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A B S T R A C T   

Background and aims: Peripheral arterial disease (PAD) is a leading cause of morbimortality worldwide. 
Lipocalin-2 (LCN2) has been associated with higher risk of amputation or mortality in PAD and might be 
involved in muscle regeneration. Our aim is to unravel the role of LCN2 in skeletal muscle repair and PAD. 
Methods and results: WT and Lcn2− /− mice underwent hindlimb ischemia. Blood and crural muscles were 
analyzed at the inflammatory and regenerative phases. At day 2, Lcn2− /− male mice, but not females, showed 
increased blood and soleus muscle neutrophils, and elevated circulating pro-inflammatory monocytes (p < 0.05), 
while locally, total infiltrating macrophages were reduced (p < 0.05). Moreover, Lcn2− /− soleus displayed an 
elevation of Cxcl1 (p < 0.001), and Cxcr2 (p < 0.01 in males), and a decrease in Ccl5 (p < 0.05). At day 15, Lcn2 
deficiency delayed muscle recovery, with higher density of regenerating myocytes (p < 0.04) and arterioles 
(αSMA+, p < 0.025). Reverse target prediction analysis identified miR-138-5p as a potential regulator of LCN2, 
showing an inverse correlation with Lcn2 mRNA in skeletal muscles (rho = -0.58, p < 0.01). In vitro, miR-138-5p 
mimic reduced Lcn2 expression and luciferase activity in murine macrophages (p < 0.05). Finally, in human 
serum miR-138-5p was inversely correlated with LCN2 (p ≤ 0.001 adjusted, n = 318), and associated with PAD 
(Odds ratio 0.634, p = 0.02, adjusted, PAD n = 264, control n = 54). 
Conclusions: This study suggests a possible dual role of LCN2 in acute and chronic conditions, with a probable role 
in restraining inflammation early after skeletal muscle ischemia, while being associated with vascular damage in 
PAD, and identifies miR-138-5p as one potential post-transcriptional regulator of LCN2.   

1. Introduction 

Lower limb peripheral artery disease (PAD) is a major cause of 
atherosclerotic vascular morbidity and mortality worldwide [1]. 
Importantly, its prevalence is predicted to increase with the aging of the 
population and the growing incidence of cardiovascular risk factors, 

representing a serious health economic cost in the future [2]. Lower limb 
symptoms, e.g.: claudication, are frequent in PAD subjects and are 
associated with reduced exercise capability, worsened quality of life and 
increased mortality [3]. Skeletal muscle hypoperfusion, due to the 
progressive narrowing of the lower limb arteries, is a primary factor 
leading to muscle degeneration and to claudication symptoms, which 
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are aggravated as the disease advances [4]. As such, the identification of 
new molecules involved in muscle response to ischemia may allow the 
development of therapies that improve limb-related symptoms in PAD. 

By the transcriptomic analysis of circulating extracellular vesicles, 
our group identified lipocalin-2 (LCN2 or neutrophil-gelatinase associ
ated lipocalin, NGAL) as differentially expressed in critical limb 
ischemia patients compared to healthy subjects [5], and reported an 
association between elevated serum LCN2 levels and higher risk of limb 
amputation or cardiovascular mortality in PAD subjects [6]. LCN2 is a 
small secreted glycoprotein of the lipocalin family [7] that has been 
involved in atherosclerosis [8,9]. As such, it was colocalized with matrix 
metalloproteinase 9 (MMP-9) in human and murine atherosclerotic le
sions, and increased LCN2 levels were associated with plaque instability 
and higher MMP-9 activity in human carotid atheroma [10,11]. LCN2 
has also been involved in skeletal muscle repair and extracellular matrix 
(ECM) remodeling [12]. For instance, in a toxin-induced muscle injury 
model, LCN2 deficiency attenuated satellite cells (SCs) activation, 
increased muscle fibrosis and reduced MMP-9 activity [13]. Moreover, 
LCN2 has been implicated in the modulation of the immune cell 
response in several in vivo and in vitro studies with opposing results [9, 
14]. 

In this study, we sought to determine the role of LCN2 in skeletal 
muscle response to ischemia and to study its posttranscriptional regu
latory mechanisms. To address our objectives, we subjected wild type 
(WT) and Lcn2− /− mice to femoral artery ligation and analyzed cellular 
and molecular responses at the degenerative phase of muscle repair (day 
2), and morphological changes at the regenerative phase (day 15) [15]. 
Moreover, we applied an in silico approach to identify possible 
post-transcriptional regulators of LCN2, focusing on micro-RNAs (miR
NAs). Finally, we determined the relationship between LCN2 and one of 
its potential posttranscriptional regulators, miR-138-5p, in blood of PAD 
and control subjects. 

2. Materials and methods 

A complete description of material and methods is available in the 
Supplemental information file. 

2.1. Hindlimb ischemia (HLI) model 

Wild type (WT, C57Bl/6J, Envigo) and Lcn2 deficient (Lcn2tm1Mak, 
C57Bl/6J background) [16] 12-week-old male and female mice (n =
20–26 mice per genotype per sex) were anesthetized with isoflurane 
(2.5%–4%, inhaled, IsoVet®, Piramal Healthcare) and underwent sur
gery under sterile conditions as described previously [17]. Mice were 
euthanized at 12 h, 24 h, 2, 3, 15 and 28 days after femoral artery 
excision. Soleus and gastrocnemius (i.e., crural muscles) were dissected 
and processed for RNA, protein and histochemical analysis. 

Experiments were performed following the European Communities 
Council Directives (2010/63/EU) guidelines for the care and use of 
laboratory animals and were approved by the Universidad de Navarra 
Animal Research Review Committee (Protocol numbers 093-09 and 
036-19). 

2.2. Histological analysis in mouse soleus 

Soleus muscles were fixed for 24 h in 4% paraformaldehyde, dehy
drated and embedded in paraffin, cut in 3 μm sections and immuno
stained with: rat anti-mouse F4/80 (Serotec), rat anti-mouse NIMP-R14 
(Abcam), rat anti-mouse CD31 (Dianova), rabbit anti-human CXCR2 
(Invitrogen), rabbit anti-mouse COL1A1 (LSBio), rabbit anti-mouse 
laminin (Sigma), rabbit anti-mouse NGAL (Invitrogen), and mouse 
anti-human αSMA (Dako) antibodies. Hematoxylin and eosin staining 
(H&E) was used to evaluate necrosis and the number of regenerating 
myofibers and Sirius red staining to analyze total collagen deposition. 

Fluorescence in situ hybridization (FISH) [18] was used for 

miR-138-5p transcript assessment in WT soleus muscles at day 2 after 
ischemia using the anti-miR-138-5p (Qiagen, YD00612107-BCG) or 
scramble (Qiagen, YD00699004-BCG) locked nucleic acid (LNA) 
digoxigenin-conjugated probes. 

2.3. Reverse target prediction (RTP) analysis for miRNA identification 

To identify miRNAs involved in LCN2 regulation, an in silico reverse 
target prediction (RTP) analysis was performed using the www.targe 
tscan.org web-based tool [19], yielding a list of miRNAs that poten
tially regulate human and murine Lcn2 mRNAs. Subsequently, a subset 
of miRNAs was selected from this list of candidates; based on the 
differentially expressed genes identified from our previous RNA-Seq 
study in extracellular vesicles of PAD subjects (5). To ensure the bio
logical relevance of the analysis, only those miRNAs predicted to 
interact with Lcn2 mRNA and at least another gene from the RNA-Seq 
study were selected for further analysis. 

2.4. Monocyte and macrophage stimulation 

Human monocytes (THP-1) and murine macrophages (RAW 264.7), 
were cultured following ATCC protocols. THP-1 monocytes were stim
ulated with 500 ng/mL recombinant human LCN2 (Sigma) and har
vested at baseline and 2- and 6-h after stimulation for RNA analysis. 

RAW 264.7 cells were transfected with the miR-138-5p mimic 
(Qiagen) or the negative control miRNA mimic (Qiagen) using RNAi
MAX lipofectamine (Thermo Fisher) and stimulated with 1 ng/mL 
lipopolysaccharide (LPS, Sigma) for 4 h and harvested for RNA analyses. 

2.5. Isolation of mouse bone marrow derived macrophages 

Mice were euthanized by CO2 inhalation, femurs and tibias dissected, 
bone marrow cells flushed, and cultured for 7 days in differentiation 
medium to obtain bone marrow derived macrophages (BMDMs). 

2.6. Flow cytometry 

Blood samples were obtained by submandibular puncture at base
line, and at days 1 and 2 after HLI and immunostained with PE rat-anti 
mouse CD11b (BD Bioscience), APC rat anti-mouse Ly6G (BD Biosci
ence), FITC rat anti-mouse Ly6C (BD Bioscience), and PE-Vio770 rat 
anti-mouse CD115 (Miltenyi Biotec) antibodies. Flow cytometry was 
performed on a BD FACSCanto II flow cytometer (BD Biosciences) and 
results analyzed with FlowJo software (Tree Star Inc.). 

2.7. Gene expression analyses in tissue, cells in culture and EVs 

Total RNA from cell cultures was extracted using the semi-automated 
Maxwell RSC simplyRNA tissue kit (Promega) or from frozen mouse 
crural muscles (soleus and gastrocnemius) with TRIzol Reagent (Thermo 
Fisher). Prior to RNA isolation, EVs underwent pre-treatment with 
proteinase/RNase to eliminate co-precipitated free RNA. Then, total 
RNA was extracted using Direct-Zol RNA Miniprep kit (Zymo Research) 
following the manufacturer instructions. 1 μg of total RNA was reverse 
transcribed with random primers and Moloney murine leukemia virus 
reverse transcriptase (Thermo Fisher Scientific). For miRNAs, 5 ng of 
total RNA was retro-transcribed with stem-loop reverse transcription 
primers (Thermo Fisher Scientific) and MultiScribe reverse transcriptase 
enzyme (Thermo Fisher Scientific). qPCRs were performed on a ViiA 7 
Real-Time PCR System (Thermo Fisher Scientific) using PrimeTime 
qPCR gene expression assays (IDT) for the protein-coding transcripts and 
TaqMan® MicroRNA Assays (Thermo Fisher Scientific) for the miRNAs 
(Supplemental Table 1). β-actin and GAPDH were used as housekeeping 
genes for mRNA analysis in mouse and human samples respectively. 
RNU6-1 (codifying for U6 snRNA) was used as reference gene to 
normalize miRNA readouts for mouse samples, and miR-103a for human 
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samples. 

2.8. Preparation of LCN2 3′UTR constructs, molecular cloning, and 
luciferase assays 

The online tool TargetScan was used to in silico predict the putative 
binding site of miR-138-5p (MIMAT0000430) within the LCN2 3′UTR. 
UCSC Genome Browser was consulted to obtain the 3′UTR oligonucle
otide sequence of LCN2 (NM_005564.5). PmeI (GTTT/AAAC) and SalI 
(G/TCGAC) endonuclease restriction sites were inserted into the pre
dicted sequences at 5′ and 3′ ends, respectively. In addition, NotI (GC/ 
GGCCGC) site was inserted to further confirm oligonucleotide cloning 
into pmiRGLO Dual Luciferase miRNA Target Expression Vector (E1330, 
Promega, UK). Two LCN2 constructs were prepared including one con
taining either a wild-type or a mutant LCN2 3′UTR sequence (pLCN2 WT 
or pLCN2 MUT, respectively) downstream (3′) the firefly luciferase 
(FLuc). Customized LCN2 WT or MUT sequences were purchased from 
Sigma-Aldrich. Heat shock transformation was used to amplify lucif
erase plasmid constructs in JM109 E. coli. 

Endonuclease free luciferase plasmids were prepared (PLED35, 
GenElute™ Endotoxin-free Plasmid Midiprep Kit, Sigma-Merck). Lip
ofectamine LTX (15338030, Thermo Fisher, UK) was used to co- 
transfect pLCN2 constructs ± miR-138-5p mimic (YM00473517-ADA, 
Qiagen) and/or inhibitor (YI04102105-DDA, Qiagen) (both at 50 nM) 
into Raw264.7. Luciferase assays were performed after 24 h using a 
Dual-Glo® Luciferase Assay System (E2920, Promega, UK) following the 
manufacturer’s instructions. All FLuc readouts were normalized to the 
internal control Renilla sp. luciferase (RLuc). An additional normaliza
tion to the control condition in each experiment was performed to avoid 
the data heterogeneity between experiments and reagents lot numbers. 
The data is shown as relative luminescence units (normalized to 
control). 

2.9. Serum expression of miR-138-5p and LCN2 in patients with PAD and 
controls 

PAD patients (n = 264) were enrolled at the outpatient service of the 
Department of Vascular Surgery, Hospital Universitario de Navarra 
(2010–2019). A thorough medical record was assembled for all patients. 
Controls (n = 54) were enrolled, and blood samples were collected at the 
time of clinical evaluation at the outpatient service of the Department of 
Internal Medicine, Clínica Universidad de Navarra (April 2016- 
December 2017). 

The study was approved by the Institutional Review Boards of Hos
pital Universitario de Navarra (30/10) and Clínica Universidad de 
Navarra (2017/240), according to the standards of the Declaration of 
Helsinki on medical research. Written informed consent was obtained 
from all patients who were enrolled in this study (Supplemental mate
rials and methods). 

RNA isolation from serum was performed with the miRNeasy Serum/ 
Plasma Advanced Kit (Qiagen, 217204). RNA was reverse transcribed, 
and amplified with the RT-PCR miRCURY LNA miRNA SYBR Green PCR 
kit using miRCURY LNA miRNA Custom PCR panels for miRNA-138-5p 
quantification. Panels included two house-keeping miRNAs: miR-191-5p 
and miR-103a-3p. miR-138-5p δCt was obtained as follows: miR-138-5p 
Ct - (the mean value of miR-191-5p and miR-103a-3p Cts). Serum miR- 
138-5p expression is presented as fold change relative to the miR-138-5p 
expression of control group. 

LCN2 determination in serum was performed with the human 
Lipocalin-2/NGAL ELISA kit (Biovendor). 

2.10. EVs separation from plasma and femoral artery plaque conditioned 
medium 

EVs from plasma and femoral atherosclerotic plaques were separated 
as described previously [5]. Briefly, 800 μL of citrated platelet-free 

plasma were centrifuged twice at 20,000g for 70 min at 4 ◦C (Mikro 
22R, Hettich Zentrifugen). Pelleted EVs were resuspended in 50 μL wash 
buffer (10 mM HEPES, 0.9% NaCl, pH = 7.4) and stored at − 80 ◦C. 
Freshly collected femoral plaques were incubated for 24 h in culture 
medium [RPMI medium 1640 (Sigma), 2 mM L-Glutamine (Gibco, 
ThermoFisher), 1% penicillin/streptomycin (Sigma)]. Two mL of the 
resulting conditioned medium was centrifuged twice at 20,000g for 70 
min at 4 ◦C to pellet EVs, that were resuspended in 100 μL wash buffer 
and stored at − 80 ◦C. 

2.11. Western blot analysis 

Proteins from mouse tissues were extracted with RIPA buffer (Sigma) 
plus protease inhibitor cocktail (Roche), transferred onto nitrocellulose 
membranes (Bio-Rad) and incubated with: rabbit anti-CXCR2 (Invi
trogen), rabbit anti-HIF-1α (Novus Biologicals), or rabbit anti-NGAL 
(Invitrogen, PA5-79590) antibodies. 

2.12. Statistical analysis 

Results are shown as median (IQR). Statistical significance was 
established as p < 0.05. The statistical analysis was performed in R 
environment (version 4.1.2) and with SPSS version 15. 

3. Results 

3.1. LCN2 expression is upregulated in the skeletal muscle early after hind 
limb ischemia 

To assess the possible role of LCN2 in muscle recovery, its mRNA 
expression was measured in skeletal muscles (soleus and gastrocnemius) 
of WT mice at different time-points after femoral artery excision. As 
shown in Fig. 1A and B, and Supplemental Fig. 1, Lcn2 mRNA and 
protein increased greatly, within the 48 h following ischemia, 
decreasing gradually as the muscle progresses in the reparative 
response. Moreover, morphological analysis showed the colocalization 
of Lcn2 with neutrophils, but not with macrophages, in soleus of WT 
mice 48 h post femoral ligation (Fig. 1C). 

3.2. LCN2 deficiency modulates the early degenerative phase of skeletal 
muscle damage 

Our results in WT mice suggested the possible participation of LCN2 
in the processes triggered by tissue damage early after femoral artery 
ligation. Therefore, we performed hindlimb ischemia in WT and Lcn2− /−

mice [16]. To test the hypoxia induction, we determined HIF-1α levels 
by western blot in crural muscles (soleus and gastrocnemius) before and 
after ischemia, observing an upregulation of HIF-1α 2- and 15-day 
post-surgery in both genotypes (Supplemental Fig. 2). Then, we stud
ied the inflammatory response in blood and crural muscles (Fig. 2 and 
Supplemental Figs. 3 and 4). 

In blood, leukocyte numbers (CD11b+) rose similarly in WT and 
Lcn2− /− mice early after ischemia (Supplemental Fig. 4A). Likewise, 
granulocyte numbers (CD11b+CD115-Ly6G+) rapidly increased 
following ischemia in both genotypes, but especially in the Lcn2− /− mice 
at days 1 and 2 (Fig. 2A, p < 0.05 vs WT in both time points). A signif
icant interaction effect was found between genotype, sex, and time 
variables when analyzing circulating total (CD11b+CD115+), patrolling 
(CD11b+CD115+Ly6Clow) and proinflammatory monocyte sub
populations (CD11b+CD115+Ly6Chigh), suggesting a sex-specific effect 
of Lcn2 in these cell types. As such, total circulating monocytes and 
patrolling cells were significantly reduced at day 2 post ischemia in 
Lcn2− /− males (Fig. 2B and C), whereas proinflammatory monocytes 
were higher (Fig. 2D). In females, no significant differences were found 
in total monocytes or their subpopulations between genotypes (Sup
plemental Figs. 4B–D). 
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The morphological analysis of the soleus muscles 2 days post- 
ischemia revealed a significant interaction between genotype and sex 
variables in the infiltrating neutrophils (NIMP-R14+). Lcn2− /− males 
presented significantly higher neutrophil positive areas in the soleus (% 
neutrophil area/total area: 0.005 (0.005) WT vs 0.085 (0.072) Lcn2− /− , 
p = 0.006, Fig. 2E), whereas no differences were found in females 
(Supplemental Fig. 4E). Conversely, macrophage (F4/80+) content was 
reduced in the Lcn2− /− soleus compared to WT (Fig. 2F, p = 0.049), both 
in males and females. 

3.3. Inflammatory markers and chemokine expression in WT and Lcn2− / 

− crural muscles early after ischemia 

Our results suggest that LCN2 might modulate early systemic and 
local responses after ischemia. Therefore, several inflammatory markers 
were measured by qPCR in the crural muscles of both genotypes 48 h 
post-injury. A significant interaction between genotype and sex was 
found for TNFα, and two anti-inflammatory markers Arg1 and IL10, 
which were significantly elevated in the skeletal muscles of Lcn2− /−

males (Fig. 3A), while no differences were found in females (Supple
mental Table 2). To further investigate this phenotype, we isolated and 
differentiated BMDMs from WT and Lcn2− /− mice and determined the 
mRNA levels of different pro- and anti-inflammatory markers. In vitro 
and without further differentiation stimuli Lcn2 deficient BMDMs pre
sented increased Nos2 expression compared to WT (p = 0.007, Supple
mental Table 3), while no differences in other pro- or anti-inflammatory 
markers were observed between the genotypes. 

These data point towards a possible role of LCN2 in immune cell 

mobilization and recruitment into the injured skeletal muscle right after 
ischemia. Therefore, based on previous reports showing the effect of 
LCN2 on chemokine regulation [14,20,21], we determined the gene 
expression of several neutrophil and monocyte chemoattractants in 
skeletal muscles of both genotypes. The mRNA expression of the 
neutrophil chemokine Cxcl1 was significantly increased (p < 0.001) in 
Lcn2− /− mice muscles compared to WT at day 2, while a similar trend, 
but no significant, was observed for Cxcl2 (p = 0.083, Fig. 3B). As for 
their receptor, an interaction between genotype and sex was detected, 
resulting in a significant upregulation of Cxcr2 mRNA in Lcn2− /− males, 
but not in females (Fig. 3C), with a similar trend at protein level (Fig. 3D 
and Supplemental Figs. 5A and B). Of note, immune staining of the 
ischemic muscles revealed that Cxcr2 was mainly expressed by neutro
phils (NIMP-R14) and macrophages (F4/80) (Fig. 3E). In contrast, the 
monocyte chemokine Ccl5 was significantly decreased in Lcn2− /− mus
cle compared to WT at day 2 (Fig. 3F), whereas no differences were 
observed in Ccl2 and Ccr2. These data suggest that LCN2 might modu
late neutrophil and monocyte chemotaxis through Cxcr2 and Ccl5 
pathways. 

To assess whether Lcn2 deficiency constitutively regulated Cxcr2 in 
immune cells, its levels were measured by flow cytometry in bone 
marrow derived granulocytes (CD45+Ly6G+) and monocytes 
(CD45+Ly6C+) of non-operated WT and Lcn2− /− mice. In these condi
tions, no differences in Cxcr2 levels were observed between the geno
types either in granulocytes or monocytes (Supplemental Fig. 5C), 
suggesting that the regulation of Cxcr2 by Lcn2 in immune cells might be 
primarily exerted upon muscle damage. 

To test our hypothesis that LCN2 could modulate the expression of 

Fig. 1. LCN2 expression in wild-type (WT) skeletal muscle after hind limb ischemia. 
(A) Lcn2 mRNA was measured by RT-qPCR in the crural muscles (soleus and gastrocnemius) of WT mice before surgery (baseline) and at several time points after 
hind limb ischemia (12-, 24-, 48-h and 3-, 15-, 28-days). β-actin was used as housekeeping gene. Data are presented as fold change relative to baseline. n = 3 
replicates/time point. #p = 0.05 vs baseline. (B) Representative Western blot and quantification for LCN2 in soleus and gastrocnemius muscles of WT mice before and 
after femoral artery ligation. Data are presented as ratio LCN2/total protein (n = 9–4). MW: Molecular weight marker (kDa). *p < 0.05 and **p < 0.01 vs baseline. (C) 
Double immunofluorescence for LCN2 and NIMP-R14 (neutrophils) or F4/80 (macrophages) was performed to determine the cellular origin of LCN2 in WT soleus 
muscles at day 2 post-ischemia. DAPI (in blue) was used as nuclear staining. Scale bar denotes 100 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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chemoattractants and their receptors, a human monocytic (THP-1) cell 
line was stimulated with recombinant human (rh)LCN2. Two hours after 
treatment Cxcr2 expression was reduced by 28% (Fig. 3G, p < 0.01), 
while no differences in Cxcl1, Cxcl2, Ccl2, Ccl5 or Ccr2 were observed 
(Supplemental Fig. 6). 

3.4. LCN2 deficiency delays skeletal muscle regeneration 

The reparative phase of muscle regeneration greatly depends on the 
mechanisms activated by ischemia during the degenerative phase, and 
deficiencies at the beginning of this process can hamper tissue regen
eration at later stages. Based on the observed differences in the in
flammatory response upon Lcn2 deficiency, we performed 
morphological studies 15 days post-injury to address changes in myo
cyte regeneration, angio- and arterio-genesis, and collagen deposition 
(Supplemental Fig. 7). As shown in Table 1, 15 days post-ischemia 
Lcn2− /− mice presented increased numbers of smaller and central 
nucleated myocytes in soleus compared to WT mice (p = 0.040), that 
was accompanied by a non-significant elevation in myocyte density (p =
0.066) and a moderated decrease in their size (p = 0.081). In addition, 
knockout muscles showed a significant enhancement in α-SMA positive 
arterioles (p = 0.025), a trend for elevated vessel density (p = 0.130), 
and a non-significant accumulation of total collagen and type I collagen 

deposits, suggesting that in the absence of Lcn2 there is a delay in muscle 
regeneration and arteriogenesis. No sex-specific responses were detected 
in these analyses. 

3.5. Regulation of Lcn2 mRNA by microRNAs in skeletal muscle after 
ischemia 

To identify the miRNAs involved in LCN2 regulation, an in silico 
reverse target prediction analysis was performed using the web-based 
tool www.targetscan.org. To ensure the biological relevance of the 
predicted miRNAs, we selected a subset of miRNAs that could target 
Lcn2 and at least one other mRNA potentially involved in PAD patho
physiology. To this end, the analysis was based on a list of 15 transcripts 
previously identified by our group as differentially expressed in EVs of 
PAD patients compared with control subjects (Supplemental Table 4) 
[5]. The reverse target prediction analysis performed for human and 
murine LCN2, rendered several miRNA candidates for the human and/or 
murine transcripts (Supplemental Table 5). Among them, miR-138-5p 
was the only predicted candidate with a conserved target site in 
human and murine Lcn2, and thus, it was the one selected for further 
analysis. 

To determine whether miR-138-5p was altered upon skeletal muscle 
ischemia, its expression was measured by RT-qPCR in crural muscles of 

Fig. 2. Systemic and local inflammatory response to hypoxia in WT and LCN2 deficient mice. 
(A) Circulating granulocytes (CD11b + CD115- Ly6G+) were increased in Lcn2− /− mice 24, and 48 h post-ischemia. (B-D) Total monocytes (CD11b + CD115+), Ly6C 
low (C) and Ly6C high monocytes (D) of male mice. Blood samples were drawn from all mice at baseline (n = 31) and the number decreases as mice are euthanized at 
days 1 and 2. n = 8–6 mice/genotype/time point, two independent experiments. *p < 0.05 **p < 0.01 vs WT at the same time point. Data were log10-transformed for 
the statistical analysis and are presented as median (IQR). (E) Soleus muscle infiltrating neutrophils (NIMP-R14) are increased in Lcn2− /− male mice 2 days post- 
injury. (F) Macrophage (F4/80) content was reduced upon LCN2 deficiency at day-2 after surgery, regardless mice sex. n = 16–14 mice/genotype, two indepen
dent experiments. *p < 0.05 **p < 0.01 vs WT. 
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WT mice at different time-points after femoral artery excision, showing a 
progressive reduction from 12 to 48 h post-surgery (Fig. 4A). 
Conversely, its levels increased at day-3 (40-fold) and remained upre
gulated at days 15 and 28 (70-fold) compared to baseline. Notably, miR- 
138-5p and Lcn2 mRNA displayed opposite expression pattern, showing 
a significant inverse correlation (rho = -0.58, p = 0.005), which suggests 
that Lcn2 may be post-transcriptionally regulated by miR-138-5p in vivo. 
The expression of miR-138-5p was also verified by in situ hybridization 
in WT soleus at day-2 post-ischemia. As shown in Fig. 4B, early after 
ischemia, miR-138-5p could be still detected in the infiltrating cells 

surrounding damaged myofibers. 
In vitro experiments were performed in a murine macrophage cell 

line to determine the possible regulation of Lcn2 by miR-138-5p. RAW 
264.7 cells were transfected with a miR-138-5p mimic or a negative 
control miRNA mimic, after which, the expression of Lcn2 mRNA was 
induced by incubation with LPS. As shown in Fig. 4C, miR-138-5p mimic 
decreased the expression of Lcn2 transcript by 50% compared to un
treated cells, and by 30% compared to cells transfected with the nega
tive control miRNA mimic (p = 0.009 for both). 

In silico predictions revealed a putative binding site of miR-138-5p 

Fig. 3. Expression of neutrophil and monocyte chemoattractants in skeletal muscle of WT and LCN2 deficient mice, and in vitro modulation by LCN2. 
(A, B and C) Pro- and anti-inflammatory markers (A), neutrophil chemokines Cxcl1, Cxcl2 (B) and Cxcr2 (C) mRNA levels measured by RT-qPCR in soleus and 
gastrocnemius muscles of WT and Lcn2− /− mice at day-2 after ischemia. β-actin was used as housekeeping gene. Data are presented as fold change relative to WT. n =
15–16 mice/genotype. (D) Western blot for CXCR2 in crural muscles at day 2. The arrow points to the monomeric form of CXCR2 (≈40 kDa). CXCR2 expression was 
corrected by total protein. Data are presented as percentage of WT female. n = 5–8 mice/genotype/sex. F; female, M; Male, MW; Molecular weight (kDa). (E) 
Immunohistochemistry for neutrophils (NIMP-R14), macrophages (F4/80), and CXCR2 in consecutive soleus tissue slides of WT mice at day 2 post-ischemia. Red 
asterisks indicate similar tissue regions. Scale bar denotes 50 μm. (F) mRNA expression of Ccl2, Ccl5 and Ccr2 2 days after ischemia in crural muscle. β-actin was used 
as housekeeping gene. Data are presented as fold change relative to WT. n = 15–16, two independent experiments. *p < 0.05 **p < 0.01 ***p < 0.001 vs WT. Data 
were log10-transformed for the statistical analysis and are shown as median (IQR). (G) mRNA expression of Cxcr2 in THP-1 monocytes at baseline and 2- and 6-h 
after rhLCN2 (500 ng/mL) stimulation. GAPDH was used as housekeeping gene. Data are presented as fold change relative to baseline. n = 7–9 replicates/treatment/ 
time point, three independent experiments. **p < 0.01 vs control (vehicle) at the same time point. Data are shown as median (IQR). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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on Lcn2 3′UTR (position 25-31). Previous publications have confirmed 
such binding in HEK293 cells [22]. To further explore whether 
miR-138-5p regulates Lcn2 by complementary hybridization of the 
predicted site in a relevant cell model, luciferase assays were addition
ally performed. RAW 264.7 macrophages were co-transfected with dual 
luciferase reporter gene vector for the WT LCN2 (pLCN2 WT) or a 
mutant (pLCN2 MUT) at the binding site with miR-138-5p, together 
with the miR-138-5p mimic and/or the inhibitor. As shown in Fig. 4D 
(left panel), the miR-138-5p mimic reduced by 25% the firefly luciferase 
activity of the pLCN2 WT (p = 0.037). No effect was seen for the 
miR-138-5p inhibitor or its combination with miR-138-5p mimic. We 
also reported that miR-138-5p reduces the expression of mutant Lcn2 
sequence by 5% (Fig. 4D right panel, p = 0.014), which may suggest 
some unspecific binding to the Lcn2 constructs. We cannot rule out 
whether miR-138-5p may bind to additional sites within Lcn2. Indeed, 
miRWalk in silico tool predicts a binding site within the Lcn2 5′UTR that 
could also contribute to the significant down-regulation elicited by 
miR-138-5p mimic experiments above. 

3.6. Serum expression of miR-138-5p and LCN2 levels in PAD are 
inversely associated 

Finally, to determine a possible relationship between the expression 
of miR-138-5p and LCN2 in a clinical context, we determined serum 
levels of both molecules in patients with PAD and healthy controls (n =
264, 88% male, mean age 71 years, and n = 54, 76% male, mean age 69, 
respectively, Supplemental Table 6 and Supplemental Fig. 8). 

Pearson correlation analysis of the complete population revealed a 
negative inverse association between miR-138-5p expression (presented 
as fold change relative to control) and LCN2 concentration (n = 318, r =
-0.186, p = 0.001). This was further confirmed by linear regression 
analysis showing a significant inverse association between circulating 
LCN2 levels and miR-138-5p expression before and after adjusting by 
other cardiovascular risk factors including eGFR (Table 2, p ≤ 0.001). 

When dividing the population according to vascular pathology, PAD 
patients presented a reduction in serum miR-138-5p expression 
compared with controls (median (IQR) fold change: 1.00 ± 0.97 con
trols vs 0.78 ± 1.40 PAD, p = 0.008, Fig. 4E), together with an increase 
in LCN2 levels (median (IQR) ng/mL: 54(19) controls vs 90(60) PAD, p 
< 0.001). Binary logistic regression analysis confirmed the association 
between low levels of miR-138-5p and PAD before and after correcting 
by other confounding factors (OR: 0.63, (95% IC, 0.43–0.93), p = 0.02, 
model 2, Supplemental Table 7), and between high levels of LCN2 and 
PAD (OR: 1.04, (95% IC, 1.03–1.07), p ≤ 0.001, model 2, Supplemental 
Table 8). 

To further investigate the circulating sources of miR-138-5p in PAD, 
we determined its expression in plasma EVs, and locally, in femoral 
plaques, as well as in femoral plaques-derived EVs. As shown in Fig. 4F, 
miR-138-5p was detected in plasma EVs, although not in all tested 
samples, and in femoral plaques and in their derived EVs (Fig. 4G), 
suggesting the potential contribution of atherosclerotic lesions to the 
systemic expression of miR-138-5p. LCN2 mRNA and protein were also 
harbored by circulating EVs, and by EVs from femoral plaque- 

conditioned medium (Supplemental Fig. 9). 

4. Discussion 

In this study we found that LCN2 deficiency resulted in an enhanced 
systemic and local inflammatory response at the degenerative phase of 
skeletal muscle repair, and in a delayed muscle regeneration at the 
reparative phase. Early after ischemia the morphological changes 
induced by Lcn2 deficiency were accompanied by increased expression 
of proinflammatory markers and neutrophilic chemokines in crural 
muscles, and appeared to be sex-specific, predominantly affecting male 
mice. Finally, we identified miR-138-5p as a potential regulator of Lcn2 
in a murine model of hindlimb ischemia, and found an inverse associ
ation between serum levels of miR-138-5p and LCN2 in patients with 
PAD. 

We found that early after femoral artery ligation, Lcn2− /− mice 
presented increased blood and tissue neutrophils, while total monocytes 
and macrophages remained similar or reduced compared to WT. Inter
estingly, this was accompanied by a local deregulation in proin
flammatory markers and chemokines. As such, Lcn2− /− crural muscle 
presented increased levels of the neutrophilic chemokines Cxcl1, Cxcl2 
and their receptor Cxcr2, which may favor the accumulation of neu
trophils. Moreover, Cxcr2 expression was not altered in bone marrow 
immune cells at baseline, probably because Lcn2 is only functional when 
released from intracellular granules upon cell activation, for example, 
by ischemia [23]. In addition, Ccl5 expression was lower in Lcn2− /−

muscles, which might account for the reduced infiltrating macrophages 
observed in the soleus, despite the increased levels of proinflammatory 
monocytes (Ly6Chigh) in blood. Regardless of current efforts, the role of 
LCN2 in inflammation remains controversial. For instance, 2 research 
groups reported dissimilar results in murine atherosclerosis models; 
Amersfoort J et al., reported larger plaques in Ldlr− /− Lcn2− /− mice 
compared to Ldlr− /− at early stages of atherogenesis, observing no dif
ferences in advanced lesions [9], while, Fernandez-Garcia C.E. et al. 
described smaller plaques in ApoE− /− Lcn2− /− arteries compared to 
ApoE− /− , and the beneficial effect of an anti-LCN2 antibody decreasing 
lesion areas [8]. Several evidences argue towards a role of LCN2 to 
restrain inflammation. As such, in a model of pneumonia, Lcn2− /− lungs 
presented exacerbated neutrophil infiltration [24], and in vitro, LPS 
treatment increased the expression of proinflammatory markers in 
Lcn2− /− BMDMs [25]. Concomitantly, the administration of LCN2 upon 
bacterial infection induced a M2 phenotype in WT BMDMs [24]. In 
contrast to these data, a proinflammatory role for LCN2 has also been 
reported in other experimental models, [26–28]. For instance, in a 
model of abdominal aortic aneurysm, genetic or pharmacological 
neutralization of LCN2 reduced aortic expansion and neutrophil infil
tration, and preserved smooth muscle cell integrity [29]. Other authors 
found similar phenotypes in livers of non-alcoholic steatohepatitis mice, 
and in hearts after myocardial infarction, where Lcn2 deficiency resul
ted in a reduction of neutrophil and macrophage infiltration, and 
decreased expression of proinflammatory genes, including Cxcr2 and 
Cxcl2 [14,30]. Furthermore, the short-term stimulation of BMDMs with 
recombinant LCN2 induced M1 phenotype in vitro [27]. Based on these 
results, it seems that the biological effects of LCN2 may depend on the 
stimulus triggering inflammation, and/or on the type of damage, either 
chronic or acute. 

In our study, many of the observed differences between genotypes 
were only present in male but not female mice. These sex-specific effects 
occurred early after ischemia but were not detected during the muscle 
regeneration stage, indicating a probable involvement of sex-specific 
factors that modulate LCN2 response shortly after damage. In this re
gard, LCN2 expression can be regulated by the estrogen receptors (ER)α 
and ERβ, which inhibit or induce its expression, respectively [31]. In 
turn, LCN2 is reported to repress ERα expression [32]. This reciprocal 
interaction between LCN2 and ER signaling could possibly explain its 
sex-specific phenotype. For example, Lcn2 overexpression promoted the 

Table 1 
Muscle regeneration, neovascularization and fibrosis in wild-type (WT) and 
Lcn2− /− mice at day 15 post-ischemia.   

WT (n = 12–15) Lcn2− /− (n = 11–14) p 

Regenerating myocytes (%) 13(43) 72(69) 0.040 
Myocyte size (μm2) 784(387) 606(322) 0.081 
Myocyte/mm2 629(333) 963(499) 0.066 
CD31+ vessels/mm2 1015(411) 1270(534) 0.130 
αSMA + arterioles/mm2 17(11) 28(13) 0.025 
Collagen/total area (%) 4(3) 6(3) 0.499 
Collagen type I/total area (%) 6.5(9) 9.4(17) 0.124 

Data are shown as median (IQR). 
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upregulation of inflammatory and fibrotic genes in the adipose tissue of 
Lcn2− /− female mice, but not in males [32]. Unfortunately, from our 
study we are not able to elucidate the exact molecular mechanisms 
behind the observed sex-specific phenotype. 

At the regenerative phase of muscle repair, day 15 in our model, 
Lcn2− /− deficient mice displayed a delayed phenotype as compared to 
WT soleus muscles, with increased regenerating myofibers, incomplete 
angio- and arteriogenic responses, and a non-significant accumulation of 
collagen in soleus. These results agree with previous data describing an 
impaired skeletal muscle repair in response to toxin injury in Lcn2− /−
mice which was accompanied by a reduced satellite cell activation [13]. 

Moreover, Lcn2− /− mice also presented increased muscle fibrosis likely 
through a reduction in MMP-9 activity [13]. These results however, are 
in apparent contradiction with those obtained in murine models of hy
pertension and myocardial infarction where the inhibition of LCN2 
reduced vascular and cardiac fibrosis [33,34], suggesting a tissue and/or 
injury specific activity of LCN2. The role of LCN2 in angiogenesis also 
shows diverging effects that depend on the applied cell type and stimuli 
[29,35–37]. For instance, LCN2 presented a pro-angiogenic role in mice 
via upregulation of the vascular endothelial growth factor [35], whereas 
LCN2 overexpression led to a reduced microvessel density in a mice 
model of pancreatic cancer [37]. 

Fig. 4. Lcn2 and miR-138-5p expression in vivo and in vitro. 
(A) miR-138-5p and Lcn2 mRNA expression was measured in the ischemic muscles of WT mice at baseline and several time points after HLI (12-, 24-, 48-h and 3-, 15-, 
28-days). β-actin was used as housekeeping gene for LCN2 and snU6 for miR-138-5p. Data are presented as fold change relative to baseline. n = 3 mice/time point, 
one experiment. (B) In situ hybridization of miR-138-5p (pink) in soleus muscle of WT mice at day-2 after surgery. Nuclei are shown in blue. Scale bar denotes 10 μm. 
(C) Macrophage cell line (RAW 264.7) was transfected with or without miR-138-5p mimic or negative control miRNA mimic (5 nM), and stimulated with LPS (1 ng/ 
mL) to induce Lcn2 expression. Lcn2 mRNA levels were measured by RT-qPCR. β-actin was used as housekeeping gene. Data are presented as fold change relative to 
control. n = 5 replicates/condition, performed in triplicate. **p < 0.01 vs negative control and non-stimulated control. (D) RAW 264.7 cells were co-transfected with 
either pLCN2 WT (left panel) or pLCN2 MUT (right panel) and miR-138-5p mimic (mimic) and/or the inhibitor (inhib). Luciferase activity in cell lysates was 
measured 24 h later. Data are presented as relative luminescence units (RLU) normalized to control condition. n = 3–4 independent experiments/5 replicates/ 
condition. *p < 0.05 vs control (Ctrl). (E) miR-138-5p expression in serum of control subjects (n = 54) and PAD patients (n = 264). miR-191-5p and miR-103a-3p 
were used as housekeeping miRNAs. The expression of miR-138-5p is presented as fold change relative to control. Data are shown as median (IQR) and outliers. **p 
< 0.01 vs control. (F) miR-138-5p expression in plasma EVs from PAD patients determined by RT-qPCR. miR-103a was included as housekeeping gene (n = 7). (G) 
miR-138-5p expression in human femoral plaques and in EVs isolated from femoral plaques conditioned medium. miR-103a was included as housekeeping gene (n =
4). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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miRNAs, a class of small noncoding RNAs, are essential post
transcriptional regulators of gene expression, and emerge as novel bio
markers and therapeutic targets in the cardiovascular field [38]. To 
identify the miRNAs potentially targeting LCN2 we performed an in silico 
reverse target prediction analysis for human and murine Lcn2 3′UTR and 
found several miRNA candidates for human and mouse, being 
miR-138-5p the only conserved regulator in both species. Based on the 
coincident prediction for mouse and human, on previous studies 
describing a possible role of miR-138-5p in promoting endothelial 
dysfunction [39,40] and cardiomyocyte apoptosis in vitro [41], and on 
the observed downregulation of miR-138-5p in peripheral blood 
mononuclear cells of PAD patients vs. healthy controls [42,43], we 
decided to narrow our study to miR-138-5p. By doing so, we found an 
inverse correlation between the levels of miR-138-5p and Lcn2 mRNA in 
ischemic WT skeletal muscles over time, suggesting a possible rela
tionship between the miRNA and its potential target. In vitro, we 
observed a partial reduction of Lcn2 mRNA and a decrease in luciferase 
activity by the miR-138-5p mimic in murine macrophages, indicating 
the interaction between the regulator and its target, as already described 
by others [22,44]. In a clinical situation, we were able to confirm a 
downregulation of miR-138-5p in serum of PAD patients compared with 
controls [42,43]. More interesting, this was accompanied by an increase 
in blood LCN2 levels, further reinforcing its possible role as one of the 
post-transcriptional regulators of this specific target. Our in vivo and 
human results point towards a contribution of the skeletal muscles, and 
the vasculature to the systemic expression of miR-138-5p and LCN2, 
being in part encapsulated/carried in EVs. Overall, these findings sug
gest that miR-138-5p may be likely involved in the regulation of LCN2 
after skeletal muscle ischemia in mice, and in PAD patients. As such, this 
miRNA could represent a promising target for future therapies aiming to 
modulate LCN2, although as suggested by the reverse target prediction 
analysis, its regulation might not be exclusive to miR-138-5p. 

Study limitations: The role of LCN2 in PAD pathophysiology was 
evaluated using a murine HLI model which, although commonly used, 
does not precisely mimic PAD progression in humans. The acute 
ischemic damage induced in this model greatly differs from the chronic 
nature of PAD. The gradual occlusion of the arteries in PAD patients 
allows the distal skeletal muscles to slowly adapt to the reduced oxygen 
and nutrient conditions [45]. Likewise, the gradually increasing shear 
stress allows longer period of collateral vessel formation compared to 
the rapid blood flow changes induced in the HLI model [46]. In addition, 
the presence of cardiovascular risk factors and atherosclerosis in PAD 
subjects but not in the current HLI model, should also be considered as a 
limitation of this study. In the clinical study 88% of PAD patients and 
76% of control subjects were male, therefore, no reliable sub-analysis to 
check differences in miR-138-5p or circulating LCN2 levels between 
male and female patients could be performed. The high Ct readouts of 
miR-138-5p reported in blood and EVs from patients (Supplemental 

Figure 8 and Fig. 4F) could limit the clinical impact of our findings. 
Nevertheless, the multiple quality control tests, intra-sample reproduc
ibility and the number of clinical samples successfully assayed confer 
robustness to our findings. Previous publications have shown that most 
abundant EV-derived miRNAs may peak at Ct 31-35, still with relevant 
biological impact [47]. Future research on the role of miR-138-5p on 
atherosclerosis manifestations and vascular beds would be required to 
reveal its impact in such a complex and multifactorial disease. 

4.1. Conclusions 

This study reports a possible dual role for LCN2 in acute and chronic 
pathophysiological conditions (Fig. 5). Likewise, a sex-specific function 
of LCN2 in the regulation of the early systemic and local inflammatory 
response can be inferred. Our data reinforce a possible activity of LCN2 
as a repressor in acute inflammatory conditions, while promoting 
vascular disfunction in chronic systemic low-grade inflammatory con
texts. Moreover, we present miR-138-5p as one potential post- 
transcriptional regulator of LCN2 in vivo, in skeletal muscle of mice, 
and in atherosclerotic plaques and serum of PAD patients, emerging as a 
new target for future studies aiming to modulate LCN2 in PAD 
pathophysiology. 

Table 2 
Linear regression analysis to explore the association between serum miR-138-5p and LCN2 levels before and after correcting by other CV risk factors (n = 318). 
Dependent variable LCN2.   

B(95% CI) p 

Univariable 
miR-138-5p (fold-change)a − 0.131(-0.207 to − 0.054) 0.001 
Multivariable 
Age (years) − 0.005(-0.008 to − 0.003) <0.001 
Gender (male) 0.088(0.025–0.150) 0.006 
Smoker (yes/no/ex) − 0.026(-0.052 to 0.001) 0.058 
Diabetes mellitus (yes) 0.005(-0.037 to 0.047) 0.812 
Dyslipidemia (yes) − 0.069(-0.114 to − 0.024) 0.003 
eGFR (mL/min/1.73m2) − 0.005(-0.006 to − 0.003) <0.001 
hs-CRP (mg/L)a 0.138(0.103–0.172) <0.001 
miR-138-5p (fold-change)a − 0.130(-0.193 to − 0.067) <0.001  

a Logarithmically transformed variables. eGFR: estimated-glomerular filtration rate. 

Fig. 5. Possible dual role of LCN2 in lower limb PAD. 
Our results reinforce a probable role of LCN2 in restraining inflammation early 
after skeletal muscle ischemia, while being associated with vascular damage in 
PAD, and identifies miR-138-5p as one potential post-transcriptional regulator 
of LCN2. 
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