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Abstract 

Members of the lipocalin protein family are involved in the regulation of innate immune responses. 

One family member of particular interest is neutrophil gelatinase-associated lipocalin (NGAL): NGAL 

is known for its classical function to limit bacterial growth during infection by binding to bacterial 

siderophores. Furthermore, NGAL might have an anti-inflammatory effect, since it can be detected in 

a large number of inflammatory conditions in different organ systems. Regulatory mechanisms for 

expression of NGAL during inflammation and tissue damage are poorly understood. One potential 

regulatory mechanism might be mediated by Toll-like receptors (TLRs). In this review, the relation-

ship between TLR activation and induction of NGAL expression will be investigated. The potential 

molecular signalling pathway of TLR activation to NGAL expression will be highlighted as well.  

TLRs are activated by exogenous pathogen-associated molecular patterns (PAMPs) or endogenous 

damage-associated molecular patterns (DAMPs), which can be present during inflammatory condi-

tions. An important transcription factor that is activated in the TLR activation signalling pathway is 

nuclear factor κB (NF-κB). Since the LCN2 gene, coding for NGAL, includes an NF-κB binding site 

in its promoter region, NF-κB might be one of the crucial factors in regulation of NGAL expression by 

TLR activation. 

In different inflammatory conditions in a large number of organ systems, including the central 

nervous system, respiratory, gastrointestinal, hepatic and renal system, it was found that NGAL ex-

pression was significantly increased due to activation of TLRs by specific PAMPs or DAMPs. It was 

confirmed that activation of TLR2, TLR3 and TLR4 has a crucial role in induction of NGAL expres-

sion in inflammatory diseases. 

Important functions of NGAL include the contribution to an anti-inflammatory response during 

bacterial infections by binding to siderophores, thus preventing bacterial growth and dissemination 

through the body. Furthermore, apoptosis seems to be regulated partly by NGAL, whereas NGAL in-

hibits necrosis. Stimulation of apoptosis and inhibition of necrosis also contributes to an anti-

inflammatory state.  

In conclusion, this review describes that activation of TLRs induces expression of NGAL during 

inflammatory conditions. NF-κB activation is the crucial factor in TLR-mediated NGAL expression. 
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Introduction 

Lipocalins are a large and expanding family of 

proteins. Members of this family have great 

structural and functional diversity. It has been 

shown that lipocalins are involved in the regu-

lation of innate immune responses (Flower, 

1996; Flo et al., 2004). One member of the 

lipocalin family of particular interest is neutro-

phil gelatinase-associated lipocalin (NGAL), 

also known as lipocalin-2 (LCN-2) in human 

or 24p3 protein in mouse (Cowland et al., 

1997; Mårtensson et al., 2014), since its ex-

pression is markedly increased during inflam-

matory conditions. (Nasioudis et al., 2015). 

NGAL is known for its classical function to 

limit bacterial growth during infection (Flo et 

al., 2004). For growth, most bacteria require an 

iron concentration that is higher than the con-

centration of freely available iron in the host. 

To solve this deficit, bacteria secrete 

siderophores, which are high-affinity iron-

binding proteins. Due to this high affinity, 

siderophores can steal iron from host iron-

binding proteins such as lactoferrin or transfer-

rin. By binding to siderophores, NGAL pre-

vents the bacterial iron acquisition, and thus 

the bacterial growth (Nasioudis et al., 2015). 

This classical function already implies an 

important role for NGAL during infectious 

inflammation. NGAL is also known as an 

acute-phase protein (APP), since its plasma 

levels are rapidly elevated during inflamma-

tory stimulation. Furthermore, NGAL has an 

anti-inflammatory function and prevents ongo-

ing tissue damage (Flower, 1996). NGAL can 

be found during both infectious and non-

infectious inflammatory conditions in a large 

number of organs and tissues, including the 

central nervous system, lungs, stomach, small 

intestine and colon, liver and kidneys  (Jha et 

al., 2015; Nasioudis et al., 2015).  

Regulatory mechanisms for NGAL expres-

sion during inflammation and tissue damage 

are poorly understood (Paragas et al., 2011). 

One potential regulatory mechanism might be 

mediated by Toll-like receptors (TLRs). TLRs 

are a family of pattern recognition receptors 

(PRRs) that play a crucial role in detection of  

 

pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular  

patterns (DAMPs). When these components 

are recognised by TLRs, several signal trans-

duction pathways are initiated. These signal 

transduction pathways trigger the expression of 

genes that control innate immune responses 

(Takeda et al., 2005). Since it is known that 

TLRs mediate innate immune responses and 

that NGAL is involved in inflammation and 

immune responses as well, TLRs might play a 

role in the regulation of NGAL expression. 

In this review, I will investigate the rela-

tionship between TLR activation and induction 

of NGAL expression. The potential molecular 

signalling pathway of TLR activation leading 

to NGAL expression will be highlighted as 

well. 

 

Toll-like receptors in innate immunity: 

structure, localisation and ligands 

The innate immune system provides the first 

line of protection against pathogens or tissue 

damage during inflammation. Activation of 

TLRs on immune cells and other tissue spe-

cific cells, such as hepatocytes in the liver or 

tubular epithelial cells in the kidney (Anders et 

al., 2004), mediate this protection by initiating 

innate immune reactions (Abbas et al., 2012). 

TLR4 was the first mammalian TLR to be  

discovered. Subsequently, several other pro-

teins that were related to TLR4 were identified 

(Takeda et al., 2005). Currently, the mammal-

ian TLR family consists of at least 13 members 

(Kawai et al., 2009), of which TLR1 to TLR9 

are functional in both human and murine spe-

cies (Takeda et al., 2005). 

The TLRs belong to the group of type I in-

tegral membrane glycoproteins. TLRs are 

characterised by leucine-rich repeat motifs and 

cystine-rich motifs, which are involved in 

ligand binding. The Toll/IL-1 receptor (TIR) 

homology domain of a TLR is located on its 

cytosolic tail and is essential for intracellular 

signal transduction (Abbas et al., 2012). 

The cellular localisation of a TLR deter-

mines the subfamily to which it belongs. The 
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FIGURE 1: The structure and cellular localisation 

of TLR family members and their specific PAMP 

ligands (Abbas et al., 2012). 

 

first subfamily consists of TLR1, TLR2, 

TLR4, TLR5 and TLR6, which are exclusively 

expressed on the surface of host cells. The sec-

ond subfamily TLRs are localised in intracellu-

lar vesicles, for instance the endosomes, ly-

sosomes or on the endoplasmatic reticulum 

(ER) and consists of TLR3, TLR7, TLR8 and 

TLR9 (Kawai et al., 2009; Abbas et al., 2012). 

Each member of the TLR family binds to 

specific PAMPs or DAMPs. Since PAMPs are 

only expressed in pathogens, but not in host 

cells, TLRs can discriminate between self and 

non-self (Kawai et al., 2009; Takeda et al., 

2005). Bacterial lipopeptides are recognised by 

TLR1, TLR2 and TLR6. Bacterial peptidogly-

can, the bacterial cell wall forming component, 

is another ligand for TLR2. The exogenous 

PAMP lipopolysaccharide (LPS), a component 

of the outer membrane of Gram-negative bac-

teria, is recognised by TLR4. Bacterial flagel-

lin is the microbial ligand for TLR5.  Viral 

double stranded RNA (dsRNA) is the ligand 

for TLR3, single stranded RNA (ssRNA) of 

viruses is the specific structure recognised by 

both TLR7 and TLR8. At last, unmethylated 

CpG DNA is recognised by TLR9 (Takeda et 

al., 2005; Abbas et al., 2012). The structure 

and localisation of TLR family members and 

their specific PAMP ligands are shown in fig-

ure 1.  

As mentioned earlier, TLRs are also in-

volved in recognition of DAMPs. DAMPs are 

endogenous molecules which are located in the 

cell, but become extracellular when they are 

released from damaged or necrotic cells. Thus, 

DAMPs signal cell damage when they are 

sensed by TLRs. Important DAMPS in initia-

tion of an innate immune reaction are heat 

shock proteins (HSPs) and high-mobility group 

box 1 (HMGB1), which is a DNA-binding pro-

tein with functional roles in transcription and 

DNA repair. When the localisation of HSPs 

and HMGB1 becomes extracellular due to tis-

sue damage, they can activate TLR signalling 

in dendritic cells and macrophages. HSPs and 

HMGB1 are ligands for both TLR2 and TLR4. 

The roles of other TLRs in recognition of 

DAMPs remains unclear  (Vabulas et al., 2001; 

Asea et al., 2002; Takeda et al., 2005; Abbas et 

al., 2012). 

 

Signalling pathways of Toll-like receptors 

When TLRs are activated by their ligands, ex-

pression of several genes involved in immune 

responses is triggered. Recognition of the 

PAMP or DAMP ligands by a TLR first results 

in either homodimerisation or heterodimerisa-

tion. All TLRs form homodimers, except for 

TLR1 and TLR6, which form heterodimers 

with TLR2. This dimerisation triggers the acti-

vation of the TLR signalling pathways, that 

originate at the TIR domain (Takeda et al., 

2005). Subsequently, TIR domain-containing 

adaptor proteins, such as MyD88 and TRIF, 

are recruited. These adaptor proteins recruit 

and activate various protein kinases, which 

leads to activation of different transcription 

factors (Abbas et al., 2012; Takeda et al., 

2004). 

Two important transcription factors that are 

involved in regulation of gene expression are 

nuclear factor κB (NF-κB) and interferon re-
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FIGURE 2: Overview of the molecular TLR signalling 

pathway towards gene expression of molecules in-

volved in an innate immune response (Abbas et al, 

2012). TLRs activate adaptor molecules MyD88 and 

TRIF, which stimulate transcription factors NF-κB and 

IRFs, leading to expression of inflammatory molecules 

and an antiviral state. 

FIGURE 3: Molecular pathway towards NGAL ex-

pression by induction of the LCN2 gene (Adapted from 

Jha et al., 2015). C/EBP, NF-κB, ERK1/2 and STATs are 

believed to stimulate expression of NGAL, in contrast to 

C/EBPζ that inhibits transcription of the LCN2 gene.  

sponse factors (IRFs). NF-κB promotes gene 

expression of molecules required for inflam-

matory responses, such as pro-inflammatory 

cytokines, chemokines and endothelial adhe-

sion molecules. IRFs stimulate gene expression 

of type I interferons (IFNs), which are essential 

for anti-viral immune responses (Abbas et al., 

2012; Takeda et al., 2004). This TLR signal-

ling pathway is illustrated in figure 2. 

LCN2 gene transcription due to Toll-like 

receptor activation 

It has been observed that transcription of the 

LCN2 gene, coding for NGAL, was markedly 

increased in immune cells that were activated 

by LPS (Flo et al., 2004). This enhanced gene 

expression might be due to activation of TLRs, 

since several studies state that NGAL expres-

sion is partly regulated by NF-κB (Iannetti et 

al., 2008; Zhao et al., 2013; Nasioudis et al., 

2015; Jha et al., 2015). The LCN2 gene has a 

3696 base pair coding region, including an NF-

κB binding site in its promoter region (Cow-

land et al., 1997; Nasioudis et al., 2015). As 

described, NF-κB is one of the various tran-

scription factors that are activated in TLR 

stimulation (Abbas et al., 2012). Moreover, 

pro-inflammatory cytokines, such as inter-

leukin (IL)-1β, IL-17 and tumor necrosis factor 

(TNF)-α might be involved in stimulation of 

NGAL expression by induction of NF-κB as 

well (Cowland et al., 2003; Karlsen et al., 

2010; Nasioudis et al., 2015). 

Other intracellular signalling molecules that 

might play a role in the regulation of LCN2 

gene expression are CCAAT/enhancer binding 

protein (C/EBP), signal transducer and activa-

tor of transcription (STAT) proteins and ex-

tracellular signal-regulated kinases (ERKs). 

However, C/EBPζ, a member of the C/EBP 

family, was identified as an inhibitor of the 

LCN2 gene transcription (Iannetti et al., 2008; 

Jha et al, 2015). 

It is found that TLRs stimulate LCN2 gene 

transcription mainly via C/EBPs and NF-κB 

activation. On the other hand, pro-

inflammatory cytokines regulate LCN2 gene 

transcription by either C/EBPs, NF-κB, ERKs 

or STATs. An overview of those intracellular, 

molecular signalling pathways is shown in  

figure 3. 
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Since TLRs are activated in inflammatory 

diseases and in tissue injury or damage (Abbas 

et al., 2012) and LCN2 gene expression is 

found to be positively regulated by TLR acti-

vation (Flo et al., 2004; Nasioudis et al., 2015), 

the specific roles of NGAL in inflammatory 

diseases or tissue injury can be further investi-

gated. 

 

Regulation of NGAL expression by Toll-like 

receptors in various inflammatory diseases  

Now a potential molecular signalling pathway 

of TLR activation towards NGAL expression 

is described, this relationship will be further 

explored. Several studies found an increased 

expression of NGAL in different pathological, 

inflammatory conditions in various organ sys-

tems, which might be a consequence of TLR 

activation. The findings of these studies will be 

discussed in this section. 

 

Central nervous system 

Next to production and secretion of NGAL by 

immune cells as a component of the innate 

immune system, it was suggested that NGAL 

is produced by the choroid plexus in the central 

nervous system (CNS). The major roles for 

NGAL in the CNS include prevention of infec-

tion and mediation of neuroinflammation and 

related diseases (Jha et al., 2015). 

NGAL was identified as an inducer of 

chemokine expression in microglia, astrocytes, 

neurons and endothelial cells in the CNS (Lee 

et al., 2011). These chemokines regulate mi-

gration and activation of astrocytes and micro-

glia in response to LPS exposure. Impaired 

migration of those cell types was observed in 

LCN2 knock-out mice (Jha et al., 2015). Since 

microglia have a protective role against injury 

or pathogens in the CNS (Filiano et al., 2015), 

this result supports the defensive function of 

NGAL in the CNS. 

However, this protective role of NGAL in 

neuroinflammation and injury in the CNS can 

be questioned, because another study reported 

that NGAL has detrimental effects in these 

conditions (Rathore et al., 2011). NGAL is 

increased in neuroinflammation and injury and 

contributes to loss of neurons and astrocytes. 

This suggests that NGAL contributes to neuro-

logical disorders such as neurodegeneration, 

instead of protection against those conditions 

(Jha et al., 2015). 

NGAL levels in the cerebrospinal fluid 

(CSF), produced in the choroid plexus, are sig-

nificantly higher during inflammatory condi-

tions (Jha et al., 2015), such as acute meningi-

tis (Nasioudis et al., 2015). TLRs may contrib-

ute to these elevated NGAL levels, since the 

PAMPs, for instance bacterial or viral compo-

nents in acute meningitis, are recognised by the 

TLRs. As described, this activation induces 

expression and secretion of NGAL. These 

findings suggest that NGAL is a strong poten-

tial candidate for use as biomarker in screening 

and diagnosis of bacterial infection, since the 

CSF is a sterile compartment under healthy 

conditions (Jha et al., 2015; Nasioudis et al., 

2015). 

 

Respiratory system 

TLRs contribute to the development of airway 

inflammation. Activation of TLRs mediates T-

lymphocyte differentiation, cytokine produc-

tion and activation of eosinophils (Iwamura et 

al., 2008). NGAL expression may be stimu-

lated as well due to TLR activation in the res-

piratory system. 

NGAL is constitutively present within tra-

cheal goblet cells and type II pneumocytes in 

healthy lung tissue (Nasioudis et al., 2015). 

Those cell types express certain TLRs as well 

(Thorley et al., 2007). In a mouse model of 

bacterial pneumonia initiated by Escherichia 

coli (E. coli), expression of NGAL was signifi-

cantly increased in those cell types. Tracheal 

goblet cells and type II pneumocytes, together 

with migratory neutrophils, contribute to ele-

vated levels of NGAL at the site of infection. 

In LCN2 knock-out mice, higher bacterial load 

of E. coli was observed. This suggests a crucial 

role of NGAL in the clearance of the bacteria 

and prevention of its dissemination, by binding 

to bacterial siderophores (Wu et al., 2010; Na-

sioudis et al., 2015). 
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However, another study states that NGAL 

deactivates macrophages and worsens the out-

come of Streptococcus pneumoniae (S. pneu-

moniae) derived pneumonia (Warszawska et 

al., 2013). Since the bacterial clearance was 

also impaired in this study, the difference in 

findings could be explained by the bacterial 

class involved in pneumonia. It is possible that 

S. pneumoniae studied by Warszawska et al. 

developed an alternative mode of iron acquisi-

tion that does not rely on siderophores, in con-

trast to E. coli studied by Wu et al. (Nasioudis 

et al., 2015). Therefore, bacterial growth was 

not limited  in the study of Warszawska et al. 

by NGAL. 

In another murine model, acute endotoxe-

mia was induced using LPS, the PAMP ligand 

for TLR4 (Sunil et al., 2007; Abbas et al., 

2012). This acute endotoxemia was associated 

with up-regulation of NGAL expression in the 

lungs. In a mouse model with a non-functional, 

mutated TLR4, only low levels of NGAL 

could be observed (Sunil et al., 2007). This 

suggests that TLR4 plays a major role in LPS-

induced NGAL expression. The low levels of 

NGAL could be due to activation of signalling 

pathways by LPS that are not TLR4-dependent 

(Wong et al., 2000). Sunil et al. speculate that 

NGAL is up-regulated in this model to con-

tribute to tissue remodelling and repair and to 

inhibit bacterial growth (Sunil et al., 2007). 

In an experimental mouse model of pulmo-

nary tuberculosis infection, NGAL levels were 

increased as well (Nasioudis et al., 2015). My-

cobacterium tuberculosis (M. tuberculosis) is 

recognised mainly by TLR2, TLR4 and TLR9 

(Bafica et al., 2005; Kleinnijenhuis et al., 

2011). NGAL was secreted into the alveolar 

space by macrophages, but also by epithelial 

cells. In an LCN2 knock-out mouse model, 

increased growth of M. tuberculosis was ob-

served in alveolar epithelial cells (Saiga et al., 

2008). Another study showed limited growth 

of M. tuberculosis within macrophages in vi-

tro, when NGAL was administered exoge-

nously (Johnson et al., 2010). 

The described studies suggest that the major 

roles of NGAL during inflammatory condi-

tions in the respiratory system include its clas-

sical function to limit bacterial growth and its 

ability to contribute to tissue remodelling and 

repair. 

 

Gastrointestinal system 

An inflammatory condition in the digestive 

system with high prevalence worldwide is gas-

tritis mediated by Helicobacter pylori (H. py-

lori) (Suerbaum et al., 2002). Microbial com-

ponents of H. pylori are recognised by TLR2 

and to a minor extent by TLR4 as well (Rad et 

al., 2009). In the immune response against H. 

pylori, inflammatory mediators are released by 

epithelial and infiltrating inflammatory cells 

into the gastric mucosa. These mediators in-

clude NF-κB and IL-1β (Alpízar-Alpízar et al., 

2009), earlier shown to be involved in the in-

duction of NGAL expression (Iannetti et al., 

2008). Alpízar-Alpízar studied NGAL expres-

sion during human H. pylori induced gastritis 

and found significantly increased NGAL levels 

in the gastric mucosa, which supports the an-

timicrobial function of NGAL in gastrointesti-

nal inflammatory diseases (Alpízar-Alpízar et 

al., 2009). 

Gastritis initiated by H. pylori seems to be a 

risk factor for gastric cancer (Amieva et al., 

2016). Therefore, another point of interest 

comprises increased NGAL levels observed in 

gastro-intestinal cancers. Although mecha-

nisms explaining the role of NGAL in carcino-

genesis remain unknown, it is thought that 

NGAL might stimulate growth of carcinoma 

cells by providing the ability to acquire iron. 

To confirm this speculation, further research 

on the expression of NGAL in gastric cancer in 

connection to progression of the disease is re-

quired (Alpízar-Alpízar et al., 2009). 

Inflammatory bowel diseases (IBDs), such 

as ulcerative colitis (UC) and Crohn’s disease 

(CD), are also characterised by an over-

expression of the LCN2 gene (Bolignano et al., 

2010; Østvik et al., 2013). Østvik et al. found 

significantly increased NGAL expression in 

epithelial cells and infiltrating neutrophils in 

active UC and CD colonic biopsies compared 

with inactive UC and CD colonic biopsies. The 
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study indicates that TLR3, which is constitu-

tively expressed on colonic epithelium, has a 

central role in the NGAL response in IBDs. 

Expression of TLR3 itself is also enhanced in 

active UC and CD biopsies (Østvik et al., 

2013). This increased TLR3 expression may 

contribute even more to the over-expression of 

the LCN2 gene. As mentioned before, the 

ligand for TLR3 is viral dsRNA (Abbas et al., 

2012). Østvik et al. state that TLR3 senses en-

dogenous mRNA from damaged tissue in the 

inflammatory intestinal tract as well, since the 

pathogenesis of IBDs is often mediated by ge-

netics and the innate immune system itself. 

 

Hepatic system 

Another organ of interest is the liver, a signifi-

cant source of NGAL production under certain 

inflammatory conditions (Nasioudis et al., 

2015). Hepatocytes express TLRs and release 

APPs, including NGAL, in response to infec-

tion or tissue injury (Tilg et at., 1997; Broering 

et al., 2011). Therefore, NGAL production in 

hepatocytes is possibly mediated by activation 

of TLRs.  

Rapid and sustained NGAL production by 

injured hepatocytes can be observed in ex-

perimental liver injury. Exposure to either car-

bon tetrachloride (CCl4) or LPS induces this 

described liver injury (Borkham-Kamphorst et 

al., 2013). CCl4 induces acute liver injury and 

hepatotoxicity by its reactive metabolites (Boll 

et al., 2001). Endogenous DAMPs following  

this liver injury may be recognised by TLRs. 

Furthermore, LPS is sensed by TLR4 in this 

liver injury model (Abbas et al., 2012). In an 

LCN2 knock-out mouse model of acute liver 

injury, increased liver damage was observed 

(Borkham-Kamphorst et al., 2013). NGAL 

expression was induced by IL-1β and NF-κB 

activation in both acute and chronic experi-

mental liver injury (Borkham-Kamphorst et al., 

2011). In chronic liver injury LCN2 knock-out 

models, the amount of fibrosis is slightly in-

creased compared to non-LCN2 knock-out 

condition (Borkham-Kamphorst et al., 2013). 

Borkham-Kamphorst et al. state that increased 

expression of NGAL is a reliable marker of 

liver damage and that NGAL has significant 

hepatoprotective effects in acute liver injury. 

No significant correlation between NGAL lev-

els and the degree of liver fibrosis was found. 

However, a positive correlation between 

NGAL levels and degree of inflammation was 

confirmed (Borkham-Kamphorst et al., 2013). 

Acute endotoxemia in mice, induced by 

administration of LPS, resulted in significantly 

increased expression of NGAL. This increase 

was evident within 4 hours after onset of acute 

endotoxemia and persisted for 24 to 48 hours. 

NGAL expression was increased in isolated 

Kupffer cells, which are residential macro-

phages in the liver, as well. The increased 

NGAL expression was to a great extent medi-

ated by TLR4, sensing LPS. In this condition, 

NGAL contributes to the resolution of the in-

flammatory process and to the reestablishment 

of liver homeostasis (Sunil et al., 2007). 

 

Renal system 

NGAL might be a new marker for both acute 

kidney injury (AKI) and chronic kidney dis-

ease (CKD), because its expression is heavily 

increased in the kidney during these conditions 

(Bolignano et al., 2009; Haase et al., 2009). 

The expression of NGAL rises a thousand-fold 

in response to tubular injury. Thereby, NGAL 

appears rapidly in both urine and serum, which 

contributes to the fact that NGAL is useful as 

biomarker for renal failure, such as AKI or 

CKD (Schmidt-Ott et al., 2007). 

NGAL is expressed in the kidney by tubular 

epithelial cells and in cells of the innate im-

mune system, such as neutrophils (Eller et al., 

2013). Neutrophils provide organs with a mo-

bile source of NGAL during inflammation, 

while the production of NGAL by tubular 

epithelial cells might be important for local 

protection against infections (Mårtensson et 

al., 2014). It was found that tubular epithelial 

cells express TLR1, TLR2, TLR3, TLR4 and 

TLR6, which leads to contribution to the acti-

vation of immune responses in tubular injury 

(Anders et al., 2004). This finding contributes 

to the understanding of NGAL expression by 

tubular epithelial cells in renal inflammation or 
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injury, since TLRs recognise their ligands. 

Next to its antimicrobial effect, it seems that 

NGAL is an important growth factor that 

modulates a variety of cellular responses, in-

cluding proliferation, apoptosis and differentia-

tion in renal tubular cells (Schmidt-Ott et al., 

2007). 

Eller et al. investigated the functional roles 

of NGAL in nephrotoxic serum nephritis 

(NTS). NTS was induced by glomerular base-

ment membrane antibodies in both wildtype 

and LCN2 knock-out mice. It was observed 

that glomerular damage and interstitial leuko-

cyte accumulation were increased in LCN2 

knock-out mice. When NGAL could not be 

expressed by innate immune cells, decreased 

apoptosis, but increased necrosis and formation 

of HMBG-1 and other DAMPs was seen. 

HMBG-1 is a TLR2 agonist and induces in-

flammation (Eller et al., 2013). As described, 

TLR2 activation induces NGAL expression as 

well. Eller et al. state that NGAL, expressed by 

innate immune cells, has a protective role in 

NTS by inducing apoptosis. An important as-

pect of NGAL-regulated apoptosis is its ability 

to inhibit inflammation in NTS, by limiting 

necrosis and thereby formation of HMGB-1 

and pro-inflammatory cytokine production via 

TLR2 signalling. 

Another murine model showed that α-

intercalated cells, located in the renal collect-

ing ducts and modulating acid-base balance, 

are capable to detect uropathogenic E. coli via 

TLR4 signalling and actively secrete NGAL in 

response. This NGAL secretion contributes to 

bacterial clearance of the urinary tract and me-

diates inflammatory responses (Paragas et al., 

2014; Nasioudis et al., 2015). 

Furthermore, Lee et al. indicated that 

glomerular podocytes can produce NGAL as 

well. This was observed after signalling LPS 

and DAMPs in a model of acute glomerular 

injury (Lee et al., 2012). 

Taken together, the described studies show 

that NGAL is expressed by various cell types 

in the kidney via TLR signalling in response to 

exogenous PAMPs or endogenous DAMPs. 

Major functions of NGAL in the kidney in-

clude protection against pathogens and tissue 

injury, regulation of apoptosis and differentia-

tion of renal tubular cells.  

 

Sepsis 

In contrast to the many local inflammatory dis-

eases described in the previous sections, sepsis 

is a life-threatening condition of systemic in-

flammation. Usually, a local infection spreads 

throughout the whole body, resulting in sepsis 

(Lever et al., 2007). Dysfunction of one or 

multiple organ system(s) is a common compli-

cation in sepsis (Abraham et al., 2007, Zarjou 

et al., 2011). 

It has been shown that NGAL expression is 

elevated in both serum and specific organs dur-

ing sepsis. When LPS, the ligand for TLR4, 

was administered systemically to mice, a sig-

nificant increase in serum NGAL levels was 

observed. NGAL expression was markedly 

increased as well in different organs, such as 

the liver, lungs and kidneys, in response to 

LPS (Sunil et al., 2007; Mårtensson et al., 

2014; Nasioudis et al., 2015). These elevated 

NGAL levels might be a compensatory 

mechanism for the increased amounts of bacte-

ria during sepsis (Martensson et al., 2014). 

Sepsis is associated with hypoferremia, also 

described as an iron deficiency. This condition 

limits availability of iron to pathogens. Fur-

thermore, iron-mediated oxidative stress is re-

duced in hypoferremia. These processes are 

both mediated by NGAL, playing an essential 

role in iron transport (Srinivasan et al., 2012). 

Increased LPS-related toxicity, pro-inflam-

matory gene expression and oxidative stress 

could be observed in LCN2 knock-out mice 

(Nasioudis et al., 2015). LCN2 knock-out mice 

were more sensitive to endotoxemia and more 

organ damage could be observed. In addition, 

LCN2 knock-out mice showed delayed LPS-

induced hypoferremia, indicating the regula-

tive role of NGAL once more. In conclusion, 

NGAL protects the host against sepsis by  

regulating iron availability and transport 

(Srinivasan et al., 2012). 

The kidney is rapidly affected during sep-

sis, often resulting in AKI. Pathophysiology of 
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septic AKI is complex and has not been fully 

elucidated yet (Nasioudis et al., 2015). Serum 

and urine levels of NGAL rise quickly in septic 

AKI, as well as local NGAL expression in the 

kidney (Nasioudis et al., 2015). TLR4 expres-

sion in renal tubular epithelium also increases 

markedly during LPS-induced sepsis in a mur-

ine model (El-Achkar et al., 2006). This sug-

gests that locally expressed TLRs and induced 

NGAL expression could potentially protect the 

kidney to sepsis. 

 

Discussion and conclusion 

This review focused on the relationship be-

tween TLR activation and NGAL expression in 

different organ systems during inflammatory 

conditions. Many studies indicated an impor-

tant role for TLR activation, either by exoge-

nous PAMPs or endogenous DAMPs, in the 

up-regulation and expression of NGAL. A po-

tential signalling pathway of TLR activation 

towards NGAL expression was highlighted as 

well. TLR-induced LCN2 gene expression is 

mainly mediated by NF-κB activation. 

NGAL contributes to an anti-inflammatory 

response by binding to bacterial siderophores 

and thus preventing bacterial growth and dis-

semination through the body. Apoptosis seems 

to be regulated partly by NGAL, whereas it 

inhibits necrosis. Stimulation of apoptosis and 

inhibition of necrosis also contributes to an 

anti-inflammatory state: DAMPs are not re-

leased in apoptosis - in contrast to necrosis - 

and thus inflammation does not proceed. 

It is speculated that NGAL has functions in 

tissue remodelling and repair, in particular in 

the respiratory system. NGAL seems to be an 

important growth factor, modulating cellular 

responses, in renal tubuli. 

Negative effects of NGAL are also re-

ported. For instance, its probable detrimental 

effects in neuroinflammation, contributing to 

loss of astrocytes and microglia. On the other 

hand, this could be described as anti-

inflammatory effect as well, causing apoptosis 

instead of necrosis. The role of NGAL in 

growth of carcinoma cells has to be further 

investigated. Whether this NGAL expression 

relies on activation of TLRs is also question-

able. 

The described studies implicate a crucial 

role for activation of TLR2, TLR3 and TLR4 

that induce NGAL expression in inflammatory 

diseases. The functional role of other TLR sub-

types in NGAL up-regulation during injury or 

inflammatory diseases should be further inves-

tigated. Further research on recognition of 

DAMPs leading to NGAL expression in non-

infectious inflammatory diseases should be 

conducted as well. 

Next to TLRs, other PRRs might be in-

volved in NGAL expression. No literature on 

activation of cytosolic PRRs, such as RIG-I-

like receptors (RLRs) or Nod-like receptors 

(NLRs), leading to NGAL expression could be 

found. However, signalling pathways of acti-

vated RLRs or NLRs ultimately lead to NF-κB 

activation (Martinon et al., 2005; Loo et al., 

2011). Therefore, NGAL expression might be 

induced as well by activation of those other 

PRRs. 

In conclusion, this review confirms that ac-

tivation of TLRs induces expression of NGAL 

during inflammatory conditions. NF-κB activa-

tion is a crucial factor in TLR-mediated NGAL 

expression. 
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