of LCN-2, whether
involved in the pro- or anti- apoptotic response is still unclear. Perhaps there is no specific
role for LCN-2 in apoptosis, but is merely coincidental because of its great versatility or its
presence as a “rest-product” from its role in the innate immune response.

Inflammation is an interesting topic considering LCN-2, since it connects the periphery to the
brain. Numerous mechanisms seem to be involved in the peripheral inflammatory response
considering LCN-2. In the first section of this essay, this involvement first became clear from
LCN-2’s effects in renal and hepatic injury. During the acute-phase response, LCN-2 was
specifically and acutely upregulated in the liver. In renal injury LCN-2 was rapidly
upregulated as well, which could be readily detected in urine output, implicating its role as a
possible biomarker. This also led to the discovery that LCN-2 regulates epithelial
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morphogenesis in the kidneys. The release of LCN-2 by induction of classical inflammatory
markers like TNF-a, II-1B and IL-6 in epithelial cells and hepatocytes during hepatic failure
further implicates LCN-2 in inflammation. The same is true for the synergistic response of
LCN-2 and IGF-1 during tissue repair in the liver. “Migration” of inflammation from the
periphery to the brain is known to occur, however via multiple suggestive routes. An
overview of LCN-2’s involvement in (neuro)inflammation, originating at its bacteriostatic
properties, can be seen in figure 5. This image also shows the production of LCN-2 in the
brain itself. Dong et al showed this in their study on intracerebral hemorrhage (Dong et al.
2013). However, as mentioned before, Mesquita et al and Marques et al also found LCN-2 to
be produced in the CP (Mesquita et al. 2014; Marques et al. 2008). The CP produced the
majority of CSF, and is also an important mediator in clearance of amyloid-B from the CSF.
Impaired clearance of amyloid-p is considered to be a pathological hallmark of amyloid-p
accumulation in crucial brain regions affected in AD. This sparks the idea of using CSF for
diagnostic purposes. The fact that a similar decrease in CSF LCN-2 is seen in patients
preceding MCI and AD is a clinically relevant finding. This might serve as a basis for
classifying LCN-2 as a biomarker for AD. Higher circulatory and brain levels of LCN-2 might
give an indication about the inflammatory status, while lower CSF LCN-2 levels could indicate
AD-like pathologies. For these reasons it would be beneficial to determine a precise sampling
regime for (brain) tissue, plasma and CSF to determine LCN-2 expression. The suggested
circadian rhythmicity of LCN-2 in humans, which is not yet confirmed in rodent models,
could yield greater accuracy within this sampling regime.

Figure 5 also shows an interesting involvement of megalin in the brain. Megalin was
mentioned earlier as a possible mediator for the interaction between the CSF, brain and
metabolism, considering LCN-2 and neuroinflammation. This is suggested because megalin
not only serves as cellular receptor for LCN-2, but also contains binding sites for
apolipoprotein-E, leptin, insulin and IGF-1 (Orlando et al. 1997; Orlando et al. 1998; Dietrich
et al. 2008; Carro et al. 2005), and seems to be a functional receptor for MMP-9 (Van den
Steen et al. 2006; Ghosh et al. 2015). This is interesting because diabetes and obesity are
commonly associated with leptin and insulin resistance. These and other metabolic
alterations can lead to an increased inflammatory state. LCN-2 only seems to play minor
roles in these homeostatically regulated processes. It does seem however that LCN-2 is
involved in the processes when the systems governing homeostasis are disorganized,
perhaps by (neuro)inflammation. Physiological states like diabetes and obesity might present
a higher circulatory availability of neuroprotective hormones like insulin and leptin.
However, if the function of the CP is hampered by (neuro)inflammation, these physiological
states might not be protected towards a predisposition of dementia as suggested by
Qizilbash et al (Qizilbash et al. 2015). Furthermore, dementia and neurodegenerative
diseases like AD, are commonly driven by age. Megalin actitivity is also known to be affected
by ageing (Carro et al. 2005; Dietrich et al. 2008). MMP-9 fits into this picture by means of
Leptin, which enhances the expression of MMP-9 in vitro (Park et al. 2001). Furthermore, in
a study on epilepsy, MMP-9 seems to have a dual role (Stawarski, Stefaniuk, and Wlodarczyk
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2014). Firstly, MMP-9 seems to have a modulating effect on synaptic plasticity; mediating
structural plasticity (Stawarski, Stefaniuk, and Wlodarczyk 2014). However on the other hand
MMP-9 seems to play a role in the pathogenesis of epileptic seizures (Michaluk and
Kaczmarek 2007). The latter might involve excessive activity of MMP-9 leading to glutamate
excitotoxicity, which is detrimental to brain tissue (Michaluk and Kaczmarek 2007). The
interaction between endocrine hormones (like leptin and insulin), MMP-9 and LCN-2 all
seem to be connected to megalin, and is also illustrated in figure 5. If LCN-2 indeed plays a
role in metabolism, an important link to (neuro)inflammation is further strengthened by the
fact that metabolism and (neuro)inflammation have been commonly linked as reviewed by
van Dijk et al (van Dijk et al. 2015).

Conclusion

Answering the main question of this essay still remains difficult; what is the primary
biological/evolutionary function of LCN-2? From the information obtained in this essay, it is
possible to make a literature-supported approximation of its most prominent functions and
possible side-effects. LCN-2 clearly possesses a wide range of biological functions. First
described as an acute-phase protein, later also as bacteriostatic agent, mediator of
apoptosis, regulator of epithelial morphogenesis, mediator of (neuro)inflammation,
adipokine and even as a possible biomarker for neurodegenerative diseases like AD.

LCN-2’s primary functions seem (immuno)protective in the first case. Its role in the innate
immune response therefore seems very prominent. Its capability of efficiently binding iron
grants LCN-2 these immunomodulatory properties. This also grants LCN-2 its great versatility
in signaling and transport capabilities, which probably results in the range of other processes
in which LCN-2 is also involved. These connections, like its role in (neuro)inflammation and
neurodegeneration, are not as clear and confirmed as LCN-2’s immunomodulatory effects.
Precise investigation is therefore wanted to fully understand LCN-2’s complex interactions
and its diagnostic properties.
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Figure 5. Overview of LCN-2’s response to an immune challenge in the periphery and in the brain. When pathogens
enter the body, LCN-2 responds by chelating Iron. Iron is then transported intracellularly which increases iron
concentration. This results in downregulation of the pro-apoptotic protein Bim, thus inhibiting apoptosis. Injury,
inflammation and risk of infection on the liver and kidneys can also trigger an immune response in its respective
epithelia. Characterized by an upregulation of pro-inflammatory cytokines, this response is mediated via NF-kB. Under
influence of pituitary GH, the liver is able to produce IGF-1. IGF-1 and LCN-2 work synergistically to repair damaged
tissue. IL-1B produced from the liver can transport via vagal afferents, via “gaps” or via active transporters, through the
BBB to the brain. This upregulation of IL-1B, together with LCN-2, can also result in the deramification (activation) of
microglia, and release of more pro-inflammatory cytokines like IL-6 and TNF-a. In the brain, LCN-2 is produced in the
choroid plexus. LCN-2 can be transported over the blood-CSF barrier by megalin, an important receptor mediating the
clearance of AP through the choroid plexus. LCN-2 is also able to form a complex with MMP-9, which is also bound by
megalin, stabilizing its degradation.
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