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ABSTRACT
Lipocalin 2 (Lcn2) is an adipokine that carries out a variety of functions in diverse organs. We investigated the bone phenotype and

the energy metabolism of Lcn2 globally deleted mice (Lcn2–/–) at different ages. Lcn2–/– mice were largely osteopenic, exhibiting

lower trabecular bone volume, lesser trabecular number, and higher trabecular separation when compared to wild-type (WT) mice.

Lcn2–/– mice showed a lower osteoblast number and surface over bone surface, and subsequently a significantly lower bone

formation rate, while osteoclast variables were unremarkable. Surprisingly, we found no difference in alkaline phosphatase (ALP)

activity or in nodulemineralization in Lcn2–/– calvaria osteoblast cultures, while less ALP-positive colonies were obtained from freshly

isolated Lcn2–/– bone marrow stromal cells, suggesting a nonautonomous osteoblast response to Lcn2 ablation. Given that Lcn2–/–

mice showed higher body weight and hyperphagia, we investigated whether their osteoblast impairment could be due to altered

energy metabolism. Lcn2–/– mice showed lower fasted glycemia and hyperinsulinemia. Consistently, glucose tolerance was

significantly higher in Lcn2–/– compared to WT mice, while insulin tolerance was similar. Lcn2–/– mice also exhibited polyuria,

glycosuria, proteinuria, and renal cortex vacuolization, suggesting a kidney contribution to their phenotype. Interestingly, the

expression of the glucose transporter protein type 1, that conveys glucose into the osteoblasts and is essential for osteogenesis, was

significantly lower in the Lcn2–/– bone, possibly explaining the in vivo osteoblast impairment induced by the global Lcn2 ablation.

Taken together, these results unveil an important role of Lcn2 in bonemetabolism, highlighting a link with glucose metabolism that

is more complex than expected from the current knowledge. © 2018 American Society for Bone and Mineral Research
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Introduction

Lipocalin 2 (Lcn2), also known as neutrophil gelatinase-

associated lipocalin (NGAL), is a widely expressed protein

that has been found to exert many different functions. It

belongs to the lipocalin superfamily, which includes at least 20

secreted proteins, such as adipocyte fatty acid binding protein,

apolipoprotein D, and retinol-binding protein 4.(1) Lcn2 is

involved in inflammation, chronic renal failure, energy

metabolism, and tumor development and progression.(2) It is

also known to bind matrix metalloproteinase 9 (MMP-9),

increasing its stability and thus its activity over time, which is

important for neutrophil extravasation and cancer invasion

and metastasis. Lcn2 is also classified as an adipokine because

it is produced and secreted by adipocytes.(3) Furthermore, a

complex and not yet well understood role has recently been

suggested for this molecule in the regulation of energy

metabolism.(3–8)

We previously showed an involvement of Lcn2 in bone

metabolism, pointing to this molecule as a mechanoresponding

factor that is upregulated undermechanical unloading inmouse

models and in humans.(9,10) Moreover, Lcn2 overexpression

reduces osteoblast differentiation and stimulates the produc-

tion of interleukin 6 (IL-6) and receptor activator of NF-kB ligand

(RANKL), which in turn promote osteoclastogenesis.(10)

Based on these findings, we aimed at characterizing the bone

phenotype of Lcn2 knockout (Lcn2–/–) mice, hypothesizing a

high bone mass condition. Instead, to our surprise, we found

that systemic ablation of Lcn2 induced a remarkable osteopenic

phenotype, due to an impairment of osteoblast differentiation

and activity, which conflicts with our previous observation that

Lcn2 overexpression impairs osteogenesis.(10) We reconciled

these results, demonstrating that the effect of Lcn2 global

ablation on bone is caused by an altered energy metabolism

rather than by an intrinsic impairment of osteoblast activity. Our

data are partially at variance with the observations of Mosialou
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and colleagues,(11) who ruled out any effect of Lcn2 deficiency

on the bone phenotype and demonstrated alterations in energy

metabolism to some extent different from those observed in our

study. We believe that, altogether, the results described so far by

us and others suggest that the network of interactionsmediated

by Lcn2 is extremely complex, requiring further work to be fully

elucidated.

Materials and Methods

Materials

Dulbecco’s modified minimum essential medium (DMEM),

Roswell Park Memorial Institute 1640 (RPMI) medium, a

modified Minimum Essential Medium (aMEM), fetal bovine

serum (FBS), penicillin, streptomycin, and trypsin were from

GIBCO (Uxbridge, UK). Sterile plastic ware was from Falcon

Becton-Dickinson (Cowley, Oxford, UK) or Costar (Cambridge,

MA, USA). TRIzol reagent, primers and reagents for RT-PCR were

from Invitrogen (Carlsbad, CA, USA). The brilliant SYBR Green

QPCR master mix was from Stratagene (La Jolla, CA, USA). The

infinity hexokinase kit for glucose determination (cat# TR15421)

and the osteocalcin (OCN; cat# NC0450271) ELISA kits were from

ThermoFisher Scientific (Waltham, MA, USA). The rat/mouse

insulin ELISA kit (cat# EZRMI-13K) and the carboxy-terminal

cross-linking telopeptide of type 1 collagen (CTX) and mouse

tartrate-resistant acid phosphatase (TRAcP) immunoenzymatic

kits were from Immunodiagnostic Systems-Nordic Bioscience

(Herlev, Denmark). Bone alkaline phosphatase (BALP; cat#

MBS281206) ELISA kit was from MyBioSource (San Diego, CA,

USA). All the other reagents, including the ALP kit #85 and the

TRAcP kit #386, were of the purest grade from Sigma Aldrich Co.

(St. Louis, MO, USA).

Animals

Lcn2–/– mice (background C57BL6/J) were generated and kindly

provided by Dr. Tak Wah Mak (University Health Network,

Toronto, ON, Canada).(12) They are vital, with an overall normal

lifespan and fertility. Bone and energy metabolism phenotypes

were evaluated at 1, 3, 6, and 12months of age in wild-type (WT)

and Lcn2–/– male and female mice. All procedures involving

animals and their care were conducted in conformity with

national and international laws and policies (European Eco-

nomic Community Council Directive 86/609, OJ L 358, 1,

December 12, 1987; Italian Legislative Decree 4.03.2014, n.26,

Gazzetta Ufficiale della Repubblica Italiana no. 61, March 4, 2014)

and the Animal Research: Reporting of In Vivo Experiments

(ARRIVE) guidelines.

Mice were housed in the animal facility of the University of

L’Aquila, Italy, at the following conditions: temperature: 20°C to

24°C, humidity: 60%� 5%, dark/light cycle: 12/12 hours. They

had access to food and water ad libitum and were fed with a

standard diet (Mucedola code: 4RF21) composed of 60.8%

carbohydrates, 21% proteins, 3.45% fat, 6.8% fibers, 7.95% trace

elements, and 12% humidity.

mCT analysis

Images of femurs previously fixed in 4% formaldehyde were

acquired using the SkyScan 1174 (Bruker, Billerica, MA, USA) with

a resolution of 6.7mm (X-ray voltage 50 kV). Image reconstruc-

tion was carried out employing a modified Feldkamp algo-

rithm,(13) using the Skyscan Nrecon software. Three-dimensional

(3D) and two-dimensional (2D) morphometric parameters were

calculated for the trabecular bone, 150 slides (4mm thick) from

the growth plate. Threshold values were applied for segmenting

trabecular bone corresponding to bone mineral density values

of 0.6mg/cm3 calcium hydroxyapatite. 3D parameters were

based on analysis of a Marching Cubes-type model with a

rendered surface.(14) Calculation of all 2D areas and perimeters

was based on the Pratt algorithm.(15) Bone structural variables

and nomenclature were those suggested by Bouxsein and

colleagues.(16)

Bone histomorphometry

Tibias explanted from euthanized WT and Lcn2–/– mice were

fixed in 4% paraformaldehyde, dehydrated in acetone, and

processed for glycol–methacrylate embedding without decal-

cification. Histomorphometric measurements were carried out

on 5-mm-thick sections with an interactive image analysis

system (IAS 2000; Delta Sistemi, Rome, Italy)(17) and with the

suggested nomenclature.(18) Osteoclast number/bone surface

(number/mm2) and osteoclast surface/bone surface (%) were

evaluated after histochemically staining the sections for TRAcP

activity. Osteoblast surface/bone surface (%) was evaluated in

sections stained with methylene blue/azure II, while dynamic

assessment of the mineral apposition rate (MAR) was

calculated after double injection of calcein, 10 and 3 days

before euthanasia. Bone formation rate (BFR) was calculated

according to the following formula: MAR�MS/BA, where

MS¼mineralized surface and BA¼bone area, as suggested by

Dempster and colleagues.(18)

Glucose tolerance test

Three-month-old and 12-month-old WT and Lcn2–/– mice were

subjected to the glucose tolerance test (GTT) following 16

hours of overnight fasting. Briefly, fasted glucose was

measured at time 0 using the Accu-Chek Aviva System (Roche

Diagnostics, Manheim, Germany) collecting blood directly

from the tail, then 2 g/kg of body weight (b.w.) of D-glucose

was administered by intraperitoneal (i.p.) injection. Blood

glucose and insulin levels were measured 15, 30, 60, and

120min after D-glucose injection.

Insulin tolerance test

Three-month-old and 12-month-old WT and Lcn2–/– mice were

subjected to the insulin tolerance test (ITT) after 4 hours of fasting.

Briefly, glucose wasmeasured at time 0 using the Accu-Chek Aviva

System, then 0.75U/kg b.w. of recombinant human (rh)-insulin

(Humulin®, Eli Lilly and Company, Indianapolis, IN) was adminis-

tered by i.p. injection. Blood glucose levels were thenmeasured as

above after 15, 30, 60, 90, and 120min after rh-insulin injection.

Glucose-stimulated insulin secretion by primary
pancreatic islets

Primary pancreatic islets were isolated from 3-month-old male

mice by intraductal injection of 3mL of collagenase P solution,

according to Li and colleagues,(19) then pancreatic islets were

recovered and cultured in RPMI medium containing 11mM

glucose and 10% FBS.

Seven to 10 islets were transferred in 24-well plates and

glucose-starved by incubation in Krebs Ringer bicarbonate

HEPES buffer (114mM NaCl; 4.7mM KCl; 1.16mM MgSO4; 1.2mM

KH2PO4; 2.5mM CaCl2; 5mM NaHCO3; 20mM HEPES; 0.2% BSA)
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for 45min at 37°C. Then, the islets were incubated at 37°C in

Krebs Ringer bicarbonate HEPES buffer containing 5.5mM or

16mM glucose. After 1 hour, the medium was harvested and

centrifuged at 250g for 5min. The supernatants were used to

quantify the secreted insulin by ELISA kit, while the pellets were

lysed to isolate the DNA. Insulin secretion was then normalized

versus the DNA content.

Experiments in metabolic cages

Mice were acclimated for 48 hours in the experimental room,

then transferred into metabolic cages (one mouse per cage)

to measure food intake, water intake, and urine output. All

experiments were run on a 10-hour light/14-hour dark cycle.

Food intake was evaluated for 4 and 21 days.(20) Briefly,

15� 0.1 g of food was given to each mouse at the start of every

light cycle. At the end of the light cycle, food was weighted

again, then the difference between the starting weight and the

final weight was computed to measure the food intake. This

value was also used as a starting weight to determine the night

cycle food intake. After one light/dark cycle, the food left in the

cages was changed with 15� 0.1 g of fresh food.

Water intake was measured each day at the start of every

light cycle. Briefly, 50 g of drinking water was weighted and

given to the mice in a water bottle. At the start of the next

light cycle, water weight was measured again, accounting for

the water dripped out of the bottle, which was also collected

by the metabolic cage, giving the amount of water drank by

the mice. This value was then converted to milliliters by

measuring the density of the water with an analytical scale and

micropipettes.

Urine was also collected, using the built-in system of the

metabolic cages. Urine volumes were measured at the end of

every dark and light cycle. Urine volumes were then centrifuged

at 500g for 15min and supernatants were deep frozen at

–80°C until use.

Glucose concentration in urine

The concentration of glucose in the urine collected fromWT and

Lcn2–/– mice at the end of the dark cycles was evaluated using

the Infinity hexokinase-based glucose detection kit, according to

the manufacturer’s instructions.

Insulin, bone turnover biomarker, and Lcn2
concentrations in sera

Sera from WT and Lcn2–/– mice were used for detection of

insulin, bone turnover biomarker (CTX, TRAcP, BALP, OCN), and

Lcn2 concentrations by ELISA kits, according to the manufac-

turers’ instructions.

Osteoblast primary cultures

Calvarias from 7-day-old WT and Lcn2–/– mice were explanted,

cleaned free of soft tissues, and digested three times with 1mg/

mL Clostridium histolyticum type IV collagenase and 0.25%

trypsin, for 20min at 37°C, with gentle agitation. Cells from the

second and third digestions were plated and grown in standard

conditions, in DMEM plus 10% FBS. At confluence, cells were

trypsinized and plated according to the experimental protocol.

The purity of the culture was evaluated by the expression of the

osteoblast biomarkers, ALP, Runx-2, PTH/PTH related peptide

receptor, type I collagen, and OCN and by the histochemical

evaluation of ALP activity.

Mineralization assay

Osteoblast standard medium was supplemented with 10mM b-

glycerophosphate and 50mg/mL ascorbate (osteogenic me-

dium). Osteoblasts were cultured for 3 weeks before evaluation

of mineralization by von Kossa staining.

ALP-positive colony forming unit assay

Femurs and tibias of 7-day-old WT or Lcn2–/– mice were cleaned

out of soft tissues, chopped with a sterile blade, and bone

marrow cells were flushed out and pulled together. Cells were

pelleted at 350g for 10min and then 500,000 cells were plated in

6-cm dishes with osteogenic medium. Medium was changed

every 5 days. At the 14th day, cells were fixed in 4%

paraformaldehyde and histochemically stained for ALP. Pictures

were taken with a complementary metal-oxide semiconductor

(CMOS) camera and the number and area of ALP-positive

colonies were analyzed to estimate the amount of osteoblast

progenitors in the bone marrow.

Osteoclast primary cultures

Femurs and tibias of 7-day-old WT or Lcn2–/– mice were cleaned

of soft tissues, chopped with a sterile blade, and bone marrow

was flushed out, diluted 1:1 in Hank’s balanced salt solution

(HBSS), layered over Histopaque 1077 solution, and centrifuged

at 400g for 30min. Buffy coat cells were collected, washed twice

with HBSS, resuspended in DMEM plus 10% FBS, and plated in

culture dishes at a density of 1� 106 cells/cm2. After 3 hours, cell

cultureswerewashedwith PBS to remove nonadherent cells and

maintained for 7 days in the same medium supplemented with

50 ng/mL rh-macrophage-colony stimulating factor (rhM-CSF)

and 120 ng/mL rhRANKL. Mature osteoclasts and committed

precursors were detected by TRAcP histochemical staining.

Adipocyte isolation

Primary adipocytes were isolated from the gonadal (epididymal)

white adipose tissue of 2-month-old male mice. Briefly, gonadal

fat pad was collected and kept in the Adipo Buffer (120mMNaCl;

6mM KCl; 1.2mM MgSO4; 1mM CaCl2; 0.6mM Na2HPO4; 0.4mM

NaH2PO4; 20mM HEPES) supplemented with 1% BSA and 1mM

D-glucose. The tissue was digested using 2mg of collagenase P

per each gram of fat, for 1 hour at 37°C. Adipocytes were purified

by serial centrifugations (180g for 3min, three times) and plated

in aMEM supplemented with 1% FBS. After 1 hour, the

adipocytes were collected and processed for RNA extraction.

Comparative real-time RT-PCR

Total RNA was extracted from mouse tissues and from

osteoblast and adipocyte cultures, using the TRIzol® method.

One microgram (1mg) of total RNA was reverse transcribed into

cDNA using Moloney Murine Leukemia Virus (M-MLV) reverse

transcriptase and the equivalent of 0.1mg was processed using

the Brilliant® SYBR® Green QPCR master mix for real-time PCR or

Thermo Scientific 2X greentaq mastermix for conventional PCR.

Results, expressed as fold increase, were normalized versus the

housekeeping gene Gapdh.

Statistics

Results were expressed as the mean� SD of at least three

independent experiments or three to 10 mice/group, as

specified in the figure legends. Results from the two sexes
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were analyzed separately. The sex is specified in the figure

legends. Statistical analyses were performed using the unpaired

Student’s t test, conducted either on raw data or on the area

under the curve, according to the type of data. The statistical

method is indicated in the figure legends. A p value <0.05 was

conventionally considered statistically significant.

Results

Bone metabolism

We previously showed that increased Lcn2 expression, in

response to bone mechanical unloading, impaired in vitro

osteoblast differentiation, and enhanced osteoblast RANKL

expression and subsequent osteoclast formation.(10) To thor-

oughly characterize the role of Lcn2 in bone metabolism, we

investigated the bone phenotype of Lcn2 globally deleted mice

hypothesizing an enhanced osteogenesis compared toWTmice.

As expected, our Lcn2–/– mice did not express Lcn2 mRNA

(Supporting Fig. 1A) and protein (Supporting Fig. 1B) in any

tissue investigated. Consistently, circulating Lcn2 was undetect-

able (Supporting Fig. 1C).

The longitudinal growth of the skeleton of Lcn2–/– mice

appeared normal, as shown by gross observations and measure-

ment of the femur length (Supporting Fig. 1D). However, to our

surprise, mCT analysis revealed that the trabecular bone volume

over tissue volumewas dramatically lower in Lcn2–/– compared to

WTmiceat all agesanalyzed (Fig. 1A,B). Consistently, evaluationof

trabecular parameters revealed a significantly lower trabecular

number (Fig. 1C),whereas trabecular thicknesswas slightly higher

in Lcn2–/– mice at 1 month of age, but did not show differences

with WT mice at the other ages (Fig. 1D). A higher trabecular

separation was observed in Lcn2–/– mice (Fig. 1E), whereas the

cortical thickness was significantly lower only in elderly Lcn2–/–

mice (Fig. 1F). Interestingly, the trabecular bone variables in the L4
vertebrae showed no difference betweenWT and Lcn2–/–mice at

3 months of age (Supporting Fig. 1E). This observation was

consistent with the report by Mosialou and colleagues,(11) who

found no vertebral phenotype either in global or osteoblast-

specific Lcn2 ablated mice at this age. However, we observed a

significant reduction of the bone volume in the L4 vertebrae of

older mice (12 months old) (Supporting Fig. 1E–H), suggesting a

delayed loss of bone mass in this bone segment.

To determinewhether these differences in the bone structural

variables were due to osteoblastic and/or osteoclastic dysfunc-

tions, we performed histomorphometric analysis of distal femur

secondary spongiosa and observed that osteoblast number and

surface over bone surface were significantly lower in Lcn2–/–

mice compared to WT littermates (Fig. 2A–C). Consistently,

double calcein labeling (Fig. 2D) showed reduced bone

formation rate and MAR in the Lcn2–/– mice (Fig. 2E,F). In

contrast, no modulation of the osteoclast variables was

observed (Fig. 2G–I), suggesting that the osteopenic phenotype

of the Lcn2–/– mice was dependent on the osteoblasts.

In agreement with this hypothesis, lower serum levels of BALP

(Fig. 2J) and OCN (Fig. 2K) were observed in Lcn2–/– mice, while

the serum osteoclast and bone resorption biomarkers, TRAcP

(Fig. 2L) and CTX (Fig. 2M), respectively, were unremarkable.

Finally, real-time RT-PCR in Lcn2–/– marrow-depleted femurs

showed a significant reduction of Alp, Runx2, and Col1A2

compared to WT mice (Fig. 2N).

The bone loss found in Lcn2–/– mice was unexpected as it

conflicted with our previous observation that Lcn2 was

increased in mechanically unloaded osteopenic mice.(10) To

understand the mechanisms underlying this discrepancy, we

first investigated which cell types expressed Lcn2 in the bone.

Interestingly, we found low transcriptional levels of Lcn2 in

marrow-depleted bones compared to the bone marrow alone

and to the whole bone (Supporting Fig. 2A). Moreover, in

cultured primary calvaria osteoblasts, we observed faint levels of

Lcn2 mRNA compared to marrow cells (Supporting Fig. 2B) and

primary adipocytes (Supporting Fig. 2C). Similar results were

observed detecting the Lcn2 protein in bone and gonadal fat

sections by immunohistochemistry, with a positive signal found

in marrow cells and adipocytes but not in osteoblasts

(Supporting Fig. 2D). These results confirmed previous obser-

vations(9,10,21) but are at variance with the data reported by

Mosialou and colleagues,(11) who found a basal osteoblast

expression of Lcn2 10-fold higher than in the other Lcn2-

expressing organs.

Given the complexity of the in vivo results, we next assessed

whether the cellular changes observed in the Lcn2–/– mice were

cell-autonomous by evaluating the bone cell phenotype in vitro.

Primary osteoclasts, differentiated from the bone marrow–

derived mononuclear cell fraction, showed no differences in

formation or function (Fig. 3A,B). This was inconsistent with the

results of Hyun-Ju and colleagues,(22) who found more and

larger osteoclasts in the bonemarrow cultures of another model

of Lcn2–/– mouse. Surprisingly, in contrast with the in vivo data,

osteoblasts isolated from WT and Lcn2–/– calvarias exhibited

similar levels of ALP activity (Fig. 3C), with no differences in the

ability to mineralize the extracellular matrix (Fig. 3D) and in the

transcriptional expression of Alp (Fig. 3E) and Runx2 (Fig. 3F).

Because these assays can only be performed after various days of

culture, which deprive the cells of environmental factors present

in vivo, we speculated that the in vivo global Lcn2 ablation

affected osteoblasts by an indirect mechanism.

Consistent with this assumption, Lcn2 silencing of cultured

osteoblasts by the means of specific siRNA (Supporting Fig. 3A)

did not influence Alp and Runx2 (Supporting Fig. 3B,C), in

agreement with the observation that our osteoblasts expressed

very low basal levels of Lcn2(9,10,21) (Supporting Fig. 2). In

contrast, a colony forming unit assay, which gives an instant

picture of the in vivo situation detecting the ALP-positive

osteoblast precursor pool in the freshly harvested bonemarrow,

showed significantly lower ALP-positive colony number (Fig. 3G)

and area (Fig. 3H) in the Lcn2–/– cultures, suggesting that global

Lcn2 ablation in vivo reduced the number of osteoblast

precursors in the bone marrow. From this set of data, we

concluded that the impaired osteoblast activity in Lcn2–/– mice

was not cell-autonomous. These results could also reconcile our

seemingly contradictory observations that both Lcn2 over-

expression(10) and ablation (this study) impair osteogenesis,

because the former could affect osteoblasts by a direct

mechanism, while the latter could act through an indirect

process involving a systemic regulation.

Energy metabolism

Given that bone and energy metabolism are tightly linked,(23)

we investigated whether the energy metabolism was dis-

turbed in Lcn2–/– mice, thus indirectly affecting the bone

phenotype. We noticed that Lcn2–/– mice were bigger in size

compared to matched WT littermates, in agreement with the

observation of Mosialou and colleagues.(11) The body weight

(Fig. 4A) and the weight of the gonadal fat (Fig. 4B, Supporting
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Fig. 4A) were significantly higher in Lcn2–/– compared to WT

mice at all ages evaluated. The Lcn2–/– gonadal white adipose

tissue showed more adipocytes (Fig. 4C), while the adipocyte

area/tissue area was similar in the two genotypes (Fig. 4D). The

higher body weight was likely due to a greater food intake in

Lcn2–/– compared to WT mice, measured at 3 months (Fig. 4E,F)

and 12 months of age (Supporting Fig. 4B,C). These results

were consistent with the observations of Mosialou and

colleagues.(11)

To assess whether these features could be associated with an

altered glucose metabolism, we measured the glycemia and

observed that ad libitum–fed circulating glucose concentration

was similar in the two genotypes, while fasted glucose was

significantly lower in Lcn2–/– mice (Fig. 5A). Consistently,

dynamic measurements of glycemia by GTT confirmed lower

blood glucose in the Lcn2–/– versus the WT mice (Fig. 5B), while

insulin levels measured at each time point were comparable

(Supporting Fig. 5A) and ITT showed no differences in the

sensitivity to insulin (Fig. 5C).

To investigate the energy metabolism more deeply, and

because insulin is also important for bone metabolism,(23,24) we

evaluated the insulinemia and observed that it was significantly

higher in Lcn2�/� mice compared to WT mice, under feeding

conditions (Fig. 5D). This was at variance with the report of

Mosialou and colleagues(11) on conditional osteoblast Lcn2–/–

mice, which showed a significant lower serum insulin level

compared to control mice. In our mice, histological examination

of endocrine pancreas showed a similar number of Langerhans

islets in the two genotypes (Fig. 5E), although the islets were

larger in 3-month-old Lcn2–/– compared to WT mice (Fig. 5F), as

confirmed also by immunofluorescence for insulin (Fig. 5G). A

similar result was reported by Mosialou and colleagues(11) in

osteoblast-specific Lcn2-ablated mice, while such an analysis

was not performed in the global Lcn2–/– model. To better clarify

Fig. 1. Lcn2–/– mice show an osteopenic phenotype. mCT analysis of distal femur secondary spongiosa of WT and Lcn2–/– male mice. (A) Representative

images of femurs analyzed at the indicated ages. (B) BV/TV (%) and (C) Tb.N, (D) Tb.Th, and (E) Tb.Sp. (F) Ct.Th (unpaired Student’s t test; number of mice/

group¼ 6 to 7). BV/TV¼bone volume/total tissue volume; Tb.N¼ trabecular number; Tb.Th¼ trabecular thickness; Tb.Sp¼ trabecular separation; Ct.

Th¼ cortical thickness.
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Fig. 2. Histomorphometry and bone turnover biomarkers inWT and Lcn2–/–mice. (A) Histological sections fromWTand Lcn2–/–malemouseproximal tibias

stained with methylene blue/azure II to evaluate (B) Ob.N/BS and (C) Ob.S/BS; arrows¼osteoblasts, scale bar¼ 5mm. (D) Double in vivo calcein labeling

(greenfluorescence; scalebar¼ 5mm)andevaluationof (E) BFR/BSand (F)MAR. (G) Histological sectionsofproximal tibias subjected toTRAcPhistochemical

assay toevaluate (H) Oc.Nand (I)Oc.S/BS; scale bar¼ 10mm. (J,K) Serumanalysis of thebone formationbiomarkers (J) BALPand (K) OCN. (L,M) Serumanalysis

of (L) TRAcP and (M) CTX. (N) Transcriptional expression ofAlp, Runx2, andCollagen 1A2 in femurs (unpaired Student’s t test, number ofmice/group¼ 5 to 8).

Ob.N/BS¼ osteoblast number/bone surface; Ob.S/BS¼osteoblast surface/bone surface; BFR/BS¼bone formation rate/bone surface; MAR¼mineral

apposition rate; Oc.N¼ osteoclast number; Oc.S/BS¼ osteoclast surface/bone surface; BALP¼bone alkaline phosphatase; OCN¼ osteocalcin.
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Fig. 3. Effect of Lcn2 ablation on osteoclast and osteoblast phenotype. (A,B) Purified bone marrow mononuclear cells from 7-day-old WT and Lcn2–/–

micewere allowed to differentiate in osteoclasts in the presence of 25 ng/mL rhM-CSF and 120 ng/mL rhRANKL. (A) At the end of the experiment, mature

osteoclasts were detected by TRAcP histochemical staining and counted. (B) Purified bone marrow mononuclear cells were plated onto bone slices and

allowed to differentiate as described in A. At the end of the experiment, bone slices were stained with toluidine blue and the pit index calculated. (C–F)

Primary osteoblasts were isolated from the calvariae of 7-day-old WT and Lcn2–/– mice after 3 digestions with 1mg/mL Clostridium histolyticum type IV

collagenase and 0.25% trypsin. (C) ALP activity evaluated by histochemical assay (inset; scale bar¼ 50mm) and quantified by densitometric analysis

(graph). (D) Von Kossa staining (inset; scale bar¼ 50mm) of mineralization nodules from WT and Lcn2–/– primary osteoblasts cultured in standard

medium supplemented with 10mM b-glycerophosphate and 50mg/mL ascorbic acid (osteogenic medium) for 3 weeks. (E,F) Transcriptional expression

of (E) Alp and (F) Runx2. (G,H) Osteogenic colony forming unit assay performed in bonemarrow stromal cells flushed out from femurs of 7-day-oldWT and

Lcn2–/– mice. Evaluation of (G) number of ALP-positive colonies and (H) ALP-positive area; scale bar¼ 1mm. Results are the mean� SD of three

independent experiments (unpaired Student’s t test).
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this phenotype, we performed a glucose-stimulated insulin

secretion (GSIS) test in ex vivo pancreatic islets freshly isolated

from WT and Lcn2–/– mice and observed a greater release of

insulin from Lcn2–/– islets after exposure to both normal and

high glucose concentrations (Fig. 5H).

We next evaluated the energy metabolism phenotype in

elderly mice (12 months) and observed a trend to lower fasted

glucose in the Lcn2–/– genotype (Fig. 5I). Similarly, GTT still

showed lower glucose levels in Lcn2–/– mice (Fig. 5J), while

insulin sensitivity remained similar in the two genotypes

(Fig. 5K). Insulinemia was significantly higher in 12-month-old

Lcn2–/– mice also (Fig. 5L), while neither number nor area of

pancreatic islets were changed (Fig. 5M,N). Lower levels of fasted

glucose were also observed in both adult and aged female

Lcn2–/– mice (Supporting Fig. 5B), paralleled also in this sex by a

significant increase of glucose tolerance (Supporting Fig. 5C,D).

Kidney alterations

To establish whether kidney alterations could contribute to the

Lcn2–/– mouse phenotype, we measured the urine output in

metabolic cage experiments. We found polyuria in Lcn2–/– mice

Fig. 4. Lcn2–/– mice show increased body and gonadal fat weight. (A) Body weight measurements in WT and Lcn2–/– male mice at the ages indicated in

the x axis. (B–D) Three-month-old and 12-month-old WT and Lcn2–/– male mice were euthanized, then gonadal fat was collected and (B) weighed. (C)

Evaluation of gonadal adipocyte cell number. (D) Histological sections of gonadal fat from WT and Lcn2–/– mice stained with hematoxylin/eosin (inset;

scale bar¼ 50mm) and quantification of the adipocyte area. (E,F) Three-month-oldWT and Lcn2–/–micewere housed inmetabolic cages to evaluate food

intake after (E) 4 days and (F) 21 days (unpaired Student’s t test, number of mice/group¼ 3 to 10).
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Fig. 5. Effect of Lcn2 ablation on energy metabolism. (A–H) Three-month-old WT and Lcn2–/– male mice were evaluated (A) for their glucose levels under ad

libitum feeding and fasting conditions. (B)WTand Lcn2–/–micewere injected i.p.with 2g/kgbodyweightof glucose and subjected toGTTat the times indicated

in the abscissa. (C) WT and Lcn2–/– mice were injected with 0.75 UI/kg body weight of Humulin® (rhInsulin) and subjected to ITT at the times indicated in the

abscissa. (D) ELISA assay to assess serum levels of insulin. (E) Pancreatic islet number and (F) area over tissue area. (G) Immunofluorescence analysis of insulin in

sections from pancreas of WT and Lcn2–/– mice; scale bar¼ 50mm. (H) GSIS test in pancreatic islets isolated from 3-month-old WT and Lcn2–/– male mice. (I)

Twelve-month-oldWT and Lcn2–/–malemicewere evaluated for their glucose levels under ad libitum feeding and fasting conditions. (J) Glucose and (K) insulin

tolerance test. (L) Serum levels of insulin. (M) Pancreatic islet number and (N) area over tissue area (unpaired Student’s t test, number of mice/group¼ 4 to 11).
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at both 3 and 12months of age (Fig. 6A), while their water intake

was similar to WT mice (Fig. 6B,C). Interestingly, glycosuria was

also observed in Lcn2–/–mice (Fig. 6D), likely associated with the

polyuria described in Figure 6A. Moreover, Lcn2 has been

previously associatedwith chronic kidney disease progression in

mice and humans(25) and Lcn2–/– mice showed proteinuria

(Fig. 6E) and histological signs of renal cortex vacuolization

(Fig. 6F,G), thus suggesting the development of kidney injury

and its potential involvement in the circulating glucose

depletion observed in the Lcn2–/– mice.

Molecular mechanism

To investigate the effect of Lcn2 deletion on the overall insulin

signaling, we performed Western blot analysis for the activated

(ie, phosphorylated) insulin receptor (InsR) and its downstream

target AKT in gonadal white adipose tissue, quadriceps, and

femur protein lysates. Phosphorylation of InsR and AKT did not

appear different between the two genotypes in quadriceps and

femurs. In gonadal white adipose tissue, we observed a

significant increase of InsR phosphorylation and a trend of

increase of AKT phosphorylation (Supporting Fig. 6A–D, left

panels), suggesting that the high circulating insulin in Lcn2–/–

mice targets especially the white adipose tissue. These results

ruled out that the bone phenotype of Lcn2–/– mice was

associated with altered insulin signaling and led us to

hypothesize that a specific glucose-associated alteration could

affect the bone.

To address this hypothesis, we evaluated the expression of

GLUT1, which is the transporter through which glucose enters

the osteoblasts by an insulin-independent mechanism, driving

osteoblast differentiation and bone deposition.(26) Glut1 tran-

scriptional expression was lower in marrow depleted femurs

from Lcn2–/–mice compared toWT, while it was higher in Lcn2–/–

liver (Fig. 7A) as expected from the insulin-induced hypoglyce-

mic phenotype.(27) The lower level of GLUT1 in the marrow-

depleted bone was also confirmed by Western blot (Fig. 7B).

Taken together, these results suggest that Lcn2 global ablation

prevents the full expression of a glucose transporter that is

essential for osteogenesis,(26) at least in part explaining the

osteopenic phenotype observed in the Lcn2–/– mice.

Discussion

Lcn2 is a versatile protein involved in many complex and often

contradictory functions (Supporting Table 1). In our work, we

showed that Lcn2–/– mice had a marked osteopenic phenotype

due to reduced osteoblast number and activity, with no changes

in osteoclast parameters. Our data supports the concept that

this phenotype was not primary, but secondary to deregulated

energy metabolism and, at least in part, due to the impairment

of the GLUT1 expression in the Lcn2–/– bone. Accordingly,

differentiation and in vitro mineralization ability of cultured

calvarial osteoblasts were similar between WT and Lcn2–/– cells,

thus suggesting an in vivo non–cell autonomous osteoblast

response to Lcn2 ablation. In vitro osteoclast function and gene

expression were also similar in the WT and Lcn2–/– genotypes.

This is at variance with a recent report which proposed that

Lcn2–/– mice had no bone phenotype in vivo, while in vitro

osteoclasts were larger and their osteoclast precursors prolifer-

ated more due to upregulation of the M-CSF receptor, c-Fms.(22)

This result is surprising, further strengthening the complexity of

the Lcn2 pathway in the bone.

The involvement of energy metabolism reconciles this study

with our previous work,(10) in which we showed impaired

osteoblast function when Lcn2 was overexpressed in unloading

conditions. This paradox could depend on the fact that

overexpression of Lcn2 could have a direct negative influence

on osteoblasts, while in our global Lcn2 ablated mice the

negative effect on osteoblasts could be mediated by a complex

alteration of energy metabolism and kidney function.

Our results on the bone phenotype also diverge from those

described in the elegant report by Mosialou and colleagues,(11)

who found normal bone mass in both global and osteoblast-

specific Lcn2-deleted mice, and normal circulating levels of OCN

in osteoblast-specific–deleted mice, concluding that the effect

of Lcn2 deletion was not on the bone but only on appetite in the

brain. These discrepancies could be explained by the fact that

Mosialou and colleagues(11) investigated the bone phenotype

only in the vertebras and only at 3 months of age. Concordantly,

also the vertebral phenotype of our 3-month-old global Lcn2–/–

mice was unremarkable, while vertebral low bone mass was

apparent in older mice. In contrast, we observed long-bone

osteopenia at all ages, representing another piece of complexity

in the Lcn2 pathway, which seems to exhibit both time-based

and site-based diversities.

Another important difference between these two studies

was in the osteoblast basal expression of Lcn2. Mosialou and

colleagues(11) showed a very high Lcn2 level in WT osteoblasts,

10-fold more than in adipocytes. This is at variance with

previous reports, which showed that Lcn2-producing cells are

mainly adipocytes and bone marrow cells(1–8,10,21) rather than

osteoblasts.(28,29) In Mosialou and colleagues,(11) the bone

marrow was not included in the transcriptional and protein

analyses, while in our previous work, we showed that the

marrow Lcn2–highly expressing cells did not belong to the

stromal compartment, thus ruling out the osteoblast line-

age.(9,10,21) This observation was complemented in this study,

in which high Lcn2 expression was detected immunohisto-

chemically in marrow cells and in gonadal adipocytes but not

in endosteal cells, confirming previous reports.(1–8,10,21,28,29)

Unfortunately, we are not able to provide a credible

explanation for the divergences with the results of Mosialou

and colleagues,(11) which can only be clarified by future

research.

The role of Lcn2 in the energy metabolism has been

investigated by various groups, but again the results did not

fully clarify the exact pattern, and studies diverge in their

observations and conclusions (Supporting Table 1). The fact

that our Lcn2–/– mice had an altered control of energy

metabolism was suggested by their hyperphagia and mild

obesity. The adipose tissue was clearly affected by the Lcn2

deletion with an increase of the number of adipocytes and of

the signaling response to insulin. We also showed that Lcn2–/–

mice exhibited fasted hypoglycemia and greater glucose

tolerance but, at variance with Mosialou and colleagues(11) and

other reports,(6) we observed a fed hyperinsulinemia, corrob-

orated by the detection of bigger pancreatic islets in Lcn2–/–.

Increased insulin secretion was confirmed by the GSIS test in

isolated starved Lcn2–/– islets exposed to glucose; therefore,

we are confident that, in our experimental condition, hyper-

insulinemia characterizes the Lcn2–/– mouse energy pheno-

type. This hyperinsulinemia could be associated with the mild

obesity observed in the Lcn2–/– mice, in agreement with

reports that showed a causal association between these two

conditions.(27) In fact, it has been proposed that
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Fig. 6. Effect of Lcn2 ablation on renal functions. Three-month-old and 12-month-old WT and Lcn2–/–male mice were housed in metabolic cages to

assess (A) urine output and (B,C) water intake. Evaluation of (D) glucose levels and (E) protein concentration in urine. (F) Histological sections of kidneys

fromWT and Lcn2–/–mice stained with hematoxylin/eosin and (G) evaluation of vacuolar area in the cortical region (unpaired Student’s t test, number of

mice/group¼ 3 to 8; scale bar¼ 25mm). GTT¼glucose tolerance test; ITT¼ insulin tolerance test.
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hyperinsulinemia can promote obesity,(30–33) whereas drugs

that prevent hyperinsulinemia can lead to weight loss.(33,34)

Given that the insulin sensitivity in Lcn2–/– mice was normal,

hyperinsulinemia could indeed account for the higher glucose

tolerance and fasted hypoglycemia observed in Lcn2–/– mice.

However, a previous study showed that Lcn2 deficiency

reduced glycemia and insulinemia, and enhanced insulin

sensitivity in aging, dietary or genetic-induced obesity,(6)

partly diverging from our observations and corroborating the

observations by Mosialou and colleagues.(11)

To make the phenotype even more complex, glucose

excretion and kidney function appeared altered in our Lcn2–/–

mice. Lcn2 is very important for the iron handling and recycling

in the kidney, preventing iron accumulation in tubular kidney

cells.(35) Lcn2 has also been proposed as a biomarker of acute

kidney injury(36) and our data showed that Lcn2–/– kidneys

presented with proteinuria and cortex vacuolization, which is

morphologically consistent with iron-induced kidney injury.(35)

This could also potentially be the cause of the polyuria and

glycosuria, which could contribute to the circulating glucose

depletion in Lcn2–/– mice.

The mechanisms underlying the response of the bone to the

Lcn2-induced hypoglycemia and hyperinsulinemia remain to be

fully elucidated, representing a limitation of our study. The basal

insulin receptor and downstream signaling pathways appeared

similar in WT and Lcn2–/– mice. However, the expression of

GLUT1 in the bone was downregulated in Lcn2–/– mice. GLUT1

transports glucose in osteoblasts, and glucose uptake stimulates

osteoblast differentiation through a mechanism that stabilizes

Runx2 by preventing its degradation into the proteasome.(26)

Glucose uptake by osteoblasts is independent of insulin, and in

osteoblasts GLUT1 has been demonstrated to be more

expressed compared to other glucose transporters.(26) Mouse

genetics showed that GLUT1 expression is enhanced by Runx2

and that Runx2 cannot induce osteoblast differentiation in the

presence of low glucose. Therefore, it is conceivable, although

rather speculative, that the impairment of GLUT1 expression in

Lcn2–/– bone could contribute to the low bone formation

observed in these mice.

In conclusion, Lcn2 is a very peculiar protein, whose

physiologic level appears to be essential for bone health,

balanced energy metabolism, and normal kidney function.

Together with other reports,(11,23,24) we have highlighted that

the pathways inwhich Lcn2 is involved are very complex and not

yet fully understood. It should be noted that Lcn2 is also called

growth factor super-inducible protein 24(37) because of its

strong transcriptional activation in various conditions. There-

fore, we cannot rule out that small experimental or environ-

mental differences could also be responsible for the

discrepancies noted in various studies. Furthermore, strategies

to generate the available Lcn2 mouse models were different, for

instance deleting a 1.9-kilobase (kb) genomic fragment

comprising Lcn2 exons 3 to 6 by LoxP sites within introns 2

and 6 in Mosialou and colleagues,(11) or using a targeting vector

designed to replace a 2.5-kb genomic fragment containing Lcn2

exons 1 to 5 with the PGK-neo cassette in Berger and

colleagues,(12) who generated the mice investigated in this

study. Therefore, further research and controlled approaches

will be necessary to recognize the exact multifaceted roles of

Lcn2 in the organismal health, elucidate the underlying cellular

and molecular mechanisms and reconcile the many divergent

observations reported so far in the literature (Supporting

Table 1).
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