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Abstract

Neutrophil gelatinase associated lipocalin (NGAL), also known as oncogene 24p3, uterocalin,
siderocalin or lipocalin 2, is a 24 kDa secreted glycoprotein originally purified from a culture of
mouse kidney cells infected with simian virus 40 (SV-40). Subsequent investigations have
revealed that it is a member of the lipocalin family of proteins that transport small, hydrophobic
ligands. Since then, NGAL expression has been reported in several normal tissues where it serves
to provide protection against bacterial infection and modulate oxidative stress. Its expression is
also dysregulated in several benign and malignant diseases. Its small size, secreted nature and
relative stability have led to it being investigated as a diagnostic and prognostic biomarker in
numerous diseases including inflammation and cancer. Functional studies, conducted primarily on
lipocalin 2 (Lcn2), the mouse homologue of human NGAL have revealed that Lcn2 has a strong
affinity for iron complexed to both bacterial siderophores (iron binding proteins) and certain
human proteins like norepinephrine. By sequestering iron-laden siderophores, Lcn2 deprives
bacteria of a vital nutrient and thus inhibits their growth (bacteriostatic effect). In malignant cells,
its proposed functions range from inhibiting apoptosis (in thyroid cancer cells), invasion and
angiogenesis (in pancreatic cancer) to increasing proliferation and metastasis (in breast and colon
cancer). Ectopic expression of Lcn2 also promotes BCR-ABL induced chronic myelogenous

© 2012 Elsevier B.V. All rights reserved.
Address for Correspondence: Surinder K. Batra, Ph.D., Department of Biochemistry and Molecular Biology, Eppley Institute for
Research in Cancer and Allied Diseases, University of Nebraska Medical Center, 985870 Nebraska Medical Center, Omaha, NE
§8198-5870, U.S.A. Phone: 402-559-5455; Fax: 402-559-6650, sbatra@unmc.edu.

Both authors contributed equally to the work
Financial and competing interest disclosure
Surinder K Batra, Subhankar Chakraborty and Sukhwinder Kaur are supported, in part, by grants from the NIH (RO1 CA78590, RO1
CA133774, RO1 CA131944, RO1 CA139285, EDRN UO1CA111294, SPORE P50CA127297, TMEN U54CA163120) the
Department of Defense (BC074639, BC083295, and BC09742). Sushovan Guha is supported by grant from the NIH 2P30DK56338
PFS. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest
in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed. No writing
assistance was utilized in the production of this manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chakraborty et al.

Page 2

leukemia in murine models. By transporting iron into and out of the cell, NGAL also regulates
iron responsive genes. Further, it stabilizes the proteolytic enzyme matrix metalloprotease-9
(MMP-9) by forming a complex with it, and thereby prevents its autodegradation. The factors
regulating NGAL expression are numerous and range from pro-inflammatory cytokines like
interleukins, tumor necrosis factor-a and interferons to vitamins like retinoic acid. The purpose of
this review article is to examine the expression, structure, regulation and biological role of NGAL
and critically assess its potential as a novel diagnostic and prognostic marker in both benign and
malignant human diseases.
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1. INTRODUCTION

Glycoproteins play a key role in the body’s defense against multiple diseases. From being
structural components of the cell membrane to antigenic determinants on immune cells,
glycoproteins serve an important functional role in the body. Circulating glycoproteins are
also commonly used as blood-based biomarkers to detect and follow the progression of both
benign and malignant diseases. Examples include CA19-9 (carbohydrate antigen 19-9) in
pancreatic cancer, CEA (carcinoembryonic antigen) in multiple solid tumors and CA125
(carbohydrate antigen 125) in ovarian cancer. Most of these glycoproteins are large
molecules. However, there is a family of small, secreted glycoproteins that are important in
the maintenance of health and in combating diseases effectively. This family of proteins is
called “lipocalins”. A prototype of this family called Neutrophil gelatinase associated
lipocalin or NGAL (also called lipocalin 2 or 24p3) has emerged in recent years as a
biomarker in several benign and malignant diseases. Further, studies in cultured cells and in
murine models have revealed a pivotal role for this molecule both in health and disease. A
search of the PubMed database with the terms “NGAL”, “Lipocalin 2” and “24p3”
identified a total of 2,177 articles from 1961 till date, suggesting considerable interest in this
molecule. Work from our laboratory and others have shown that NGAL is not just an
important molecule from the functional point of view, but also a very promising biomarker
to diagnose, follow-up and predict outcome in both benign and malignant diseases. Previous
reviews on this molecule have focused on its role as a biomarker alone, specifically, in renal
injury [1-10], anemia [11] and cancer [12]. However, an in depth assessment of its biology,
role in cell signaling and its role as a biomarker in other benign and malignant diseases
though needed, is lacking. In this review, we have sought to address the biology of NGAL,
its functional role in physiological conditions and in pathologic states, and explored its
potential as a novel biomarker in inflammation and cancer. The article reveals that though
small in size, NGAL mediates, through elegant pathways, processes that are crucial for our
survival. Further, its small size makes it an attractive target as a molecular imaging tool and
for clinical application as a diagnostic and follow-up marker in several diseases.

1.1 The Lipocalin family

Lipocalins are a diverse family of small secreted proteins that act as carriers, transporting
predominantly small lipophilic molecules. In recent years, several additional functions have
been discovered for these proteins, including regulation of cell division (e.g. a1-
microglobulin), differentiation, cell to cell adhesion and survival (e.g. Purpurin). Unlike
most other protein families, whose members are identified on the basis of similarities in their
amino acid sequence, the members of the lipocalin family share much less sequence identity,
in some cases as low as 20%. However, they all share a common secondary and tertiary
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structural feature- called as the “lipocalin fold”. The lipocalin fold, depicted schematically in
Figure 1 comprises of an antiparallel beta barrel structure comprising eight beta sheets that
are extensively hydrogen bonded to one another, resulting in a cup-shaped cavity that can
bind to specific ligands. The beta sheets are connected to one another by seven short loops
(L1-L7), of which the loop L1 forms a lid-like structure to close the ligand binding cavity.
The difference in specific amino acids within the lipocalin fold gives rise to the wide
diversity in ligands that can be bound by lipocalins. While the overall sequence identity
between different lipocalin proteins is low, they share three regions of significant sequence
and structural conservation. These regions, termed as structurally conserved regions or SCRs
are useful to classify all lipocalins into two broad categories-the kernel and the outlier
lipocalins. While the former possess all three SCRs, the latter have only one or two, but
never all three SCRs. Examples of the kernel and outlier lipocalins are summarized in Table
1. Thus, the lipocalin family is characterized by structural similarity in the absence of
significant sequence identity.

Several elegant reviews have described the structure and function of the lipocalin family and
of specific lipocalins [13,14]. However, in this review, we will focus on a member of the
kernel lipocalins, called neutrophil gelatinase associated lipocalin, which has emerged as a
significant mediator of several physiological processes and pathological states including
benign and malignant conditions. We will review its structure, biology regulation and
clinical significance in depth and discuss its role as a modulator of both health and disease.

1.2 NGAL-Isolation and genomic organization

Human neutrophil gelatinase associated lipocalin (NGAL), also known as neutrophil
glucosaminidase-associated lipocalin, 24p3, oncogene 24p3, p25, migration stimulating
factor inhibitor (MSFI), human neutrophil lipocalin (HNL), a1-microglobulin related
protein, siderocalin, or uterocalin, is a 198 amino acid long secreted glycoprotein encoded
by a gene located at the chromosome locus 9934.11. The NGAL gene has seven exons that
produce at least five functional transcripts (#.e. mMRNAs that are translated into protein), the
most common of which encodes for a 198 amino acid secreted protein (Figure 2). The
mouse homologue of NGAL is called lipocalin 2 (Lcn2). It is denoted by lower case (Lcn2
or Ngal) to distinguish it from its human counterpart (LCN2 or NGAL). Lcn2 is also called
SV-40 induced 24P3 protein, secreted inducible protein 24, superinducible protein 24
(SIP24) and is encoded by a gene on chromosome locus 2 27.0 cM. [15-17]. The Lcn2gene
has six exons and codes for two functional transcripts (Figure 2).

Lcn2 was first purified from a culture of murine kidney cells infected with the simian virus
(SV-40) or the polyoma virus [18]. Triebel and colleagues isolated it as a 25 kDa protein
that was associated with the monomeric form of matrix metalloproteinase-9 (MMP-9), a
gelatinase secreted by neutrophils that degrades several basement membrane and
extracellular matrix components (including cartilage proteoglycan, type | gelatin and
collagens type I, 1V, VV and XI) [19]. They called it a2-microglobulin related protein (a.2-
MRP) as the protein had a sequence homology to the rat a2-microglobulin protein. The
association between a.2-MRP and MMP-9 appeared to occur through a disulfide bond that
could be broken under reducing conditions. Further, this association did not appear to have a
significant effect on the enzymatic activity (of MMP-9) against a synthetic substrate, thus
suggesting that a2-MRP (or Lcn2) had a role in modulating the stability rather than the
enzymatic activity of MMP-9. The molecular weight of the novel protein was observed to
decrease from 22 to 25 kDa after treatment with endoglycosidase F, an enzyme that removes
N-liked oligosaccharide side chains, suggesting that a2-MRP was a heavily N-glycosylated
protein.
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Axelsson and colleagues in 1995 subsequently identified NGAL as a protein present in
preparations of another neutrophil protein, NP-4 (neutrophil proteinase 4) [20]. They noted
that some NP-4 preparations when used to immunize rabbits produced antibodies that
recognized two proteins- NP4 and a second unknown protein. After eliminating NP-4 using
a specific monoclonal antibody, they identified the second protein as NGAL using antiserum
raised a couple of years earlier against NGAL by Borregaard and co-workers [21]. They also
developed the earliest enzyme linked immunosorbent assay (ELISA) for detection of
NGAL, using a rabbit polyclonal antibody raised against the partially purified protein. Using
this assay, they demonstrated that NGAL was present, albeit at a low level, in the plasma of
healthy humans, the mean level being 72 ng/ml (range 40-109 ng/ml). They also observed
two forms of NGAL on immunoblotting- a 25 kDa monomer and a 50 kDa dimer. Upon
intravenous injection of radioactively labeled (1131) NGAL into rats, they observed two
distinct phases of its clearance from the body- an initial phase (within 1 hour post-injection)
where the monomeric form was more rapidly cleared than the dimeric form (half-life: 10
and 20 minutes respectively), and a second phase where the two forms were cleared off at a
similar rate. Further, the labeled monomeric and dimeric NGAL accumulated mostly in the
kidney suggesting that renal clearance is by far the predominant mechanism for excretion of
NGAL from the body [20].

1.3 Domain structure of NGAL

A comparison of the amino acid sequence of NGAL homologues expressed in different
species reveals that the human and chimpanzee proteins share the greatest similarity, being
nearly 98% identical at the sequence level (Table 2). Human NGAL however has little
similarity to either the mouse (62%) or the rat Lcn2 proteins (63%). This fact is important as
most of the studies (discussed later) into the functions of NGAL /n vivo have been carried
out in mouse models. Despite limited sequence identity, there is significant conservation of
short stretches of amino acid residues between the different NGAL homologues. These
conserved regions, mostly comprising of short stretches of hydrophobic amino acids have
been suggested to be responsible for the conservation of ligands (e.g. bacterial siderophores)
among lipocalins.

A bioinformatics analysis of the protein sequence of human NGAL reveals two main
features- a 20 amino acid N-terminal signal peptide and a lipocalin domain (amino acids 48—
193) which makes up most of the length of the molecule. The lipocalin domain (also called
the lipocalin fold) is the characteristic feature of the lipocalin family and contains the ligand
binding region that binds to and transports small lipophilic ligands (including retinoids,
steroids and iron). The equine and porcine homologues differ from human NGAL in not
possessing a signal peptide. Additionally, they possess a second lipocalin domain (termed
lipocalin-2) and in case of the porcine homologue, an N-terminal transmembrane domain.
Whether these additional domains translate into differences in function of these homologues
is still unclear.

1.4 Three dimensional structure of NGAL

The earliest studies aimed at elucidating the three-dimensional structure of NGAL were
carried out by Chu and co-workers (1998) who used circular dichroism (CD) to investigate
the structure of the mouse Lcn2 protein [22]. They observed that the two hydrophobic
tryptophan residues in Lcn2 (at positions 31 and 81) are in a restricted conformation.
Binding assays using triturated (H3) retinol revealed that Lcn2 binds to the hydrophobic
form of vitamin A (retinol). Scatchard plot analysis subsequently revealed that retinol, a
hydrophobic compound, bound more strongly with Lcn2 than its hydrophilic counterpart
retinoic acid (association constants for retinol and retinoic acid being 4.9 X10° M~ and
1.17X10° M1 respectively). This finding suggested that Lcn2 may transport hydrophobic
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ligands like retinol. Further, the maximum binding capacity of Lcn2 for retinol was nearly 3-
fold higher than that for retinoic acid (5.87 nmole for retinol vs. 1.91 nmole for retinoic acid
per mg of Lcn2 respectively), suggesting that the binding pocket of Lcn2 has a much
stronger affinity for hydrophobic than for hydrophilic ligands. Analysis of the binding
affinity of Lcn2 for other ligands revealed that while it did not bind significantly to
cholesterol, it had a strong affinity for cholesterol oleate, an intensely hydrophobic
cholesteryl ester. The suggested mechanism for NGAL binding as a strong hydrophobic
interactions between the aliphatic side chains of the cholesteryl ester with the hydrophobic
residues in the binding pocket of Lcn2. Significantly, oleic acid, a molecule with both
hydrophobic and hydrophilic ends, was as effective in binding to Lcn2 as cholesterol oleate,
while other hydrophobic small molecules like a-aminoacaproic acid and undecanoic acid
did not [22]. These observations suggest that the binding pocket of Lcn2 has a preference for
small hydrophobic ligands. Further, it is not just the functional groups attached to the ligand
but also their three dimensional conformations that influence its affinity for Lcn2.

In 1999, the three-dimensional structure of human NGAL in solution was elucidated by
Coles and co-workers [23]. NMR (nuclear magnetic resonance) analysis revealed that
NGAL contains an N-terminal 31g-helix, followed by eight antiparallel beta strands, an
alpha helix and a C-terminal beta strand (depicted schematically in Figure 1). The beta
strands form a barrel like structure whose walls are formed by two beta sheets- the first by
the strands p2-p4 and the second by the strands p6-p8. Three beta bulges are also observed-
one in the 1st, and two in the 6th B strands. These bulges have been suggested to contribute
to the ligand binding site of NGAL, which itself is located at the base of the barrel and
comprised predominantly of hydrophobic residues (Trp 31, Trp 33, Val 66, Phe 83, Phe 92,
Phe 94, Val 108, Val 110, Val 121 and Phe 123). On the other hand, the region closer to the
opening of the barrel is comprised of polar residues (Tyr 52, Thr 54, Tyr56, Tyr 106, Thr
136, Tyr138). Near the mouth of the barrel, side chains of three highly polar residues (Lys
125, Lys134 and Arg81) project into the cup-like ligand binding cavity of NGAL. A
negatively charged patch (formed by three amino acids Asp 34, Glu 60 and Asp 61) is
present in a “pit” like region at the floor of the barrel close to an unpaired cysteine residue
(Cys 87). This cysteine residue forms an intermolecular disulfide bond with the gelatinase
MMP-9. While the negatively charged patch at the floor of the cup has been suggested to be
the actual site of interaction between NGAL and MMP-9; it has also been suggested that the
open end of the molecule, with its greater conformational flexibility is likely to bind to a cell
surface receptor that shuttles the protein (either free or bound to its ligand) in and out of
cells (receptors for NGAL have been discussed in Section 3.2.4).

More recently, the NMR structure of the ligand binding cavity of NGAL was elucidated. It
emerged that the cavity in NGAL is distinct from that in other lipocalins in being
significantly polar [24]. Further, it is large enough to accommodate macromolecular ligands
like proteins. This suggests a possible mechanism to explain how NGAL interacts with
bacterial (and possibly mammalian) proteins which have a significant number of polar
residues. NGAL specifically interacts with bacterial proteins termed siderophores (the term
“siderophore” is a Greek word meaning an “/ron carrier protein”) that bind to circulating and
intracellular free iron. These are relatively low molecular weight proteins produced by
microorganisms (including bacteria and fungi) that bind specifically to the ferric (Fe3*) form
of iron. Siderophores are essential for the survival of many microorganisms in the human
body as they are exposed to conditions of severe iron deficiency /in vivo, primarily due to the
extremely low circulating levels of free iron [25]. Owing to their very high affinity for iron,
siderophores can abstract free iron from the surrounding milieu and make it available to the
microorganism [26]. There are chiefly two classes of siderophores- the phenolate/
catecholate type (produced by gram negative Enterobacteria), which are significantly polar,
and carboxymycaobactin (CMB) type (produced by mycobacteria like Mycobacterium
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tuberculosis), which are more hydrophobic. It is interesting to note that NGAL only binds to
iron complexed with siderophores but not to free iron [27]. Co-crystallization of NGAL with
enterochelin (a phenolate type siderophore) has revealed that despite tight binding, the
siderophore fits poorly into the ligand binding cavity of NGAL [16]. On the other hand, the
complex of NGAL with iron bound CMB:s filled the cavity (of NGAL) more completely.
The difference between the occupancy of the ligand binding cavity by the two siderophores
is attributed to the formation of a larger number of van der Waal interactions and more
extensive hydrogen bonding with the residues lining the ligand binding pocket of NGAL by
the Fe-CMB complex than by the Fe-enterochelin complex. The importance of hydrophobic
interactions in the association of NGAL with CMB was further strengthened by the
observation that deletion of even one methylene group (from an eight methylene group-long
aliphatic linker that helps CMB bind to the binding pocket of NGAL) significantly
decreased the binding between the two proteins [16]. Based on these results, it has been
suggested that polar residues that make up the cup-like ligand binding pocket (of NGAL) are
responsible for its interaction with the phenolate/catecholate type siderophores while a
different set of residues mediate its binding to the more hydrophobic CMBs [16]. It is
believed that through this dual mechanism, NGAL is able to bind to a wide variety of
siderophores (the property is termed as the “ligand plasticity” of NGAL), and thus mediate
its physiologic role as a broad specificity siderophore binding protein of the innate immune
system.

2. EXPRESSION PROFILE OF NGAL
2.1 EXPRESSION OF NGAL IN NORMAL TISSUES

2.1.1 Adult Human Tissues—NGAL is normally synthesized as a component of the late
granules of neutrophils [17]. Cabec and coworkers first demonstrated that NGAL was
located in the azurophilic [or myloperoxidase peroxidase (MPO) positive] neutrophil
granules where it co-localized with MPO [28]. After this, various groups analyzed the
expression of NGAL by in situ hybridization, northern blot analyses as well as
immunohistochemistry as detailed Table 3. Apart from tissue expression, NGAL is also
been detected in supernatants from cultured neutrophils and in culture media from human
oral and gingival keratinocytes but not in supernatants from healthy gingival [29]. A
significant observation was that the amount of NGAL secreted into the culture medium (by
unstimulated A549, NHBE and NHEK cells) was more than 200-fold higher than that
present within the cells [30]. This suggested that a mechanism might exist in these cells
wherein the NGAL synthesized is constitutively secreted out. Cabec and co-workers sought
to solve this puzzle by investigating the fate of exogenously transfected and constitutively
transcribed human NGAL in HL-60 promyelocyte cells [28]. HL-60 cells are arrested at the
promyelocyte stage of neutrophil maturation. At this stage of maturation, only azurophilic
granules (containing MPO) but not specific granules (containing gelatinases) have been
synthesized. Following transfection of HL-60 cells with full length NGAL cDNA under the
control of a cytomegalovirus promoter (CMV), it was observed that NGAL co-localized
with MPO [31]. When granulocytic differentiation was induced in these cells [by treatment
with DMSO (dimethyl sulfoxide) and retinoic acid] there was a significant and progressive
time-dependent downregulation of NGAL protein in the transfected cells, until it eventually
disappeared completely. This suggests that NGAL is synthesized during the early stage of
neutrophil maturation but its synthesis stops with induction of neutrophil maturation. It was
further uncovered that this disappearance of NGAL was not due to the breakdown of the
protein or exocytosis of azurophilic granules (containing NGAL) but rather due to secretion
of the ectopically expressed NGAL from transport vesicles into the culture medium. This
was supported by observations that while NGAL levels decreased in the transfected HL-60
cells (upon induction of maturation), there was no change in the expression of MPO, a
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companion of NGAL in the azurophilic granules. As differentiated granulocytes do not
possess the ability to synthesize specific granule proteins (like NGAL) de novo [32], the
results of this study suggested that the ectopically expressed and constitutively transcribed
NGAL protein fails to get retained in the granules and is thus secreted. This suggests that
differentiated neutrophils have a defect both in the synthesis and storage of NGAL. From the
standpoint of diagnosis (and prognosis), it would be of great interest to investigate whether a
similar defect exists in other cell types and tissues and the proportion of NGAL synthesized
in different cell types that is secreted into the bloodstream.

Compared to adults, much less is known about expression of NGAL in children, particularly
infants. Urine NGAL levels were observed to decrease with increasing gestational age in
premature infants (nearly 4-fold decrease from <26 to 36 weeks gestational age). When
corrected for urine creatinine excretion, urine NGAL showed a nearly 6-fold decrease with
increasing gestation age. Further, urine NGAL levels in newborns showed a significant
positive correlation with female gender but not with race [33].

2.1.2. Fetal Human Tissues—An analysis of NGAL expression in various human fetal
tissues revealed that different tissues express NGAL at different weeks of gestation (Table
3). A focal staining appeared in the epidermis in the 20th week of gestation and this spread
to the stratum granulosum and stratum corneum around 24 weeks. With further advancement
of gestation however, immunoreactivity for NGAL in the fetal skin became progressively
more concentrated towards the hair follicles [34]. Barring these few studies, not much is
known about the time course and pattern of NGAL expression during /n utero development
in humans.

2.1.3. Mouse Tissues—The tissue expression of mouse Lcn2 has also been well studied.
In the fetus, Lcn2 is expressed in the hypertrophic and perihypertrophic zones of the
developing cartilage, with the expression shifting to the proliferating zone chondrocytes 10-
days after parturition. With advancing age, Lcn2 expression becomes more intense in the
proliferating and hypertrophic zones and in the articular chondrocytes of the articular
cartilage [35]. Lcn2 is also expressed by the luminal epithelium and glands of the mouse
uterus during the estrous and proesterous phases of the estrous cycle [36] in the uterine
luminal fluid and by the uterine surface epithelium immediately following fertilization (days
1 and 2). However, it is not detectable in the stroma or the uterine smooth muscle [36]. Lcn2
is also strongly expressed in the bone marrow, with much weaker expression in the spleen,
lung and granulocytes and no expression in the liver, heart, kidney, small bowel or thymus
[37]. Rojas and co-workers, in one of the earliest studies on Lcn2, reported that the mRNA
was expressed in several adult (3 weeks old) mouse tissues including the liver, spleen, testis
and lungs and in the kidney of young (10-days old) mice, while no expression was
detectable in the adult murine kidney, brain, thymus or muscle, or in the embryonic liver.
Further analysis revealed that Lcn2 mRNA expression in adult mice progressively declines
with advancing age, particularly in the liver, kidney and the spleen with complete
disappearance by the time the mice are about 75-days (/.e. 2.5 months) old [38].

These studies taken together suggest that NGAL is expressed in adult healthy tissues derived
from all the three germ layers- ectoderm (e.g. hair follicles of adult skin), mesoderm
(kidney, blood cells) and endoderm (e.g. epithelial lining of the bronchi, lungs, gut and the
thymus). While limited, available data also suggests that NGAL expression begins in utero,
and is either maintained or lost with development. What triggers the induction of NGAL
expression and what factor(s) modulate its appearance and disappearance in various tissues
however, is still an unsolved mystery.
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2.2 EXPRESSION OF NGAL IN BENIGN DISEASES

NGAL expression is significantly upregulated both in the tissues and in the body fluids in
several benign conditions including inflammatory, ischemic, and metabolic disorders.

2.2.1 Inflammatory diseases—NGAL expression is upregulated in several acute and
chronic inflammatory diseases (Table 4). NGAL was expressed at a higher level in the skin
of patients with psoriasis compared to patients with atopic dermatitis or eczema. A
significant negative co-relation was observed between the expressions of NGAL and the
degree of differentiation of keratinocytes [34]. Staining of skin tissues underneath areas of
parakeratosis (i.e abnormal differentiation) revealed a strong positivity for NGAL while that
for filaggrin, a marker of terminal epidermal differentiation was absent, suggesting that
NGAL is expressed at a higher level by undifferentiated epidermal cells [40]. Notably,
topical treatment of psoriatic patients with calcipotriol (a derivative of vitamin D) for upto
14 days produced no significant change in NGAL expression in these lesions. However,
once the lesions healed, NGAL expression disappeared on its own, suggesting that its
expression is closely related to (and regulated by) the disease process. An interesting
observation was that (skin) lesions with a positive staining for MMP9 were negative for
NGAL [34].

Alveolar tissue specimens from patients with both adult (AdP) and localized juveline
periodontitis (LJP) revealed a strong upregulation of NGAL (and MMP-9) in the neutrophils
[29]. Immunohistochemical staining of clinically healthy alveolar mucosa revealed that
NGAL (and MMP-9) is expressed by resident neutrophils, but not by the healthy alveolar
epithelium. Further, staining for NGAL was localized to the cytoplasm of the neutrophils
when they were located within the blood vessels. However, when they extravasated into the
surrounding tissue, NGAL staining could be seen both inside the cells and in the adjacent
connective tissue [29]. A significant increase in serum Lcn2 levels was also seen in a rat
model of autoimmune myocarditis following immunization with porcine myaosin suggesting
that Lcn2 is involved in a variety of inflammatory processes [39,40].

Serum NGAL levels are lower in treatment naive HIV positive patients and increase with
initiation of highly active anti-retroviral therapy (HAART) [41]. When mononuclear cells
(MNCs) from the bone marrow of the treatment naive HIV positive patients or controls were
treated with phytohemagglutinin (PHA) in vitro, MNCs from the latter (but not the HIV
infected patients) showed a significant increase in NGAL release into the medium.
Following HAART therapy for 26 weeks (but not at 4 weeks) however, MNCs from HIV
positive patients also demonstrated a significant induction of NGAL following treatment
with PHA [41]. This suggests that NGAL may be a surrogate marker of immune competence
in HIV positive patients and also useful to monitor response to and adherence to HAART
therapy.

2.2.2 Ischemic diseases—A second group of diseases associated with significant
elevation in NGAL levels are ischemic disorders, /.e. diseases characterized by a decrease in
blood supply to a particular organ with resultant hypoxia and either temporary (e.g. fatty
change) or permanent (e.g. apoptosis and necrosis) tissue damage. The major ischemic
diseases associated with an elevation in NGAL include cerebrovascular accidents and
myocardial infarction.

Cerebrovascular accident (or stroke) is the third leading cause of death in the United States
with an estimated 143,000 patients dying each year from this condition [42]. A major cause
of stroke is atherosclerosis affecting the carotid arteries [43]. Anwaar and colleagues
reported that the median plasma NGAL levels in subjects with asymptomatic carotid
atherosclerosis was 97.5 ng/ml (range: 42ng/ml-291 ng/ml) with no significant difference
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between males and females [44]. However, a weak positive correlation was observed
between plasma NGAL and diastolic pressure and age (Table 4). While NGAL levels were
not significantly different between smokers and non-smokers, the levels were significantly
higher in hypertensive compared to normotensive women [45]. NGAL levels were also
elevated in the atherosclerotic plaques themselves, particularly unstable plaques [46]. NGAL
was strongly expressed in the plaque associated macrophages, endothelial cells and smooth
muscle cells. NGAL expression and NGAL/MMP9 gelatinolytic activity were both higher in
fibrous plaques and in plagues with higher levels of the pro-inflammatory cytokines IL-6
and IL-8. NGAL released from the plaque lesions also produced a local increase in blood
NGAL levels suggesting that the NGAL-MMP9 association was involved in the disruption
of the fibrous plaque [46]. Investigations in a rat model of carotid atherosclerosis revealed
that while NGAL mRNA is not expressed by the uninjured arterial tissue, its expression is
significantly upregulated 2 weeks after balloon-induced endothelial injury [47].

Acute myocardial infarction (AMI) is a leading cause of mortality worldwide and an
estimated 17 million deaths every year are attributable to coronary artery disease [48]. An
analysis of plasma NGAL levels in patients with coronary artery disease (CAD) revealed
that NGAL levels were significantly elevated (p<0.0001) in patients with AMI (146+23 ng/
ml) compared to those with stable CAD (101+53ng/ml). There was no significant difference
in NGAL levels between patients with ST elevation vs. non-ST elevation MI. There was
also no correlation with age, serum creatinine or number of coronary arteries with a >50%
luminal obstruction. Patients with AMI had significantly higher neutrophil count than the
stable CAD group. In multivariate analysis, plasma NGAL above a cut-off >127ng/ml was
an independent predictor of the risk of AMI (odds ratio 12.2, p=0.003) [49].

NGAL levels in wound exudate correlated inversely with healing of chronic venous wounds
(CVWs) suggesting its potential as a marker of healing in such skin lesions [50]. Urine
NGAL levels were also increased in patients with ischemia reperfusion injury (IRI) to the
liver and kidney [51]. Taken together, these observations suggest that ischemia is a potent
stimulus that increases levels of tissue and circulating NGAL. Apart from potential in
diagnosis of ischemic diseases, it also reveals a much broader function for NGAL beyond
inflammation and iron transport.

2.2.3 Metabolic diseases—An important group of disorders associated with significant
morbidity (rather than mortality) are metabolic disorders. In recent years, there has been an
exponential increase in the prevalence of these disorders, particularly obesity and its most
widespread associated chronic disease, type-1l diabetes mellitus. NGAL expression is also
differentially altered in diabetes. For instance, Lcn2 levels were significantly higher in
adipose tissues of obese mice in a mouse model of human obesity [52]. Further, NGAL
levels were increased in human subjects upon a 26 hour continuous infusion of insulin
suggesting that it is upregulated in response to insulin [53]. Serum NGAL levels were also
higher in women with gestational diabetes [54] and pre-eclampsia [54,55] (Table 4).
Diabetes is associated with chronic inflammation and microvasculopathy. However, whether
the increase in NGAL levels reflects a response or contributes to the pathogenesis of this
disease is still being explored.

2.2.4 Renal diseases—While NGAL expression is altered in several of the
aforementioned conditions, its elevation in response to kidney damage, both acute and
chronic, has gained considerable prominence in recent years.

Acute Kidney injury (AKI) due to a variety of insults ranging from radiologic contrast to
post-surgical stress can cause a significant increase in the expression of NGAL in the
kidneys [56-59]. Nearly 6% of all critically ill patients with AKI require renal replacement
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therapy (RRT) in the form of dialysis or a kidney transplant. The mortality in these patients
can reach as high as 60%. The early diagnosis of AKI is currently limited by the poor
sensitivity of creatinine as a marker of renal injury [60]. In a single center prospective study
involving 109 patients, serum NGAL levels were found to be significantly elevated in AKI
patients receiving RRT who died vs. those who survived during the hospital stay. Further,
NGAL levels correlated positively with the severity of AKI and an elevated NGAL was an
independent predictor of increased 28-day mortality (hazards ratio (H.R. 1.6, 95% C.I. 1.15-
2.23) [60]. NGAL levels however did not show any variation during the process of
continuous renal replacement therapy (CRRT) in another study [61]. The results of these
studies, supported by several others (discussed later) suggest that NGAL is a novel early
diagnostic and prognostic marker in patients with renal injury. The diagnostic and
prognostic potential of NGAL in renal diseases is discussed in detail in Section 6.1.5.

Studies conducted in animal models suggest that at least in AKI, the source of urinary
NGAL is the ischemic renal tubules themselves (Table 4) [62]. The main source of NGAL
in the ischemic kidney appears to be cells lining the thick ascending limb of the loop of
Henle and collecting ducts. A second suggested source for urinary NGAL is protein that is
filtered through the glomeruli but fails to get reabsorbed into the proximal tubules. In
extrarenal diseases however, the source of NGAL, particularly in the urine is unclear. One
proposed mechanism is that the NGAL is released into systemic circulation (from the sites
of inflammation and/or malignancy) and is filtered by the glomeruli. Most of the NGAL (in
the glomerular filtrate) is then reabsorbed by the proximal tubules expressing the NGAL
receptor (megalin) and thus rises in the bloodstream. This hypothesis is supported by studies
in megalin deficient mice who demonstrate significantly higher levels of Lcn2 in their urine
[63]. A third potential source of systemic NGAL is neutrophils and macrophages. In support
of the last hypothesis, a large single center study observed a significant positive correlation
(r=0.9, p<0.001) between urine NGAL levels in patients with AKI and serum neutrophil
myeloperoxidase levels [64].

Chronic kidney disease (CKD), defined as albuminuria with/without a decrease in the
glomerular filtration rate (GFR) affects between 10%-13% of the population worldwide.
CKOD is also associated with significant elevation in tissue, blood and urine NGAL levels
(Table 4) [65,66]. Lcn2 was strongly expressed in the proximal tubules and to a lesser extent
in the ascending limb of the loop of Henle and collecting ducts following loss of functioning
kidney mass. Further, the expression of Lcn2 mRNA and protein in the kidney tissues
correlated with the extent of renal tubular damage, and urine Lcn2 levels correlated with
tissue Lcn2 expression, suggesting that the damaged kidneys secrete Lcn2 into the
bloodstream, which is then excreted in the urine. Lcn2 levels were also significantly
elevated in the jck2 (juvenile cystic kidney) mouse model of human adult polycystic kidney
disease (APKD). APKD is an autosomal dominant inherited disorder characterized primarily
by development of cysts bilaterally in the kidneys, liver, pancreas, seminal vesicles and the
arachnoid membrane in the nervous system [67]. The expression of NGAL was significantly
increased in dilated cysts among APKD patients. Further, urine NGAL levels correlated
positively with the rate of disease progression and inversely with the residual GFR [66].
Both the incidence and severity of renal lesions and their functional effects (elevation of
serum creatinine and hypertension) were significantly reduced in Lcn2~/~ mice (compared to
their wild type littermates) 2 months after 75% nephron reduction, suggesting that Lcn2 is a
specific promoter of pathological proliferation of renal tubular and interstitial cells following
glomerular loss.

2.2.5 Drugs and intoxicants—NGAL expression is also affected by the intake of drugs

and intoxicants like alcohol [68], methamphetamine and phencyclidine [69] (Table 4)
Significantly, the expression of Lcn2was nearly 3-fold higher in ethanol fed mice in which
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both copies of the gene for C3 complement were silenced, suggesting that C3 may be a
novel negative regulator the of Lcn2expression [68].

NGAL expression has also been shown to be elevated following administration of
hepatotoxic agents. A study in Winstar rats revealed that serum NGAL levels rose within 24
hours after administration of the hepatotoxic drug BAY16, and increased progressively
(~16-fold and 37-fold upregulation after 3 days and 12 days following repeated
administrations of BAY16). Serum and liver NGAL protein levels correlated with the
severity of liver injury [70]. Specifically, the increased expression of NGAL was noted in
the hepatocytes, biliary epithelial cells and proximal tubular epithelial cells of the kidney.
NGAL protein was seen expressed on the apical side of the proximal tubular epithelium
suggesting that the kidneys reabsorbed NGAL from the glomerular filtrate. Since these
animals also had elevated serum NGAL, it is possible that the urinary NGAL is derived
from extra-renal organs (e.g. liver) in response to tissue damage.

2.2.6 Organ transplants—NGAL levels are also significantly upregulated in transplanted
organs following reperfusion of the graft. Two organs where this has been well studied are
the heart and the kidney (Table 4) [37,71,72]. Studies using a murine model of cardiac
transplantation have revealed that the upregulation of Lcn2 is in fact a reaction of the
recipient’s immune system to the allograft. This is suggested by the observation that when
heart from an Lcn2*/* mouse is transplanted into an £cn27" recipient, the number of
granulocytes infiltrating the recipient heart is decreased by nearly 54% (compared to that
when an Lcn2** recipient that receives a heart from an £cn2*/* donor). However, there was
no difference in the percentage of apoptotic cells (in the transplanted heart) between the
Lcn2 ** and the Lcn2™~ recipient mice, suggesting that Lcn2 does not modulate apoptosis
in the transplanted heart tissues. In vitro results also showed no correlation between Lcn2
expression and the percentage of apoptotic cells in the cardiac myocytes. However, there
was a systemic elevation of Lcn2, both in the serum and in the proximal renal tubules, in
recipient mice following reperfusion of the graft. It is suggested that Lcn2 released from
granulocytes (infiltrating the transplanted heart) is filtered into the proximal renal tubules
and contributes to the rise in serum Lcn2 levels in the recipient mice [37]. However, whether
Lcn2knockout affects the ability of granulocytes to mount an inflammatory response or
prevents the grafted heart (from an Lcn2~~ donor to an Lcn2*/* recipient) from providing
the appropriate microenvironment for establishment of granulocytes is still an open
question.

Microarray analysis of kidneys from brain dead donors harvested either prior to (1 hour) or
immediately after transplantation (1 hour-5 days) revealed a significant upregulation of pro-
inflammatory genes including NGAL. Pathway analysis revealed that the p53 and NFxB
signaling pathways were the most prominently altered in both brain dead and ischemia-
reperfusion affected donor kidneys [72]. It is possible that ischemia resulting from brain
death upregulates NGAL through the NF-kB (and/or the p53 pathway). NGAL in turn serves
as a signal to recruit inflammatory cells to the kidney. The resulting inflammation may
subsequently damage the grafted organ in the post-transplant period. Further studies
particularly employing mice deficient in NF-xB and p53 are needed to elucidate the
functional relevance of these pathways in regulating NGAL expression in transplanted
organs.

2.3 EXPRESSION OF NGAL IN MALIGNANT DISEASES

2.3.1. Expression of NGAL in solid tumor malignancies—NGAL has been reported
to be expressed in malignant tumors arising from several organs including the skin [34],
thyroid, breast [73,74], ovary [75,76], endometrium [77], colon [78-80], lung [81], liver,
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bile ducts, esophagus [79], stomach [82,83] and pancreas [79,84-86] as summarized in
Table 5.

It is pertinent to mention here that Stoesz and Gould identified NGAL as a gene that was
specifically and significantly overexpressed in breast cancers overexpressing the receptor
tyrosine kinase HER-2 (or neu), hence the name Neu Related Lipocalin for NGAL [87]. The
specificity of NGAL for HER-2 driven breast cancer was further suggested by the
observation that NGAL expression is not upregulated in breast cancers induced by other
carcinogens (including chemical carcinogens N-nitroso-N-methyl urea and
dimethylbenz(a)anthracene) or by the oncogene v-Ha-Ras.

2.3.1.A Endocrine gland tumors—NGAL expression is differentially altered in tumors
arising from several endocrine glands including the thyroid, ovaries, breast and uterine
endometrium (Table 5). In one study, NGAL was differentially expressed in 94% of ductal
carcinomas tissues of the breast [73,74]. The aberrant expression of NGAL in breast cancer
tissues was also evident on western blotting where 44% of the 250 breast cancer tissues
expressed NGAL [88].

NGAL expression was also significantly upregulated in borderline and grade 1 malignant
ovarian tumors [89] and in cell lines derived from ovarian serous papillary carcinoma
(OSPC) cells, serous (YDOV-157) and mucinous ovarian carcinoma [75,76,90].
Immunostaining of tissue sections confirmed the findings in cell lines demonstrating no
expression in the non-neoplastic ovarian surface epithelium (and stroma) while 73% of
benign ovarian tumors, 100% of borderline ovarian tumors and 98% of ovarian cancers were
positive for NGAL. NGAL expression in ovarian cancer was positively correlated with
differentiation grade but not with tumor stage or histology [76]. In a recent study however,
Emmanuel and co-workers reported that NGAL was neither expressed in the normal ovarian
epithelium nor in the ovarian cancer tissues [91]. Positive staining (for NGAL) was however
seen in a few inclusion cysts and in some intracytoplasmic vacuoles. A possible reason for
the difference could be the difference in antibodies used by the two studies. The role of
NGAL in ovarian cancer remains to be better elucidated.

NGAL was one of the most highly upregulated genes in both endometrial hyperplasia and
endometrial carcinoma compared to the non-neoplastic endometrium [77,92]. At the
subcellular level, NGAL was also expressed in all endometrial carcinoma cell lines tested.
Subcellular fractionation confirmed the dual cytoplasmic and nuclear localization of NGAL
in the endometrial carcinoma cells. Interestingly, all the endometrial cancer cell lines
expressed two isoforms of NGAL, the well known 25 kDa isoform, and a second 30 kDa
isoform which has been suggested to result from differential glycosylation of the protein
[77].

2.3.1.B Gastrointestinal tumors—NGAL expression is significantly upregulated in
patients with several Gl malignancies including colorectal, pancreatic, hepatocellular and
gastric cancer (Table 5)

Studies in human colon tissues suggest that the normal colon does not express NGAL
[93,94]. However, its expression appears during low grade dysplasia and increases
progressively through high grade adenoma to cancer [94]. Both tissue and plasma NGAL
expression correlated positively with advanced disease stage suggesting that NGAL may
play a role in the progression of colorectal cancer.

Pancreatic cancer is one of the most lethal malignancies with a 5-year survival rate of less
than 3.5% [95]. Furutami and co-workers using the signal sequence trap method (SST)
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identified NGAL as one of the secreted proteins significantly upregulated in pancreatic
cancer cells. NGAL was also expressed in 8/8 PC cell lines while a weak expression of
NGAL was detected in some of the non-neoplastic pancreas [79]. We observed that NGAL
expression in the normal pancreatic ducts (by IHC) ranged from weak to complete absence,
while a moderate degree of expression in the tissues from patients with chronic pancreatitis
[86,96]. In contrast, all of the pancreatic adenocarcinoma tissues examined expressed NGAL
[86]. NGAL mRNA was detected in 75% of chronic pancreatitis patients, 100% of
pancreatic cancer patients but in none of the normal pancreatic tissues. NGAL expression
was also noted to progressively increase with increasing degree of pancreatic ductal
dysplasia pointing to a differential induction of NGAL during the transformation of normal
ductal epithelium to adenocarcinoma [86].

Primary cancer of the liver is among the most common malignancies worldwide, ranking
fifth in terms of incidence and third in terms of mortality globally. Hepatocellular carcinoma
(HCC) is the most common type of liver cancer accounting for upto 90% of all primary liver
cancers [97]. Studies in animal models of HCC suggest that NGAL may be upregulated
early on during the process of hepatic carcinogenesis and might be a target of several hepatic
carcinogens. For instance, Lcn2 was the strongly upregulated (~11-fold) in spontaneous
liver tumors arising in mice deficient in the enzyme peroxisomal fatty acyl CoA oxidase
(AOX). The deficiency of AOX, a H,O, generating enzyme, leads to accumulation of its
substrates that in turn act as a natural ligand for peroxisome proliferator-activated receptor a
(PPARa), a nuclear receptor that upon activation dimerizes with the retinoid X receptor
(RXR), and drives the transcription of target genes. Prolonged activation of PPARa in the
liver has been shown to promote development of HCCs in rodents [98,99]. LcnZ2 expression
was also strongly upregulated in tumors developing in AOX expressing mice fed either a
genotoxic carcinogen diethylnitrosamine (DENA) or a non-genotoxic agonist of PPARa.,
ciprofibrate (64-fold and 22-fold upregulation respectively) [100]. The strong upregulation
of Lcn2 in HCCs due to multiple agents suggests that Lcn2 may be involved at a point of
convergence downstream of multiple carcinogenic stimuli. This in turn raises the possibility
that Lcn2 could be a novel diagnostic marker for HCC in high risk patients (e.g. chronic
alcoholics and those with Hepatitis B or C infection).

The issue of NGAL'’s expression in gastric cancer is somewhat controversial, with two
groups reporting nearly opposite findings. Alpizar and co-workers reported that NGAL is
strongly expressed both in the non-neoplastic gastric tissues (67% cases positive) and in
gastritis (100% positive with 83% showing intense NGAL expression) [83] but significantly
downregulated in dysplasia and invasive gastric carcinoma (9% and 11% strongly positive
respectively). A study by Wang and colleagues however reported that while NGAL was
expressed by neutrophils invading the lamina propria, no expression was detectable in the
non-neoplastic gastric epithelium [82]. In chronic gastritis also, NGAL expression was
restricted to neutrophils invading the inflamed mucosa. NGAL immunopositivity was also
noted in neutrophils invading the necrotic tissue in areas of gastric ulceration. In gastric
dysplasia however, a weak expression of NGAL was observed in the epithelial cells while in
gastric cancer NGAL expression was strongly upregulated. NGAL expressions was higher
in females, tumors larger than 4cm, diffuse type cancer, moderate and poorly differentiated
cancers and tumors with either lymph node, vascular or distant metastasis [82]. Gastritis,
particularly that associated with Helicobacter pyloriinfection has been strongly associated
with an increased risk of gastric cancer [101]. A strong expression of NGAL was observed
in 92% cases of H.pyloripositive gastritis in comparison to 50% in H.pylori negative
gastritis [83].

Taken together, these studies in a variety of solid organ malignancies suggests that NGAL is
generally expressed by epithelial malignancies and correlates with clinicopathologic

Biochim Biophys Acta. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chakraborty et al.

Page 14

characteristics including disease stage and degree of tumor differentiation. These features
together with its small size, secreted nature and availability of robust quantitative assays has
made it an extremely attractive target both as a diagnostic and prognostic biomarker in solid
organ malignancies. The functional significance of NGAL expression in malignant (vs.
benign or inflammatory conditions) is discussed in depth in Section 3.

2.3.1.C Nervous system tumors—NGAL/MMP-9 complex was detected in the urine
and cerebrospinal fluid (CSF) of patients with ependymomas, primitive neuroendocrine
tumors (PNETS) and glioblastomas (GBMs) but not in healthy control subjects. The levels
of NGAL/MMP-9 complex (measured by ELISA) were also significantly higher in the urine
of patients with brain tumors than in controls. Immunohistochemical analysis revealed that
while NGAL was not expressed in the normal brain or in benign brain tumors
(ependymomas), its expression was significantly elevated in PNET and GBMs [102]. A
follow-up study noted that NGAL was expressed in 100%glioblastomas, but in only 14% of
anaplastic oligoastrocytomas. A comparison of NGAL immunostaining in primary vs.
metastatic brain tumors revealed that none of the metastatic tumors expressed the protein.
NGAL expression showed a significant positive association with proliferation of brain tumor
cells, being more frequently positive in tumors with higher Ki-67 staining (a marker of
proliferation) [103]. Both these studies, based on small number of tissue samples
nonetheless suggest that NGAL may play a role in the pathogenesis of specific, highly
malignant subtypes of brain tumors. Further studies are needed to validate these results and
uncover NGAL’s functional role in brain tumor development and progression.

2.3.1.D Genitourinary system tumors—Hereditary leiomyomatosis and renal cell
carcinoma (HLRCC) is an inherited syndrome characterized by an increased tendency to
develop cutaneous and uterine tumors (leiomyomas) and aggressive papillary and collecting
duct renal cell carcinomas. Mutations in the Kreb’s cycle associated enzyme Fumarate
hydratase (FH) are associated with a strong risk of developing HLRCC [104]. Analysis of
global gene expression profile of renal epithelial cysts from FH deficient mice revealed that
Lcn2 was the most differentially expressed gene (nearly 63-fold upregulated) in A4 null
renal epithelial cysts. NGAL was also nearly 19-fold upregulated in kidney tissue from a
patient with HLRCC [105]. This observation suggests that NGAL may play a role in the
development of renal cancers in individuals with heterozygous germline mutations in the FH
gene.

2.3.2 Expression of NGAL in hematologic malignancies—NGAL expression is
elevated in a number of hematologic malignancies including chronic myeloid leukemia
(CML), polycythemia vera and essential thrombocythemia.

NGAL is significantly upregulated in CML patients compared to healthy controls and
patients with non-malignant leukocytosis [106]. Significantly, NGAL levels were strongly
downregulated in patients who were in cytogenetically confirmed remission (CCR), while
no significant elevation (compared to controls) was observed in patients who were either in
blast crisis or resistant to Imatinib (an inhibitor of the BCR-ABL tyrosine kinase specific to
CML cells). Serum NGAL levels were also significantly elevated in patients with CML,
although no change was evident in patients who were in CCR. Further, no correlation was
noted between NGAL expression in the blood and any other hematologic parameters [106].
The absolute level of NGAL mRNA was however found to be significantly higher in
patients with higher disease activity- indicated by the ratio of BCR-ABL mRNA to total
ABL mRNA with a ratio of >1 indicating active disease. These studies suggested an
association between NGAL expression and disease activity in CML [107].

Biochim Biophys Acta. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chakraborty et al.

Page 15

The mechanistic role of NGAL in leukemia was subsequently elucidated in studies
employing the mouse homologue (Lcn2) in work done chiefly by Arlinghaus and co-
workers [107-109]. Their studies revealed that Lcn2 is important both in the induction and
in determining the severity of leukemia produced by BCR-ABL™* leukemia cells. The
mechanism involves secretion of large quantities of Lcn2 by leukemia cells which then
induces apoptosis in normal hematopoietic cells but not in the BCR-ABL* leukemia cells.
The differential effect of Lcn2 on normal vs. leukemic cells was traced to differential
expression of the Lcn2 (or 24p3) receptor (called 24p3R) by normal hematopoietic cells, but
not by the BCR-ABL™ cells [110]. The pro-apoptotic effect of Lcn2 on normal
hematopoietic cells could be blocked by a monoclonal antibody against Lcn2, suggesting
that the effect was specific to Lcn2. Inhibition of the BCR-ABL tyrosine kinase activity by
Imatinib mesylate significantly decreased the production of Lcn2 by the blast cells
suggesting that BCR-ABL directly regulates the expression of this glycoprotein [108]. When
Lcn2 expression was stably downregulated in BCR-ABL* cells, the resultant cells produced
a significantly attenuated form of leukemia characterized by a normal sized spleen, normal
platelet count, lack of bone marrow (BM) infiltration and absence of ascites upon injection
into non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice. In
comparison, cells expressing the non-specific short hairpin RNA when injected into mice
produced features of severe leukemia including a massively enlarged spleen,
thrombocytopenia, marked bone marrow infiltration by leukemic cells and marked ascites
rich in leukemic cells [109].

When leukemic cells from BCR-ABL™* and either Lcn2 null (Lcn27/7) or Len2 expressing
(wild-type or Lcn2*) mice were injected into immunocompetent mice, 8/8 mice in the Lcn2*
group developed severe leukemic features while only 1/8 in the Lcn2~/~ group showed
severe symptoms [108]. Interestingly, when the recipient mice were irradiated prior to
injection of the leukemic cells (to destroy most of their normal marrow), even the Lcn27/~
derived leukemic cells produced features of severe disease [108]. However, features of
severe leukemia (massive splenic enlargement and infiltration of leukemic cells into the
bone marrow, spleen and liver) were observed only in those mice injected with a high (1 X
10° cells) but not a low dose (0.3 X 106 cells) dose of the Lcn27/~ donor cells, suggesting
that Lcn2 is a key requirement for the establishment and development of leukemia
particularly when the number of leukemic cells is low. Further, a second, Lcn2 independent
but BCR-ABL dependent mechanism of CML progression appears to exist at higher doses
[107].

Lcn2 appears to be important not just important for the establishment of leukemia cells in
the bone marrow, but also appears to affect their tumorigenic potential elsewhere. For
instance, Lcn2 expressing (but not the Len2 null) transformed marrow cells (transformed
with BCR-ABL) produced tumors following subcutaneous injection in immunocompetent
mice. Further, following intravenous injection, the Lcn2* (but not the Len2 null) cells
produced signs of cachexia (significant weight loss) in the recipient mice and in one case,
anemia together with tumors in the kidney, small intestine and bone marrow [107]. The
myelosuppressive role of NGAL was further confirmed when human chronic myeloid
leukemia (CML) cells expressing high levels of NGAL induced severe myelosuppression
(measured by splenic and bone marrow atrophy, disappearance of myeloid progenitor cells
and significant apoptosis in the spleen) upon injection into irradiated NOD/SCID mice. In
comparison, CML cells expressing 5-times lower level of NGAL induced only mild disease
with significantly longer survival [107].

These studies suggest that while BCR-ABL is the driving force behind leukemia, the
severity of the disease is determined by Lcn2 and modulated by the presence or absence of a
functioning healthy marrow. In this process, Lcn2 complements the oncogenic activity of
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BCR-ABL. Lcn2 secreted by leukemic cells functions to induce apoptosis in pre-existing
normal hematopoietic cells (expressing the Lcn2R) and thus creates space for colonization
of the bone marrow by the leukemic cells which themselves do not express the Lcn2R and
hence are resistant to induction of apoptosis (by Lcn2) [108]. Non-radiated recipient mice
inoculated with BCR-ABL* Lcn2* donor marrow cells demonstrated significantly elevated
level of circulating Lcn2 (in addition to other features of CML) compared to undetectable
levels in the untreated animals, suggesting the possible utility of Lcn2 as a diagnostic
biomarker in patients suspected of CML [107]. Further, the ability to block the pro-apoptotic
effect of Lcn2 on normal hematopoietic cells with an anti-Lcn2 antibody raises the
possibility of using Lcn2 targeting as a novel approach to treat CML in the future.

2.3.3 Expression of NGAL in Normal and Cancer stem cells—Bone marrow
derived mesenchymal stem cells (BMSCs), which can differentiate into bone cells
(osteoblasts), cartilage (chondrocytes), fat (adipocytes) and muscle cells (myoblasts) have
been the most attractive sources for synthesizing these tissues. When rat BMSCs were
stimulated /n vitro to undergo osteogenic differentiation, Lcn2was one of the 12 genes that
showed at least a 2.5 fold or higher upregulation in the differentiating (vs. the
undifferentiated) BMSCs [111].

Cancer stem cells (CSCs) or tumor initiating cells (TICs) comprise an extremely small sub-
population of cells within the tumor mass of predominantly poorly differentiated solid
tumors that are characterized by the properties of long-term self-renewal and high degree of
chemoresistance. CSCs are divided into two sub-populations- side population (SP) and the
non-side population (NSP). SP cells have been shown to possess the ability to give rise to
both SP and non-SP cells, thus suggesting that these are in fact “multipotent cancer stem
cells” [112]. SP cells isolated from the human squamous cell carcinoma cell line A431
revealed a significant downregulation (2-fold) of LCNZ2/NGAL compared to the NSP cells
by microarray analysis. In vitro, the SP cells grew significantly faster while in vivothey
formed significantly larger tumors than the NSP cells [113]. The functional role of NGAL in
CSCs and the mechanics underlying the regulation of its expression (in them) however
remains a mystery.

3. FUNCTIONS OF NGAL IN HEALTH AND DISEASE
3.1 HEALTHY TISSUES

One of the earliest clues to the function of NGAL came from observations that incubation of
heparinized human blood with opsonized yeast leads to a significant increase in its synthesis
and release. Interestingly, the monomeric form of NGAL is released first followed by a
combination of the monomer and dimer [20]. The experiment suggested that NGAL might
be important in the body’s immune response. Subsequently, it was discovered that under
non-reducing conditions, NGAL exists in three forms: as a monomer of 25 kDa, a dimer of
46 kDa and a homotrimer of 70 kDa. Immunoprecipitation assays revealed that NGAL
interacts with the gelatinase MMP-9. However, this interaction only occurs in the
extracellular space following secretion of both proteins [47]. NGAL and MMP-9 have been
shown to interact via a disulfide linkage, however such a linkage is not observed in the
murine Lcn2 which lacks the corresponding cysteine residues [16]. It can however form a
135 kDA heterodimer with neutrophil gelatinase via a disulfide linkage [114]. The
interaction of NGAL with MMP-9 sequesters and thus inhibits the proteolytic activity of
MMP-9 [47]. Nitrogen cavitation followed by fractionation of neutrophil extracts on a
Percoll gradient, identified NGAL as a receptor for the potent neutrophil chemoattractant N-
formylmethionyl-leucyl-phenylalanine (fMLP). NGAL was detected in the fraction that
contains the specific granules (termed the B band) as a complex with gelatinase, and in that
containing the cell membrane and secretory vesicles (termed the y band) [115]. When Lcn2

Biochim Biophys Acta. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chakraborty et al.

Page 17

was overexpressed in murine chondrocytes, their proliferation 7 vitro was significantly
inhibited suggesting that NGAL may be a negative regulator of cartilage formation [35]. The
specific functions of NGAL in healthy tissues are discussed below.

3.1.1 Modulation of intracellular iron stores and bacteriostatic function—
Microbes, chiefly bacteria that require iron have evolved to survive within the severely iron-
poor environment of the human body (estimated concentration of free iron in the body is
estimated to be as low as 10724 M) [116]. The exceedingly low availability of free iron is
attributable to iron binding proteins like transferrin, ferritin and lactoferrin which form
complexes with any available free iron molecules. Bacteria have developed special proteins
called siderophores that have an affinity for iron (particularly ferric iron or Fe3*) several
times higher than that of the endogenous iron chelators. This enables siderophores to not
only bind available free iron, but also extract iron from iron-binding proteins of the host
[117]. For instance, the logarithmic association constant of transferrin (K3 is about 22,
while that of catecholate type siderophores is about 45 suggesting a stronger affinity of these
siderophores for iron than the host iron binding proteins [117,118]. Of the various
siderophores, the catecholate type siderophores (e.g. enterobactin from £.coli and
bacillibactin from Bacillus species) are particularly well known for their strong affinity for
metallic iron (Fe3*) [117,119].

Work done on Lcn-2, the murine homologue has revealed that NGAL can modulate iron
stores within mammalian cells. Iron has both protective and harmful effects on the immune
system. On one hand, it is required for the generation of reactive oxygen species that
mediates killing of bacteria inside lysosomes, while on the other hand it inhibits the
expression of the major histocompatibility protein MHC-I11, and thus negatively regulates
immune response to bacterial lipopolysaccharides (LPS). The mechanism underlying Lcn2
mediated scavenging of iron involves binding of Lcn2 to bacterial iron-binding proteins (or
siderophores) like enterochelin (or enterobactin) and carboxymycobactin. These proteins
produced by intracellular gram negative bacteria (mostly belonging to the genus
Enterobactericiae) or mycobacteria bind to free iron (specifically ferric iron) both in the
intestinal fluid and inside macrophages and dendritic cells. The iron-siderophore complex is
then transported into the bacteria where the iron is released and drives bacterial proliferation
[16]. Lcn2 binds to these siderophores both in their iron-laden and iron-free state, and
transports them through the Lcn2 receptor (LenR or 24p3R) into mammalian cells where the
iron is stored. Bacteria require iron for their growth; hence, by depleting iron stores, Lcn2
inhibits bacterial growth (/.e. has a bacteriostatic effect). When Lcn-2 binds to iron-empty
siderophores and transports them into mammalian cells however, the siderophore binds to
intracellular iron (within the mammalian cell) and transports it out of the cell. This in turn
induces apoptosis in these cells as iron is required for several key cellular metabolic
processes [120]. In macrophages, Lcn2 expression is upregulated in response to infection
with Salmonella and serves both to sequester iron (from the bacteria) and also to transport
free iron out of the cell (Figure 3) [120].

Several pathogenic and even commensal bacteria including Escherichia coli, Salmonella
enterica, Shigella sonnei, Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterobacter
species, Staphylococcus auerus, Vibrio parahemolyticus, Listeria species and Bordetella
bronchiseptica have evolved a mechanism to use host catecholamines (L-norepinephrine
(NE), L-epinephrine (EPI) and their progenitors, L-3,4- dihydroxyphenylalanine (L-DOPA)
and dopamine) to abstract iron bound to host iron proteins (like transferrin and lactoferrin).
The mechanism involves forming of a Fe3*-catecholamine complex, which is then
scavenged by an extracellular bacterial lipoprotein (e.g. FeuA in Bacillus subtilis) followed
by its active uptake by a membrane transporter (FeuBC/YusV permease/ATP-binding
cassette complex) [121,122]. In vitro studies reveal that NGAL can bind to the complex of
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Fe3* with NE (but not that of Fe3* with EPI or L-DOPA). This interaction is quite strong
(dissociation constant (Kp) value nearly 51 nM), but still weaker than the affinity of NGAL
for its known ligands-Fe3* complexed enterobactin and bacillobactin (Kp of 0.4 and 0.5 nM
respectively). E.coli and B.subtilis (representative of Gram negative and Gram positive
bacteria) that express siderophores (wild-type or WT strain) show increased proliferation in
presence of holo-transferrin (holo-Tf, i.e. transferrin loaded with iron), a process that can be
inhibited by adding NGAL to the cultures. Strains that are deficient in isochorismate
synthase, the enzyme needed to synthesize siderophores respond neither to holo-Tf nor
NGAL, but show a significant increase in proliferation when incubated with a combination
of holo-Tf and NE. This suggests that the mutant strains utilize NE to abstract iron from
holo-Tf for their growth. When NGAL is added to this combination (holo-Tf + NE), the
growth of the mutant strains is significantly decreased (albeit at a higher concentration of
NGAL than was required to inhibit the WT strain), suggesting that NGAL interferes with the
uptake of NE-Fe3* complex by the mutant strain of bacteria. When the iron transporter
(FeuABC system in B. subtilis) was deleted in the siderophore deficient mutants, no growth
stimulation was observed with either the EPI-Fe3* or NE-Fe3* complexes. This suggests that
this iron scavenging transport system is responsible for the uptake of catecholamine- iron
complexes into the bacterial cells and thus helps the bacteria in acquiring this essential
growth nutrient even in the absence of siderophores. NGAL directly competes with this
scavenger (by binding to the NE-Fe3* complex) and thereby deprives the microbes of iron,
thus blocking their proliferation. Interestingly, this mechanism appears to operate only under
conditions where iron is available in limited quantities. In the presence of an abundant iron
source (e.g. ferric chloride), bacterial growth increased independent of exogenous NGAL
[117].

The aforementioned studies suggest that Lcn2 exerts its bacteriostatic effect by binding to
bacterial siderophores. Further, Lcn2 is released from the liver and spleen in response to an
acute bacterial infection. However, an interesting question still persists- do siderophore-like
proteins exist in mammals that can interact with and modulate the functions of NGAL? The
answer to this question came in 2010, when Bao and his colleagues discovered that a family
of commonly occurring metabolites called “catechols” can bind to NGAL inside the human
body. The study also showed that while catechol alone bound poorly to NGAL (association
constant in the micromolar range) the addition of ferric iron to it significantly improved its
affinity for NGAL (decreased the association constant to the nanomolar range) [123].
Catechols are metabolites derived from plant sources like quinic, shikimic and 34-
dihydroxybenzoic acid and plant hydroxybenzenes like caffeic acid, chlorgenic acid,
catechin and epicatechin. They are also synthesized de novo in the body from dietary
proteins through a phenol intermediate. This process is affected through the NADPH-
dependent liver microsomal cytochrome P450 enzyme. The resident microflora of the gut
appears to be crucial for synthesis of endogenous catechol as sterilization of the
gastrointestinal tract by neomycin (in mice) is observed to significantly decrease the
excretion of catechol in the urine [124]. Catechols (catechol, 3-methyl catechol, 4-
methylcatechol and pyrogallol) are normally abundantly excreted in the urine
(concentrations ranging from 30 wM for 4-methylcatechol to 500 M for pyrogallol). The
interaction of catechols with iron could be abrogated by O-methylation or O-sulfonation of
their hydroxyl groups suggesting a specific mechanism of interaction. Interestingly,
enterobactin, the gram negative siderophore was shown to inhibit the binding of catechol to
Lcn2, supporting the hypothesis that bacterial siderophores compete with endogenous
mammalian siderophores (like catechols) to bind free iron. The interaction of Lcn2 with
catechol requires the presence of the cationic amino acids Lys 125 and Lys 134. Mutation of
both these residues to alanine led to a loss of Lcn2’s ability to bind to both the enterobactin-
iron(111) or the catechol-iron(I11) complexes. Further analysis revealed that different
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catechols exhibited varying affinities for binding to Lcn2 with catechol binding with the
highest, pyrogallol the lowest and 3-methyl catechol an intermediate affinity.

It has been proposed that the recruitment of the iron(111)-catechol complex (i.e Fe3*-
catechol) to the Lcn2 ligand binding pocket occurs in a two-step process- in the first step
which occurs at physiological pH (7.4), a bicatecholate-iron complex (2 catechols
complexed to one iron molecule) is recruited to the calyx. This is followed by the addition of
a third catechol moiety to the complex in a pH independent manner to create a tris-
catecholate complex. This configuration leads to the iron molecule being stabilized in a
hexadentate co-ordination complex owing to the formation of stable cationic-r interactions
and coulombic (electrostatic) interactions between the ferric iron (Fe3*) and the catechols. In
the absence of these stabilizing interactions, iron remains insoluble and little if any (iron)
binds to the Lcn2 calyx in solution. Binding of the Fe3*-catechol complex to Lcn2 does not
significantly alter its structure (as assessed by X-ray diffraction).

When Fe3*-catechol complex and Lcn2 were administered separately to immunocompetent
mice, a Lcn2- Fe3*-catechol complex was detectable in the serum after only 5 minutes post-
injection. Over time, the complex accumulated in various organs, most abundantly in the
liver, kidneys (maximum) and lungs. This suggests that catechol is a mammalian
siderophore that binds free iron. Once bound to iron, the Fe3*-catechol complex has a high
affinity for binding to circulating Lcn2. This complex is then trapped in various organs of
the body, particularly in the kidneys where it is filtered through the proximal convoluted
tubules. The filtered complex (Lcn2-Fe3*-catechol complex) is subsequently reabsorbed in
the proximal tubules through the Lcn2 receptor megalin (or Lcn2R) [123]. The importance
of megalin (Lcn2R) in regulating iron levels is evidenced by the observation that megalin
knockout mice have a significantly higher urine excretion of Lcn2 [125,126].

When the Lcn2-Fe3*-catechol complex was added to polarized proximal tubule epithelial
cells or to kidney stromal cells /n vitro, the complex was demonstrated to enter the cells and
donate iron intracellularly. This was detectable as a fluorescent signal following activation
of an iron responsive fluorescent probe. The uptake of the Fe3*-catechol complex is believed
to occur via endocytosis. This is suggested from the observation the Lcn2-Fe3*-catechol
complex is stable at neutral pH (7.0) but dissociates to release iron at an acidic pH (<6.0).
The mechanism involves the protonation of either the hydroxyl groups of catechol or the
amino acids within the calyx of Lcn2. Different catechols dissociate at different pH ranges-
catechol and 3-methylcatechol release iron when the pH falls below 6.0 while pyrogallol
releases iron at a pH below 4.0. The release of Lcn2 from the catechol-Fe3*-catechol
complex was significantly more sensitive to pH than that from the enterobactin, occurring at
a pH under 6.0 and 5.5 respectively [123]. Among the cellular organelle, the late endosome
and lysosome have a pH of <6.0 and <5.5 [127]. We can thus hypothesize that the Lcn2-
Fe3*-catechol complex following endocytosis is transported to and releases Iron in the late
endosome from where Lcn2 (+catechol) is either translocated to the #rans Golgi network
(and secreted out) or degraded in the lysosomes [128]. Further, the higher sensitivity of
catechol to low pH suggests that catechol releases iron into the cells much more readily than
enterobactin, and thus supports its role as an endogenous ligand for Lcn2.

Studies conducted in mice and rhesus macaques have revealed that Lcn2 expression is
induced de novo during cecal infection with Salmonella typhimurium (a common cause of
human gastroenteritis) [129]. This induction is mediated by the inflammatory cytokines
IL-17 and IL-22. The mechanism (summarized in Figure 4) involves the activation of
antigen presenting cells following phagocytosis of the bacteria. The activated cells release
T-lymphocyte activating cytokines such as IL-18 and 23 which in turn stimulate the T-cells
to release IL-17 and 22. Interestingly, IL-17, but not IL-22 is absolutely required to induce

Biochim Biophys Acta. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chakraborty et al.

Page 20

synthesis of Lcn2 by the inflamed intestinal epithelium. However, IL-22 synergizes with
IL-17 to cause further increase (>2-fold) in Lcn2 levels compared to that by I1L-17 alone.
Interestingly, neither incubation with the purified bacterial flagellar protein nor treatment
with the bacteria had any effect on NGAL production by human colon cancer cells.
However, these cells demonstrated a strong upregulation of NGAL following treatment with
IL-22 [129]. IL-22 was also shown to upregulate LcnZ2expression in polarized primary
mouse tracheal epithelial cells (MTECS). Treatment of MTECs with either 20 ng/ml of
IL-22 or 10ng/ml of IL-17 led to a significant upregulation of LcnZ levels. Pre-treatment of
MTECs with either IL-17 or 1L-22 also significantly decreased proliferation of Klebsiella
pneumoniae on the apical epithelium /n vitro with the combination being more effective than
either cytokine alone. Significantly, this effect was dependent on Lcn2as MTECs from
LcnZ™~ mice failed to inhibit K. pneumoniae growth despite pre-treatment with either or
both cytokines [130]. These studies reveal a complex network of signaling events involving
antigen presenting cells, T-cells and cytokines that upregulates NGAL expression in
intestinal epithelial cells upon infection by an enteropathogen like Salmonella. This
information in turn is useful to understand the physiologic function of NGAL as an
antibacterial agent on multiple epithelial surfaces.

The human hemochromatosis protein (HFE), a transmembrane protein similar to major
histocompatibility antigen 1 (MHC1) is a potent negative regulator of Lcn2 in macrophages.
Studies in Hfe (mouse homologue of human HFE) and Lc¢nZsingle and double knockout
mice have revealed that loss of even one allele of Hfeis enough to increase Lcn2 levels in
peritoneal macrophages and protect mice from enteric infection by Salmonella [120] This
work has led to a suggestion that patients with a non-functioning HFE (/.e. those with
hemochromatosis) have a natural resistance to enterochelin expressing Sa/monella
typhimurium infection, providing a natural evolutionary advantage and possibly accounting
for the high prevalence of hereditary hemochromatosis.

While bacteria produce more than 500 different siderophores (reviewed in [131]), Lcn2
appears to have an affinity to bind only specific types of these iron chelators. Elegant
experiments by Flo, Aderem and colleagues demonstrated that Lcn2 specifically sequesters
only catecholate type bacterial siderophores like enterochelin, but neither hydroxamate type
(e.g. aerobactin and ferrichrome) nor polycarboxylate (e.g. rhizoferrin) type siderophores
[132]. They observed that when mice were injected intraperitoneally with Staphylococcus
aureus, a gram positive bacterium whose uptake of iron is not circumvented by Lcn2, all the
mice injected with the bacterium died irrespective of whether they expressed Lcn2 (wild
type) or not (Lcn2”~ mice). On the other hand, £.coli synthesizes and uses the siderophore
enterochelin, which is a target of Lcn2. Although the strain of £.cofiused in their
experiments (H9049) does not produce hydroxamate type siderophores like ferrichrome, it
has receptors for ferrichrome (but not aerobactin). This receptor serves as an alternate
(enterochelin independent) pathway of iron uptake in these bacteria. When these authors
injected wild type mice intraperitoneally with the H90949 strain of £.colieither in the
presence or absence of ferrichrome, they observed that animals who received both £.coliand
ferrichrome had a significantly greater mortality than those who received £.colialone.
Ferrichrome itself had no significant effect on the survival of these mice. These observations
suggested that in presence of ferrichrome, the £.coliwere able to take up iron through an
Lcn2 independent pathway and subsequently proliferate to cause lethal sepsis. The
importance of Lcn2 as a pivotal component of the body’s antibacterial defense mechanism
was further strengthened by their observation that injection of £.coliinto Lcn2 null mice
resulted in nearly 80% mortality 42 hours post-injection at a dose that caused no mortality in
the Len2wild type mice. The specificity of Len2 for enterochelin type siderophores is
highly significant as several bacterial including Sa/monella, Brucella, Bacillus,
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Burkholderia, Corynebacterium and Paracoccus which cause disease in humans use
enterochelin to take up iron from the host tissues [132].

3.1.2 Role in inflammation and neutrophil chemotaxis—The inflammatory
response is a natural defense mechanisms used by the body to clear irritants and pathogens.
NGAL has been shown to be a pro-inflammatory molecule causing some to call it a
cytokine. Studies conducted in mouse models of pulmonary inflammation for instance have
revealed that Lcn2 mRNA and protein are strongly upregulated following exposure to pro-
inflammatory stimuli [133]. A similar upregulation was also seen in the lungs of patients
with bronchial inflammation both in the epithelial cells and in the type-I1 alveolar
pneumocytes [30]. The pro-inflammatory cytokine IL-1p but neither TNF-a., IL-6 nor
bacterial LPS induced significant upregulation of NGAL in normal human lung epithelial
cells [30]. While this suggests a mechanism for upregulation of NGAL in pulmonary
inflammation, its functional role in this process is still unclear. Several hypotheses have
however been suggested to explain the functional role of Lcn2 in inflammation. One such
hypothesis is that acute (predominantly) or chronic inflammation (e.g. bronchial asthma)
leads to the accumulation of granulocytes at the sites of inflammation. These granulocytes
undergo apoptosis, release their granules (containing NGAL) and thereby mediate local
tissue injury. In support of its pro-inflammatory function, Lcn2 appears to be a
chemoattractant for neutrophils. Studies in a murine model of allogenic cardiac transplant
have shown that there was a significant reduction in the number of neutrophils infiltrating
the transplanted heart among Lcn2™~ mice (compared to the Lcn2*”* mice) [37].

The importance of Lcn2 as an acute phase protein was directly demonstrated by the
observation that following an intraperitoneal injection of E.coli, Lcn2 levels are elevated in
the serum and in liver tissue within 4 hours, and in the spleen (primarily in the red pulp,
macrophages, endothelial cells and fibroblasts) within 6 hours. The increase in serum levels
of Lcn2 was preceded by an increase in mRNA synthesis in the peripheral blood cells [132].
Serum Lcn2 levels rose by nearly 22-fold (from 100 ng/ml to 2200 ng/ml) within 8 hours
following injection (of £.coli), reached a peak by 24 hours and then gradually returned to
baseline levels.

The complement system provides a link between the innate and adaptive immune systems.
The complement component C3 is cleaved into C3a and C3b by C3 convertase. C3b can in
turn promote further cleavage of C3 and C5 generating C3b and C5b as well as other
inflammatory mediators C3a and C5a. The latter two are important for recruiting
inflammatory cells under physiological conditions and have also been implicated in several
acute and chronic inflammatory diseases [134,135]. CD21 and CD35 are membrane bound
proteins that act as co-receptors to ensure optimum B-cell function. In mice, the two proteins
are encoded by the same locus (Cr2) and are co-expressed in both B-lymphocytes and
follicular dendritic cells. Animals lacking the CD21/CD35 co-receptors exhibit a specific
defect in the synthesis of IgG3 compared to their wild type counterparts. Subsequently, these
mice are highly susceptible to lethal infections by the gram positive bacterium Strepfococcus
pneumoniae [136]. When mice deficient in CD21/CD35 are vaccinated with an immunogen,
they show a significant impairment in the ability to produce antigen-specific 1gG3
antibodies. The production of other antibody isotypes (IgG1, 1gG2a and IgG2b) is also
reduced when vaccinated with low doses of the immunogen, but unlike 1gG3 returns to near
normal levels upon immunization with a higher dose of the immunogen. When the global
gene expression in the spleen from CD21/CD35~/~ mice was compared with that in the
spleen from wild type mice, a significant upregulation of pro-inflammatory genes was
observed in the former. The expression of Lcn2 specifically was upregulated nearly 3 fold.
Analysis of the different leucocyte fractions revealed that the upregulation in Lcn2 occurred
in all fractions including B-cells (B220*), monocytes (CD11B*) and neutrophils
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(CD11b*GR1N9M) . The magnitude of upregulation (fold change measured as expression in
CD21/357/~ expression in wild type mice) varied for different subsets and ranged from 3.2
fold (B2207) vs. 22 fold (B220™ cells), to 5.6-fold (CD11B™) vs.3-fold (CD11B™). The
results suggested that there was in general an increased accumulation of inflammatory cells
and mediators (e.g. Lcn2) in the spleen of the CD21/CD35 deficient mice. This upregulation
could be reversed by depleting the mice of either neutrophils (using an anti-GR1 antibody)
or C3 (using cobra venom factor). The upregulation of Lcn2 (in the CD21/CD357/~ mice)
could also be decreased to levels close to that in the wild type (CD21/CD35*/*) mice upon
pre-treatment with a pharmacological inhibitor of C3aR (receptor for C3a). This suggests a
mechanism of CD21/CD35 regulated and C3 mediated regulation of LcnZ2expression in the
spleen resident immune cells of mice. CD35 serves as a co-factor for factor | that in turn
degrades C3b. Deficiency of CD35 leads to increased half-life of C3b (C5 convertase) in the
circulation, in turn leading to increased generation of C3a and Cba and in turn enhanced
recruitment of inflammatory cells to the spleen. The answer to the functional significance of
the elevated Lcn2expression in splenic immune cells could be the key to unraveling the role
of Lcn2 in the body’s immune response.

3.1.3 Role in Oxidative stress response—Oxidative stress is defined as the imbalance
between the pro-oxidant and anti-oxidant machinery in the cell [137]. It is responsible for a
wide array of diseases ranging from coronary heart disease to cancer. Aberrant expression of
NGAL in Chinese hamster ovary (CHO) and human embryonic kidney (HEK293TO cells
resulted in an upregulation of the mRNA and protein levels of the antioxidant enzymes
superoxide dismutase (SOD1 and SOD2) and heme oxygenase (HO1 and HO2) together
with decrease in expression of NF-xB. Silencing of NGAL in A549 lung cancer cells had
the opposite effect on HO1 and NFxB expression but increased the expression of SOD1 and
SOD2. Further, the cells ectopically expressing NGAL were more resistant to the cytotoxic
effects of hydrogen peroxide /n vitro[138]. These results suggest that NGAL by inducing
the expression of anti-oxidant enzymes helps cells counteract oxidative damage. Other
studies have also suggested that NGAL may have a protective effect against cellular injury
mediated by reactive oxygen species (ROS) [139-141].

A clue to the mechanism underlying Lcn2’s role as an antioxidant comes from the
observation that catechol, the only Lcn2 binding mammalian siderophore identified so far
binds to Iron (111) (in absence of Lcn2) and reduces Iron(111) to Iron(11) (Fenton’s reaction).
This accelerates the generation of hydroxyl free radicals which are extremely active and can
activate ROS mediated signaling cascades. However, when Lcn2 is added (in a
stoichiometric ratio of 1:3 of Lcn2: catechol), this reaction is inhibited. The hydroxyl groups
of catechol are indispensible for its reducing activity as their O-hydroxylation or O-
sulfonation prevents the reduction of iron and generation of hydroxy! free radicals [123].

3.2 BENIGN DISEASES

NGAL has been shown to modulate the pathogenesis of several benign conditions
particularly vascular diseases (e.g. atherosclerosis) and renal diseases. In atherosclerotic
plaques, NGAL expression correlated with presence of inflammatory changes, and signs of
plaque instability like intra-plaque hemorrhage and presence of a luminal thrombus. NGAL
has been shown to associate with gelatinases, particularly matrix metalloproteinase-8
(MMPS8) and 9 (MMP9) [46]. Through this association, it prolong the proteolytic activity of
the MMPs.

Lcn2 also mediates proliferation in renal tubular cells but not glomeruli. Downregulation of
Lcn2in mouse renal tubular cells led to significant decrease in EGF-induced cell
proliferation /n vitro while Lcn2 silencing in mice significantly inhibited renal tubular (but
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not glomerular) proliferation as assessed by positive staining with Proliferating cell nuclear
antigen (PCNA) [66]. Further, LcnZ silencing significantly inhibited apoptosis of both
glomeruli and renal tubules in partially nephrectomized mice (compared to Lcn2*/*
nephrectomized mice). The differential effects of NGAL on the renal tubules vs. glomeruli
may be important in the pathogenesis of chronic renal diseases, particularly those associated
with disturbed tubular proliferation (discussed in Section 6.1.5).

3.3 MALIGNANT DISEASES

A clue to the role of NGAL in solid tumors came from the observation in thyroid cancer.
Stable silencing of NGAL in thyroid cancer cells leads to a decrease in anchorage
independent clonogenic growth /7 vitro and decreased tumorigenecity and tumor size upon
subcutaneous (s.c.) injection into nude mice. NGAL appears to be required for survival of
thyroid cancer cells in serum deprived conditions /n vitro, as evident from a nearly 5-fold
increase in apoptosis in the NGAL knockdown cells (compared to control cells) upon serum
withdrawal [142]. A similar pro-proliferative effect was also noted when NGAL was
ectopically expressed in endometrial cancer cells (Ishikawa and HEC1B). In vitro rate of
proliferation was significantly increased (range: 27%—37% over control) in the NGAL
expressing cells. Further, these cells exhibited enhanced invasive abilities (between 90%—
645% higher than control cells) suggesting that NGAL may be involved in the growth and
metastasis of endometrial cancer in humans [77].

NGAL also appears to be a marker of cellular stress. For instance, in vitro studies in human
breast (MCF-7) and lung cancer (A549) cells have revealed that NGAL expression is
significantly upregulated in response to multiple apoptosis inducing agents [114]. Notably,
NGAL upregulation in these cells appears to be an attempt to survive the apoptotic stimulus
rather than a pro-apoptotic response. This is based on the observation that ectopic expression
of NGAL significantly reduces sensitivity of A549 cells to the apoptosis inducing agent
0OSU03012 (celecoxib-derived inhibitors of the phosphoinositide-dependent kinase-1
enzyme devoid of a COX-2 inhibitory effect), while an opposite effect is observed upon
stable silencing of its MRNA [114].

While change in endogenous NGAL levels appears to modulate cellular response to stress,
the addition of exogenous recombinant NGAL to NGAL non-expressing breast and lung
cancer cells had no effect. Furthermore, neither its ectopic expression nor its stable silencing
had any effect on proliferation of breast cancer cells, suggesting that NGAL does not affect
cell proliferation or survival in these cells. Rather, it is upregulated as a response to an
extrinsic apoptotic stimulus [114]. The effects of NGAL on untransformed but immortalized
breast epithelial cells however appears to be different from those on breast cancer cells.
Addition of recombinant NGAL to the immortalized normal breast epithelial cell line
MCF10A (NGAL+) for instance led to a significant increase in the number of colonies,
suggesting that it may stimulate proliferation in normal breast epithelial cells [143].

Aside from exogenous administration, ectopic overexpression of Lcn2 (mouse lipocalin 2)
in 4T1 murine breast cancer cells significantly inhibited their ability to migrate and invade
in vitro but had no effect on their rate of proliferation or clonogenic potential in soft agar.
Upon implantation into mice, the Lcn2 expressing tumors did not differ significantly from
the mock transfected cell induced tumors in mean weight, but showed a significant reduction
in the number of visible liver metastasis [144].

In colon cancer too, NGAL does not appear to affect tumor cell proliferation (either /n vitro
or /n vivo). However, when ectopically expressed, NGAL significantly suppressed the
invasiveness of colon cancer cell lines in vitro. Further, addition of recombinant human
NGAL too significantly decreased invasiveness of the highly metastatic KM12SM colon
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cancer cell line /n vitro. NGAL expressing cells also exhibited a significant decrease in the
incidence of liver metastases (compared to NGAL silenced cells) upon splenic injection into
nude mice, an effect that could also be replicated by either intraperitoneal injection of
recombinant human NGAL or ectopic expression of NGAL in a cell line that normally
expresses low endogenous levels of the protein [145]. Ectopic expression of NGAL led to
increased growth of KM12C colon cancer cells upon injection into the cecum of athymic
mice. However, there was no metastasis in any mouse in this experiment. When the NGAL
expressing cells were injected into the spleen, the NGAL expressing cells caused significant
increase in splenic size compared to control cells [94].

An ectopic overexpression of NGAL in poorly differentiated pancreatic cancer cells
significantly reduced the ability of these cells to adhere to fibronectin coated plates and to
invade through an extracellular matrix-like material [96]. An opposite effect was observed
when NGAL expression was stably silenced in the well and moderately differentiated
pancreatic cancer cells. A clue to the underlying mechanism came from the observation that
the ectopic expression of NGAL significantly downregulated the level of expression of both
the active (phosphorylated on tyrosine 397) and total focal adhesion kinase (FAK). FAK, a
125-kDa molecule has been shown to be a potent suppressor of invasion and metastasis in
pancreatic cancer cells [146,147]. One mechanism by which it may affect this function is
through its interaction with cell-surface integrins and integrin-liked kinases (reviewed in
[148]). Whether NGAL modulates the expression of FAK or its interactions and thus
regulates the migratory behavior of pancreatic cancer cells is an outstanding question.
Interestingly, neither the overexpression of NGAL nor its silencing had any effect on the
proliferation of pancreatic cancer cells or their sensitivity to chemotherapeutic drugs
(Gemcitabine and 5-fluorouracil) /in vitro. However, when implanted orthotopically into the
pancreas of athymic mice, pancreatic cancer cells ectopically expressing NGAL produced
significantly smaller tumors, and had a significantly smaller incidence of metastasis to the
liver, spleen and omentum/mesentery. Similar to the observation /n vitro, no significant
difference was noted in the proliferation index (measured by Ki-67 positivity) of the tumor
cells obtained from the two groups of animals (vector control vs. NGAL overexpressing)
[96].

In addition to inhibiting invasion and metastasis, NGAL also appears to be a negative
regulator of angiogenesis in pancreatic cancer cells. In vitro, addition of conditioned media
from poorly differentiated pancreatic cancer cells ectopically expressing NGAL to human
vascular endothelial (HUVEC) cells reduced tubule formation by nearly 70% with an
opposite (/.e. pro-angiogenic) effect observed when conditioned medium from NGAL-
knockdown pancreatic cancer cells was applied [96]. In vivo, tumors from NGAL
overexpressing MiaPaca cells showed significantly reduced microvessel density (measured
by positive staining for the vascular marker CD31) compared to tumors from the empty
vector transfected cells. Vascular endothelial growth factor (VEGF) is a key positive
modulator of angiogenesis. We have reported in a recent study that NGAL overexpressing
pancreatic cancer cells secrete significantly lower amounts of VEGF compared to the vector
transfected control cells with an opposite effect seen in the NGAL knockdown cells (/.e.
NGAL knockdown increases VEGF production). Interestingly, addition of recombinant
VEGF to HUVEC cells could not rescue the ant-angiogenic effect of conditioned medium
from NGAL overexpressing cells. Previous studies in Ras transformed 4T1 cells have shown
that NGAL can inhibit Ras induced synthesis of VEGF [149]. In addition, NGAL could
interfere with the interaction between VEGF and its receptor. Further, through inhibition of
FAK activation, NGAL could inhibit angiogenesis as an interaction between FAK and
integrins has been shown to be important for endothelial tube formation by HUVEC cells
[150]. Angiogenesis is of particular importance in pancreatic cancer since the tumor
becomes progressively hypovascular making it an extremely difficult tumor to treat
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medically [151]. The mechanism by which NGAL blocks signaling by exogenous VEGF
will be important to discern in future studies.

Melatonin is a hormone produced by the pineal gland and functions to regulate hormone
secretion by other endocrine glands according to the time of the day (termed as the circadian
rhythm). Low levels of melatonin has been linked to several types of cancer including breast
and prostate cancer [152]. Downregulation of NGAL particularly in the brain and liver has
been suggested to be one of the mechanisms by which melatonin supplementation decreased
the incidence of spontaneous tumors in older (=26 months) mice [153].

A stable ectopic expression of NGAL in Chang liver and SK-Hepl hepatocellular carcinoma
(HCC) cells resulted in a significant inhibition of their proliferation (by 37% and 12%
respectively), anchorage independent clonogenecity and their migratory and invasive
potential (using both serum and in presence of a combination of EGF and TGFB1) /n vitro.
The NGAL expressing cells showed a significant reduction in tumor growth upon
subcutaneous implantation in athymic mice. The NGAL expressing HCC cells showed a
significant reduction in both the expression and gelatinolytic activity of MMP-2 (compared
to the vector control cells) [154]. However, unlike the upregulation of the epithelial marker
E-cadherin induced by NGAL in Ras transformed 4T mammary cells and pancreatic cancer
cells [144,155], the ectopic expression of NGAL had no effect on the expression of E-
cadherin in HCC cells.

The aforementioned studies suggest that the functional role of NGAL varies from one
malignancy to the other. In some cancer types (e.g. thyroid cancer), it is a potential target for
downregulation to arrest tumor growth, while in others (e.g. breast and lung cancer) its
downregulation could be a potentially useful mechanism to increase sensitivity to
chemotherapeutic agents.

4. REGULATION OF NGAL EXPRESSION

Axelsson and co-workers were among the first to investigate the regulation of NGAL. In
1995, after identifying the protein from neutrophil extracts, they demonstrated that the
hematopoietic cytokine granulocyte monocyte colony stimulating factor (GMCSF) when
added to neutrophils (dose 50 pM) /n vitro induced a strong upregulation of NGAL protein
and increased its secretion into the medium [20]. An analysis of the gene structure of 24p3
(mouse Ngal) has revealed a remarkable conservation in the size of exons as well as the
position of exon-intron junctions among various lipocalin-encoding genes [38]. This has
strengthened the theory that all lipocalins arose from a duplication of one common ancestor.
Further, the mouse 24p3 has several cis regulatory elements in its 5" -upstream region
including a TATA box-like element (between nucleotides —28 to —23 relative to the
transcription start site) and c/s-binding elements for several transcription factors including
SP1, PEA3, LFA-A1 and glucocorticoid receptors (GRs). In vitro treatment of mouse L cells
transfected with an 845 bp fragment comprising the whole 5’-flanking region (nucleotide
-793 to +50) with dexamethasone led to a significant upregulation in 24p3 mRNA levels.
Interestingly, a strong time dependent upregulation of 24p3 was observed when cells were
treated once (with the drug) followed by collection of mMRNA over time but not when they
were treated daily with the drug. This suggested that a protein, possibly 24p3 itself is
released from the cells into the culture medium, accumulates therein and promotes its own
synthesis. Analysis of the 24p3 upstream region through progressive deletion mutagenesis
revealed that not only were the two GREs predicted in the 5”-flanking region of the gene
important, but additional regions of the promoter, possibly important for binding of other
proteins or a protein-complex were crucial for responsiveness of these cells to
dexamethasone. 24p3 was also upregulated by retinoic acid (Vitamin A), a vitamin with
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known therapeutic applications in several diseases like acne and even as cancer
chemopreventive and therapeutic agents [38]. What the alteration of 24p3 (and its human
homologue) by various chemotherapeutic agents means in terms of the efficacy of or
response to the chemotherapeutic is a question that still begs an answer.

In vitro studies on freshly isolated adipose tissue explants cultured in presence of insulin (10
pM- 100 nM) revealed that NGAL expression (both in tissues and in the conditioned
medium) was increased significantly in a dose dependent manner by insulin. This
upregulation was blocked by adding either a MEK or a PI-3K inhibitor suggesting that both
these pathways are involved in insulin mediated regulation of NGAL expression [53].
Proteomic analysis of conditioned medium from FRO thyroid cancer cells expressing
IxBaM, a super-repressor of NFxB revealed that NGAL was the most downregulated
secretory protein in these cells (compared to parental FRO cells). This suggests that NFxB is
a positive regulator of NGAL expression [142]. Chromatin immunoprecipitation analysis
confirmed that the NFxB inducible factor 1xB( binds to the NGAL promoter together with
the p50 and p52 subunits of NFxB and thus drives its transcription [142]. Recently, it has
been shown that NF-xB is a positive regulator of the microRNA miR-146a in FRO cells
[156]. Silencing of miR-146a in the FRO cells led to singnificant decrease in their
tumorigenecity. It is possible that miR146a and other microRNAs may be involved in NFxB
mediated regulation of NGAL. NF-xB also regulates the expression of NGAL by the injured
vascular endothelium. In a rat model of carotid arterial injury, it was observed that the
expression of NGAL by smooth muscle cells in an injured blood vessel (intimal NGAL >
medial NGAL expression) could be blocked by the expression of a dominant negative form
of IKKp [47].

NGAL expression can be induced by several cytokines and growth factors including
interleukin-1 (IL-1a and B) [30,47,157], IL-17, IL-22 [129,130], insulin like growth factor-1
(IGF-1), transforming growth factor alpha (TGF-a.) [158] and tumor necrosis factor alpha
(TNF-a) [41]. IL-1pB induced expression of NGAL and its interacting partner MMP-9 is
dependent on activation of NF-xB transcriptional activity [47]. It appears that in response to
several kinds of stimuli all of which can activate NF-xB, both MMP-9 and NGAL
expression is modulated similarly, resulting in a change in proteolytic activity of MMP-9.
The transcription factor NF-xB is actually a dimer composed of two proteins of the NF-xB
family- p50 (NF-xB1), p52 (NF-xB2), p65 (RelA), RelB and c-Rel. In absence of
stimulation, this dimer exists in the cytoplasm in an inactive state, sequestered by one of the
two IxB proteins (IxBa or 1xBp). In presence of the appropriate stimulus, IxB is
phosphorylated and then degraded (in the proteosome), This frees the NFxB complex which
then translocates into the nucleus where it binds to and induces the transcription of its target
genes [159]. Interestingly, while both the inflammatory cytokines IL-1p and TNF-a induce
NF-xB mediated transcription, only the former induces NGAL in lung cancer cells (Figure
5). The specificity of IL-1p for NGAL involves the upregulation of 1xB-C by IL-1f (but not
TNF-a), a co-factor that binds to the NFxB dimer and induces transcription of NGAL
MRNA [47]. In vitro treatment of immortalized normal epithelial cells (A549, NHBE and
NHEK) with different cytokines (IL-18, TNF-a, IL-6 and LPS) led to significant increase in
both intracellular and secreted NGAL (10-12 fold, 3-fold and 5-6 fold compared to un-
stimulated A549, NHBE and NHEK cells respectively) with IL-1p (but not the other
cytokines). The cell lines differed in the rapidity of response (A549 > NHEK > NHBE),
probably owing to differential expression of the IL-1 receptor between them. The IL-18
responsive element was localized to the region —183 to —153 5’ -upstream of the
transcription start site. Bioinformatics analysis revealed the presence of an NF-xB response
element (5"-GGGAATGTCC-3") with high degree of similarity to the consensus sequence
(5"-GGG(A/G)NNT(C/T)CC-3"). A mutation of the GGG triplet in the consensus sequence
to AAA completely abolished the induction of the reporter gene following treatment with
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IL-1B. Similarly, co-transfection with 1xBa and 1«xBM abolished the IL-1p induced
upregulation of the reporter gene induced by upregulation of IxBa alone. Further deletion
mutagenesis narrowed the IL-1p responsive region to between —155 and —195 upstream of
the transcription start site. Toll-like receptor 4 (TLR4), which is induced by LPS treatment
and activates a similar downstream signaling cascade as IL-1p was shown to be important
for mediating LPS induced expression of NGAL. Toll like receptors (TLRs) comprise a
family of ten microbe-recognizing receptors that form a part of the innate immune system
(reviewed in [160]). Most of the ligands for TLRs are bacterial in origin- for instance
lipoproteins constitute the ligand for TLR2, LPS for TLR4 and flagellin for TLR5. TLR2
and TLR4 have previously been shown to share the similar signaling as I1L-1 [161,162].
Transfection of TLR4 and its co-factor MD2 (required for recognition of LPS by TLR4 and
for its proper distribution to the cell surface [163,164]) led to significant upregulation of
NGAL expression (compared to empty vector transfected controls) in A549 cells following
treatment with LPS. This upregulation was abolished by co-transfection with a dominant
negative form of MyD88, an adaptor protein that is required for activation of NF-xB
mediated transcription. NF-xB was also important for LPS induced NGAL expression as
evidenced by the abolition of NGAL synthesis in presence of a reporter plasmid with a
mutated NF-kB site [30]. These results shed new light on the regulation of NGAL
expression by inflammatory cytokines and suggest that the regulation of NGAL expression
in response to various cytokines is dependent on the expression of specific receptors and co-
factor proteins, which are tissue specific. In vitro treatment of whole blood cultures (but not
PBMCs) with TNFa, LPS or recombinant HIV-tat was also demonstrated to significant
increase the release of NGAL into the culture medium [41].

The critical role of TLRs in regulating Lcn2 expression was demonstrated when
intraperitoneal injection of LPS into wither wild type or TIr4~~ mice resulted in a
significant (>300 fold upregulation in Lcn2 expression both in the peripheral blood cells and
in the peritoneal cells. Lcn2 expression is also significantly upregulated in macrophages
upon treatment with other TLR ligands including Pam3CSK4 (ligand for TLR1 and TLR2)
and flagellin (ligand for TLR5) [132].

Polyinosinic-polycytidylic acid (poly-1:C or pIC) a synthetic analog of double stranded RNA
that mimics the molecular pattern associated with viral infection, and unmethylated CpG
oligonucleotide sequences (CpGs) are potent ligands for the TLR3 and TLR9 respectively
[165]. When macrophages are stimulated with these ligands /in vitro, they release pro-
inflammatory cytokines including TNF-a,, IL-12 and IL-6. Whitmore and colleagues
observed that treatment of bone marrow derived macrophages with pIC and CpG also
stimulated the synthesis of Lcn2 (>2 fold compared to basal levels) [166]. Further, pIC was
more potent at stimulating Lcn2transcription than CpG and a combination of the two more
potent than either ligand alone. The upregulation of LcnZ2appeared to be independent of the
interferon (IFN) mediated pathway as macrophages derived from IFN-a/IFN- receptor
knockout mice retained the strong induction of Lcn2following treatment with a combination
of pIC and CpG ligands.

IL-1a is produced by keratinocytes and regulates their differentiation [167]. Treatment of
human keratinocyte (HaCaT) cells with 10 ng/ml IL-1a for 24 hours led to a significant
upregulation of NGAL mRNA (6.5 fold). This upregulation was both dose and time
dependent and associated with an upregulation of other antimicrobial proteins (S100A7,
S100A8, S100A9 and secretory leukocyte protease inhibitor (SLIP)) [157]. In another study,
while primary human keratinocytes had a low basal level of NGAL, its expression was
upregulated by treatment with IGF-1, IL-1p and TGF-a.. Maximum induction was observed
at 48 hours and a combination of IGF-1 and TGF-a had a synergistic effect compared to
either growth factor alone in inducing NGAL expression. Further, treatment with one or
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both of these cytokines also resulted in a significant increase in the amount of NGAL
secreted into the medium. However, treatment with TGF-B, basic fibroblast growth factor
(bFGF), IL-6 and TNF-a had no significant effect on the expression of NGAL in these cells
[158]. Treatment with EGF led to a slight increase in NGAL expression. These results are
intriguing as TNF-a has been shown to induce NGAL expression while EGF has been
demonstrated to inhibit NGAL expression in other studies [41,50,155]. The mechanisms for
these differential effects to the same stimulus is unknown, but could be related to the
differential expression of the cognate receptors or other downstream effectors. Calcium is a
known factor that influences differentiation of primary human keratinocytes (PHKs). When
PHKSs are maintained in low calcium (30 nM) containing media, they do not differentiate.
However, when the same is increased above 100 iM, they begin to differentiate and express
markers of terminal differentiation (like involucrin, loricrin and keratins 1 and 10) [168].
Treatment of PHKs with 1.2 mM calcium induced their differentiation together with a strong
induction of NGAL beginning on day 3 [169]. Differentiated keratinocytes form the most
superficial layer of the human skin and constitute the body’s first line of defense against
microbial invasion. It is possible that the induction of NGAL represents a step in the process
of preparing the cells to counter microbial pathogens. Treatment of cultured NHEKSs with
both gram positive (lipotechoic acid and peptidoglycan) and gram negative
(lipopolysaccharide) cell wall components led to a significant upregulation of NGAL mRNA
and protein expression (while unstimulated cells showed no NGAL mRNA or protein)
[170]. To investigate the pathways regulating LCN2 expression in HCC cells, Huh7 cells
(express LCN2 under basal conditions) cells were treated with identical concentrations of
several inflammatory cytokines including IL-1p, IL-2, IL-4 and TGFB1 for 24 hours. Of
these, only IL-1p elicited a strong induction of LCN2 mRNA and protein [154].

Activator protein 1 (AP-1) is a transcription factor complex (both homo and heterodimers)
comprised of members of four transcription factor families-JUN, FOS (FBJ murine
osteosarcoma viral oncogene homolog), ATF (activating transcription factor) and MAF
(musculoaponeurotic fibrosarcoma) (reviewed in [171]). Upon occurrence of a wound on the
skin, the keratinocytes (the predominant cell type found in the epidermis or outer layer of
the skin) release the cytokine IL-1. This in turn induces the formation of a dimer between
the AP-1 subunits c-Jun and JunB in skin fibroblasts and AP-1 mediated transcriptional
activation or repression. The co-ordinate action of keratinocytes, fibroblasts and immune
cells helps to close the wound. Analysis of Lcn2 mRNA expression in JunB and c-Jun
deficient MEFs revealed an elevated basal £cn2expression in the JunB~~ MEFs suggesting
that under basal conditions JunB is a negative regulator of Lcn2expression. However,
silencing of c-Jun (c-Jun™~ MEFs) had no effect on the basal expression of Lcn2. Treatment
of the MEFs with IL-1 however significantly induced the expression of LcnZ2in both wild-
type and in JunB and c-Jun deficient cells. Given that AP-1 is a target of IL-1 signaling
pathway through JNK activation, a possible mechanism that has been suggested is that IL-1
co-activates both the INK MAPK and the NF-xB pathways, and that a crosstalk occurs
between the two pathways at the level of the target gene promoters (in response to 1L-1
stimulation), thus permitting an upregulation of Lcn2 (via NF-xB) [172].

TH17 cells are a subtype of CD4* helper T-cells that have been found to play an important
role in the pathogenesis of several autoimmune diseases (e.g. collagen induced arthritis) and
inflammatory conditions (e.g. experimental autoimmune encephalitis) [173,174]. These cells
also produce two cytokines IL-17A and IL-17F, both of which positively regulate NGAL
expression. While IL-17A binds to its cognate receptor (IL-17R) and activates many of the
classical receptor tyrosine kinase pathways (MEK-ERK, JNK and p38), JAK/STAT and
protein kinase C, IL-17F does not bind to the receptor. However, the IL-17R has been
shown to be required for the functioning of both cytokines. Both IL’s stimulate the release
of pro-inflammatory cytokines IL-6, IL-8 and G-CSF. TRAF6, an E3 ubiquitin ligase has
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been demonstrated to bind IL-17R and ubiquitinate it in response to IL-17F (but not
IL-17A). Further, a dominant negative form of TRAF6 significantly decreased IL-17F (but
not IL-17A) induced Lcn2 transcription. These results suggest that, in response to IL-17F,
TRAF2 is recruited to and ubiquitilates the 1L-17R, followed by increased transcription of
target genes like Lcn2 [175]

Lcn2 expression has been demonstrated to be induced by the anti-inflammatory
glucocorticoid dexamethasone [35]. A nearly 12-fold upregulation of NGAL mRNA was
observed when murine chondrocytes were treated /7 vitro with 1uM dexamethasone for 24
hours. Another steroid hormone demonstrated to regulate NGAL expression is estrogen.
SAGE analysis revealed the presence of NGAL tags in non-neoplastic luminal human
mammary epithelial cells expressing the estrogen receptor (ER), while these tags were not
detected in SAGE libraries generated from ductal carcinoma /n situand invasive breast
cancer tissues [143]. Further investigation revealed that all of the ER positive breast cancer
cells (BT20, T47D, BT474, ZR75-1 and MCF-7) expressed low to undetectable levels of
NGAL, while it was strongly expressed in 5/12 ER negative cell lines. Lcn2 levels were
slightly upregulated following estrogen administration to virgin ovariectomized mice, while
a marked upregulation was noted in lactating mice. The Lcn2 levels were also observed to
increase progressively in the mammary gland of pregnant mice during the progression of
pregnancy, suggesting a strong link to hormone mediated regulation of Lcn2 expression in
vivo. An estrogen response element (ERE) was identified in the NGAL promoter of both
Len2(—-2503 to —2491) and NGAL (823 to —811). Interestingly, this promoter showed
considerable activity even in the absence of exogenous estrogen (in presence of ER) and this
activity could be abrogated by estrogen receptor antagonists [143].

The role of iron in mediating the beneficial (and deleterious) effects of NGAL has been
controversial. Deferoxamine, an iron chelating agent was observed to significantly increase
Lcn2 mRNA and protein levels in the kidneys of a mouse model of CKD (discussed earlier
[176]). While this correlated with worsening of the renal disease in the FVB/N mice, there
was no difference in iron staining in the kidneys of the Lcn™~ and wild type mouse
suggesting that modulation of iron levels might not be a mechanism underlying alteration in
Lcn2 levels in mice (and patients) with CKD [66] .

The epidermal growth factor receptor-1 (EGFR-1 or EGFR) has been demonstrated to be
involved in the development and progression of several benign and malignant diseases (The
biology of EGF receptors and the significance of EGFR mediated signaling pathways in
cancer has been well reviewed in several articles [177,178]). We noted that in pancreatic
cancer cells, treatment with epidermal growth factor (EGF), the ligand for EGFR
significantly downregulated NGAL mRNA and protein expression (Figure 6). This was
associated with a downregulation of the epithelial marker E-cadherin. EGF-mediated
downregulation of NGAL appeared to involve an upregulation of the transcription factor
Zeb-1 (a negative regulator of E-cadherin) and a repression of NF-xB mediated transcription
from the NGAL promoter. In contrast, treatment of mouse renal tubular cells with EGF /n
vitro led to a significant upregulation of Lcn2 expression. Further, inhibition of EGFR
prevented the anticipated rise in Lcn2 levels following nephron reduction in a mouse model
of human CKD, while mice expressing a dominant negative form of EGFR had significantly
reduced severity of kidney lesions together with a decrease in the levels of Lcn2 mRNA and
protein (compared to mice expressing the wild type EGFR) [66]. EGF induced Lcn2
expression was found to be mediated through stabilization of the transcription factor
hypoxia inducible factor-1 alpha (HIF-1a). These studies suggest that the mechanisms
regulating NGAL are quite complex. The effect of a particular regulatory factor appears to
involve tissue and disease specific mechanisms which may reflect the physiologic or
pathobiologic role of altered NGAL expression in that tissue.
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NGAL expression is also regulated by hormones, chiefly estrogen. In vitro treatment of
aortic segments from ovariectomized mice with 17-p estradiol (E2) led to a significant (~4-
fold) downregulation of Lcn2 mRNA levels [179]. However, in vitro treatment of breast
cancer cell lines selected for positive estrogen receptor (ER) expression with 10 nM
estradiol led to a significant upregulation of Lcn2 mRNA after 24 hours [143]. SAGE
analysis revealed that normal breast epithelial cells expressing the estrogen receptor had
significant levels of Lcn2 expression compared to the estrogen receptor negative breast
cancer cells. NGAL mRNA was also highly expressed in organoids (breast ducts composed
of luminal and myoepithelial cells). While Lcn2 was expressed in 5/2 ER negative breast
cancer cells, its level was significantly lower than that in normal epithelial cells and
organoids. Estrogen also appears to regulate the expression of Lcn2 7n vivo. Len2 levels
were significantly decreased in the mammary glands of ovariectomized virgin mice
compared to animals with intact ovaries. Further, supplementation with estrogen led to a
restoration of Lcn2 protein levels to nearly that of the non-ovariectomized controls
suggesting that ovarian steroids regulate Lcn2 expression in vivo. An analysis of Lcn2 levels
in the mammary glands during gestation and lactation revealed that the strongest expression
was observed in the lactating mammary gland. Lcn2 levels also increased progressively
during pregnancy, however the exact role of the complex hormonal and physiological
changes in regulating Lcn2 expression, the sites of Len2 upregulation in the mammary gland
and the significance of its upregulation remain unanswered [143]. Further, the expression of
Lcn2 was completely lost from the uteri of ovariectomized mice (compared to non-
ovariectomized controls) suggesting the dependence of Lcn2 expression on ovarian steroid
hormones [143]. The role of hormones in regulating Lcn2 expression is further evidenced by
the observation that while Lcn2 was not expressed in murine uterine tissue in the diestrous
and metestrous phases, it was strongly expressed in the estrous and proestrous phases of the
estrous cycle. The diestrous and metestrous phases are characterized by the formation of the
corpus luteum while the proestrous and estrous phases occur under the influence of ovarian
estrogens. The uterine luminal fluid was also found to express high levels of Lcn2 possible
through secretion of the protein into the lumen. In situ hybridization and
immunohistochemistry both revealed that Lcn2 was expressed by the luminal epithelium and
glandular epithelial cells of the proestrous endometrium (but not that in diestrous and
metestrous). Further, Lcn2 expression was restricted to the epithelium, being absent from the
stroma and myometrium [36]. A strong expression of Lcn2 was also observed in the luminal
epithelium and uterine glands on day 1 of pregnancy. By day 2, the strong Lcn2 staining was
limited to the luminal epithelium, and disappeared completely from day 3 onwards. These
results suggest that Lcn2 expression is induced in the mouse uteri in a brief window period
from just before fertilization to immediately after fertilization. A direct evidence for the
regulation of Lcn2 by ovarian estrogens comes from the observation that exogenous
administration of either 17-p estradiol (E2) or diethylstilbestrol to sexually immature mice
(30 .g/g body weight) leads to a strong upregulation of Lcn2 expression in the luminal
epithelium of the treated mice. Further, administration of E2 (but not Progesterone) for 3
consecutive days led to significant restoration of Lcn2 expression in the uterine epithelium
of ovariectomized mice. Significantly, when E2 and Progesterone were given together, it led
to a disappearance of Lcn2 mRNA expression (compared to the strong upregulation with E2
treatment alone) [36]. These studies suggest that estrogen promotes while progesterone is a
negative regulator of Lcn2 expression in the uterus.

Bioinformatics analysis of the NGAL/Lcn2 promoters revealed the presence of an estrogen
response element (ERE- from position —823 to —-811 (GGTCtCAGTGACC) for NGAL and
from position —2503 to —2491 (GGTCACTCTGcCC) for mouse Lcn2) with nearly complete
identity to the consensus ERE sequence. Treatment of HepG2 hepatocellular carcinoma cells
transfected with a construct bearing the proximal Lcn2 promoter (contains the ERE) led to a
significant increase in activity of the downstream luciferase gene. This effect was
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significantly abrogated upon transfection with the promoter bearing a deletion of the ERE,
providing evidence for direct regulation of Lcn2 by estrogen [143]. A clue to the functional
relevance of Lcn2 expression in breast epithelial cells came from the observation that
incubation of ER- immortalized MCF10A cells with conditioned media from Lcn2
expressing cells led to significant increase in cell growth [143]. This suggests a possible
paracrine mechanism underlying Lcn2 mediated cell proliferation.

When endometrial carcinoma cells were treated with 5-aza-cytidine, a demethylating agent,
there was a significant induction of NGAL mRNA in those cells that normally express a low
basal level of NGAL (HEC1A, HEC1B and KLE). However, NGAL expression was not
significantly altered in cells (HHUA, Ishikawa, and RL-95-2) that had a high basal
expression of the gene [77].

Tissue engineering, a technique to replace diseased and damaged tissues with new tissue has
witnessed significant advances in recent years. Bone marrow derived mesenchymal stem
cells (BMSCs), which can differentiate into bone cells (osteoblasts), cartilage
(chondrocytes), fat (adipocytes) and muscle cells (myoblasts) have been the most attractive
sources for synthesizing these tissues. When rat BMSCs were stimulated /n vitro to undergo
osteogenic differentiation, Lcn2was one of the 12 genes that showed at least a 2.5 fold or
higher upregulation in the differentiating (vs. the undifferentiated) BMSCs [111]. Several
secreted proteins including Insulin like growth factor (IGF), fibroblast growth factor (FGF),
Whnt, Hedgehog, TGF-B, Runx2 and osterix have been demonstrated to be involved in the
differentiation of BMSCs into osteoblasts [180]. While specific role of Lcn2in BMSC
differentiation are yet to be elucidated, it raises exciting possibilities including modulation
of Len2expression to achieve a specific line of stem cell differentiation.

Cancer stem cells (CSCs) or tumor initiating cells (TICs) comprise an extremely small sub-
population of cells within the tumor mass of predominantly poorly differentiated solid
tumors that are characterized by the properties of long-term self-renewal and high degree of
chemoresistance. Identification, characterization and elucidation of CSCs and the molecular
pathways in them is crucial to understand the process underlying both tumor formation and
maintenance. CSCs are divided into two sub-populations- side population (SP) and the non-
side population (NSP). The former have a characteristic ability to actively pump out the
Hoechst 33342 dye (a vital DNA dye) while the latter lack this property. Further, SP cells
have been shown to possess the ability to give rise to both SP and non-SP cells, thus
suggesting that these are in fact “multipotent cancer stem cells” [112]. SP cells isolated from
the human squamous cell carcinoma cell line A431 revealed a significant downregulation
(2-fold) of LCNZ2/NGAL compared to the NSP cells by microarray analysis. In vitro, the SP
cells grew significantly faster while /n vivo they formed significantly larger tumors than the
NSP cells [113]. The functional role of NGAL in CSCs and the mechanics underlying the
regulation of its expression (in them) however remains a mystery.

Several single nucleotide polymorphisms are also known to occur in the human NGAL
MRNA that can alter the amino acid sequence of the protein and in the NGAL promoter that
can alter the transcription factor binding sites. The significance of these SNPs has not been
explored so far. Whether they contribute to an altered function of the protein or are
responsible for the differential expression of the protein in health and disease will be an
important question to answer in future studies.

MicroRNAs, small, 11-25 nucleotide RNAs have emerged as novel, negative regulators of
gene expression. While it is not yet known if one or more specific microRNAs target
NGAL, a few candidates exist. Search of the available microRNA target prediction tools
reveals that NGAL can be targeted by hsa-miR-491-5p (human), mmu-miR-761 (mouse),
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rno-miR-125a-3p (rat) (www.microrna.org), hsa-miR-138 (www.targetscan.org), hsa-
miR-17, hsa-miR-92a (human) (miRWalk:
http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/index.html), hsa-miR-5589-3p, hsa-
miR-374b-3p, hsa-miR-3166 (human) and rno-miR-92a-2 (rat) (MiRtarget2:
http://mirdb.org/cgi-bin/search.cgi). Experimental evidence to link one or more of these
candidate microRNAs to regulation of NGAL expression however is pending.

5. ROLE OF NGAL IN CELLULAR SIGNALING

While NGAL expression is modulated by a wide array of exogenous factors as detailed in
the previous section, some insight has been gained in recent years into the role of NGAL
itself in modulating intracellular signaling events. A literature search for interactors of
NGAL has revealed that several proteins have been suggested to interact with NGAL
(summarized in Table 6).

5.1 Effects of NGAL silencing on cell signaling

Considerable insight into the effect of NGAL on intracellular pathways has been gained
through studying the effects of altered NGAL expression- either ectopic expression or
silencing of the gene. Stable silencing of NGAL expression in FRO thyroid cancer cells for
instance led to activation of both initiating (2 and 9) and execution caspases (3 and 7)
associated with an increase in apoptosis under serum deprived conditions. A similar pattern
I.e., activation of pro-apoptotic proteins together with a decrease in mitochondrial membrane
potential and enhanced release of cytochrome ¢ was also observed when parental FRO cells
were cultured in the presence of the iron-chelator deferoxamine (DFO). The importance of
iron in modulating NGAL regulated apoptosis was further proven as antagonism of DFO
induced apoptosis by the exogenous addition of ferric chloride (an iron donor). Further,
colorimetric analysis revealed a decrease in intracellular iron concentration in NGAL
silenced cells suggesting that NGAL may bind to extracellular iron and transport it into the
cell, where it might help maintains mitochondrial membrane potential and thereby ensure
cell survival [142].

Autophagy, a process by which a cell consumes its own cellular material is used by all cells
as a housekeeping process to clear away defective cellular components and aggregated
proteins. In cancer cells, autophagy appears to be a double edged sword. On one hand, it
may allow cancer cells to survive conditions of nutrient deprivation, hypoxia and oxidative
stress created by chemotherapy and radiation treatment. On the other hand, it has pro-
apoptotic functions as evidenced by a strong suppression of tumor formation upon deletion
of autophagy specific genes like beclinl [181]. Autophagy also appears to regulate the
function of mitochondria, the energy powerhouses of a cell. Knockout of both alleles of
Lcn2 in mice was associated with a decrease in the oxidative activity in the mitochondria,
suggesting a possible role of Lcn2 in regulating mitochondrial function. Mouse embryonic
fibroblasts (MEFs) in which the endogenous Lcn2 gene was stably silenced, exhibited a
significant decrease in the rate of cell proliferation /in vitro. Further analysis revealed that the
Lcn2 deficient MEFs had a significantly lower mitochondrial DNA content than the wild
type cells. A possible mechanism for the decreased mitochondrial biogenesis was uncovered
when it was discovered that there was a significant decrease in the expression of PGC-1la
(Peroxisome proliferator-activated receptor gamma coactivator-1 alpha), a co-activator that
regulates mitochondrial biogenesis. Consistent with the decrease in mitochondrial DNA,
there was also a significant reduction in the amount of mitochondrial COX-2 (cytochrome ¢
oxidase-2) mRNA, reflecting a decrease in mitochondrial function. Additionally, there was a
significant decrease in the expression of LC3 (microtubule associated protein 1 light chain
3), a marker of autophagy, in the Lcn2 deficient MEFs suggesting a defect in the autophagic
process. Activation of NF-xB is an important pathway that inhibits autophagy in cancer
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cells, particularly that induced by cytokines like TNF-a [182]. The LcnZ deficient cells
exhibited a significant increase in the rate of degradation of 1xBa (the inhibitor whose
degradation is an important pre-requisite to the activation of NF-xB), suggesting that the
NF-xB pathway is activated in LcnZsilenced cells and may be an important mediator of
LcnZregulated autophagy. Insulin-receptor substrate-1 (IRS-1), whose degradation
correlates positively with tumor cell proliferation (in breast and lung cancer [183,184]) was
also observed to accumulate in the Lcn-2null MEFs suggesting another mechanism for
Lcn-2mediated inhibition of cell proliferation. Interestingly, re-introduction of LcnZ2into the
Lcn2 deficient MEFs failed to restore either the expression of LC3, or block TNF-a induced
degradation of 1xBa., suggesting that while Lcn2 does mediate proliferation, mitochondrial
biogenesis and autophagy in MEFs, this might actually be an indirect effect.

Secreted NGAL is known to form a complex with the enzyme matrix metalloproteinase-9
(MMP-9), a gelatinase first identified in neutrophils as an enzyme that extensively degrades
gelatin and collagen V (but not collagen 1) [185]. Analysis of broncholalveolar lavage
(BAL) fluid from patients with emphysema (n=10) and control subjects (n=11) revealed that
a complex of NGAL and MMP-9 was expressed at a significantly higher level in
emphysematous patients but not in the control subjects [186]. Neutrophils and macrophages
have been suggested as the potential sources of the NGAL-MMP9 complex in the BAL of
emphysematous patients. NGAL forms a covalently linked complex with the inactive
(proenzyme) form of the metalloproteinase MMP-9. While this does not affect the activity
of the enzyme, it stabilizes it by protecting it against inactivation by its natural inhibitor
TIMP-1 (Tissue inhibitor of metalloproteinase-1). The mechanism of NGAL mediated
stabilization of MMP-9 involves the binding of NGAL with pro-MMP9 followed by the
formation of a ternary complex between the C-terminal hemopexin domain of MMP-9 and
the non-inhibitory C-terminal domain of TIMP-1. In contrast, the binding of the N-terminal
domain of TIMP-1 to the active site of MMP-9 inhibits its gelatinolytic activity [187]. This
property of NGAL to stabilize MMP-9 has been suggested to be responsible for its function
as a modulator of the invasiveness of malignant cells through the basement membrane [145].
The functional effect of NGAL-MMP-9 interaction on the pathogenesis and progression of
emphysema and other chronic inflammatory diseases however remains to be elucidated.

5.2 Effect of ectopic expression of NGAL on intracellular signaling

Ectopic expression of Lcn2 in murine mammary carcinoma cells led to a decrease in
phosphorylation of Akt (at both Serine-473 and Threonine-308 residues) and a decrease in
phosphorylation of PTEN while the level of phosphorylated ERK remained unchanged
[144]. When expressed in Chinese hamster ovary (CHO) and human embryonic kKidney
(HEK293T) cells, NGAL upregulated the expression of the antioxidant enzymes HO-1,
SOD-1 and SOD-2 together with an upregulation of NF-xB [138]. This is interesting as it
suggests that NGAL and NF-xB may regulate each other. Whether a feedback loop exists to
mutually regulate their expression would certainly be interesting to explore. An insight into
the pathways regulated by NGAL in HCC cells came from the observation that ectopic
expression of the gene significantly inhibited the activation of c-jun N-terminal kinase
(JNK) and PI3K/Akt pathways in the HCC cells. Studies using pharmacological inhibitors
further revealed that blocking the JNK and PI3K pathways, but not the ERK or p38 MAPK
pathways significantly inhibited proliferation and invasion in the HCC cells and decreased
their expression of MMP2 [154].

5.3 NGAL receptors

While it is known that exogenous NGAL (or Lcn2 in mouse) can produce effects similar to
that produced by overexpression of the protein, it is not yet clear if there is a definite
receptor for NGAL. Two candidate proteins have been however come to the forefront. The
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first, termed as solute carrier family 22 member 17 (SLC22A17 or Lcn2R) has been
demonstrated to bind to mouse Lcn2 while the second termed as low density lipoprotein
receptor related protein (LRP2 or megalin) has been shown to bind human NGAL protein.

Slc22al7, like its ligand Lcn2 has homologues in other species. Unlike LCN2 however,
human SLC22A17 is nearly 97% identical in amino acid sequence to the mouse and rat
proteins. Two isoforms of human SLC22A17 are known, namely isoform a and b. The two
are nearly 99% identical in their sequence except for a short stretch of 18 amino acids
(EHPIFPTVWAQQGNPNRD) present in the longer isoform. SLC22A17 shares relatively
poor sequence identity (38%) to homologous proteins from invertebrate species like the
zebrafish. Alignment of SLC22A17 homologues by degree of conservation of their amino
acid residues reveals conservation of certain hydrophobic amino acids (chiefly Valine,
Leucine, Isoleucine, Phenylalanine, Tryptophan and Cysteine). The significance of these
hydrophaobic residues in the interaction of SLC22A17 with the hydrophobic calyx of NGAL
remains to be investigated.

LRP2 (or megalin) also has homologues in other species including rodents, chimpanzees,
zebrafish and Drosophila. Significantly, its amino acid sequence appears to be highly
conserved among higher mammals, being 99% identical to the homologue in chimpanzees.
In other mammals however, sequence identity is much lower — about 76% identities to its
mouse and rat homologues. Similar to the SLC22A17 however, LRP2 too shares little
similarity in sequence with the homologues present in invertebrates. Multiple sequence
alignment of the amino acid sequence of various LRP2 homologues reveals short stretches
of amino acids, particularly several cysteine residues, that are conserved across all species.
Given that NGAL utilizes an unpaired cysteine residue (Cys87) to form a disulfide bond
with MMP-9, the significance of these conserved residues in binding of megalin (LRP2) to
NGAL will be an important question to answer in future studies.

Based on the degree of conservation of the NGAL receptors across species, we can
hypothesize that SLC22A17 which is highly conserved in all mammals may mediate critical
functions of NGAL (e.g. immune response, neutrophil maturation) LRP2 on the other hand
shows a stronger conservation between related species (e.g. between human and
chimpanzee, rat and mouse) suggesting that it may mediate different effects in lower (e.g.
mouse and rat) vs. higher mammals (humans and chimpanzees).

6. NGAL AS A DIAGNOSTIC AND PROGNOSTIC MARKER

Recent years have seen a tremendous increase in the number of studies that have

investigated NGAL as a biomarker for both diagnosis and prognosis. Its secreted nature and
the availability of commercially available robust immunoassays have contributed to NGAL
emerging as a potential biomarker in a wide array of benign and malignant human diseases.

6.1 Benign diseases

6.1.1 Inflammatory diseases—In one of the earliest studies on the diagnostic potential
of NGAL, a strong (nearly 10-fold) upregulation of NGAL was observed in the plasma of
patients suffering from acute generalized peritonitis (n=37, mean peritoneal fluid NGAL
being 37.2+6.2 pg/ml) [20]. There was a good linear correlation between the levels of
NGAL and that of leucocyte elastase (r?=0.7, p=0.00011) and with NP4 (r2=0.62,

p=0.0001). Plasma NGAL levels were also nearly 3-fold higher during acute peritonitis
(791ng/ml£130 ng/ml) compared to that during convalescence (276ng/ml+ 42ng/ml) and
nearly 10 fold higher than the mean levels in healthy individuals. Significantly, by the end of
the first post-operative week, the plasma levels of all three markers (NGAL, NP4 and
leucocyte elastase) showed a downward trend towards normal levels.
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Sepsis, particularly when associated with multi-organ dysfunction (combination termed as
“severe sepsis) is associated with significantly higher mortality (12% vs. 0.9% in those
without severe sepsis in one study [188]). A large multicenter prospective study (total 971
patients meeting inclusion criteria) investigating a multi-biomarker panel (nine potential
markers selected from an initial set of about 150 potential markers) to diagnose “severe
sepsis” at an early stage in adult patients found that a combination of plasma NGAL,
interleukin-1 receptor antagonist (IL-1ra) and protein C was the best predictor of severe
sepsis [188]. Patients were included in this study if they were 18 years or older and
presented to the emergency department (ED) with a presumptive source of infection or had
an elevated serum lactic acid (>2.5 mM) and met at least two criteria for “severe
inflammatory response syndrome” (SIRS) (temperature >38°C or <36°C; respiratory rate
>20/minute; partial pressure of carbon dioxide <32 mm Hg; heart rate >90/min; white blood
cell count >12,000/cc or <4,000/cc and >10% immature neutrophils). Severe sepsis was
defined as the presence of a suspected infection together with evidence of organ dysfunction
including either renal (increase in serum creatinine of >0.5 mg/dl between two
measurements, requirement of acute dialysis or an initial creatinine >2mg/dl with a decrease
of >50%), cardiac (systolic pressure<90 mm Hg, mean arterial pressure <70 mm Hg or need
for vasopressors). pulmonary (oxygen saturation <90%, a PaO2/FiO2 ratio <300 or the need
for mechanical ventilation) hepatic (total bilirubin >4mg/dl), metabolic (serum lactic acid
>1.5 times the upper limit of normal) or hematologic (platelet count <100,000/cc on a single
measurement, prothrombin time >15 seconds, active partial thromboplastin time >60
seconds or an international normalized ratio (INR) >1.5) dysfunction. Employing this
definition, 506 (52.1%) patients had severe sepsis, 359 of whom met the criteria at the time
of presentation and 140 who developed severe sepsis within 72 hours after presentation to
the ED. Both mean and median plasma NGAL levels were significantly higher in patients
who developed severe sepsis at some point during the study (381 ng/ml and 249 ng/ml
respectively) compared to those who did not meet criteria for severe sepsis (144 ng/ml and
71 ng/ml respectively). Plasma NGAL alone was fairly accurate in discriminating between
these two groups of patients (AUC 0.75, 95% C.1. 0.72-0.78). Using multivariate regression,
a model was constructed using the quartile values each of the three markers. This model
when applied to critically ill patients was a good predictor of the risk of developing septic
shock (within the next 24 hours) or death (AUC being 0.77 and 0.79 respectively). The
mean “septic score” created using the tri-marker panel (NGAL, IL-1ra and Protein C) was
observed to progressively increase with increasing severity of illness- from no organ
dysfunction (37.7), through severe sepsis (59.0) to septic shock (64.9) and finally death
(75.7). Interestingly, among patients who did not initially present with sepsis, the “septic
score” was significantly higher in those who subsequently progressed to severe sepsis (56.3)
compared to those that did not (38.0). In a multiple regression analysis, the septic score
remained the most significant independent predictor of severe sepsis among patients without
organ dysfunction at the time of presentation to the ED (odds ratio 1.51, 95% C.I. 1.25-
1.51).

Crohn’s disease is a chronic inflammatory disease of the gastrointestinal tract characterized
by periodic remissions and relapses with a tendency to progress leading to several
complications including luminal strictures, abscesses and fistulas. Infliximab, an IgG1
monoclonal antibody against TNF-a has been shown to be highly effective in the
management of CD patients, particularly in combination with azathioprine [189]. A small
study comprising 6 patients with CD and 6 healthy controls observed a significantly higher
urinary NGAL level in patients with CD which showed a nearly 60% reduction following
administration of a single dose of Infliximab [190]. A larger study investigating the changes
in the expression of genes encoding antimicrobial proteins in inflammatory bowel disease
(1BD) following treatment with Infliximab noted that NGAL expression was strongly
upregulated in the diseased colonic mucosa in untreated ulcerative colitis (UC, 18 fold) and
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in colonic Crohn’s disease patients (CDc,13 fold upregulation) compared to the normal
colon mucosa [191]. However, there was no significant difference in expression between
untreated UC and CDc mucosae. Patients who did not respond to the treatment (assessed by
histopathological examination after 4—6 weeks) showed persistent elevation of NGAL
MRNA in the diseased (11-fold and 13-fold higher in UC and CDc respectively compared to
healthy colon tissue). In comparison, NGAL levels were significantly decreased in the
affected areas of the colonic mucosa in patients who responded to infliximab therapy (5-fold
and 2.5 fold downregulation in UC and CDc compared to pre-treatment expression levels).
While the level of NGAL expression was not significantly different between ileal (CDi) and
colonic (CDc) Crohn’s disease before starting Infliximab, they were nearly 22 fold higher in
untreated CDi compared to the normal ileum. After treatment, NGAL decreased in CDi
patients who responded to the therapy, although they were still nearly 11-fold higher in the
affected ileum compared to healthy ileal tissue. CDi patients who did not respond to
treatment (termed as non responders) had a nearly 16-fold higher NGAL expression in the
affected ileal mucosa after Infliximab therapy compared to that prior to the start of therapy.
There was a significant positive correlation between NGAL and 1L8 expression in both the
ileum and colon tissues affected by IBD (r=0.48 in both), suggesting that the two genes may
be regulated similarly in this disease [191]. These results suggest that urine NGAL levels
may be useful to follow the course of CD. Further, it suggests potential regulation of NGAL
by TNF-a.. Since CD is also accompanied by an increase in the levels of IL-1 and NF-«xB,
both potent inducers of NGAL, it is possible that the elevated levels of NGAL represent a
general activation of pro-inflammatory pathways rather than a CD specific release from
intestinal epithelial cells [190].

6.1.2. Infectious diseases—A study in HIV positive patients reported a significant
positive correlation between serum NGAL levels and total neutrophil count in HIV-positive
patients both at baseline and at 1 year following the initiation of highly active anti-retroviral
therapy (Correlation coefficient 0.22 and 0.64 respectively). However, no such correlation
was observed in healthy controls [41]. NGAL levels were also observed to be elevated in
induced sputum from patients with chronic obstructive pulmonary disease (COPD)
compared to that from patients with bronchial asthma [192]. This elevation in NGAL levels
correlated with the higher concentration of neutrophils in the sputum of COPD patients and
suggests that quantification of NGAL in induced sputum could be a potentially useful non-
invasive marker to distinguish these two chronic inflammatory conditions.

6.1.3. Metabolic diseases—A study conducted in diabetic mice revealed that the
circulating levels of Lcn2 are significantly elevated in diabetic mice compared to lean
control mice [52]. Significantly, Lcn2 levels were noted to decrease significantly upon
treatment with rosiglitazone for two weeks. Among human subjects, serum NGAL levels
were significantly higher in obese compared to lean individuals. There was a significant
positive correlation between NGAL levels and age of the patient, body-mass-index (BMI),
waist-to-hip ratio, waist circumference, percentage of body fat and serum concentrations of
insulin, triglycerides and glucose. A negative correlation was also observed between serum
NGAL and the levels of HDL cholesterol. Serum NGAL remained an independent predictor
of insulin resistance and hyperglycemia, suggesting a possible association with the
pathogenesis of type-I1 diabetes mellitus. Significantly, NGAL levels were higher in
females, both lean (BMI <23 kg/m?2) and obese (BMI >30 kg/m?2), and in older individuals
suggesting a possible role for hormones and aging in regulating NGAL expression [52]. In a
study conducted on obese Korean women however, baseline serum NGAL levels were
marginally higher in obese (defined as individuals with BMI =25 kg/m?2) women compared
to age-matched non-obese women (mean serum NGAL levels being 49.2 ng/ml and 39.2 ng/
ml respectively, p=0.054). Further, after a 3 month exercise regimen that included aerobic
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exercises (45 minutes per session or 300 kcal/day) and muscle strength exercises (20
minutes per session or 100 kcal/day) five times weekly, there was no significant change in
the levels of serum NGAL in the obese women (mean serum NGAL 40.8 ng/ml, p=0.11)
[193]. Several possibilities exist for the differences observed between these studies
including differences between ethnic groups in the baseline production of NGAL and
production of different transcript variant that may not be recognized by antibodies used in
these assays. Whatever the underlying reason, these studies suggest that NGAL could be
involved in lipid metabolism, possibly through paracrine signaling. With dyslipidemia
taking on epidemic proportions throughout the globe, understanding the role of NGAL in
modulating this process could constitute an important avenue for development of novel
pharmacological interventions.

6.1.4. Cardiovascular disorders—Acute decompensated heart failure (ADHF) which is
defined as “either a gradual or a rapid alteration in the signs and symptoms of heart failure
that necessitate emergent institution of appropriate therapy” constitutes a major public health
problem in the United States [194]. According to estimates, nearly 33 billion dollars were
spent on the management of acute heart failure in the United States in 2007 alone, of which
the majority were patients with ADHF [195] (acute heart failure syndromes have been
excellently reviewed in [196]). An important contributor to the morbidity and mortality in
ADHF is a decline in renal function (termed as worsening renal function or WRF), defined
as a decline in serum creatinine by =0.3mg/dl from baseline levels [197]. A single center
study involving 91 patients with ADHF observed that patients who developed WRF had
significantly higher serum NGAL levels at the time of admission. Further, higher NGAL
levels at admission were an associated with a greater risk of developing WRF (odds ratio
1.92,95% C.I. 1.23-3.12). At a cut-off = 140 ng/ml, serum NGAL was 86% sensitive and
54% specific for predicting the development of WRF in these patients [197]. Previous
studies have identified an elevated serum creatinine (=2.75 mg/dl) in patients with elevated
blood urea nitrogen (BUN =43 mg/dl) as a significant predictor of in hospital mortality
[198-200]. As serum NGAL is a more sensitive early marker of renal dysfunction than
creatinine (discussed later), it could supplement or supplant creatinine in prognostication
algorithms for patients with acute heart failure syndromes who generally have a high
incidence of renal dysfunction (between 20%-30% in two large heart failure
registries[198,200]).

Patients with chronic heart failure often suffer from chronically impaired renal function
[201]. Estimated glomerular filtration rate (eGFR) is commonly elevated in patients with
CKD and is used as a marker of renal impairment. However, it has been hypothesized that
even patients with mildly elevated eGFR have an underlying renal dysfunction. In a recent
study of 2, 130 patients with chronic heart failure and mildly impaired eGFR (68+21 ml/
min/1.73 m2, normal <60 ml/min/1.73m?2), urine NGAL levels were observed to be elevated
nearly 35 fold (mean: 36 g/gm of creatinine, normal being <1 pg/gm of creatinine) [202].
Following a mean follow-up period of 2.9 years, 655 (31%) patients reached the prognostic
end point (either death from any cause or hospitalizations for heart failure). Urine NGAL
(logqg transformed) showed a significant association with all cause mortality (but not
hospitalizations for heart failure) both on univariate (HR 1.24, 1.08-1.42) and multivariate
analysis (1.23, 1.07-1.41). The study showed that even in patients with mildly raised eGFR,
NGAL was a highly sensitive marker of tubular injury although it did not show a significant
correlation with other markers of renal tubular damage like KIM-1 (kidney injury molecule
1) and NAG (N-acetyl-beta-D-glucosaminidase). Interestingly, a study by Damman and co-
workers demonstrated that unlike other markers of renal injury like KIM-1 and NAG,
neither urine nor serum NGAL levels were significantly affected by diuretic therapy (with
furosemide) in patients with chronic heart failure [203].
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6.1.5. Renal disorders—Urinary NGAL level measurement has become the standard
biomarker for both the early diagnosis and predicting the prognosis of patients with renal
injury [204]. In one study, urinary NGAL levels were significantly elevated in patients with
APKD who showed rapid disease progression compared to those with slower progression of
the disease. Urine NGAL levels also correlated inversely with residual estimated glomerular
filtration rate (eGFR) and microalbuminuria, two other indicators of adverse prognosis in
patients with CKD [66]. Among 38 patients undergoing high risk cardiovascular surgery
(thoracic aorta or aortic valve surgery), serum NGAL levels were significantly higher in
patients with a higher 1L-6 levels 1 hour after surgery. Further, 6 hours post surgery, serum
NGAL levels were significantly higher in patients with high IL-10 levels [205]. These
patients also had a significantly higher incidence of pulmonary failure (defined as >24 hours
time on the ventilator), a longer ICU stay and a longer overall stay in the hospital. A mean
arterial pressure (MAP) <50 mm Hg was found to be an independent predictor of a rise in
both NGAL and IL-6 1 hour post-surgery suggesting that both cytokines may be released
either from damaged endothelium or other extravascular sources in response to
cardiovascular stress.

Urine NGAL was fairly accurate (AUC 0.59-0.65) in identifying patients with acute kidney
injury (AKI) within 3 hours after cardiovascular surgery [206]. Interestingly, NGAL levels
rose in all patients (even those without AKI) in the immediate post-operative period after
cardiac surgery and progressively decreased thereafter. A larger cohort of 75 patients aimed
at examining the performance of plasma NGAL as a marker of AKI following
cardiopulmonary bypass (CPB) observed that although NGAL levels were higher in patients
who developed AKI (vs. those who did not develop AKI), it had low sensitivity (38.7%),
low positive predictive value (16.3%) but high specificity (81.5%) for predicting AKI [207].
At a cut-off >353.5 ng/ml plasma NGAL was an independent predictor of the risk of AKI
(odds ratio 2.3, p=0.002).

In a recent study, the ability of NGAL levels in a single blood sample drawn immediately
post-surgery to predict AKI was assessed in pediatric patients. Blood samples were drawn
within 30 minutes of admission to the ICU, and within 2-4 hours after completion of
cardiopulmonary bypass surgery for a congenital defect. NGAL levels were measured
within 6 hours of blood draw using a fluorescence based ELISA using a commercial kit that
has a sensitivity range between 60-1300 ng/ml. An analysis of the data showed no
significant correlation between plasma NGAL levels and either age (range of age: 3
days-21.1 years), gender, BMI, duration of surgery or serum lactic acid concentration.
Among newborns (age <10 days), NGAL levels showed a modest correlation with baseline
serum creatinine (r=0.47, p=0.02) but not with peak post-operative creatinine levels. In older
newborns (>10 days old) however, there was no correlation with baseline creatinine and a
much weaker (r=0.21, p=0.003) correlation with peak creatinine levels. 122/218 (46%)
patients developed renal failure (stage R or I) as measured by the RIFLE criteria. NGAL
levels showed a weak but significant correlation with the severity of renal injury (r=0.15,
p=0.03). Plasma NGAL levels were also slightly effective in predicting a rise in serum
creatinine (AUC to predict a >50% rise in creatinine being about 0.54) in these patients. The
study concluded that measuring plasma NGAL level in a single blood draw was not efficient
way to predict renal complications following bypass surgery for a congenital heart defect
[208].

The Acute Kidney Injury Network (AKIN) in 2007 introduced a modified system of
diagnosing AKI with the aim of increasing the sensitivity of diagnosing early stage renal
injury, in turn allowing earlier institution of therapy and decreasing morbidity and mortality
[209]. In this system, AKI-3 constitutes severe AKI and is associated with a mortality of
upto 50% [210]. One of the drawbacks of current markers of AKI (e.g. creatinine) is that
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they only measure glomerular damage. However, AKI is also associated with tubular
damage, which can be measured by measuring the urinary levels of certain “low molecular
weight (LMW) proteins” that appear in the urine due to loss of integrity of the tubular
epithelial cell barrier. Some of the common LMW markers of tubular injury include cystatin
C, al-microglobulin, 2-microglobulin, N-acetyl glucosaminidase (NAG) and NGAL
[211]. In a single center study among 50 adult patients undergoing elective cardiac surgery
with cardiopulmonary bypass, the median urine NGAL levels (corrected for variation in
degree of diuresis by multiplying with the ratio of serum to urine creatinine) were
significantly higher in patients with AKI (AKIN stages 1-3) compared to those without
renal injury within 6 hours of admission to the ICU (post-operatively) [15]. This was in
comparison to the pre-operative period when there was no significant difference in urine
NGAL (or creatinine) between those with or without AKI. In contrast, neither urinary a1-
microglobulin nor cystatin-C levels differed significantly between the two groups of
patients. Interestingly, the ratio of serum to urine creatinine appeared to parallel NGAL in its
rise during the post-operative period [15]. A similar observation was also reported in a study
comparing the levels of various potential AKI biomarkers among 123 patients undergoing
cardiac surgery. An elevated urine NGAL (unadjusted for serum creatinine) 6 hours post-
surgery was the best predictor of stage 3 AKI among patients undergoing cardiac surgery
(AUC 0.88, 95% C.1. 0.73-0.99) [212]. Significantly, the baseline corrected urine NGAL
level was a poor predictor of mild AKI (AKIN-1) but a better predictor of severe AKI
(AKIN-3) (AUC being 0.49 and 0.71 respectively). Urine NGAL levels measured at the
time of arrival to the ICU appeared to be better at predicting AKI than baseline levels (AUC
0.69 and 0.80 for predicting AKIN-1 and AKIN-3 respectively). A smaller study employing
29 patients (14 with AKI and 15 without AKI following cardiopulmonary bypass surgery)
observed that urine NGAL (expressed as a ratio to urine creatinine levels) was significantly
elevated at the time of admission to the ICU and again after 24 hours [213]. In comparison,
serum creatinine levels rose progressively with time in patients who developed AKI (but not
in control patients) when followed upto 72 hours after surgery. Retinol binding protein
(RBP) and the cytokine 1L-18 were also elevated at the time of ICU admission, suggesting
that a combination of these markers may be useful in the early detection of AKI following
cardiopulmonary bypass surgery [213]. While most studies till date have employed ELISA
to assay the levels of urine NGAL, a comparison of ELISA (using a polyclonal-monoclonal
antibody combination) with radioimmunoassay (RIA) using a polyclonal antibody revealed
that the latter technique was more sensitive- 9.5-fold, 7.5-fold, 6.8-fold, 5-fold, 5-fold and 6-
fold higher levels than that measured by ELISA among healthy controls and patients before
and 2, 24, 48 and 72 hours following cardiac surgery respectively [214]. There was a
significant positive correlation between the levels of urine NGAL measured by RIA and
ELISA (average r2 being 0.72, p<0.00001) with the highest correlation observed in samples
obtained from patients 24 hours post-cardiac surgery (r2 being 0.9). The study also
confirmed that urine NGAL (corrected for creatinine) was a highly sensitive marker of AKI.
Further, the levels of urine NGAL were positively correlated to the duration of
extracorporeal circulation time, with patients with an extracorporeal circulation (ECC) time
greater than 90 minutes having mean urine NGAL levels significantly higher than those with
a shorter duration of ECC (7-fold and 4-fold higher urine NGAL levels in the former by RIA
and ELISA respectively) [214]. During the process of ECC, the blood anticoagulated with
heparin leaves the physiologically non-thrombogenic vascular system of the body and comes
in contact with potentially thrombogenic synthetic surfaces of the extracorporeal circulation
circuit. This has been demonstrated to promote significant qualitative and quantitative
changes in platelets that in turn lead to the release of granulocyte granules. In vitro studies
have revealed that passage of blood through the ECC leads to degranulation of neutrophils
measured by a progressive rise in the levels of human neutrophil elastase (an enzyme
present in azurophilic granules of neutrophils) [215]. This rise was observed as early as 2
minutes following start of ECC and began to show a decline after 24 hours (although it did
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not reach baseline levels). Significantly, the activation was specifically observed in blood
samples exposed to the ECC circuit but not in heparinized blood left standing for the same
amount of time. This process could be inhibited by prostaglandin E2 (PGE2) and by the
local anesthetic lidocaine [215]. It is possible that a similar mechanism, distinct from renal
injury contributes to the rise in urine NGAL levels in patients undergoing cardiopulmonary
bypass, particularly those with prolonged ECC-time.

In an attempt to investigate the correlation of urine NGAL levels with clinical
characteristics, 100 consecutive patients undergoing coronary angiography in an urban
tertiary hospital had urine NGAL levels measured prior to and following the procedure. Pre-
procedural urine NGAL levels in this cohort showed a weak but significant positive
correlation with urine B2-microglobulin levels and a negative correlation with weight and
urine sodium levels (correlation coefficient being 0.28 (p=0.004), —0.22 (p=0.03) and -0.24
(p=0.02)). Further, urine NGAL levels were significantly higher in females while there was
no significant correlation with race, smoking status, positive history of diseases like
hypertension, diabetes, hyperlipidemia, myocardial infarction or drugs (e.g. ACE inhibitors,
Angiotensin-I1 receptor blockers, statins, aspirin, beta blockers and diuretics). Multiple
regression analysis revealed that age and the urinary albumin to creatinine ratio but not
gender, weight, serum or urine creatinine, urine sodium or beta f2-microglobulin levels or
diuretics were significant predictors of pre-procedural levels of NGAL. Interestingly, there
was no clear correlation between pre- and post-procedural urine NGAL levels [216]. These
epidemiological studies on one hand suggest that urine NGAL excretion is modified by
various patient related factors. At the same time they raise the possibility that several factors
may be acting in concert or in contrasting manner to regulate NGAL in these patients. Some
potential contributors include pre-procedural level of hydration, co-existing stress leading to
induction of cytokines and effect of prior therapeutics. Careful /n vitroand in vivo studies
are needed to clarify the validity of such epidemiological correlations.

NGAL is not just a marker of renal injury in patients’ post-cardiac surgery but also in other
critically ill adult patients. A study examined 301 patients admitted to the ICU for conditions
arising primarily from the respiratory, cardiovascular, gastrointestinal or neurologic system
or post-trauma. Of these 133 developed AKI, 90 within the first 24 hours and 43 after the
first 24 hours, but all within the duration of their stay in the ICU [217]. A time course
analysis revealed that plasma NGAL levels (uncorrected for creatinine) rose 24 hours prior
to the diagnosis of AKI (by the RIFLE criteria), reached a peak 24 hours post-diagnosis, and
began to decline thereafter. Plasma NGAL was a good predictor of the need for renal
replacement therapy (RRT) during the stay of the patients in the ICU (AUC 0.82, 95% C.I.
0.70-0.95) and for the development of AKI within 48 hours from the time of NGAL
measurement (AUC 0.78, 95% 0.45-0.92). However, it was a relatively poor predictor of
AKI developing within the next 5 days and of ICU mortality in this heterogeneous adult
population (AUC of 0.67 and 0.68 respectively). A plasma NGAL level >150 ng/ml was
associated with a significant risk of AKI (odds ratio 11.8), advanced age, a greater
likelihood of CKD, higher serum creatinine on admission to the ICU, higher median
APACHE-I1I (Acute Physiology and Chronic Health Evaluation), SAPS-II (Simplified Acute
Physiology Score) and SOFA (Sequential Organ Failure Assessment) scores and a greater
likelihood of prior exposure to nephrotoxic agents. Significantly, this study found no
difference in plasma NGAL levels between patients with or without sepsis or SIRS [217].

In a large prospective study investigating the variation in plasma and urine NGAL levels
among critically ill patients admitted to the ICU, all the patients who developed AKI (as
defined by the RIFLE criteria) had significantly elevated plasma and urine NGAL levels
compared to those who did not develop AKI [218]. Specifically, plasma NGAL
concentration at the time of ICU admission correlated significantly with the severity of renal
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injury, the AUC for predicting the severity of AKI being 0.77 for RIFLE category R (risk),
0.80 for category | (injury) and 0.86 for category F (failure). A similar analysis for urine
NGAL revealed an AUC of 0.80, 0.85 and 0.88 for RIFLE category R, | and F respectively.
There was no significant difference between the AUCs of plasma and urine NGAL for
predicting AKI. When comparing with the estimated glomerular filtration rate (eGFR), only
plasma NGAL was significantly better than eGFR in predicting AKI. At a cut-off of >168
ng/ml, plasma NGAL was 91% sensitive (50% specific) while at a cut-off of >417 ng/ml, it
was 90% specific (with sensitivity of 70%) for the prediction of severe renal injury (RIFLE
group F). In comparison, urine NGAL was 98% sensitive (50% specific) for predicting
RIFLE-F at a cut-off >98 ng/ml and 90% specific (at 55% sensitivity) at a cut-off >1,310 ng/
ml. Both plasma and urine NGAL were superior to eGFR in predicting severe AKI (RIFLE-I
and F) among patients with normal serum creatinine and eGFR. Adding plasma (but not
urine) NGAL significantly improved the ability of eGFR, a diagnosis of sepsis, white blood
count and temperature at admission to predict severe AKI (RIFLE F) within the first week of
ICU stay. Significantly, patients diagnosed with sepsis had higher urine NGAL levels even
if they did not meet the criteria for AKI. While both plasma and urine NGAL were
significant predictors of the need for RRT, they did not perform better than either eGFR or
serum creatinine. Unlike other studies, this study reported no advantage of serial NGAL
measurement (in either plasma or urine) over a single measurement close to the time of
maximal renal injury for predicting severe AKI (RIFLE-F) [218].

In a multicenter, prospective cohort study of patients with community acquired pneumonia
and severe AKI (RIFLE-F), plasma NGAL was noted to be significantly lower in 93/181
patients who recovered (either survived or did not require renal replacement therapy)
compared to those who did not recover (mean NGAL levels165 ng/ml vs. 371 ng/ml
respectively). Plasma NGAL alone predicted failure to recover, with an area under the curve
of 0.76 (95% C.I. 0.66-0.81). It was also a modest predictor of mortality, requirement for
RRT and persistent severe AKI (AUC 0.71, 0.62 and 0.763 respectively). In a multivariate
model, plasma NGAL was an independent predictor of the failure to recover normal kidney
function (odds ratio: 2.0, 95% C.I. 1.03-3.3). Interestingly, adding plasma NGAL to a
scoring system comprising age, serum creatinine, a pneumonia severity index and a
Sequential Organ Failure Assessment score (SOFA score) did not significantly improve its
ability to predict failure of pneumonia patients to recover from AKI [219].

NGAL mRNA expression in renal biopsies (within 1 hour post-transplant) and urinary
NGAL levels (within 24 hours post-transplant) are both early predictor of delayed graft
dysfunction (DGD defined as renal dysfunction severe enough to require dialysis 1 week
post-transplant) which is observed in upto 50% of patients receiving cadaveric renal
transplants [220,221]. Korbely and co-workers investigating the expression of four potential
markers of DGD- NGAL, KIM-1, netrin-1 (NTN1) and cysteine rich angiogenic inducer 61
(CRAI-61) in microdissected needle biopsies from 34 deceased donors by quantitative real
time PCR observed that NGAL and KIM-1 mRNA were significantly upregulated (nearly
3.8 and 3.5 fold respectively) in the cases where the recipients subsequently developed
DGD. Specifically, this upregulation was observed in the tubulointerstitial portion of the
kidney (microdissected from the glomeruli) [222]. Multiple regression analysis however
revealed that neither marker was an independent predictor of DGD with advanced age being
the only significant predictor of DGD (OR 1.11, 95% C.I. 1.005-1.221), P=0.04).

Plasma NGAL has also emerged as a highly sensitive and relatively specific marker of AKI
among patients with suspected sepsis. In a multicenter prospective study, 24 patients (out of
a total of 661 who met the inclusion criteria for suspected sepsis) developed AKI (defined as
serum creatinine >0.5 mg/dl during 72 hours post-admission) within 72 hours after being
brought to the Emergency department (ED) [223]. The median plasma NGAL level (in
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samples collected at the time of presentation to the ED) was significantly higher in patients
who developed AKI (456 ng/ml) than in those who did not develop renal failure (134 ng/
ml). At a cut-off of >150 ng/ml, plasma NGAL was 96% sensitive but only 51% specific for
AKI (AUC: 0.82). In comparison, serum creatinine (at presentation) had similar sensitivity
while being only 17% specific at a cut-off of 0.7 mg/dl. Interestingly, median plasma NGAL
was highly elevated (431 ng/ml) in 52 patients who died from non-renal causes following
admission to the hospital. Of these, 12 patients who died within 72 hours of admission from
extra-renal causes had the highest plasma NGAL levels (median 876 ng/ml). Plasma NGAL
(at a cut-off >150ng/ml) and serum creatinine (cut-off >0.7mg/dl) were significant
predictors of in-hospital mortality from all causes within 72 hours of presentation to the ED
(O.R. being 5.5 and 1.3 for NGAL and creatinine respectively) [223]. Renal dysfunction is a
common observation in patients admitted to the hospital with heart failure (HF) and
correlates with the severity of heart failure. Worsening renal function (WRF) defined as an
increase in serum creatinine =0.3 mg/dl at any time during in hospital stay, measured
relative to the level at the time of admission, complicates between 30%-50% of HF cases
[224]. It is associated with a significantly worse prognosis (measured by in hospital and
post-discharge risk of death and risk of rehospitalization). However, the late rise in serum
creatinine relative to the time course of end-organ damage means that patients in the early
stage of WRF may be missed. Serum NGAL measurement in 91 patients with Acute
decompensated heart failure (ADHRF) revealed that those patients who developed WRF
according to creatinine levels (38% of patients) had significantly higher median serum
NGAL levels at the time of admission (194 ng/ml) compared to those who did not develop
WRF (median serum NGAL at admission being 128 ng/ml) within 5 days of hospital
admission. Multivariate analysis revealed that high serum NGAL at admission was
associated with a greater likelihood of developing WRF (odds ratio 1.92, 95% confidence
interval 1.23-3.12, p=0.004) [197]. Further, serum NGAL level 2140 ng/ml could identify
patients at risk of WRF with a sensitivity and specificity of 86% and 54% respectively
(AUC 0.70, p=0.004). These results suggest that not only is NGAL an indicator of AKI in
patients with presumed sepsis, but that plasma NGAL at admission to the ED may be very
useful as a prognostic marker to predict early mortality in septic patients, both from renal
and non-renal causes.

Sepsis is the most common cause for AKI in critically ill patients [225,226]. Distinguishing
septic from non-septic AKI is important as non-septic AKI is associated with a significantly
better survival [226,227]. On the contrary, septic AKI is associated with a greater chance of
recovery of renal function. Comparison of plasma and urine NGAL levels in patients with
AKI revealed that patients with septic AKI had significantly higher plasma and urine NGAL
levels compared to those with non-septic AKI [228]. This difference in plasma NGAL levels
was significant at 12 hours but not at 24 or 48 hours post-admission. Urine NGAL was
significantly higher in patients with septic AKI at 12 and 24 hours but not after that. At a
cut-off of 2280 ng/ml, plasma NGAL was 75% sensitive and 76% specific for the diagnosis
of septic AKI (Area under the curve 0.77, 95% C.I. 0.63-0.90). Urine NGAL was slightly
inferior, being 69% sensitive and 60% specific for the diagnosis of septic AKI (AUC 0.70,
0.6-0.8). The peak plasma (but not urine) NGAL levels showed a significant positive
correlation with the total white blood cell count only in septic (but not non-septic) AKI
patients (r2=0.43, p=0.02). Patients in septic shock had higher levels of both plasma and
urine NGAL compared to septic patients not in shock. It has been shown in other studies that
NGAL released into the serum is filtered through the kidneys and thus appears in the urine
over time. Consistent with that, the ratio of plasma to urine NGAL was observed to decrease
over time in patients with septic AKI. Interestingly, in patients with non-septic AKI, the
ratio showed a trend towards increase over time. Patients with sepsis as a result of a urinary
tract infection (UTI) had higher (although non-significant) urine NGAL levels (821 ng/mg
of creatinine vs. 201 ng/mg of creatinine in those with a non-UTI source). 20/83 (24%)
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patients in the study developed progressively worsening AKI at 48 hours. Peak plasma
NGAL preceded the progression of AKI in 10 of them (50%). The RIFLE criterion was a
better predictor of the need for renal replacement therapy (RRT) (AUC 0.95, 95% C.I. 0.91-
0.99) compared to peak NGAL. Peak plasma and urine NGAL were less effective in
predicting the need for RRT (AUC 0.71 and 0.70 respectively). Interestingly, urine NGAL at
a cut-off 2230 ng/jLg of creatinine was nearly 78% sensitive and 81% specific for predicting
the progression of AKI in non-septic AKI patients, but not in patients with septic AKI. Peak
plasma and urine NGAL although significantly elevated in AKI patients who died, were not
better discriminants in identifying in-hospital death among patients with AKI (AUC 0.70
(0.7-0.7) and 0.6 (0.5-0.8) for plasma and urine NGAL respectively) compared to the
RIFLE criteria (AUC 0.70, 0.6-0.8) [228].

Pre-renal azotemia refers to renal injury that is completely reversible within 24-72 hours of
onset. It is diagnosed primarily by the absence of features of tubular injury (/.e. casts) on
microscopic examination of the urine, usually accompanied by a FENa (fractional excretion
of sodium) less than 1% [64]. Reversibility distinguishes pre-renal azotemia from
irreversible damage to the renal tubules (termed acute tubular necrosis or ATN). Separation
of the two conditions is important given the observation in numerous epidemiological
studies that significant differences exist in patient outcome (mortality) between those with
transient vs. persistent renal injury [229]. Serum creatinine, the standard marker of renal
injury does not distinguish between ATN and pre-renal azotemia with sufficient sensitivity
and specificity [230]. In a study comparing the urinary level of NGAL, N-acetyl-p-D-
glucosaminidase (NAG), al-microglobulin and a.1-acid glycoprotein in patients with either
pre-renal azotemia (n=88), AKI (n=30), chronic kidney disease (n=106) or normal renal
function (n=411) in an emergency department setting, urine NGAL was significantly
elevated in patients with AKI compared to those with other renal disorders (mean £SD being
416x387, 30+£92, 22.5+41, 15.5+15 pg/g creatinine in patients with AKI, pre-renal
azotemia, CKD and normal kidney function respectively) [231]. At a cut-off of >130pLg/g
creatinine, urine NGAL in a single urine specimen taken at admission was 90% sensitive
(95% C.1. 73%-98%) and 99% specific (95% C.lI. 99%-100%) in identifying AKI with a
positive and negative likelihood ratio of 181.5 and 0.1 respectively. The performance of
urinary NGAL was significantly better than other markers (including serum creatinine).
Multiple logistic regression revealed that elevated urinary NGAL level (>130un.9/g
creatinine) was a significant predictor of poor outcome including nephrology consultation,
requirement for dialysis, admission to the intensive care units and death (Odds ratio 24.7,
95% C.l. 7.7-79.5).

The results of this study was validated in an independent cohort of 32 patients with pre-
renal, 75 with intrinsic renal (caused by ATN, nephrotoxins and acute glomerulonepbhritis)
and 38 with unclassifiable AKI (did not meet criteria for either of the two sub-types) [232].
Urine NGAL levels were significantly higher (at the time of inclusion into the study) in
patients with intrinsic AKI (based on RIFLE criteria) compared to those with pre-renal AKI
(median urine levels being 36.5 ng/ml/g creatinine in pre-renal vs. 273.5 ng/ml/g creatinine
in intrinsic renal AKI respectively, p<0.001). In comparison, serum creatinine but not
fractional excretion of sodium (FENa) or urea (FEU) or the ratio of serum urea to creatinine
was significantly higher in patients with intrinsic AKI (median serum creatinine being 175.5
M in pre-renal vs. 233 M in intrinsic AKI respectively). Significantly, urine NGAL levels
(at inclusion) were significantly higher in patients who went on to develop an adverse
outcome (n=40) as measured by either a step-up in severity of AKI, requirement for dialysis
or death compared to those who did not develop these adverse outcomes (n=94) (median
NGAL levels being 235.4 ng/ml/g of creatinine in the former vs. 71.8 ng/ml/g creatinine in
the latter group, p<0.001). Urine NGAL excretion was also observed to increase with time in
patients with intrinsic AKI but not in pre-renal AKI. The increase was particularly high (2-
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fold) in those with an adverse outcome during in-hospital stay. It appears that patients with
intrinsic AK1 who will go on to develop adverse outcomes have significantly elevated urine
NGAL excretion at the time of admission which is maintained as complications develop In
comparison, serum creatinine levels at inclusion could not predict who would develop an
adverse outcome from those would have an uncomplicated clinical course. However, the
peak serum creatinine levels measured within 7-days of inclusion into the study were
significantly higher in patients who had an adverse outcome (median levels being 273 uM
compared to 159 wM for those without these adverse events, p<0.001). Both uncorrected
urine NGAL and that corrected for creatinine excretion (at the time of admission) were
highly sensitive and specific in distinguishing between patients with pre-renal vs. those with
intrinsic AKI (AUC being 0.87 and 0.89 respectively). In comparison, serum creatinine
(AUC 0.74), RIFLE classification (AUC 0.72), FENa (AUC 0.54), FEU (AUC 0.59) and the
serum urea to creatinine ratio (AUC 0.71) at admission were less accurate in discriminating
these two categories of renal injury. Urine NGAL levels at the time of admission (both
uncorrected and corrected for creatinine excretion) was also fairly accurate in predicting
whether a patient would go on to have an adverse outcome (AUC 0.71 for both corrected
and uncorrected urine NGAL). In comparison, serum creatinine (AUC 0.61), RIFLE class
(AUC 0.56), FENa (AUC: 0.45), FEU (AUC: 0.49) and the serum urea to creatinine ratio
(AUC 0.48) at admission were less effective at making this discrimination [232].

Not just in adults, but in children too, urine NGAL has emerged as a highly sensitive marker
of AKI. In one study employing 252 children, 18 (7%) of whom developed AKI, urine
NGAL was a fairly accurate marker of AKI (AUC 0.66). Further, the performance of NGAL
was unaffected whether corrected or uncorrected for urine output (AUC 0.63 vs. 0.66
respectively) [233].

Children, particularly newborns represent a particular challenge when it comes to
management of AKI. Incomplete development of nephrons in newborn results in higher
baseline levels of serum creatinine than is normal in children. Further, mild to moderate
glomerular damage (as happens during cardiopulmonary bypass surgery (CPB) may not
produce significant elevations in serum creatinine in them. Thus, defining AKI in the
neonatal period using serum creatinine has been quite challenging. Both plasma and urine
NGAL were found to be significantly elevated in neonatal and non-neonatal pediatric
patients as early as 2 hours after CPB and remained elevated upto 48 hours (maximum
observation time) [234]. Higher NGAL levels (both in plasma and urine) correlated with
younger age at surgery, a greater change in serum creatinine concentration (from baseline),
longer CPB surgery time and a longer duration of AKI. Multivariate analysis revealed that
both plasma and urine NGAL levels were independent predictors of AKI in neonatal as well
as non-neonatal pediatric patients. Two hours after CPB, a urine NGAL >185 ng/ml or a
plasma NGAL >95 ng/ml could identify AKI in the neonatal patients with sensitivity of
100% (88% for plasma) and specificity of 93% (for both urine and plasma). The
corresponding cut-offs for non-neonatal patients were >45 ng/ml (urine), >48 ng/ml
(plasma) with the sensitivity and specificity of 85% (90% for plasma) and 86% (88% for
plasma) respectively [234].

While biomarkers may perform well in a homogenous patient population, their performance
is often significantly worse in a heterogenous cohort. Part of the reason is that the level of a
biomarker needs to be correlated keeping in mind the stage of the presumed disease process
at which the biomarker level was measured. In a study aimed at investigating the
performance of urine NGAL in predicting AKI in a patients population admitted to the ICU
for various reasons, it was observed that the level of urine NGAL (corrected for creatinine
excretion) at admission was poorly predictive of onset of AKI (AUC 0.66, 40% sensitive
and 60% specific) or death within 7-days post-admission (AUC 0.66, 47% sensitive and
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78% specific), but better at predicting the requirement for dialysis in the next seven days
(AUC 0.79, 64% sensitive and 76% specific) [235]. Significantly, none of the potential
biomarkers tested (NGAL, cystatin C, gamma glutamyl transpeptidase, alkaline
phosphatase, I1L-18 and kidney injury molecule-1) were able to predict AKI within 48 hours
of admission in this heterogenous population. When patients were stratified according to the
time elapsed after the renal insult however, urine NGAL was a better marker for predicting
AKI between 12 hrs to 36 hrs following insult (AUC 0.71, 95% C.I. 0.61-0.82) than the
other markers. When patients were stratified based on baseline renal function (at the time of
entry into the ICU), urine NGAL was again the most significant predictor of AKI for
patients with a baseline eGFR between 90-120 ml/minute (AUC 0.70, 95% C.I. 0.59-0.81).
The conclusions from the study were that application of a biomarker in a heterogenous
patient population is almost always associated with a poorer performance than in a
homogenous patient cohort. Thus, instead of blindly applying a biomarker to all admissions
with a particular condition, it is necessary to judiciously use markers (to diagnose or
prognosticate) after accounting for the stage of the disease (at the time of admission) and the
time elapsed since the presumed insult. Interestingly, the same study also observed that
notwithstanding minor changes in AUC, the trend of variation in NGAL (and other
biomarkers) remained similar irrespective of whether they were corrected for urinary
creatinine excretion or not [235].

While NGAL has emerged as a novel marker of AKI in critically ill patients, few studies
have also demonstrated that NGAL can be an early diagnostic or prognostic marker in
severely ill patients independent of the presence of an underlying AKI. In one study
comparing plasma levels of several acute phase proteins in 27 patients without AKI but with
systemic inflammatory response syndrome (SIRS), severe sepsis or septic shock with 18
patients who had concomitant AKI and septic shock, there was no significant difference in
peak plasma NGAL levels (measured by RIA using a polyclonal antibody described in
[214]) between septic shock patients with or without AKI (median (interquartile range)
being 216 ng/ml (364) and 134 ng/ml (73) respectively). On the other hand, urine NGAL
levels were significantly higher in patients with septic shock and a concomitant AKI
compared to those patients in septic shock but without AKI (median (interquartile range)
being 319 ng/mg of creatinine (1,933) and 63.5 ng/mg of creatinine (133) respectively,
p<0.05). Both plasma and urine NGAL levels were also significantly higher in patients with
septic shock compared to those with SIRS or severe sepsis (without signs of shock). A time-
course of rise in plasma and urine NGAL levels among patients with AKI (according to the
Risk-Injury-Failure-Loss-End stage renal disease (RIFLE) or AKIN criteria) revealed that
NGAL levels both in the blood and urine were significantly elevated 12 hours prior to the
diagnosis of AKI. At a cut-off of >120 ng/ml and >68 ng/mg of creatinine, plasma and urine
NGAL were able to discriminate patients with AKI from those without AKI with high
accuracy 12 hours after a diagnosis of AKI had been made with conventional criteria [AUC
being 0.85 (83% sensitive and 86% specific) and 0.86 (71% sensitive and 100% specific) for
plasma and urine NGAL respectively] [236]. Urine (but not plasma) NGAL level was also a
significant predictor of AKI among patients with septic shock at 12 hours after the diagnosis
of AKI by conventional criteria (AUC being 0.86 with a sensitivity and specificity of 71%
and 100% respectively) [236].

Type-1 DM is a rapidly growing problem particularly in the developed world. Global
estimates suggest a nearly 3% increase each year in its incidence in the last decade [237].
Diabetic nephropathy (DN) is a major long term complication of type-1 DM, its risk being
related to the duration of diabetes (cumulative risk of 25%-40% after 25 years of either
type-1 or type-2 DM), extent of hyperglycemia (measured by HbA1c levels), dyslipidemia
and elevated blood pressure) [238-240]. DN involves both the glomeruli and the
tubulointerstitial system. The gold standard for diagnosis of DN- renal biopsy is highly
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invasive, while microalbuminuria and is the most common clinically employed test. Given
that NGAL is an early marker of kidney damage, particularly tubular damage, it is plausible
that rise in NGAL levels may precede other clinically detectable changes such as
microalbuminuria and decline in eGFR. In a study comparing urine and serum NGAL levels
in 22 children (mean age 12.7+3.5 years) with type-1 DM and apparently normal renal
function (normal eGFR and normal range urine albumin) treated for about 6 years on
average, with 14 healthy children, both urine and serum NGAL concentrations were
observed to be significantly higher in the children with type-1 DM compared to controls
[241]. A significant positive correlation (r2=0.51, p<0.05) was also noted between both urine
and serum NGAL levels and the albumin excretion rate. However, no correlation was
observed between NGAL levels and either eGFR or glycosylated hemoglobin (HbA1c)
levels.

Another study in 63 adult patients (mean age +SD being 44+9 years) with DN (mean
duration of diabetes 32+9 years) also observed that urine NGAL levels at baseline were
significantly correlated with urinary albumin excretion (r=0.44) but not with the GFR.
During a three year follow-up, patients who had higher baseline urine NGAL showed a
faster decline in their GFR. However, when adjusted for other known factors that influence
the progression of renal damage (including age, gender, HbA1 levels, systolic blood
pressure and urine albumin excretion rate), NGAL was no longer a significant independent
predictor of the progression of renal damage [242]. Thus, it appears that while NGAL
measurement at baseline provides an indication of disease progression, in adult patients
(unlike in children) it does not add to the prognostic power of urine albumin excretion, an
established marker of renal damage.

Progression of DN involves a progressive increase in the amount of albumin excreted in the
urine, measured as mg excreted per 24 hours. A study among 74 Chinese patients with DN
revealed that the baseline serum and urine NGAL levels were inversely correlated with the
degree of albumin excretion in the urine [stratified into normo-albuminuria (<30 mg/day),
microalbuminuria (=30 and <300 mg/24 hours) and macroalbuminuria (>300 mg/24 hrs)].
Thus, patients with normo-albuminuria had a higher serum and a lower urine NGAL level
than those with macroalbuminuria. During a follow-up period of one year, serum NGAL
levels increased in all three groups of patients, while urine NGAL showed a trend to decline,
particularly in the patients with macroalbuminuria. While serum NGAL levels showed no
correlation with GFR and only a weak correlation with other markers of renal dysfunction
(cystatin C and BUN), urine NGAL showed a significant negative correlation with GFR and
a positive correlation with both these markers. In addition, a positive correlation was found
between urine NGAL levels and serum creatinine, an established marker of renal function
both at baseline and at follow-up (r= 0.57 at baseline and 0.55 on follow-up, p<0.001).
Interestingly, there was no significant correlation between serum and urine NGAL levels
[173]. This study highlighted the potential of serum NGAL measurement as a tool to
distinguish normo-albuminuric from micro-albuminuric (early stage) DN. Urine NGAL on
the other hand, was more useful to identify late stage DN (macro-albuminuric patient) owing
to its strong correlation with markers of renal damage.

NGAL levels, particularly urinary NGAL is significantly elevated not just in acute, but in
chronic renal diseases as well. Among 85 pediatric patients with various chronic renal
diseases, urinary NGAL levels (but not serum NGAL) were significantly higher in patients
with chronic renal dysfunction (except in steroid responsive nephrotic syndrome in
remission) [243]. Further, a sub-analysis revealed that tubular diseases were associated with
a nearly 10-20 fold higher urinary NGAL level compared to glomerular diseases suggesting
that the origin of urinary NGAL from the renal tubular epithelial cells. Both urine and serum
NGAL levels showed a significant inverse correlation with the estimated glomerular
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filtration rate (eGFR) and a significant positive correlation with urine protein levels in
patients with proteinuric renal diseases (e.g. proliferative glomerulonephritis, steroid-
resistant nephrotic syndrome and relapse of steroid-sensitive nephrotic syndrome) [243].
Significantly, no significant correlation was found between serum NGAL levels and either
serum or urine protein levels or patient age in this study.

AKI in the immediate post-operative period contributes significantly to the morbidity and
mortality of patients receiving liver transplantation. De novo renal impairment is associated
with the highest risk of mortality, with 90-day and 1 year mortality in patients requiring
RRT being as high as 40% and 54% respectively [244]. Hence, there is an existing need to
identify AKI early on so that appropriate management including RRT can be instituted. In
one study, the difference in serum NGAL levels between two samples, one drawn at the time
of surgery and the second within 2 hours after reperfusion of the liver was a fair marker of
AKI among 59 adult patients undergoing liver transplantation (p=0.02) [245]. Among
patients with a baseline serum creatinine <1.5 mg/dl, a single value of serum NGAL above a
cutoff of >139ng/ml 2 hours post-reperfusion (of the liver) was a good predictor of AKI
(AUC 0.79). In another study of 95 patients undergoing liver transplant, both plasma and
urine NGAL were significant predictors of AKI in samples drawn immediately post-
transplant [246]. The APACHE-II score and plasma NGAL levels were the strongest
predictors of post-operative AKI on a multiple regression analysis (AUC being 0.87 [95%
C.1. 0.77-0.97] and 0.87 [95% C.I. 0.77-0.92]. A score comprising of a combination of an
APACHE-II score >13 and plasma NGAL >258 ng/ml was 100% sensitive and 76% specific
in predicting severe AKI (defined as >stage 2 AKI according to AKIN criteria [209]) at a
cut-off >1 (total maximum score being 2).

The above studies suggest that measurement of NGAL is not just an early marker for AKI,
but could also be extremely useful for the follow-up of patients on anti-inflammatory
therapy, for detecting recurrence of infection (or inflammation) and in identifying resistance
to current therapy. Urine NGAL, particularly when corrected for the extent of diuresis
appears to be more sensitive and specific than serum NGAL levels in its diagnostic efficacy.
An explanation for the rise in urine NGAL levels following ischemia (e.g. aortic clamping
during cardiac surgery) is hypoxia induced damaged to the medullary tubules of the kidney.
These tubules, which are a part of the outer medulla, comprise the part of the kidney most
sensitive to hypoxia owing to their dependence on oxidative metabolism for energy. A
second mechanism for ischemia induced rise in NGAL is “ischemia-reperfusion” injury.
Herein, the restoration of blood flow to previously ischemic tissues triggers an inflammatory
response. Both endothelial cells and renal parenchymal cells release inflammatory cytokines
and chemokines that lead to the recruitment of neutrophils to the site of reperfusion. There is
a stimulation of free radical generation which also contributes to cell death. Inflammation
induced neutrophil degranulation together with renal tubular necrosis probably contribute to
the second peak in NGAL levels seen in many acute conditions during recovery from
hypoperfusion. A third possibility is the release of NGAL from other extra-renal sources.
How much this contributes to the elevated NGAL levels in ischemia reperfusion injury is
however yet to be elucidated. An important consideration when interpreting the results of
biomarker studies is the time elapsed as measured from the time of the initial insult. This is
often difficult to establish and hence biomarker levels should preferably be used in
combination and as an adjunct to other investigations both for diagnostic and prognostic
applications. Given the late rise in serum creatinine levels following AKI, NGAL (both in
plasma and urine) levels may be extremely useful to identify early AKI in those patients
with low serum creatinine.

6.1.6. Hematologic disorders—Hematological disorders characterized by an increased
tendency for spontaneous coagulation (coagulopathies) pose a serious threat to life. Apart
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from risk factors in the history like advanced age, coexisting vascular complications,
inherited disorders in platelet function and a previous history of thrombotic events, there is
no specific biomarker that can identify high-risk patients. A comparison of serum NGAL
levels among patients with polycythemia vera (PV), essential thrombocythemia (ET), sepsis
and healthy subjects revealed that serum NGAL levels were significantly elevated in
patients with PV (mean+SEM 507.5 ng/ml+341 ng/ml), ET (521.3 ng/mi+363.4 ng/ml) and
sepsis (272.5 ng/mi+212.4 ng/ml) compared to healthy controls (173 ng/ml£58 ng/ml)
[247]. NGAL levels were significantly higher in patients with an elevated D-dimer (641 ng/
ml+443 ng/ml vs. 404 ng/mi+202 ng/ml, p=0.01). There was a significant positive
correlation between serum NGAL levels and both the total white blood cell count (r2=0.7)
and neutrophil count (r2=0.8). However, there was no difference in NGAL levels between
PV or ET patients with or without thrombosis. Further, there was no significant correlation
of serum NGAL levels with CD11b (a marker of neutrophils), CD62 (marker of activated
platelets), or the presence of JAK2 mutations (a marker of poor prognosis) [247]. ET and PV
belong to the group of hematologic neoplasms termed as myeloproliferative neoplasms
(MPNs) that also includes progressive myelofibrosis (PMF). PV is characterized by increase
in the red cell mass (erythrocytosis) which is independent of erythropoietin (the main driver
of erythropoiesis in the healthy bone marrow) while ET is a clonal stem cell disorder
characterized by a tendency for an increase in platelet count and the risk of thrombotic
events [248,249]. PV, like other MPNs carries a considerable risk of transformation into
leukemia. A mutation in the Janus-associated kinase 2 (JAK2) gene identified by Kralovics
and co-workers in 2005 [250] confers a proliferative advantage to the cells harboring this
mutation. The mutation is present in PV, ET and PMF. Further, Data from multiple studies
supports the idea that patients (ET) positive for the JAKV617F mutation have a greater risk
of venous thrombosis (similar to that in patients with PV) than those without this mutation
[251]. While the study did not find any differences in NGAL levels between patients with or
without the JAK2 mutation, it does raise the possibility that NGAL is involved in the
pathogenesis of MPNs and could be a potential serum based biomarker to diagnose MPNs
early and possibly for follow-up for early detection of relapse.

Cancer is often associated with an increased tendency for the blood to clot (termed as pro-
thrombotic state). This has been suggested to contribute in part to the mortality from cancer
and formed the basis of treatment with anti-thrombotics, particularly low molecular weight
heparins like enoxaparin in cancer patients [252]. A study of 110 patients with various
cancers revealed that plasma NGAL levels were significantly increased in the blood at
baseline measurement together with that of d-dimer, an established marker of pro-coagulant
state. Importantly, both d-dimer and NGAL levels decreased after three months of treatment
with enoxaparin [253]. This suggests that NGAL may have a role in cancer associated pro-
coagulant state and may be a marker of decreased coagulability in multiple cancers. Whether
it has a differential role in normal vs. cancer associated coagulation and whether its
expression is directly regulated by enoxaparin (or other anticoagulants) remains to be
investigated.

An important question that often faces blood based diagnostic studies is the influence of the
storage method and anti-coagulant on the expression of the biomarker. Release (or
degradation) of the protein over time can cause false elevations (or depression) in its levels
and this can affect the reproducibility of the assay. As early as 1995, it was demonstrated
that while storage of venous blood in tubes containing EDTA (ethylene diamine tetra-
acetate) as the anticoagulant did not have any effect on blood NGAL levels, storage in
presence of heparin as anticoagulant led to a progressive increase in NGAL levels in the
blood over time [20].
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6.2 MALIGNANT DISEASES

Several studies have investigated the level of circulating NGAL in the blood (plasma or
serum) as a potential marker for the detection and prognostication of both solid tumor and
hematologic malignancies.

6.2.1. Solid tumors—A comparison of serum NGAL levels among patients with benign,
borderline and malignant ovarian tumors revealed that compared to healthy individuals
(mean: 62 ng/ml) and those with benign ovarian tumors (mean: 67 ng/ml), serum NGAL
levels were significantly elevated in patients with borderline and malignant ovarian
neoplasms (mean being 79.6 ng/ml and 87.4 ng/ml respectively) [76]. Clinicopathologic
correlation analysis revealed that patients with well-differentiated ovarian cancer and those
with mucinous type of neoplasms had significantly higher serum NGAL levels (mean being
156 ng/ml and 167 ng/ml respectively) than either moderate-poorly differentiated tumors
(mean: 78.5 ng/ml-79.3 ng/ml) or other histologic types of epithelial ovarian neoplasms.
Although circulating NGAL levels were higher in patients with advanced stage (stage 3 and
4) ovarian cancer (mean level 90 ng/ml compared with 72.5 ng/ml in stage 1 or 2 diseases),
this difference was not significant. In comparison, serum CA125, the current gold standard
biomarker for the follow-up of patients with ovarian cancer was significantly higher in
patients with borderline and malignant ovarian neoplasms (compared to healthy controls and
benign ovarian tumors). Further, CA125 levels were higher in patients with advanced (stage
3 or 4) disease, in those with serous ovarian cancers and in well-differentiated tumors,
although this difference did not reach statistical significance. Univariate regression analysis
revealed that serum NGAL, serum CA125 and advanced stage were significantly associated
with a lower survival (measured as the time from diagnosis to death) in treatment naive
ovarian cancer patients. On multivariate analysis however, no variable remained a
significant independent predictor of overall survival. The area under a receiver operating
characteristic curve (or ROC curve) is a good indicator of the ability of a biomarker to
discriminate between two groups of patients. A comparison of the AUCs for serum NGAL
and CA125 revealed that at a cut-off of 55.2 ng/ml NGAL was 72% sensitive but only 50%
specific as a biomarker to distinguish ovarian cancer patients from cancer-free controls
(AUC for NGAL being 0.62). CA125 on the other hand was 80% sensitive and 79% specific
with an AUC of 0.91 suggesting that NGAL alone was not better than CA125 and thus not
likely to be of significant use as a screening blood based marker for ovarian cancer [76].

Serum NGAL was a good marker to classify patients with either gastric cancer or healthy
controls into “cancer” vs. “non-cancer” groups (AUC of 0.93). Further, at a cut-off of
>14.31 ng/ml, an NGAL ELISA detected 43% of gastric cancer patients. Specifically, 38%
of stage 1 and 58% of stage 2 patients were positive for NGAL. NGAL was significantly
better in identifying patients with early stage gastric cancer (stage 1 and 2) than either
CA19-9 (12.5% and 8% positivity at a cut-off of >37 U/ml) or carcinoembryonic antigen
(CEA) (14.3% and 8% positivity at a cut-off of >5ng/ml) [82].

In a recently concluded prospective study to investigate novel diagnostic biomarkers in
pancreatic juice, we observed that NGAL levels were significantly elevated in the pancreatic
juice of both pancreatic cancer and chronic pancreatitis patients compared to controls
(patients with epigastric pain who underwent endoscopy but did not have either pancreatitis
or pancreatic cancer). NGAL was able to discriminate both pancreatic cancer and chronic
patients from healthy controls with high accuracy (AUC 0.90 and 0.87 respectively).
However, it was not able to distinguish between pancreatic cancer and chronic pancreatitis
(unpublished results).

In another study, we have recently shown that plasma NGAL levels are significantly
elevated in patients with pancreatic cancer and chronic pancreatitis patients compared to that
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in healthy individuals (mean being 103.5 ng/ml, 108.9 ng/ml and 67.4ng/ml respectively)
(unpublished results). In patients with pancreatic cancer, plasma NGAL levels were
significantly higher in those aged >60 years at the time of diagnosis and in those patients
with a history of type-I1 diabetes. NGAL was highly specific in distinguishing pancreatic
cancer or chronic pancreatitis patients from healthy controls (96% and 88% respectively).
However, it was not very useful to distinguish between pancreatic cancer and chronic
pancreatitis cases. When stratified by resectability, NGAL was highly specific (88%) in
distinguishing resectable pancreatic cancer patients from healthy controls suggesting its
potential utility as an adjunct to imaging in this malignancy.

NGAL has also emerged as a predictor of survival in several malignancies. Breast cancer
patients whose tumors expressed NGAL had a significantly shorter disease specific (DSS-
defined as the time from diagnosis to either death or loss of follow-up) and disease free
(DFS-defined as the time of diagnosis to the date of first documented recurrence of the
malignancy) survival, with NGAL positive and negative patients having a median DSS of
12.2 and 17.1 years respectively. Particularly, NGAL was a significant predictor of poor
DFS (hazard ratio 1.98) in patients with ER positive tumors. Upon multivariate analysis
however, NGAL positivity was a significant independent poor predictor of DFS (hazard
ratio 1.85) but not DSS [74]. In another study involving 250 patients with breast cancer,
Stoesz and Gould observed that NGAL expression in the malignant tissues correlated
inversely with the expression of the estrogen and progesterone receptors (Spearman’s
coefficient = —0.26 and —0.22 respectively, p<0.001) and positively with the percentage of
cells in the S-phase (Spearman’s coefficient= 0.21, p=0.001) [88]. The inverse relationship
between ER and PR expression and NGAL levels was also confirmed in breast cancer cell
lines (MCF-7 and T47D) suggesting that the two hormone receptors may be negative
regulators of NGAL expression in breast cancer. However, no significant difference was
observed in NGAL expression among breast cancer cell lines sorted according to the phase
of cell cycle. No significant correlation was also observed between NGAL expression in
breast cancer tissues and either tumor size, nodal spread, age of the patient or type of
therapy (chemotherapy, endocrine therapy vs. radiation). Further, NGAL expression did not
have any significant correlation with either disease free or overall survival either alone or in
combination with other factors in this study [88]. A recent large study comprising tissues
from 855 breast cancer patients undergoing neoadjuvant chemotherapy demonstrated that
NGAL is expressed in 42% of the cancer tissues [254]. Further, the intensity of NGAL
expression correlated negatively with hormone receptor expression but positively with
pathological complete response to neoadjuvant chemotherapy in patients with hormone
receptor positive, node negative, grade 1 or 2 tumors <4cm in diameter. Univariate analysis
revealed that higher intensity of NGAL expression correlated with decreased DFS (H.R.:
1.8, 95% C.I. 1.3-2.6) in breast cancer patients and this remained significant on multivariate
analysis. The relationship of NGAL expression with prognosis in breast cancer remains to
be elucidated in future studies.

In gastric cancer too, patients whose tumors expressed NGAL had a significantly shorter
survival (35.6+1.2 months) compared to those where the primary tumor did not express
NGAL (54.4+0.7 months). Upon multivariate analysis, the histologic type (diffuse type
gastric cancer according to the Lauren classification system), presence of vascular invasion,
TNM stage and NGAL expression were independent predictors of adverse outcome (hazards
ratio being 2.33, 1.80, 1.66 and 1.84 respectively) [82]. NGAL expression was shown to
correlate negatively with survival in patients with endometrial carcinoma (EC). Both a
strong cytoplasmic and nuclear expression of NGAL were associated with a significant
reduction in overall survival among EC patients suggesting the possibility that NGAL could
be a clinically useful prognostic marker in EC [77].

Biochim Biophys Acta. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chakraborty et al.

Page 51

Univariate analysis of colon cancer patients revealed that patients whose tumors had high
NGAL expression had a significantly shorter overall survival than those whose tumors had
low NGAL expression. In patients with stage Il colon cancer, NGAL was also an
independent predictor of poor prognosis. However, this was not significant predictor of OS
in advanced stage (111/1V) colon cancer patients [94].

A comparison of bile samples from patients undergoing endoscopic retrograde
cholangiopancreatography (ERCP) for either benign (n=36) or malignant (n=59)
pancreatobiliary obstruction revealed that NGAL was one of the most differentially
expressed proteins in those with malignant obstruction. Biliary NGAL levels (measured by
ELISA) were significantly higher in patients in the malignant obstruction (1839 ng/ml) than
in those with benign causes of obstruction (n=472 ng/ml). NGAL measurement in the bile
was fairly accurate in discriminating benign from malignant pancreatobiliary obstruction
with an area under the ROC curve of 0.76 (96% sensitive and 56% specific). In the same
cohort of patients, no significant difference was found in both serum and urine NGAL levels
between patients with benign vs. malignant biliary obstruction. Significantly, a combination
of NGAL and serum CA19-9 was more accurate than CA19-9 alone in identifying patients
with malignant pancreatobiliary obstruction (sensitivity, specificity, positive and negative
predictive value of the combination being 85%, 82%, 79% and 87%) [255].

In a single center study of 85 patients with renal cell carcinoma (RCC) who received
Sunitinib, a pan-receptor tyrosine kinase inhibitor, 17 patients (20%) had plasma NGAL
levels higher than the normal range (42—-177ng/ml)- the median NGAL level being 83.2ng/
ml (range: 2.8-363.4ng/ml) [256]. The baseline plasma NGAL level was a predictor of
progression free survival (PFS), with a 10ng/ml rise in NGAL levels associated with an
increase in the relative risk (of progression) of 4%. Compared to patients who had a baseline
plasma NGAL level <177 ng/ml, those with higher NGAL levels had a 1.86 higher risk of
progression (p=0.03). The median PFS time for those with high (>177ng/ml) and low
NGAL level was 3.35 months and 8.15 months respectively. Elevated NGAL levels were
also a significant independent predictor of poor PFS in Sunitinib treated RCC patients (RR
1.91, 95% CI 1.39-2.42) [256].

With growing interest in NGAL as a biomarker has come the realization for the need to
standardize the assay for implementation on an automated platform. Delanaye and Rozet in
a recent study investigated the variation in NGAL levels in the urine of 20 healthy subjects
(11 women) aged 33+10.3 years using a commercial assay platform (Abbott diagnostic
assay on an Architect platform) found that the analytic coefficient of variation was 3.7%
[257]. The biological CV for un-normalized NGAL was 84% for the first morning urine
sample. When normalized to creatinine levels, the %CV was 81%. Further, the CV appeared
to be similar in second urine sample, being 124% for un-normalized and 88% for normalized
NGAL level. Given the variability in NGAL levels even in an automated platform, it has
been suggested that a doubling of NGAL levels in at least 2 samples before making a
conclusion that NGAL levels are indeed increasing. Another study comparing a traditional
ELISA assay with a rapid fluorescent assay confirmed the robustness of the NGAL assay
[258]. The study also supported the findings of the earlier study that two or more
longitudinal NGAL measurements are required before we can make a diagnosis of increase
in NGAL levels.

7. CONCLUSION AND PERSPECTIVE

Observations in animal models and human subjects suggest that lipocalin 2 (or NGAL) is
required for the development and/or progression of both benign and malignant diseases. In
BCR-ABL+ CML, Lcn2 is absolutely required for the malignant cells to establish in and
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produce features of leukemia [107,108]. On the other hand, NGAL appears to be an
important tool in the armament of the innate immune system in combating bacterial
infections and bacteria appear to have evolved ways to counteract its bacteriostatic effect
including altered Glycosylation of siderophores (e.g. C5 glucosylation of enterobactin
prevents binding of the siderophore to NGAL) and synthesizing siderophores that do not
bind NGAL at all (e.g. petrobactin produced by Paracoccus denitrificans) [259-261].

While we are edging ever closer to understanding the complex role played by NGAL in
health and disease, several questions remain unsolved. Why, for instance does it take 2
weeks for NGAL mRNA to be induced following stimulation (intimal injury)? Conversely,
when NF-xB transcriptional activity is blocked /n7 vivo by a dominant negative IKKp, why
does it take upto 14 days for a decrease in NGAL mRNA expression to occur? While the
expression of the mono and multimeric forms of NGAL is well known, why in some
diseases like CML, is a 21 kDa variant expressed in the blood? [107]. Glycosylation as a
possible mechanism for the expression of this variant was ruled out, suggesting the
possibility of alternative splicing of the mRNA. The function and incidence of expression of
this shorter variant of NGAL remains a mystery. An interesting observation was the
difference in NGAL expression in non-neoplastic pancreas adjacent to an area of
adenocarcinoma compared to that in a specimen devoid of adjacent malignancy [86]. The
expression of genes is known to be modulated in the vicinity of cancer cells primarily owing
to the release of chemokines and other paracrine factors from the malignant cells (called the
“field-effect” of cancer). Understanding the mechanisms by which cancer cells induce
NGAL expression in adjacent normal cells would certainly offer us a deeper insight into the
complex biology of cancer and potentially allow targeting of these pathways for therapeutic
applications.

A measurement of NGAL levels in plasma and urine has been examined in several studies as
both a diagnostic adjunct and in prognostication. For instance, plasma NGAL was one of the
three markers (selected from nearly 150 potential markers) that could predict the
development of organ dysfunction, septic shock and death among patients with presumptive
sepsis admitted to the ED [188]. While these studies have investigated the expression of
NGAL as a function of the systemic inflammatory state, the effect of therapy itself on
NGAL expression has been largely neglected. For instance, while NGAL levels are elevated
in patients with sepsis and AKI, these patients also receive large doses of various antibiotics
and steroids among other medications. It is possible that one or more of these agents can
independently influence NGAL expression and thus is a potential significant confounder,
particularly in an acute care setting where medication doses are often rapidly altered. In the
future, pointed studies are needed to address this issue to come up if possible with a
correction factor to account for therapy induced rise in NGAL levels in various body fluids.

Another issue of significance for clinical applications of NGAL is the effect of techniques in
general and antibodies in particular in affecting the sensitivity and specificity of NGAL
detection in tissues and body fluids. Several studies have now been published that indicate
that RIA may be more sensitive than ELISA in detecting NGAL levels [214,236]. However,
ELISA continues to be more widely used. It is important to investigate on a common
platform the sensitivity and specificity of NGAL RIA in comparison to ELISA using all
available antibodies in order to come up with consensus guidelines on assay standardization
and above all the optimum technique to identify alterations in the levels of NGAL at the
earliest time point possible while maintaining specificity.

Several interesting findings have emerged from pre-clinical and clinical studies using NGAL
as a biomarker which have however not reached statistical significance. For instance,
patients with sepsis from a urinary infection have higher urine NGAL levels than those with
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a non-urinary source. Similarly, while in general, the ratio of plasma to urine NGAL
decreases with time in septic AKI, the trend is reversed in non-septic AKI. These results
may not be coincidental but reflect the difficulty with studies in human subjects where it is
practically impossible to predict the exact onset of the underlying disease process. This
could also be the reason why variations exist in the reported performance of NGAL between
different studies among seemingly similar populations. Such observations should not
however be looked upon as an indication of failure of a biomarker. Rather, we should use
available resources including imaging together with a multi-marker biochemical panel to
identify patients early on in the disease process. The differential expression of Lcn2 in the
liver and kidneys is indicative of the influence of age on the expression of NGAL [38].
However, what mechanism (s) operates to affect this regulation remains unsolved. Pre-
clinical models offer us the unique opportunity to understand the time-course of events
underlying the rise and fall of potential biomarkers but the transition from the bench to the
bedside is fraught with the dangers of false interpretations that should (when possible) be
avoided by careful study design including patient selection and follow-up of individual
patients.

As NGAL levels are demonstrated to be differentially altered in a number of diverse
malignancies, a pertinent question that begs for an answer is the source of NGAL. While an
obvious source is the tumor, the contribution of other factors including neutrophils cannot be
ruled out. Further, it is possible that healthy organs release NGAL as a stress marker in
response to the release of cytokines from the tumor cells. In a study on gastric cancer
patients, it was observed that 20/26 (77%) patients with gastric cancer who had elevated
levels of NGAL (defined as >14.3 ng/ml) also had intense NGAL staining in the gastric
cancer tissues. In contrast, only 13/34 (38%) gastric cancer patients without NGAL
elevation in serum had tumors that were positive for NGAL (correlation coefficient 0.38,
p=0.002) [82]. Thus, there appears to be a positive correlation between the expression of
NGAL by the tumor cells and its release into the bloodstream, at least for gastric cancer. It
will be of interest in future studies to determine the sources of NGAL release into the blood
and other body fluids in cancer patients in order to better understand the role of this cytokine
in cancer progression.

The use of NGAL as a target for imaging currently suffers from the difficulties of specific
targeting to the site of the lesion, adequate bioavailability and optimization of conditions for
human clinical trials. In a recent study, we employed an antibody against human NGAL
conjugated to a near infrared (NIR) dye (IRDye800CW) to demonstrate the feasibility of
detecting NGAL expression in human pancreatic cancer cells both /n vitroand in vivo [262].
In vivo imaging (at wavelength 785 nm) also revealed that a large proportion of the NIR-
conjugated NGAL localized to the liver and urinary bladder (in addition to the tumor). Using
micelles containing gadolinium conjugated to either NGAL specific or non-specific 1gG
antibodies, it was demonstrated that NGAL antibody conjugated micelles localized to the
site of a carotid atherosclerotic plaque 72 hours post-injection (but not in the initial 24
hours) [46]. While the ability to image organs and tumors /n vivo suggests that the antibody-
dye complex is internalized into the cells, it also raises the potential problem of decreased
bioavailability (owing to accumulation in off-target organs) that may be a practical problem
in employing NGAL for /n vivoimaging.

Its application in certain settings- e.g. as a surrogate marker of organ damage particularly
AKI in patients consuming poisonous substances remains to be explored further [263]. The
observation that Lcn2 is strongly induced in BMSCs induced to undergo osteoblastic
differentiation suggests a possible role of Lcn2 in stem cell differentiation and possibly a
therapeutic role as a target in stem cell based tissue engineering [111]. The observation that
LcnZsilencing decreases mitochondrial biogenesis [264] is highly significant from a
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therapeutic perspective. Studies have shown that in cancer cells, the mitochondria increase
the rate of autophagy to remove aggregated proteins, and that inhibiting this process can
cause cancer cells to die [181]. Thus, NGAL (LCN2) might be a therapeutic target to
decrease autophagy and therefore increase sensitivity of cancer cells to chemotherapy and
radiation. Further, Lcn2downregulation also increased the expression of IRS-1, a potent
inhibitor of tumorigenesis and EMT [264], further strengthening the premise of Lcn2 as a
novel therapeutic target in cancer.

Given the significant role of NGAL in the pathogenesis of both benign and malignant
human diseases, a pertinent question is — how can we target it therapeutically? Currently,
there are no specific inhibitors (or inducers) of NGAL expression. However, recent research
has identified several agents that can modulate NGAL expression. An siRNA targeting
IKK for instance, significantly decreased ischemia reperfusion induced renal damage in
rats and also decreased the expression of NGAL in the kidney [265]. From studies in mice, it
is clear that NGAL is an important bacteriostatic agent that functions by binding to bacterial
siderophores. It would be interesting to design NGAL mutants that have modifications in the
ligand binding pocket that enhance its affinity for siderophores. Designing mutants specific
for each bacterial species may be a potential strategy to alleviate the severity of bacterial
infection. Recently, we have shown that the oil or ethanolic extracts from Ocimum sanctum
(holy basil), a popular herbal remedy widely used in traditional systems of medicine can
modulate NGAL expression in pancreatic cancer cells. The development of selective NGAL
expression modulators will certainly be a focus of future research into the therapeutic
targeting of this glycoprotein.

Recent analysis of tissues from patients with IBD has revealed a significant upregulation of
NGAL in ulcerative colitis compared to the healthy colonic mucosa [80]. Given the
availability of recombinant NGAL (both human and mouse) and specific antibodies, a
theoretical possibility is to investigate whether treatment with antibodies can ameliorate the
acute inflammatory process. On the other hand, recombinant NGAL could be potentially
useful in diseases like HCC where it has been shown to inhibit the aggressive proliferation
and invasion abilities of the cancer cells [154]. Potential hazards however remain including
development of allergic reactions to the recombinant protein. However, the success of other
recombinant protein based therapies, namely IL-2 for renal cell carcinoma [266] and insulin
for diabetes suggests that protein engineering techniques can overcome these potential
hurdles.

We have in recent years witnessed a spate of studies that have examined global expression
profiles following /n vitro or in vivo modulations (e.g. treatment with cytokines, gene
knocking or knockouts). It has become increasingly clear that genes function as groups, and
that a single gene (and by corollary its protein) will rarely function in isolation to mediate
health or disease. As we pursue novel diagnostic and therapeutic targets like NGAL,
identification of NGAL-associated functional groups of genes could give us a better “bird’s
eye” view of the cellular processes than the gene by itself. Such a “systems biology”
approach is likely to yield far reaching benefits and a faster implementation of bench side
knowledge to bedside practice.
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Figure 1. Schematic representation of thelipocalin fold

The characteristic feature of lipocalins is the “lipocalin fold” which comprises of an N-
terminal 3-10 helix followed by eight beta sheets (A-I) arranged in an anti-parallel
orientation. The eighth beta sheet is connected to an alpha helix (denoted as a.1), which is in
turn connected to a C-terminal beta sheet. The beta sheets are connected by loops (L1-L7).
Loops L1, L3, L5 and L7 form the open end of the molecule (/.e. the opening to the ligand
binding site of NGAL). The portion of the lipocalin fold that are structurally conserved
between different lipocalins is indicated by the blue boxed regions while the region that
shows significant conservation in amino acid sequence is indicated by the black boxed
region.
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Figure 2. Transcripts encoded by the human and mouse NGAL genes

The boxes represent exons while the connecting lines represent introns. Filled in boxes
represent conding sequences, while empty (unfilled) boxes represent the untranslated region
(UTR). The number above the transcript is the length of the mature transcript (indicated as
number of base pairs). The number of amino acids corresponds to the number of residues
that are translated. The length of each transcript is proportional to the length of the genomic

DNA (Source: http://www.ebi.ac.uk)
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Figure 3. Regulation of Lcn2 expression in macrophages

Macrophages break down senescent red blood cells (RBCs) releasing free iron from the
hemoglobin contained within them. This free iron is then exported out of the macrophages
by two pathways: a) by a transmembrane iron exporting protein ferroportin and b) as a
complex with lipocalin 2 (Lcn2). Macrophages are also the site of infection by Salmonella, a
gram negative intracellular bacteria. The bacteria require iron for their growth and survival.
They express enterochelin, a siderophore on their outer membrane which binds to the free
iron (released from the RBCs) and transports it into the bacterial cell. Infection of
macrophages by Salmonella upregulates the expression of the anti-microbial protein
lipocalin 2 (Lcn2). This binds to the iron-laden siderophores, thereby preventing the bacteria
from using the free iron for their proliferation. This, together with the increased export of
iron from the macrophages deprives bacteria of iron and induces growth arrest. The gene
product of HFE (HFE) is a transmembrane protein similar to major histocompatibility
antigen-1. It is expressed on the macrophage cell membrane and regulates both the uptake
and efflux of iron from these cells. It is also a negative regulator of Lcn2 expression. Loss of
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functional HFE1 (most commonly by mis-sense mutations in patients with hereditary

hemochromatosis) leads to an upregulation of Lcn2 in the macrophages thus conferring
resistance to the host against infection by Salmonella.
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Figure 4. Mechanism of bacteriostatic action of NGAL

Gram negative bacteria (like Salmonella typhimurium) trigger an immune response
characterized by the activation of antigen presenting cells (macrophages and dendritic cells)
upon engulfing the bacteria. These activated cells then release cytokines like IL-18 and
IL-23 that in turn activate T-lymphocytes. These activated T-cell in turn release IL-17 and
IL-22. These two cytokines act on the intestinal cells and stimulate the de novo synthesis of
lipocalin 2 (Lcn2). The Lcn2 is secreted into the intestinal lumen and binds to bacterial iron
binding proteins (siderophores) like enterochalin. Since iron is essential for the growth of
bacteria, the sequesteration of bacterial siderophores by Lcn2 has a bacteriostatic effect. In
some gram negative bacteria (like Salmonella typhimurium), a cluster termed as the
iroBCDEiroN cluster is present which encodes for salmochelin, a gycosylated derivative of
enterochelin which does not bind Lcn2. Hence, gram negative bacteria containing this
cluster are resistant to the bacteriostatic effects of Lcn2. Commensals like certain species of
E.colilack the iroBCDEiroN cluster and hence are targeted by Lcn2 secreted during
intestinal inflammation.
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Figure5. Regulation of NGAL expression by NF-xB

NF-xB is a dimer composed of one or more of five members of the NF-xB family (p50, p52,
p65, Rel-A, Rel-B or c-Rel). Under resting state, the complex remains inactive in the
cytoplasm bound to the inhibitor of IxB (1xB a or B). (A) NGAL inducers like IL-1p
activate the 1-kappa kinase (IKK) which phosphorylates IxB. This promotes ubiquitylation
and subsequent degradation of 1«B, thus freeing the NF-xB complex. (B) This complex now
translocates to the nucleus where it upregulates the expression of the co-activator IxB-C
(through a xB response element on its promoter) (Broken yellow arrows). This cofactor then
binds to the NF-xB dimer (in the nucleus) and the complex in turn binds to the xB response
element (xB RE) located at position —181/-171 on the NGAL promoter. This leads to
activation of transcription of NGAL. 1kB-C itself however, does not bind to the xB-RE on
the NGAL promoter. (C) Incidentally, the NF-xB inhibitor IxB also has a xB RE on its
promoter. Thus, its expression is also paradoxically upregulated by NF-xB. IxB in turn
binds to the NF-xB transcription complex and transports it out of the nucleus (D), thus
terminating its transcriptional activity. (E)TNF-a on the other hand binds to TNF-receptor
(type 1 present in most tissues or type 2 present only on immune cells), which activates the
TNF receptor type 1 associated DEATH domain protein (TRADD in case of TNFR-1).
TRADD then recruits TRAF2 (TNF receptor associated factor) and the serine threonine
kinase RIP (receptor interacting protein). TRAF2 also recruits IKK (existing as a complex of
IKKa,p and -y) which is phosphorylated (and thus activated) by RIP. IKK then
phosphorylates and thus targets IxBa for degradation. However, unlike IL-1p, the activated
NF-xB induced by TNF-a does not induce transcription of the co-factor I1xB-C and thus
does not induce NGAL expression upon its transport into the nucleus. The differential effect
of TNF-a and IL-1p on IkB-( is suggested to occur by increased stabilization (and therefore
translation) of the IxB-C mRNA by IL-1B (but not TNFa). (F) TLR signaling and NGAL
regulation. Toll-like receptors (TLRs) are a family of evolutionary conserved proteins that
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function as part of the body’s innate immune system defense mechanism to recognize
pathogen associated molecular signatures. Ten TLR proteins have been identified so far in
humans, each of which has a specific ligand. Activation of TLR signaling occurs in response
to the binding of specific ligands (microbial lipopeptides for TLR2 and lipopolysaccharide
of gram negative bacteria for TLR4). Myeloid differentiation primary response gene
(MyD88), an adaptor protein used universally by all TLRs for signaling, possesses a C-
terminal Toll/IL-1 receptor (TIR) domain that binds to the cytoplasmic portion of the TLRs.
Following this, the IL-1 receptor-associated protein kinase (IRAK) proteins (IRAK-1 and 4)
are recruited to the TLRs by interaction between the death domains of MyD88 and IRAK.
IRAK-1 is then phosphorylated (activated) and in turn associates with the TNF receptor
associated factor 6 (TRAF6). The IRAK-1/TRAF6 complex then dissociates from the TLR
receptor and associates with TGF-beta activated kinase 1 (TAK1) and the TAK1 binding
proteins (TAB1 and TAB2). Till this step the complex is attached to the cell membrane. The
IRAK-1 protein is then degraded allowing the TRAF6/TAK1/TAB1/TAB2 complex to
move from the cell membrane into the cytoplasm where it associates with, among other
proteins with the E3 ubiquitin ligases (Ubc13 and Uec1A). The ubiquitin ligases catalyze the
synthesis of a Lys-63 linked polyubiquitin chain on TRAF6. This induces TRAF6 to activate
TAK1 which in turn phosphorylates the IKK complex (IKK a,b,g) or the MAP kinases (e.g.
JNK) thus leading to transcription of NF-kB and AP-1 regulated genes respectively
(including NGAL).
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Figure 6. Dual regulation of NGAL expression by EGFR

(A) In pancreatic cancer cells, treatment with recombinant EGF results in a downregulation
of both NGAL mRNA and protein. The mechanism involves upregulation of Zebl, a
transcription factor that inhibits E-cadherin synthesis. E-cadherin helps maintain NGAL
expression in pancreatic cancer cells by activating NF-kappaB mediated transcription of
NGAL. (B) In renal tubular epithelial cells, EGF treatment leads to a significant
upregulation of NGAL mRNA and protein. This occurs through an upregulation of the
transcription factor HIF-1 alpha, which in turn promotes transcription of NGAL. This
induction of HIF-1 alpha is specific to EGF and independent of hypoxia.
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Table 1

List of known Kernel and Outlier Lipocalin proteins

Lipocalin (Abbreviation) Molecular Weight (kDa)

Properties and Function(s)

Kernel Lipocalins

al-microglobulin (A1M) 33 Heme Scavenger, an anti-oxidant and immunoregulator.
Member of the HDL, Apo D has binding affinity for cholesterol,
. . u progesterone, pregnenolone, bilirubin and arachidonic acid. It is
Apolipoprotein D (ApoD) 29-32 proposed to be involved in maintenance and repair of central and
peripheral nervous systems.
i . Major urinary protein of the male rat with extensive sequence
a2-microglobulin (A2U) 18.7 homology to many lipid binding proteins.
Bilin binding protein (BBP) 19.6 A blue pigment protein abundant in the butterfly Pieris brassicae.
. Homolog of serum retinol-binding protein, Blg is thought to facilitate
p1-Lactoglobulin (Blg) 18 the absorption of Vitamin A from milk.
C8vy (subunit of human C8 29 As a component of the C8 complement, functions in the formation of
complement) membrane attack complex.
Choroid plexus protein (CPP) 20 Proposed to transport substances across the blood brain barrier.
Cellular Retinoic acid binding protein 185 A retinoic acid (RA) binding protein, induced by RA in RA-
(CRABP2) ' responsive cells and enhances transcriptional activity of RA.
: Responsible for the blue-black coloration of lobster carapace by
a-Crustacyanin (ACC) 350 causing bathochromic shifts.
Abundant protein of urine and other secretions of animal, functions as
Major Urinary Protein (MUP) 17.8 pheromones, transporters of organic ions, regulators of metabolism and
as potent human allergens.
Neutrophil gelatinase associated : :
Lipocalin (NGAL) 24 Discussed in text.
Prostaglandin D synthase (PGDS) 27 Involved in isomerization of PGH2 to PGD2.
Pregnancy protein 14 (PP14) 56 Involved in implantation of the embryo and immunosuppression.

. Abundant protein of the neural retina, proposed to play prominent role
Purpurin (PURP) 20 in retinol transport across the inter-photoreceptor cell matrix.
Lazarillo 45 GPI anchored surface glycoprotein, involved in the axonal growth, the

regulation of lifespan, stress resistance and neuro-degeneration.
Outlier Lipocalins
Acute phase serum protein secreted by the liver in response to
al-Acid glycoprotein (AAAG) 40 inflammation, stress, and various malignancies and affects
pharmacokinetics of drugs.
. A component of hamster vaginal secretions, triggers mating behavior
Aphrodisin 17 of naive males.
Odorant binding protein (OBP) 37-40 Bind to specific odorants including pheromones.
Probasin 20 Androgen regulated prostate specific protein, functions as pheromone
carrier.
Salivary protein secreted by the Von Ebner’s glands located around the
circumvallate and foliate papilla of the human tongue, it has a large
von Ebner’s-gland protein (VEGP) 18 variety of ligands and secreted in response to stress, infection, and
inflammation. It is suggested to inhibit cysteine proteases that are
important for embryo hatching and implantation.

HDL, high density lipoproteins; PGH2, Prostaglandin H2; GPI, glycosylphosphatidyl inositol.
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Expression of NGAL in Adult, Fetal Tissues and in Stem cells

Page 83

ADULT HUMAN TISSUE

Strategy

NGAL expression status

Reference

In situ hybridization:

Ductal epithelium of the breast, bone marrow, circulating macrophages, kidney, liver, trachea,
lungs (both bronchial goblet cells and alveolar type-11 pneumocytes), small intestine, salivary
glands, thymus, prostate and adipocytes expresses NGAL.

[30,267—-269]

Northern blot analysis:

i Strong expression: Normal lungs, breast, trachea, metamyelocyte enriched bone
marrow fraction.

ii.  Moderate expression: Prostate, colon.

ili.  Weak expression: Pancreas, thymus, peripheral blood leucocytes, liver, lung
(A549 cells), normal human bronchial epithelial (NHBE) and epidermal
keratinocyte (NHEK) cells.

iv.  Noexpression: Heart, brain, liver, skeletal muscle, kidney, spleen, testes, ovary,
small intestine or colon.

[79,88,268, 269]

Cancer Stem Cells

i. Strong expression: Trachea and metamyelocyte enriched bone marrow fraction, [31,34,170]
inner root sheath of the hair follicles.
ii.  Moderateexpression: Colon and lungs.
histochemisiry: iii.  Weak expression: A549 lung cells, normal human bronchial epithelial (NHBE),
Immunohistochemistry: epidermal keratinocyte (NHEK) cells, proliferative and secretory glands of the
endometrium.
iv.  Noexpression: Interfollicular and normal epidermis of skin, brain, peripheral
blood polymorphonuclear leucocytes and promyelocytic cell line HL-60.
FETAL HUMAN TISSUE
i. At 12th week of Gestation: Placental trophoblasts, hypertrophic chondrocytes [34]
(cartilage forming cells), parenchymal cells of the developing lungs and the
epithelium lining the small intestine.
ii. At 20th week of Gestation: Focal staining in skin epidermis.
iii. At 24th week of Gestation: Stratum granulosum and stratum corneum layers of
the epidermis.
EXPRESSION OF NGAL IN STEM CELLS
Stimulation of rat bone marrow stem cells (BMSCs) under /n vitro conditions for osteogenic [111]
Normal Stem Cells differentiation resulted in >2.5 fold upregulation in differentiated BMSCs (vs. the
undifferentiated).
Side population (SP) cells isolated from the human squamous cell carcinoma cell line A431 [113]

revealed a significant downregulation (2- fold) of NGAL compared to the non-side population
(NSP) cells by microarray analysis.
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Table 4

Expression of NGAL in benign diseases

Disease

Changein NGAL expression

Inflammatory diseases

Psoriasis 10-fold upregulation in the skin of psoriasis patients in comparison to atopic dermatitis cases [270].
Parakeratosis Strong expression of NGAL in the epidermis of affected skin tissue with the strongest staining noted
underneath areas of parakeratosis [34].
No expression in the epidermal cells in acute eczema while superficial keratinocytes (specifically in the
Eczema areas of parakeratosis) shows strong expression of NGAL in biopsies from patients with chronic
eczema.
Periodontitis Strong upregulation of NGAL in the neutrophils from alveolar tissue specimens in patients of AdP and
LJP. Staining extended to tissue in the area of neutrophil extravasation [29].
Significant upregulation of NGAL, NGAL receptor as well as IL-2 (the regulator of NGAL) expression
Myocarditis was observed in the cardiomyocytes, endothelial cells, pericytes, smooth muscle cells, fibroblasts,
leucocytes in both animals and patients of myocarditis in comparison to control tissues [39,40].
Higher in HIV negative healthy individual (n=21) in comparison to HIV-positive patients (n=37).
HIV Treatment of HIV patients with highly active anti-retroviral therapy (HAART) led to a progressive

increase in NGAL levels reaching to near normal levels after 12 months of therapy [41].

Ulcerative colitis

i Microarray analysis of endoscopically retrieved biopsy from patients with microsatellite
negative colorectal carcinoma (CRC, n=15), active ulcerative colitis (UC, n=9), active
Crohn’s disease (n=5) and tubulovillous/villous adenoma (n=15) revealed a significant
upregulation of NGAL in adenoma (4.9 fold vs. normal), UC (3.6 fold vs. normal),
inflammatory bowel disease (IBD) (comprising both UC and Crohn’s disease, 11 fold vs.
normal) and CRC (8 fold vs. normal).

ii. A comparison between UC and Crohn’s disease cases revealed that NGAL expression was
significantly higher in patients with UC [80].

Ischemic diseases

Cerebrovascular accident/Strokes

i Ischemic ather osclerotic vascular diseases: Plasma NGAL was significantly higher in the
stroke group 122 pg/L (67 to 625 pg/L; A<.0001] than in the control group (97 pg/L (37—
212 pg/L) [44].

ii.  Asymptomatic carotid atherosclerosis: Plasma NGAL levels were weakly but positively
correlated with diastolic pressure (r=0.11) and age (r=0.28, p<0.001) [45].

Myocardial infarction (M1)

Significant elevation (p<0.0001) in NGAL expression in patients with acute M1 (146+23 ng/ml) as
compared to those with stable CAD (101+53ng/ml) [49].

Chronic venous wounds (CVW)

NGAL levels were significantly lower in the wound exudates from healing chronic venous wound
(CVW) patients compared to the Non-healing-CVWs. Further, in the healing-CVW patients, the levels
of NGAL in the exudates showed a decline with time, which correlated with progressive healing of the
wound [50].

Ischemia Reperfusion Injury (IRI)

Leads to increase in urine NGAL levels. Sphingosine-1-phosphate (SIP), a lipid which reduces the
severity of IRI counteracts upregulation of urine NGAL [51].

Metabolic diseases

i Lcn2 levels were observed to be significantly elevated in the adipose tissues of a mouse
model mimicking human obesity [52] .

ii.  Serum NGAL levels were higher in pregnant women who developed gestational diabetes
(n=41) compared to those who did not develop this complication (n=82, 51.3 ng/ml vs.17.8
ng/ml respectively). Further, NGAL levels correlated positively with the homeostatic
model assessment (HOMA) score, a widely recognized indicator of insulin resistance and
beta cell function [53].

iii.  Serum NGAL has been reported to be significantly higher in pre-eclamptic women (77ng/
ml) compared to normotensive controls (16ng/ml). There was a significant positive
correlation between NGAL levels and both systolic and diastolic blood pressure
(correlation coefficient (r) =0.51 and 0.57 respectively) and proteinuria (r=0.59) and a
negative correlation with maternal age, pre-pregnancy BMI and birth weight (r=—0.19,
-0.20 and — 0.42 respectively) [54,55].

iv.  Ata cut-off of 43.2 ng/ml, serum NGAL was 75% sensitive and 94.5% specific with a
positive likelihood ratio of 12.0 for the diagnosis of pre-eclampsia. No difference was
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Disease

Changein NGAL expression

however observed between women with early (<37 weeks) vs. late onset (=37 weeks) pre-
eclampsia [55].

NGAL levels in the first trimester could distinguish between women who subsequently
developed late-onset pre-eclampsia from those who do not develop this complication
(median serum NGAL level being 33.7 ng/ml vs. 23 ng/ml respectively) [54].

Renal diseases

Ischemic kidney injury: NGAL is released from cells lining the thick ascending limb of
loop of Henle and collecting ducts [63].

Chronic kidney disease [66]:

a.  LCN2 expression was upregulated about 10 fold in the kidneys of FVB/N mice
8 weeks after nephron reduction surgery.

b.  Expression of Lcn2 correlated with extent of renal damage.
c.  Tissue Lcn2 expression correlated with urine Len2 expression.

d.  NGAL expression significantly increased in the cysts and urine of patients with
ADPKD and correlated positively with disease progression.

e.  NGAL expression was significantly higher in renal tubules in diseases
characterized by loss of functioning nephrons such as IgA nephropathy and
congenital nephron deficit.

Drugs and intoxicants

Chronic alcohol ingestion in mice was associated with upregulation of Lcn2 mRNA [68]

Lcn2 mRNA was among the most significantly downregulated genes in the cerebral
cortices of Winstar rats treated with an intraperitoneal injection of methamphetamine or
phencyclidine. [69]

Organ transplants

Heart:

a.  Lcn2 mRNA and protein levels increased in the transplanted kidney 2 hrs and
12 hrs post-transplantation respectively [37].

b.  Lcn2 mRNA was upregulated nearly 15 fold upon reperfusion of the donor
heart following prolonged (10hrs) cold ischemia [71].

a.  Lcn2 mRNA levels increased in the transplanted kidney 12 hrs post-transplant
declining at 48 hrs [37].

b.  Microarray analysis of tissue from kidneys from brain dead donors harvested
either just prior to (1 hour) or after transplantation (1 hour-5 days) revealed a
significant upregulation of pro-inflammatory genes including NGAL [72].

c.  Pathway analysis revealed that the p53 and NFxB signaling pathways were the
most prominently altered in both brain dead and ischemia-reperfusion affected
donor kidneys [72].

AdP, adult periodontitis; LJP, localized juvenile periodontitis; ADPKD, adult polycystic kidney disease.
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anaplastic thyroid carcinoma.

Cancer Expression Correlation between NGAL expression and
clinicopathological characteristics [reference]
Thyroid Elevated expression in papillary, follicular and Negative correlation: Degree of differentiation

[142].

Ovarian cancer

Significantly elevated expression in borderline and
grade 1 tumors (in both tissues and serum) in
comparison to high grade tumors.

Elevated expression in OSPC cell lines in comparison
to normal HOSE cells.

Positive correlation: Degree of differentiation
[74-76,89].

Breast

Elevated expression in ductal carcinoma of the breast
while absent in lobular and tubular breast cancer.
Elevated in primary (2-fold) and metastatic breast
cancer tissues 3-fold compared to the non-neoplastic
breast tissue.

Positive correlation: Grade of differentiation,
lymph node metastasis, cellular proliferation
and HER-2 expression status

Negative correlation: Estrogen and
progesterone receptor expression. [73,74,88].

Endometrium

Significant elevation in endometrial hyperplasia and
endometrial carcinoma (in tissue by IHC and
microarray analysis of microdissected cells) in
comparison to the normal endometrial glands.
Elevated expression in HHUA and low level
expression in HEC1A, HEC1B and KLE endometrial
carcinoma cell lines.

Negative correlation: Nuclear staining of
NGAL with degree of differentiation and stage
[77,92].

Colorectal Cancer (CRC)

Significant elevation of NGAL expression in visceral
adipose tissues of CRC patients (at mMRNA level) in
comparison to HC.

Aberrant expression in low grade dysplasia and
expression increases progressively through high grade
adenoma to carcinoma and metastatic CRC.

Positive correlation: TNM staging [94] and
expression of inflammatory molecules, TNF-a.,
MCP-1, YKL40, osteopontin, HIF-1a and
MMP-2 [93]. Negative correlation: Expression
of adiponectin [93].

Pancreatic cancer (PC)

Weak to no-expression in non-neoplastic tissues,
moderate expression in chronic pancreatitis cases and
strong expression in pancreatic adenocarcinoma cases
[79,84-86,96,155].

High expression in well-differentiated PC cell lines
while absent in poorly differentiated or transformed
normal pancreatic epithelial cells.

Positive correlation Increasing degree of
dysplasia (from PanIN-1 to PanIN-3).
Negative correlation: Progressive decrease in
expression in established PC with loss of
differentiation [79,84-86,96].

Gastric cancer

Expressed by 67% of non-neoplastic gastric mucosa
(epithelial cells and neutrophils), 9% of dysplasia and
11% of gastric cancer and 92% of H.pylori positive
gastritis cases and 50% of H.py/orinegative gastritis
cases [83, 101].

Positive correlation: Expression of NGAL/
MMP-9 complex correlated with severity and
worse survival [271]. Significantly high in
females, larger tumors, diffuse type cancer,
moderate and poorly differentiated tumors,
advanced stage tumors and tumors with either
lymph node metastases, concomitant vascular
invasion, or distant metastases [82].

Hepatocellular cancer (HCC)

Elevated expression in HCC cases in comparison to
normal liver tissue.

[154].

Rectal cancer (RC)

Elevated expression in RC cases in comparison to
adjacent normal tissue.

Positive correlation: Invasion, lymph node
metastasis and advanced pTNM stage [272].

Oesophageal squamous cell
carcinoma

Heterogeneous expression varying from focal to
strong staining in malignant cells.

Positive correlation: Cell differentiation and
invasiveness [273].

Lung

Heterogeneous expression with strong staining in
tumor cells.

[271].

Chronic myeloid leukemia
(CML)

Significantly upregulated in CML patients compared
to HC or patients with non- malignant leukocytosis.
Strongly downregulated in cytogenetically confirmed
remission (CCR) patients.

Absolute level of NGAL mRNA was
significantly higher in patients with higher
disease activity-indicated by the ratio of BCR-
ABL mRNA to total ABL mRNA.

OSPC, ovarian serous papillary carcinoma; HOSE, human ovarian surface epithelial cells; MCP-1, macrophage chemoattractant protein-1, MMP-2,

Matrix metalloprotease-2.
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Table 6

Summary of proteins interacting with NGAL

Interacting Protein

Function(s)

Matrix Metalloprotease 9
(MMP9)

Degrades Collagen 1V and V.
Involved in IL-8 induced mobilization of hematopoietic cells from bone marrow (rhesus monkeys).

Cystatin C (CST3)

Belongs to the cystatin family of cysteine protease inhibitors, gene mutation is associated with amyloid
angiopathy, found in nearly all body fluids.

Decreased expression observed in the vascular wall in atherosclerosis and aortic aneurysms, possibly
contributing to formation of plaques.

Interleukin 18 (1L 18)

IL1B is a pro-inflammatory cytokine that induces IFN- mediated T-cell production. Combination of IL1B
and IL12 inhibits IL4 dependent IgE and 1gG1 production and enhances 1gG2a production by B-
lymphocytes.

IL1B binding protein interacts with IL1B and negatively regulates its activity.

Hepatitis A Virus Cellular
Receptor 1 (HAVCR1)

Acts as a cell membrane associated receptor for human hepatitis A virus (HHAV).

Suggested to reduce severity of the allergic reaction in asthama and atopy.

The protein contains an MTTVP sequence that has been shown to confer protection against atopy in
HHAV seropositive individuals.

Tumor Necrosis Factor (TNF)

TNF is a pro-inflammatory cytokine secreted predominantly by macrophages.

Acts by binding to its receptors TNFR1 and 2 and modulates cell proliferation, differentiation, apoptosis,
lipid metabolism and coagulation.

Suggested to be involved in pathogenesis of multiple diseases including autoimmune diseases, insulin
resistance and cancer.

Knockout studies in mice suggest a neuro-protective role.

Interleukin 1B (IL-1B)

IL-1B is a pro-inflammtory cytokine and regulates cell proliferation, differentiation and apoptosis.
Induces expression of cycloxygenase-2 (PTGS2/COX2) in the central nervous system that contributes to
hyper-senstivity to pain in acute inflammatory conditions.

Nuclear Factor of Kappa Light
Polypeptide Gene Enhancer In
B-Cells (NFKB1)

Synthesized as a 105 kDa protein that undergoes cotranslational processing in the 26S proteasome to
produce a 50 kDa protein.

The 105 kD protein is a Rel protein-specific transcription inhibitor while the 50 kD protein is the DNA
binding subunit of NF-kB protein complex.

Possesses transcription regulatory function that is activated by several intra and extra cellular stimuli
including cytokines, oxygen, free radicals, UV radiation, bacterial and viral products.

Inappropriate activation is associated with inflammatory diseases while persistent inhibition leads to
inappropriate immune cell development or delayed cell growth.

NFKBIZ

Induced by Lipopolysaccharide produced by Gram negative bacteria.
Activates transcription of the pro-inflammatory cytokine IL-6 in response to LPS.

Interleukin 6 (IL-6)

IL6 is a pro-inflammatory cytokine that also regulates B-cell maturation.

Produced in both acute and chronically inflamed tissues and secreted into the serum.

Induces transcription of inflammatory response genes via IL6 receptor alpha (IL6Ra) binding.

Involved in several inflammatory diseases and suggested to modulate susceptibility to diabetes mellitus.

Retinol Binding Protein 4
(RBP4)

Lipocalin family protein that transports retinol from the liver to the peripheral tissues.
RBP4 interacts with transthyretin in plasma, thus preventing its own excretion through the kidneys.
Secretion is blocked in case of retinol deficiency.

C-Abl Oncogene 1 (ABL1)

Encodes a tyrosine kinase that has been implicated in regulating cell division, differentiation, adhesion
and response to stress.

Possesses an SH3 domain that negatively regulates Abl1 protein function. Deletion of this domain turns
this protein into an oncogene.

The T(9;22) translocation results in the head-to-tail fusion of the BCR (MIM:151410) and ABL1 genes
present in many cases of chronic myelogeneous leukemia.

Matrix M etallopeptidase 2
(MMP2)

72 KDa gelatinase that degrades collagen IV present in the basement membrane.

Plays an important role in role in endometrial menstrual breakdown, regulation of vascularization and the
inflammatory response.

Mutations in this gene have been associated with Winchester syndrome and
Nodulosis-Arthropathy-Osteolysis (NAO) syndrome.

Pentraxin-Related C- Reactive
Protein (CRP)

Member of pentaxin family of proteins and is involved in host defense mechanisms.
Recognizes foreign pathogens and damaged host cells and initiates their elimination by interaction with
host immune effector cells in the blood.

S100 Calcium Binding Protein

A9 (S100A9)

Regulation of cell cycle progression and differentiation.
Inhibits function of the enzyme casein kinase and its deficiency is associated with cystic fibrosis.
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Interacting Protein

Function(s)

Interleukin 3 (IL-3)

A potent growth promoting cytokine that supports proliferation of a broad range of hematopoeitic cell
types.
Regulates cell growth, differentiation, apoptosis and possesses neurotrophic activity.

Interleukin 8 (IL-8)

Member of CXC family of chemokines, major mediator of the inflammatory response
Secreted by several cell types, it functions as a potent chemoattractant and pro- angiogenic factor and
believed to be a key player in the pathogenesis of viral bronchiolitis.

Insulin (INS)

Potent activator of glucose uptake.

Interleukin 17A (IL17A)

Pro-inflammatory cytokine produced by activated T-lymphocytes.

Regulates the activities of NF-kappa B and Mitogen activated protein kinase.

Stimulates transcription of other cytokines (I1L6), cyclooxygenase-2 (COX-2) and nitric oxide (NO).
Elevated expression of IL17A is observed in several inflammatory diseases including rheumatoid
arthritis, psoriasis and multiple sclerosis.

Myeloper oxidase (M PO)

A heme protein and major component of neutrophil azurophilic granules.

Produced as a single chain precursor that is cleaved into a light and a heavy chain.
Mature MPO is a tetramer of two light and two heavy chains.

Produces hypohalous acid that is essential for the microbicidal activity of neutrophils.

Liver Fatty Acid Binding
Protein 1 (FABP1)

Belongs to the family of conserved cytoplasmic proteins that bind long-chain fatty acids and other
hydrophobic ligands (FABP1 and FABP6 also bind bile acids).
Regulates fatty acid uptake, transport and metabolism.

Hepcidin Antimicrobial Peptide
(HAMP)

Maintains iron homeostasis by regulating iron storage in macrophages and intestinal absorption of iron.
Synthesized as a pre-pro-protein that is post-translationally cleaved into mature peptides which in turn
form intramolecular bonds that stabilize their beta sheet structures. The peptides exhibit anti-microbial
activity.

Mutations in this gene causes hemochromatosis type 2B (juvenile hemochromatosis) characterized by
severe iron overload that results in cardiomyopathy, cirrhosis, and endocrine failure.

Proteinase 3 (PRTN3)

No summary found.

Secreted Phospho-protein 1
(SPP1)

No summary found.

Secretory Leukocyte Peptidase
Inhibitor (SLPI)

Protects epithelial tissues from endogenous serine proteases and present in seminal plasma, cervical
mucus and bronchial secretions.

Has affinity for trypsin, leukocyte elastase and cathepsin G and suggested to have broad-spectrum
antibiotic activity

Chemokine (C-C Motif) Ligand
2(CCL2)

A secretory protein related structurally to the CXC family of chemokines.

Acts as a potent chemoattractant for monocytes and basophils. Involved in the pathogenesis of diseases
characterized by monocytic infiltration including psoriasis, rheumatoid arthritis and atherosclerosis.
Binds to the chemokine receptors CCR2 and CCR4
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