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Abstract 

Background: Lipocalin 2 is highly expressed and secreted from osteoblasts in mice. Lately, 

bone-derived lipocalin 2 has been shown to suppress appetite by binding to the MC4R in 

hypothalamus. In the present study we wanted to examine whether the PPARα agonist 

fenofibrate exerts its weight-reducing effect through stimulation of lipocalin 2 secretion. 

Methods: The murine pre-osteoblast and osteocyte cell lines (MC3T3-E1 and MLO-Y4) were  

incubated with DMSO (control) and fenofibrate dissolved in DMSO for 24 and 72 hours. 

MC3T3-E1 cells were exposed to fenofibrate 10 µM, and MLO-Y4 cells to 1 and 10 µM. 

Lipocalin 2  in cell medium and lysate was measured by ELISA, and lipocalin 2 mRNA in 

MLO-Y4 cells by RTPCR. Lipocalin 2 was also analyzed in plasma from ovariectomized 

(OVX) rats exposed to fenofibrate (90 mg/kg/d) for eight weeks and in OVX controls.  

Results: Lipocalin 2 mRNA was significantly and highly expressed in MLO-Y4 cells after 

exposure to fenofibrate 1 and 10 µM for 24 hours. No significant differences in lipocalin levels 

were observed in cell medium or lysate from MC3T3-E1 and MLO-Y4 cells after incubation 

with fenofibrate. The highest levels of lipocalin 2 were seen after exposure of MLO-Y4 cells 

to fenofibrate 1 µM for 72 hours. The amount of  lipocalin 2 appeared to be modest in  MC3T3-

E1 cells. Plasma levels of lipocalin 2 were higher in OVX rats exposed to fenofibrate than in 

controls, however, not significantly. 

Conclusion: We show for  the first time that lipocalin 2 is expressed, translated and secreted 

from the osteocyte cell line MLO-Y4, and that lipocalin 2 mRNA expression is upregulated by 

fenofibrate. 
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1. Introduction 

1.1. Bone  

The skeleton accounts for approximately 15% of total body weight and is one of the largest 

organ systems in the human body. It provides mechanical support for stature and locomotion 

in addition to providing protection for vital organs. Besides these functions, bone also acts as 

an important reservoir for several minerals including calcium, phosphate, magnesium and 

sodium.2,3 

 Bone is a mineralized connective tissue that exhibits four types of cells: osteoblasts, 

bone lining cells, osteocytes, and osteoclasts.4 Osteoblasts differentiate from mesenchymal 

stem cells (MSCs) and comprise 5% of all bone cells. They are responsible for the synthesis of 

type I collagen and several non-collagenous proteins, as well as deposition of mineralized 

matrix to facilitate the formation of bone.5,6 Osteoblasts differentiate to  osteocytes which are 

embedded in the bone matrix   and constitute 90% of total bone cells.7 The  osteocytes translate 

mechanical strain into biochemical signals and are the key cells in regulation of bone 

metabolism.8  

 Osteoclasts differentiate from hematopoietic stem cells (HSCs).9 They synthesize 

vacuolar-ATPases which are transported to the ruffled border membrane on the bone surface, 

where they pump protons into resorption lacunae to dissolve hydroxyapatite. The resulting low 

pH in the resorption lacunae achieved by the large number of proton pumps activates matrix 

metalloproteinases (MMPs) and cysteine proteinases to degrade the collagenous bone matrix.10 

Thereafter, signal substances are released from the bone matrix and from the osteoclast to 

initiate bone formation by the osteoblasts. The function of bone lining cells is not settled, but 

they seem to be involved in the coupling between bone resorption and formation.5  The blood 

vessels in the bone also play a role in bone formation and provide a niche for HSCs  that reside 

in the bone marrow.11,12 

 

1.2. Bone homeostasis  

Bone undergoes constant remodeling of its microarchitecture and composition throughout an 

individual’s lifetime to facilitate its classical functions and to maintain the integrity of the 

skeleton. Bone remodeling goes through two processes, removal of old or damaged bone by 

osteoclasts followed by replacement with new bone by osteoblasts.7,13 Osteoblasts, osteocytes, 

and osteoclasts interact with each other and maintain the remodeling and architecture of 

skeleton by synthesizing and secreting paracrine signaling molecules, including growth factors, 

cytokines and chemokines.  
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Figure 1.1: Paracrine signaling by bone cells. 

Osteoblast expression of RANKL promotes osteoclast activity, whereas OPG inhibits osteoclastogenesis. 

Osteocyte secretion of sclerostin and Dickkopf-1 inhibits osteoblasts through blocking Wnt signaling. The figure 

was modified from “Paracrine and endocrine actions of bone” by  Y Han et al.1 

 

Osteoblasts and osteocytes regulate osteoclastogenesis and bone resorption by secreting 

receptor activator of NF-кB ligand (RANKL)14-16, anti-osteoclastogenic factors such as 

osteoprotegerin (OPG)17-19. RANKL is necessary for the formation, fusion, activation, and 

survival of osteoclasts by binding to its receptor, receptor activator of the NF-κB (RANK), on 

osteoclasts and its precursors.20 OPG acts as a soluble decoy receptor of RANKL to antagonize 

the effects of RANKL and interrupt the crosstalk between osteoblasts and osteoclasts.21The 

Wnt/β-catenin signaling pathway is the main regulator of bone formation. This pathway is 

important in osteoblasts for proliferation, differentiation and synthesis of bone matrix22, 

whereas osteocytes use the Wnt/β-catenin pathway to transmit signals of mechanical loading 

to cells on the bone surface.  Osteocytes secret sclerostin, a negative regulator of the 

Wnt/βcatenin signaling pathway by binding to the Wnt co-receptors, low-density lipoprotein 

receptor-related proteins 5 and 6 (LRP5 and LRP6).  Sclerostin inhibits osteoblast 

differentiation and subsequently bone formation in a paracrine manner23. The pathway is 

triggered by crosstalk with the prostaglandin pathway in response to loading, resulting in a 

decrease in negative regulators of bone formation such as sclerostin and Dickkopf-1.24 Bone-

specific alkaline phosphatase (BALP) is secreted by osteoblasts in response to vitamin D.  
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BALP promotes bone mineralization by reducing the level of pyrophosphate which is a 

naturally occurring inhibitor of mineralization.25  

 

1.3. Bone – an endocrine organ 

1.3.1. Fibroblast growth factor 23 

The skeleton has recently been recognized as an endocrine organ. Genetic analyses of human 

familial disorders of phosphate homeostasis led to the discovery of bone-derived fibroblast 

growth factor 23 (FGF23)26. Subsequent studies have revealed that it is principally secreted by 

osteocytes.27 FGF23 plays important roles in modulating phosphate homeostasis. It suppresses 

the expression of sodium-phosphate cotransporters in the proximal tubules of the kidney, 

thereby inhibiting phosphate reabsorption.28 The production of 1,25-dihydroxyvitamin D3 

[1,25(OH)2D3] is also suppressed through inhibition of 1α-hydroxylase, resulting in 

attenuation of intestinal phosphate absorption. Consequently, FGF23 reduces the circulating 

phosphate levels29,30.  

 

1.3.2. Osteocalcin 

Osteocalcin (OCN) is a bone-derived hormone that is proposed to regulate the biological 

processes of multiple organs including bone, adipose, liver, muscle, pancreas, testes, and 

brain2,6,31-38. It is the most abundant osteoblast-specific non-collagenous protein. Insulin 

signaling in osteoblasts leads to reduced OPG expression and increased osteoclast activity.39 

Osteoclasts are responsible for increasing the circulating level of bioactive undercarboxylated 

OCN (GluOCN).40 

OCN-null mice exhibit abnormal quantities of body fat and reduced peripheral insulin 

sensitivity, impaired glucose metabolism, liver steatosis and inflammation in white adipose 

tissue.34,39,41 Co-culture assays show that OCN secreted by osteoblasts promote β-cell 

proliferation, insulin secretion and sensitivity, indicating that OCN may play a role in the 

regulation of energy metabolism.35 OCN regulates the uptake and catabolism of glucose and 

fatty acids (FAs) in muscle during exercise.42 Moreover, OCN and IL-6 mediate the crosstalk 

between bone and skeletal muscle by modulating adaptation to exercise.33 OCN has also been 

shown to stimulate testosterone synthesis.43. Finally, a role of OCN in the fight or flight 

response has been revealed.44 

https://www.sciencedirect.com/topics/medicine-and-dentistry/mineralization
https://www.sciencedirect.com/topics/medicine-and-dentistry/pyrophosphate
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Figure 1.2: Endocrine functions of OCN.  

OCN is C-carboxylated (GlaOCN) and secreted by osteoblasts into bone extracellular matrix (ECM). The acidic 

pH (~4.5) in the resorption lacunae formed by osteoclasts decarboxylates GlaOCN into undercarboxylated active 

osteocalcin (GluOCN), which enters the circulation to act as a hormone. GluOCN regulates energy metabolism 

via enhancement of glucose uptake in muscle, insulin production in the pancreas, insulin sensitivity in the liver 

and adipose tissue and promotion of β-cell proliferation in the pancreas. In addition, OCN stimulates testosterone 

synthesis in Leydig cells. It also improves cognitive function of the brain through an increase in neurotransmitter 

synthesis and facilitation of hippocampus development. The figure was modified from “Paracrine and endocrine 

actions of bone” by  Y Han et al.1 

 

Whether the findings in rodents also apply to humans is not settled. In a cross-sectional 

analysis, osteocalcin was inversely associated with fasting plasma glucose, fasting insulin, a 

parameter of insulin resistance [homeostasis model assessment for insulin resistance (HOMA-

IR)], and fat mass.45 

 

1.3.3. Lipocalin 2   

Lipocalin 2 adds to the list of hormones derived from bone cells. It is also known as neutrophil 

gelatinase associated lipocalin (NGAL) which is the term applied in humans.46 Lipocalin 2 is 

a 25-kDa glycoprotein that binds and transports small hydrophobic molecules, such as retinoic 

acid, hormones, and fatty acids.47 It was initially discovered as a matrix metalloproteinase 9 

(MMP-9) binding protein that attenuated MMP-9 degradation.48 Lipocalin 2 has been proposed 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycoprotein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/retinoic-acid
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/retinoic-acid
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to exert many different functions in humans, including a role in iron homeostasis, infection and 

inflammation.49  

Lipocalin 2 is   produced and secreted by adipocytes and has therefore been classified 

as an adipokine.50 It is also expressed in many other tissues, including uterus, bone 

marrow, immune system, and malignant tumors.48,51-54 Lipocalin 2 expression was detected 

in murine osteoblasts55, and a 10-fold higher expression was observed in bone than in fat or 

any other tissue.56  

 The expression of the lipocalin 2 gene is stimulated by lipopolysaccharide (LPS) and 

cytokines including as tumor necrosis factor α (TNFα), interleukin 1β (IL-1β), interleukin 6 

(IL-6), interleukin 17 (IL-17) and interferon γ (IFNγ).50,57,58 Factors such as fasting and cold 

stress, fatty acids (palmitate and oleate), H2O2 and dexamethasone also stimulate expression 

of lipocalin 2 gene.50,59-61 Lipocalin 2 expression and secretion by insulin is dose-dependent; 

this insulin effect is significantly abolished in the presence of low concentration of glucose.50 

The inducing factors initiate a cascade of intracellular pathways such as the nuclear 

factor-κB (NF-κB) pathway, Janus kinase (JAK)-signal transducer and activator of 

transcription (STAT) pathway and activate nuclear factors that lead to expression of lipocalin 

2.50 IFNγ and TNFα have been reported to induce lipocalin 2 expression in both murine and 

human adipocytes.62  The promoter region of lipocalin 2 contains the binding sites for NF-κB, 

STAT1, nuclear factor of activated T-cells 1 (NFAT1) and CCAAT enhancer binding protein 

(C/EBP) as well as several nuclear receptor response elements including glucocorticoid 

response element, retinoic acid receptor response element, and estrogen response 

element.57,60,63 The intracellular pathways and the binding sites in the promoter region of 

lipocalin 2 suggest that lipocalin 2 is involved in among others inflammation, bone metabolism, 

energy metabolism and appetite control. 

 

1.3.3.1. Lipocalin 2, bone and energy metabolism 

Adipocytes were initially regarded as the main lipocalin 2-producing cells.50 This was 

challenged by Mosialou et al., who showed that lipocalin 2 level in WT osteoblasts was 10-

fold higher than in adipocytes.56 Capulli et al.  showed that lipocalin 2–/– mice exhibited a 

marked osteopenic phenotype due to reduced osteoblast number and activity, with no changes 

in osteoclast parameters.64 The authors suggested that the impairment of GLUT1 expression in 

lipocalin 2–/– bone could contribute to the low bone formation.64 Lipocalin 2 overexpression 

reduces osteoblast differentiation and stimulates the production of interleukin 6 (IL-6) and 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/immunocompetent-cell
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/osteoblast
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receptor activator of NF-kB ligand (RANKL), which in turn promotes osteoclastogenesis.65 

These data support that lipocalin 2 plays a role in bone homeostasis. 

 Mosialou et al. showed that bone-derived  lipocalin 2 suppresses appetite.56 They 

observed that circulating lipocalin 2 crosses the blood–brain barrier and accumulates mainly in 

the hypothalamus where it activates neurons in the paraventricular nucleus (PVN). The PVN 

is involved in feeding regulation partly as the result of actions of the well-established 

melanocortin 4 receptor (MC4R) anorexigenic pathway. Lipocalin 2 binds to MC4R with an 

affinity similar to that of its ligand, α melanocyte–stimulating hormone (αMSH) resulting in 

reduction of food intake, increase in energy expenditure and a subsequent loss of body weight.56 

The ability of lipocalin 2 to suppress appetite is blunted in MC4R-depleted mice, resulting in 

hyperphagia and early-onset obesity, increased fat mass, decreased energy expenditure, and 

hyperinsulinemia.56 Thus, MC4R seems to play the central role in mediating the anorexigenic 

response of lipocalin 2.  

  

 

Figure 1.3: Effect of lipocalin 2 on appetite control and metabolism.  

Osteoblast expression of lipocalin 2 lowers appetite by binding to MC4R in PVN of hypothalamus, thereby 

reducing food intake. It increases insulin secretion, sensitivity and glucose tolerance. Lipocalin 2 stimulates 

osteoblast differentiation by inducing glucose uptake through GLUT1 channels. The figure was modified from 

“Paracrine and endocrine actions of bone” by  Y Han et al.1 
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The lipocalin 2/MC4R interaction has also been observed in humans as some obese people 

carrying mutations in MC4R had elevated lipocalin 2 plasma levels as compared with weight-

matched people without mutations. The authors proposed that lipocalin 2 level is increased in 

the case of desensitization or inactivation of its associated receptor to overcome resistance and 

reestablish homeostasis.56 

 Paton et al. showed that circulating lipocalin 2 levels increased threefold 1 to 3 hours 

postprandially in mice.66 Additionally, they observed elevated levels of lipocalin 2 were found 

in normal-weight women following a high-fat meal, whereas this regulation was lost in obese 

women. Chronic administration of exogenous lipocalin 2 to lean and obese mice decreases food 

intake, fat mass, and body weight gain, and improves glucose homeostasis and energy 

expenditure.56,66 In a recent study, the mRNA expression of lipocalin 2 was upregulated in 

white and brown adipose tissues as well as liver during fasting and cold stress in mice.50 Hence, 

taken together, these studies provide evidence for a physiological role of lipocalin 2 in the 

regulation of appetite and energy metabolism. 

 

1.4.  Peroxisome proliferator activated receptors (PPARs) 

Peroxisome proliferator activated receptors (PPARs) belong to the superfamily of nuclear 

hormone receptors.67 PPARs regulate gene expression by binding to specific DNA sequence 

elements within the promoter region of target genes called PPAR response elements (PPREs). 

When activated by their ligands, PPARs heterodimerize with retinoid X receptors, thereafter, 

bind to PPREs, and act as ligand-regulated transcription factors that control the expression of 

numerous genes involved in metabolic homeostasis, lipid and glucose metabolism, 

adipogenesis, inflammation, immunomodulation and bone metabolism.68,69 

 The PPARs are classified into three subtypes, PPARα, β/δ and γ. PPARγ has three 

variants; γ 1, 2 and 3. They are ubiquitously expressed, but have a tissue-specific distribution.70-

72. PPARα is expressed in brown adipose tissue, liver, kidney, skeletal muscle, and bones. 

PPARβ/δ is expressed in many tissues but markedly in brain, adipose tissue, and skin. PPARγ 

is mostly found in adipose tissues, colon and macrophages. All PPAR subtypes are expressed 

in bone and skeletal muscle.73,74 

 PPARs bind to many ligands including monounsaturated fatty acids (MUFA), 

polyunsaturated fatty acids (PUFA) (ɷ-7 MUFA palmitoleic acid, oleic acid, ɷ-6 PUFA, ɷ-3 

PUFAs), eicosanoids (arachidonic acid, docosahexaenoic acid and eicosapentaenoic acid), 

nonsteroidal inflammatory agents and a heterogeneous class of chemicals.67,70,71,75 
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 PPARs act as regulators of glucose and lipid metabolism and also display anti-

inflammatory effects.76,77 Both PPARα78 and PPARβ79,80 are involved in fatty acid oxidation, 

whereas PPARγ81 regulates energy storage and plays a role in adipocyte differentiation 

homeostasis.  Accordingly, PPAR-α ligands such as fibrates are used for treatment of 

dyslipidemia due to their ability to lower plasma triglyceride levels and elevate HDL 

cholesterol levels.82 Thiazolidinediones (TZDs) are the PPARγ agonists currently in use for the 

treatment of type 2 diabetes.75 This treatment has, however, been questioned because several 

large clinical trials revealed an association between long-term therapy and increased risk of 

fracture.83 

 

 

Figure 1.4: Mechanism of gene transcription by PPARs.  

Upon activation by their ligands, PPARs heterodimerize with retinoid X receptors, thereafter, bind to PPREs, and 

act as ligand-regulated transcription factors that control the mRNA expression of numerous genes. The figure was 

modified from “Peroxisome Proliferator-Activated Receptor Family and Its Relationship to Renal Complications 

of the Metabolic Syndrome” by Guan et al.84 

 

1.4.1. Peroxisome proliferator activated receptors and bone 

 All PPARs are involved in regulation of bone metabolism. PPARα activation facilitates 

differentiation of mesenchymal stem cells to osteoblasts rather than adipocytes by enhancing 

the receptor signaling of bone morphogenic proteins 4 and upregulating sirtuin 1 which in turn 

inhibits PPARγ.85,86 Our research group has previously shown that the PPARα agonist 
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fenofibrate increases bone mineral density both in intact and ovariectomized osteoporotic 

female rats suggesting a positive impact on skeletal homeostasis.73 

PPARβ/δ has also been shown to be a regulator of bone turnover and of the crosstalk 

between osteoclasts and osteoblasts. Scholtysek et al. found that activation of PPARβ/δ 

enhanced Wnt- and β-catenin dependent signaling, resulting in increased expression of OPG 

and inhibition of osteoclastogenesis. Accordingly, PPARβ/δ-deficient mice exhibited higher 

numbers of osteoclasts and osteopenia.87 Moreover, PPARα/δ agonists such as bezafibrate and 

linoleic acid were shown to upregulate osteoblast differentiation and induce periosteal bone 

formation in intact male rats.88  

PPARγ agonists affect bone negatively by directing MSCs towards adipocytes rather 

than osteoblasts. Moreover, TZDs have also been reported to inhibit bone formation by 

inducing osteocyte apoptosis and sclerostin upregulation.89  

 

1.4.2. Peroxisome proliferator activated receptors and body weight 

Our group and others have reported that PPARα agonists such as fenofibrate decrease fat mass 

and to promote weight loss in rodents and in rodent models of obesity.73,90,91 There are several 

potential mechanisms for the weight loss including reduced appetite, increased fatty acid 

oxidation and increased energy expenditure.  A combination of PPARα and PPARδ agonists 

(GW4148) has been reported to induce significant weight loss in animal models.92  Garbacz et 

al. suggested that PPARδ agonist induced weight loss requires PPARα signaling.93 On the other 

hand, PPARγ agonists induce weight gain in diabetic animals and patients with type 2 DM.94,95  

 

1.4.3. Peroxisome proliferator activated receptors and lipocalin 2 

Lipocalin 2 has been reported to be a selective modulator of PPARγ activation and function in 

lipid homeostasis and energy expenditure. On the other hand, administration of the TZD 

rosiglitazone to genetic obese mice has been shown to reduce lipocalin 2 gene expression in 

adipose tissue. Similarly, rosiglitazone exposure also induce a decline in lipocalin 2 mRNA 

expression in 3T3-L1 adipocytes.96 

 The PPAR pan agonists palmitate and oleate induced lipocalin 2 expression and 

secretion more significantly than eicosapentaenoic acid (EPA), a natural PPARα agonist, 

whereas phytanic acid, another PPAR pan agonist, significantly reduced lipocalin 2 protein 

expression and secretion after 24-hour treatment.50   

There are no reports of the interplay between lipocalin 2 and PPARα agonists in 

osteoblast and osteocytes. Given the weight-reducing effect of fenofibrate, we aimed to explore 
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whether this  could be mediated through stimulation of  lipocalin 2 release from osteoblasts 

and osteocytes in vitro. Moreover, we had access to plasma samples from rats exposed to 

fenofibrate for two months, enabling assessment of the effect on plasma lipocalin 2 level under 

in vivo conditions. 
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2. Hypothesis  

We hypothesize that PPAR alpha agonist fenofibrate  exerts its weight-reducing effect  partly 

through stimulation of lipocalin 2 release.  

 

3. Research Aims 

i.  To study the effect of fenofibrate on the expression and release of lipocalin 2 from cells 

of the osteoblastic lineages  MC3T3-E1 and MLO-Y4. 

ii. To study the effect of fenofibrate on plasma levels of lipocalin 2 in ovariectomized rats. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

4. Materials and Methods 

4.1.  Cell lines  

The MC3T3-E1 and MLO-Y4 cell lines were used during the experimental work. The pre-

osteoblastic MC3T3-E1 cell line was purchased from American Type Culture Collection 

(ATCC). This cell line was established from C57BL/6 mouse calvaria and selected based on 

high ALP- activity in the resting state. The cells have the capacity to differentiate into 

osteoblasts and osteocytes and have been demonstrated to form calcified bone matrix in vitro.97 

The MLO-Y4 cell line was kindly provided by Lynda F. Bonewald (University of 

Missouri–Kansas City, USA). This murine cell line was established from transgenic mice 

created using the osteocalcin promoter which was transfected into the osteoblast using large T 

antigen.98 

 

4.2.  Basal culture conditions 

4.2.1. MC3T3-E1 cell line 

The MC3T3-E1 cells were cultured in Minimal Essential Medium-alpha (MEM-alpha) (Gibco) 

supplemented with 10% FCS (Sigma-Aldrich), 100 µg/mL penicillin/100 μg/mL streptomycin 

(Gibco), 100 mM sodium pyruvate (Gibco), 0.1 mg/ml fungizone (Gibco) and 1% glutamine 

(Gibco). The cells were grown in a monolayer in 75cm2 culture flasks; 200,000 cells were 

seeded in 10 mL culture medium. The cells were sub-cultured twice a week. In each subculture, 

the cells were briefly rinsed with three ml 0.05% Trypsin/ 0.5 mM EDTA solution (Sigma-

Aldrich) to remove all traces of serum followed by 2.5 ml of Trypsin-EDTA solution to flask 

and incubated at 37°C. After 3-3.5 minutes, the cells were observed under an inverted 

microscope to check for dispersion. 7.5 ml medium was added to the cells to stop trypsinization 

and then aspirated by gentle pipetting. Then the cell suspension was centrifuged for five 

minutes at 480 xg. The supernatant was discarded, and the cell pellet was re-suspended in one 

ml medium. Ten ml new medium was added to new culture flasks along with appropriate 

aliquots of the cell suspension. 

 

4.2.2. MLO-Y4 cell line 

The MLO-Y4 cell line was cultured in MEM-alpha (Gibco) supplemented with 5% FCS 

(Sigma-Aldrich), 5% fetal bovine serum (Sigma-Aldrich), 100 µg/mL penicillin/100 μg/mL 

streptomycin (Gibco), 100 mM sodium pyruvate (Gibco), 0.1 mg/ml fungizone (Gibco) and 

1% glutamine (Gibco). The cells were cultured on Rat tail type I collagen (Becton Dickson 

Bioscience) coated flasks. Collagen was diluted in sterile 0.02 M acetic acid to a final 
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concentration of 0.15 mg/ml. A chilled pipet was used to avoid sticking of collagen to the pipet 

wall. Eight ml collagen solution was used to coat 75  cm2  culture flasks and two ml/well 

collagen solution was used to coat six-well plates. After one hour at room temperature (inside 

hood), the plates were tilted for several minutes to remove excess collagen. To use 

immediately, the plates were rinsed with PBS to remove residual acid. Prior to storage at 4°C, 

the plates were left with the lid off inside the hood for minimum one hour to completely dry 

the plates. 

 MLO-Y4 cells were grown in a monolayer in 75 cm2-culture flasks; 100,000 cells were 

seeded in ten mL medium. The cells were sub-cultured twice a week. In each subculture, the 

cells were briefly rinsed with three ml a 0.05% Trypsin/ 0.5 mM EDTA solution (Sigma-

Aldrich) to remove all traces of serum followed by three ml of Trypsin-EDTA solution to flask 

and incubated at 37°C. After 3-3.5 minutes, the cells were observed under an inverted 

microscope to check for dispersion. Seven ml medium was added to the cells to stop 

trypsinization and then aspirated by gentle pipetting. Then the cell suspension was centrifuged 

for five minutes at 120xg. The supernatant was discarded, and the cell pellet was re-suspended 

in one ml medium. A mixture of conditioned medium from the previous culture and new 

medium was added to previously collagen-coated culture flasks along with appropriate aliquots 

of the cell suspension.  

 Both cell lines were incubated in an incubator at 37°C with an atmosphere of 5% CO2 

in humidified air. The growth medium and trypsin/EDTA were preheated to 37°C before use. 

 

4.3.  Cell counting 

Cells were counted in a Countess automated cell counter (Invitrogen). A ten μl sample of cell 

suspension was mixed with ten μl of trypan blue, and then ten μl of this mixture was added to 

the slide. Viability (usually between 90-99%) and the number of live, dead and total cells could 

then be calculated. Cell counting was performed prior to sub-culturing the cells and before 

experiments. 

 

4.4.  Experimental conditions 

4.4.1. Exposure to fenofibrate 

Stock fenofibrate (MW 360.83 g/mol) solution (10 mM) (Sigma-Aldrich) was made by adding 

20 mg fenofibrate in 5.54 ml dimethyl sulfoxide (DMSO) (Sigma-Aldrich). Ten µM fenofibrate 

solution was made by adding 50 µl stock in 50 ml medium (1% FCS). Then, one µM fenofibrate 
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was made by adding 5 ml of 10 µM fenofibrate solution in 45 ml medium (1% FCS). DMSO 

was used as control. 50 µl DMSO (Stock solution) was added in 50 ml medium (1% FCS) to 

make 1% DMSO in medium. Then, five ml of 1% DMSO was added to 45 ml medium (1% 

FCS) to make 0.1% DMSO in medium solution. 

 The MC3T3-E1 cells used in the experiments were from passage 18-24. The cells were 

seeded in six-well plates at a concentration of 200,000 cells/well and cultured for 24 hours. 

After 24 hours, old medium was discarded, and cells were exposed to fenofibrate (10 µM) 

solution in medium (1% FCS) for 24 and 72 hours. Cells were cultured in parallel in DMSO 

control solution (1%) in medium (1% FCS). The medium from the flasks were collected into 

separate Eppendorf tubes and kept at -20°C pending ELISA analyses.  

 The MLO-Y4 cells used in the experiments were from passage 17-34. The cells were 

seeded in six-well plates at a concentration of 100,000 cells/well and cultured for 48 hours. 

After 48 hours, old medium was discarded, and cells were exposed fenofibrate (1 and 10 µM) 

solutions in medium (1% FCS) for 24 and 72 hours. Cells were cultured in parallel in DMSO 

control solutions (0.01% and 0.1%) in medium (1% FCS). The medium from the six well plates 

were collected into separate Eppendorf tubes and kept at -20°C before ELISA analyses.  

 

4.4.2. Protein extraction 

Cell lysis buffer was made by carefully mixing 150 mM NaCl (Sigma-Aldrich), 50 mM tris-Cl 

(Sigma-Aldrich), 1% NP40 (Sigma-Aldrich), 10% Glycerol (Sigma-Aldrich), one tablet 

Protease inhibitor (Sigma-Aldrich), and 6.9 ml water. The lysis buffer was aliquoted (447 µl 

/epp. Tube) and stored at -20°C. Lysis buffer was mixed with 50 µl NaF (0.5 M) (Sigma-

Aldrich) and 2.5 µl Na3VO4 (200 mM) (Sigma-Aldrich) to a total volume of approximately 

500 µl). 

Each well of MC3T3-E1 cells was washed with 0.5 ml Trypsin-EDTA solution, then 

cells were detached using 0.5 ml Trypsin-EDTA solution, before two ml medium was added 

to each well and carefully collected into separate Eppendorf tubes and centrifuged for five 

minutes at 480 xg. The tubes were put on ice while removing the medium and resuspending 

cell pellets with one ml cold PBS (4°C) (Sigma-Aldrich), and transferring to new Eppendorf 

tubes. The cell solutions were centrifuged again for two minutes at 625 xg at 4°C and the PBS 

wash was repeated with 0.5 ml PBS. Supernatants were removed and discarded carefully. The 

cell pellets were left on ice for 20-30 minutes after adding lysis buffer to each sample (20 µl 

for 0.5 million cells/well sample) and mixed by pipetting up and down a few times. Then, the 

lysates were centrifuged at 800 xg for 15 minutes at 4°C. The supernatant was transferred to 
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new Eppendorf tubes, the pellet was discarded. Finally, the samples were stored at -80°C until 

protein estimation. 

MLO-Y4 cells were gently washed by cold PBS twice. 200 µl lysis buffer was added 

to each well and the bottom of the wells were scraped with cell scraper. Then, the samples were 

collected into separate Eppendorf tubes and kept on ice for 20-30 minutes, before it was 

centrifuged at 800 xg for 15 minutes at 4°C. The supernatants were transferred to new 

Eppendorf tubes, and the pellets were discarded. Finally, the samples were stored at -80°C 

pending protein estimation.  

 

4.4.3. Total protein measurements 

Cell lysates collected earlier as described above were retrieved from the -80°C freezer and put 

on ice. All samples were diluted 1:100. The diluted lysates were kept on ice to protect proteins 

from heat-induced denaturation. Then the total protein was quantified from the lysates using 

96 well plate (Corning) and Micro BSA protein assay kit (Thermo Fischer) following the 

manufacturer’s protocol. BSA protein dilutions for the standard curve were prepared according 

to the protocol as described in Table 4.1. 

 

Table 4.1: Standard curve for protein concentration (micro BSA protein assay kit) 

Tube PBS (µl) BSA (µl) BSA tube 
µg/ml 

[BSA] 

Total 

volume (µl) 

A 665 35 Stock 100 700 

B 350 350 A 50 700 

C 350 350 B 25 700 

D 350 350 C 12,5 700 

E 350 350 D 6,25 700 

F 350 350 E 3,125 700 

G 200 200 F 1,56 400 

Blank 350 - - 0 350 

 

Firstly, the standard solution and samples were added 100 µl/well. Working Reagent (WR) 

solution was made as described in the kit protocol. MA, MB and MC reagents were mixed 

respectively following 25:24:1 ratio. Then, WR solution was added (100 µl/well) and then 

incubated at 37°C for two hours. 
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An iMark™ microplate reader (Bio-Rad, California, US) was used for absorbance 

measurements at 570 nm. The amount of protein was then estimated using the Microplate 

Manager 6.0 (MPM 6.0) (Biorad, California, USA) software program. 

 

4.4.4. Lipocalin 2 measurements 

Lipocalin 2 concentrations in the protein extract and culture medium were determined using a 

Rat Lipocalin-2/NGAL Duoset ELISA Kit (R&D Systems, Minneapolis, USA) following the 

manufacturer’s protocol. The standard curve was made according to the manufacturer’s 

instructions, except that 20 pg/ml standard was mixed with one ml reagent diluent instead of 

five pg/ml to produce an optimal standard curve. Cell lysates were diluted 1:100 and medium 

was diluted 1:50. An iMark™ microplate reader (Bio-Rad, US) was used for absorbance 

measurements at 450 nm subtracted from 570 nm. The amount of lipocalin 2 was then estimated 

using Microplate Manager 6.0 (MPM 6.0) (Biorad, California, USA) software program. 

 

4.4.5. RNA isolation 

The MLO-Y4 cells were seeded and exposed to fenofibrate and control solutions as described 

earlier. Total RNA isolation was done following the RNeasy kit protocol. Lysis buffer was 

made by mixing ten µl β-mercaptoethanol with each ml of RLT lysis buffer following protocol.  

medium from the six well plates were discarded, and the wells were gently washed by cold 

PBS twice. 350 µl lysis buffer was added to each well and the bottom of the wells were scraped 

with cell scraper. Then, the cell lysates were collected into separate Eppendorf tubes and kept 

on ice. The cell lysates were homogenized using a syringe and needle. Lysates were passed 

through a 20-gauge (0.9 mm) needle attached to a sterile plastic syringe at least 5–10 times 

until a homogeneous lysate was achieved. The concentration of the extracted total RNA was 

measured by the Nanodrop® ND-1000 Spectrophotometer (Thermo Scientific, Massachusetts, 

United States). Finally, the lysates were stored at -80°C pending complementary DNA (cDNA) 

synthesis.  

 

4.4.6. cDNA synthesis  

Isolated total single stranded RNA from MLO-Y4 cells was converted to more stable double-

stranded cDNA before the polymerase chain reaction (PCR). cDNA synthesis was performed 

using the Thermo Scientific Maxima First Strand cDNA synthesis kit for real time quantitative 

PCR (RT-qPCR) (Thermo Scientific, Massachusetts, United States). cDNA was made from 

500 ng mRNA and the total reaction volume was 20 µL per RNA sample. Each reaction was 
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prepared as described in Table 4.2. The. Samples were then mixed gently and incubated for ten 

minutes at room temperature, followed by 15 minutes at 50°C and finally five minutes at 85°C 

to stop the reaction. Two µl from each cDNA sample were pooled into a tube to use for the 

relative standard curve and dilution were done with nuclease-free water in serial dilution: 1. 

0.5, 1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01 and 0.005. Thereafter, all cDNA samples were diluted 1:2 

in nuclease-free water, and samples and relative standards were stored at -20°C pending qPCR.  

 

Table 4.2: cDNA synthesis reaction setup 

Component  Volume/amount per reaction 

5x reaction mix 4 µL 

Maxima enzyme mix  2 µL 

RNA sample 500 ng  

Nuclease free water  Up to a total of 20 µL  

 

4.4.7. Quantitative polymerase chain reaction (qPCR)  

qPCR was performed to assess the relative mRNA expression lipocalin 2 in MLO-Y4 cells 

following protocol. The primers and probes for lipocalin 2 and housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Thermo 

Scientific, Massachusetts, United States. And are shown in Table 4.3. Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was used as a reference gene, and lipocalin 2 expression 

was normalized to GAPDH for correction of variations in amount of RNA in the samples.  

 

Table 4.3: Primer information for genes used in qPCR reaction 

Target 

genes 

Forward sequence  

(5’ to 3’) 

Reverse sequence  

(3’ to 5’) 

Species Sequence ID 

GAPDH GGTCCCAGCT 

TAGGTTCATCA 

GAGATGCTCA 

GTGTTGGGGG 

Mouse NM_001289726.1 

Lipocalin 2 GAACTTGATC 

CCTGCCCCAT 

TGAACCATTG 

GGTCTCTGCG 

Mouse NM_008491.1 

 

qPCR reaction mix containing PerfeCTa FastMix II with ROX (2x) (Quantabio, Beverly, USA) 

was made following the manufacturer’s instructions. The reaction mix is described in Table 
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4.4. The master mix and the primer/probe mix was added to 96-well qPCR plates. Standards 

were run in triplicates and samples were run in duplicates.  

 

Table 4.4: qPCR reaction mix setup 

Component Volume  

Primer/ probe mix   1 µL 

PerfeCTa FastMix II with ROX (2x) 10 µL 

Nuclease-free water 7 µL  

Standard or sample 2 µL  

Total volume of qPCR reaction mix 20 µL 

 

qPCR was performed on a StepOnePlusTM Real-time PCR (Applied Biosystems, Foster City, 

CA) for amplification and quantification according to the protocol. At the holding stage, the 

parameters were set to 95°C (10 minutes). Afterwards, the parameters were set to 95°C (15 

seconds) to denature double-stranded DNA (dsDNA) in the cycling stage followed by 60°C 

(60 seconds) for annealing and elongation of DNA. 

 

4.5.  In vivo study 

4.5.1. Rat Plasma Sample 

Sprague Dawley rats, 15 weeks old, were assigned to five groups as described earlier. One 

group was sham-operated and the others ovariectomized (OVX). Two of the OVX groups were 

given fenofibrate 90 mg/kg/day (Sigma-Aldrich, Norway), solely or combined with jumping 

exercise, using methylcellulose (M7140, Sigma-Aldrich, Norway) as vehicle. A third group 

underwent jumping exercise and vehicle administration. The Sham and OVX control groups 

were given vehicle only. Substances were administered by daily intragastric gavage for eight 

weeks. Blood samples were collected by cardiac puncture at termination, and plasma samples 

were stored at -80°C until analysis. 

 

4.5.2. Analysis of lipocalin 2 in rat plasma  

Lipocalin 2 concentrations in plasma samples from OVX controls and OVX rats given 

fenofibrate solely were determined using a Rat Lipocalin-2/NGAL Duoset ELISA Kit (R&D 

Systems, Minneapolis, USA) following the manufacturer’s protocol. The standard curve was 

made following the manufacturer’s instructions, except that 50 pg/ml standard was mixed with 
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one ml reagent diluent instead of five pg/ml to produce an optimum standard curve and the 

plasma samples were undiluted. An iMark™ microplate reader (Bio-Rad, California, US) was 

used for absorbance measurements at 450 nm subtracted from 570 nm. The amount of lipocalin 

2 was then estimated using Microplate Manager 6.0 (MPM 6.0) (Biorad, California, USA) 

software program. 

 

4.6.  Statistical analysis 

The data from fenofibrate and control treated groups were checked for normal distribution 

using Shapiro-Wilk test first. Depending on whether the data were normally distributed or not, 

unpaired two tailed student’s T-test or Mann-Whitney test was performed. Results were 

considered statistically significant if p-values were less than 0.05 (*). Data were presented as 

mean ± standard error of mean (SEM). GraphPad Prism 8 (La Jolla, California, USA) was 

utilized to create graphs. 
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5. Results 

5.1. Cell studies 

5.1.1. Lipocalin 2 in MC3T3-E1 cells  

As shown in Figure 5.1 and 5.2, no significant differences in lipocalin 2 levels in cell medium  

or cell lysate (corrected for total protein) from MC3T3-E1 cells were observed  after incubation 

with fenofibrate 10 µM and control  for 24 and 72 hours. The data are based on five 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cells were incubated with DMSO 1% control and fenofibrate 10 µM dissolved in DMSO for 24 and 72 hours. 

Data are presented as mean ± SEM in % of control from two parallels and the figure represents data from five 

different experiments (n=5). 

 

 

 

 

Figure 5.1: Lipocalin 2 concentration in medium from MC3T3-E1 cells, measured by ELISA. 
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Cells were incubated with DMSO 1% control and fenofibrate 10 µM dissolved in DMSO for 24 and 72 hours. 

Data are presented as mean ± SEM in % of control from two parallels and the figure represents data from five 

different experiments (n=5). 

 

5.1.2. Lipocalin 2 in MLO-Y4 cells 

As shown in Figures 5.3A, 5.3B, 5.4A and 5.4B, no significant differences were observed in 

lipocalin 2 concentration in medium or cell lysate after 24 and 72 hours. After 72 hours, cells 

exposed to fenofibrate 1 µM appeared to secrete higher amount of lipocalin 2 both in medium 

and lysate, as well as cells exposed to fenofibrate 10µM compared to control. The data are 

based on three experiments. As shown in Appendix table 3 and 4, there was considerable 

variation in the levels between the different experiments. 

 

 

 

 

 

 

 

Figure 5.2: Lipocalin 2 concentration in cell lysate corrected for total protein concentration in 

MC3T3-E1 cells, measured by ELISA. 
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Cells were incubated with DMSO 1% control and fenofibrate 10 µM dissolved in DMSO for 24 and 72 hours. 

Data are presented as mean ± SEM in % of control from two parallels and the figure represents data from three 

different experiments (n=3). 

 

 

 

 

 

 

 

 

 

 

 

 

Cells were incubated with DMSO 1% control and fenofibrate 10 µM dissolved in DMSO for 24 and 72 hours. 

Data are presented as mean ± SEM in % of control from two parallels and the figure represents data from three 

different experiments (n=3). 

 

 

 

Figure 5.3: Lipocalin 2 concentration in medium by MLO-Y4 cells, measured by ELISA. 

Figure 5.4: Lipocalin 2 concentration in cell lysate corrected for total protein concentration in 

MLO-Y4 cells, measured by ELISA. 
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5.2. Lipocalin 2 mRNA expression in MLO-Y4 cells 

As shown in figure 5.6A, the lipocalin 2 mRNA expression was highly and significantly 

upregulated by both 1 µM and 10 µM fenofibrate after 24 hours, although 1 µM stimulated 

more expression than 10 µM compared to control. After 72 hours, lipocalin 2 expression was 

lower in all samples than samples after 24 hours. Data from individual experiments are shown 

in Table 5.1. TNF α (1ng/ml and 0.1ng/ml) was used as a positive control as it is known to 

induce lipocalin 2 mRNA expression (not shown here).  

 

 

 

 

 

 

 

 

 

 

 

Lipocalin 2 mRNA expression relative to housekeeping gene GAPDH was analyzed on samples from cells 

exposed to control (DMSO 0.1% and 1%) and fenofibrate (1 and 10 µM) dissolved in DMSO for 24 and 72 hours. 

Data are presented as mean ± SEM from three parallels and the figure represents data from two different 

experiments (n=2). The level of expression of lipocalin 2 mRNA is shown as fold changes relative to control. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Lipocalin 2 mRNA expression in MLO-Y4 cells, measured by RTPCR. 
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Table 5.1: Individual biological replicates of relative expression of lipocalin 2 mRNA, measured 

by RTPCR. 

Exposure time  Samples Exp 1  Significance Exp 2 Significance 

 

24h 

CTR 0.1%  1  

** 

1  

**  Feno 1µM  7.913468107 10.70301471 

 CTR 1% 1  

** 

1  

-  Feno 10µM 5.316167709 5.998979754 

 

72h 

 CTR 0.1% 1  

** 

1  

-  Feno 1µM 1.958949628 2.776264252 

 CTR 1% 1  

* 

1  

-  Feno 10µM 0.29050779 1.309557506 

 

Lipocalin 2 mRNA expression relative to housekeeping gene GAPDH was analyzed on samples from cells 

exposed to control (DMSO 0.1% and 1%) and fenofibrate (1 and 10 µM) dissolved in DMSO for 24 and 72 hours. 

The level of expression of lipocalin 2 mRNA is shown as fold changes relative to control. Data are presented as 

mean from three parallels of two different experiments (n=2). p<0.05 = *, p<0.01 = ** significantly different 

compared to control. 
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5.3. In vivo study 

5.3.1. Lipocalin 2 in Rat plasma 

ELISA performed in duplicates from 12 rats in each group showed that plasma Lipocalin 2 

level  was higher, although not significant (Student’s t test, p 0.11) in OVX rats exposed to 

fenofibrate compared to control (Figure 5.6). 

 

 

Figure 5.6: Plasma lipocalin 2 concentration in OVX rats.  

OVX-Fen rat group was given fenofibrate 90 mg/kg/day using methylcellulose as vehicle and control group 

(OVX-CTR) was exposed to methylcellulose only for eight weeks. Data are presented as mean ± SEM in % of 

control and the figure represents data from 12 rats (n=12). 
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6. Discussion 

Here we show for the first time the transcription, translation, and secretion of lipocalin 2 from 

the murine osteocyte cell line MLO-Y4. Moreover, we found that the PPARα agonist 

fenofibrate increased the mRNA expression of lipocalin 2 in a time- and dosage-dependent 

manner. Fenofibrate also seemed to enhance the release of lipocalin 2 from MLO-Y4 cells, 

albeit not significantly. Lipocalin 2 secretion from the pre-osteoblast cell line was modest and 

did not differ between fenofibrate-exposed cells and controls. Finally, circulating lipocalin 2 

levels tended to be higher in OVX rats exposed to fenofibrate compared to controls.  

 Lipocalin 2 was previously referred to as an adipokine as it was considered to be 

exclusively released by adipocytes.50 However, Mosaliou et al. demonstrated the expression of 

lipocalin 2 in murine osteoblasts, and reported a 10-fold higher expression in bone than in fat 

or any other tissue.56 In the present study, we show that lipocalin 2 also is expressed in the 

osteocytes, which represent the end-stage of osteoblastic lineage. On the other hand, lipocalin 

2 secretion from MC3T3-E1 pre-osteoblasts was scarce, indicating that differentiation is 

necessary for osteoblasts to express lipocalin 2.his is in accordance with Costa et al. who found 

that lipocalin 2 was expressed during osteoblast differentiation.55 

 Mosialou et al. showed that bone-derived lipocalin 2 suppressed appetite by binding to 

MC4R in hypothalamus.56 This observation inspired us to explore whether substances known 

to lower body weight like fenofibrate exerted this effect through lipocalin 2. Intriguingly, 

lipocalin 2 mRNA expression was highly and significantly upregulated in MLO-Y4 osteocytes 

after 24 hours incubation with fenofibrate.  Both concentrations of fenofibrate (1 and 10 µM) 

induced an increase in lipocalin 2 expression. The level of lipocalin 2 appeared to be higher in 

medium and lysate from MLO-Y4 cells exposed to fenofibrate 1 µM  for 72 hours, however, 

not significant compared to control. 

 Osteocyte derived signals have been proposed to play a role in regulation of obesity. 

Jansson et al. showed that regulation of body weight may be orchestrated by  the osteocytes of 

weight-bearing bones acting as a gravitostat. They did, however, not succeed to identify the 

anorexigenic factor.99 Based on our findings, we speculate whether lipocalin 2 may be 

responsible for regulation of body weight by osteocytes. 

 To explore the effect of fenofibrate on lipocalin 2 in vivo, we measured plasma levels 

of lipocalin 2 in OVX rats exposed to fenofibrate for 8 weeks. Notably, OVX rats receiving 

fenofibrate displayed lower fat mass, higher lean mass and higher BMD than OVX controls.73 

Lipocalin levels tended to be higher in these rats than in OVX controls. Interestingly, OVX rats  

given fenofibrate in combination  with jumping exercise displayed significantly higher 
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circulating lipocalin 2 levels than OVX controls (data not shown). It should be recalled that 

blood samples were drawn more than 24 hours after the last dosage of fenofibrate was given, 

and this may have attenuated the response.  

 The findings of this study support our hypothesis that lipocalin 2 may play a role in 

fenofibrate-induced weight loss.  

 

 

Figure 6.1: Hypothesis on weight-reducing effect of fenofibrate through osteocyte derived 

lipocalin 2.  

Lipocalin 2 is expressed from osteocytes in response to fenofibrate and lowers appetite by binding to MC4R in 

hypothalamus. The figure was created based on the result from this experiment and “MC4R-dependent 

suppression of appetite by bone-derived lipocalin 2” by Mosialou et al. 

 

 The function of osteocytes has been difficult to explore since these cells are embedded 

in mineralized tissue and thus difficult to obtain in reasonable numbers and purity. 

Establishment of osteocyte cell lines has enabled studies of osteocyte function. In the present 

study we applied the murine osteocyte-like cell line MLO-Y4 cells derived from long bones.98 

These cells are representative of early, mature osteocytes and have been shown to be useful for 

studying osteocytes in vitro. However, they  do not provide information on the alterations in 

gene expression and morphology that occur as osteoblasts differentiate into  osteocytes.98 

Several osteoblastic cell lines have been reported to differentiate toward an osteocyte-like 

phenotype in culture, including HOB-01-C1 pre-osteocyte cells, MLO-A5 late osteoblast cells, 

and IDG-SW3 late osteoblast cells.98 These in vitro models represent important tools in 

addition to in vivo models. 
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7. Limitations 

There was considerable variation in lipocalin levels between the different cell experiments 

which may have impeded the possibility to show significant differences. Due to time 

constraints, more biological replicates could not be included and the effect of fenofibrate on 

lipocalin 2 expression and release could not be studied with more concentrations and exposure 

times.    

 

8. Conclusion  

We have for the first time shown that lipocalin 2 is expressed, translated and secreted from 

MLO-Y4 osteocytes, and that the expression of lipocalin 2 mRNA is significantly upregulated 

by the PPARα agonist fenofibrate. Our findings suggest that the fenofibrate-induced weight 

loss may be mediated by lipocalin 2. Moreover, our data add new knowledge concerning the 

endocrine role of the skeleton. 

 

9. Future plans 

1.  Perform more studies on osteocytes to confirm our findings concerning fenofibrate. 

2. Study the effect of other PPAR agonists on regulation of lipocalin 2 in MLO-Y4 

osteocytes and in vivo (OVX  rats). 

3. Study the effect on lipocalin 2 in vitro and in  (OVX rats, humans) of other weight-

reducing agents such as metformin. 

4. Study whether shear stress affects lipocalin 2 expression in MLO-Y4 cells. 

5. Study the effect of exercise (rats and humans) on circulating lipocalin 2. 
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Appendix 

Appendix 1:   Mouse Lipocalin-2/NGAL DuoSet ELISA protocol (R&D Systems) 

Appendix 2:   RNeasy Mini Kit protocol (p.25-28) (Qiagen) 

Appendix 3:  Individual biological replicates of Lipocalin 2 corrected to total protein  

  concentration in MLO-Y4 cells, measured by ELISA.   

Appendix 4:  Individual biological replicates of Lipocalin 2 concentration in medium from 

  MLO-Y4 culture, measured by ELISA.  
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Appendix 1: Mouse Lipocalin-2/NGAL DuoSet ELISA protocol (R&D Systems) 

Reagent preparation (page 5): 

Bring all reagents to room temperature before use. Allow all components to sit for a minimum 

of 15 minutes with gentle agitation after initial reconstitution. Working dilutions should be 

prepared and used immediately. 

Streptavidin-HRP B: 2.0 mL of streptavidin conjugated to horseradish-peroxidase. Dilute to 

the working concentration specified on the vial label using Reagent Diluent. 

Rat Anti-Mouse Lipocalin-2 Capture Antibody: Refer to the lot-specific C of A for amount 

supplied. Reconstitute each vial with 0.5 mL of PBS. Dilute in PBS without carrier protein to 

the working concentration indicated on the C of A. 

Biotinylated Rat Anti-Mouse Lipocalin-2 Detection Antibody: Refer to the lot-specific C 

of A for amount supplied. Reconstitute each vial with 1.0 mL of Reagent Diluent. Dilute in 

Reagent Diluent to the working concentration indicated on the C of A. 

Recombinant Mouse Lipocalin-2 Standard: Refer to the lot-specific C of A for amount 

supplied. Reconstitute each vial with 0.5 mL of Reagent Diluent. A seven point standard curve 

using 2-fold serial dilutions in Reagent Diluent is recommended. Prepare 1000 μL of high 

standard per plate assayed at the concentration indicated on the C of A. 

General ELISA protocol (page 6): 

Plate preparation 

1. Dilute the Capture Antibody to the working concentration in PBS without carrier protein. 

Immediately coat a 96-well microplate with 100 μL per well of the diluted Capture Antibody. 

Seal the plate and incubate overnight at room temperature. 

2. Aspirate each well and wash with Wash Buffer, repeating the process two times for a total 

of three washes. Wash by filling each well with Wash Buffer (400 μL) using a squirt bottle, 

manifold dispenser, or auto washer. Complete removal of liquid at each step is essential for 

good performance. After the last wash, remove any remaining Wash Buffer by aspirating or by 

inverting the plate and blotting it against clean paper towels. 

3. Block plates by adding 300 μL of Reagent Diluent to each well. Incubate at room temperature 

for a minimum of 1 hour. 

4. Repeat the aspiration/wash as in step 2. The plates are now ready for sample addition. 

 

Assay procedure 

1. Add 100 μL of sample or standards in Reagent Diluent, or an appropriate diluent, per well. 

Cover with an adhesive strip and incubate 2 hours at room temperature. 
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2. Repeat the aspiration/wash as in step 2 of Plate Preparation 

3. Add 100 μL of the Detection Antibody, diluted in Reagent Diluent, to each well. Cover with 

a new adhesive strip and incubate 2 hours at room temperature. 

4. Repeat the aspiration/wash as in step 2 of Plate Preparation. 

5. Add 100 μL of the working dilution of Streptavidin-HRP B to each well. Cover the plate and 

incubate for 20 minutes at room temperature. Avoid placing the plate in direct light. 

6. Repeat the aspiration/wash as in step 2. 

7. Add 100 μL of Substrate Solution to each well. Incubate for 20 minutes at room temperature. 

Avoid placing the plate in direct light. 

8. Add 50 μL of Stop Solution to each well. Gently tap the plate to ensure thorough mixing.  

9. Determine the optical density of each well immediately, using a microplate reader set to 450 

nm. If wavelength correction is available, set to 540 nm or 570 nm. If wavelength correction is 

not available, subtract readings at 540 nm or 570 nm from the readings at 450 nm. This 

subtraction will correct for optical imperfections in the plate. Readings made directly at 450 

nm without correction may be higher and less accurate.7    
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Appendix 2: RNeasy Mini Kit protocol (p.25-28) (Qiagen) 

Reagent preparation: 

Add β-mercaptoethanol (β-ME) to RTL buffer before use (10 µl β-ME for 1ml RTL buffer). 

Add ethanol (96 %) to RPE buffer before use (e4 x volume) 

Procedure: 

1. Harvest cells. Lyse cells directly in culture dish. For 6 well plate: completely aspirate cell-

culture medium, wash twice with cold PBS (~2 ml for each well), and continue immediately 

with step 2 of the protocol. Incomplete removal of the cell-culture medium will inhibit lysis 

and dilute the lysate, affecting the conditions for binding of RNA to the RNeasy silica-gel 

membrane. Both effects may reduce RNA yield.  

2. Disrupt cells by addition of Buffer RLT (350 µl RTL/well, NB with β-mercaptoethanol. 

Collect cell lysate with a rubber policeman. 

3. Pipet lysate into a microcentrifuge tube. Vortex or pipet to mix and ensure that no cell clumps 

are visible before proceeding. 

4. Homogenize the sample. Pass the lysate 5-10 times through a 20-gauge needle (0.9 mm 

diameter) fitted to an RNase-free syringe.  Freeze homogenized lysate (-80°C) for later total 

RNA isolation. 

All steps after this is performed at room temperature. 

5. If frozen lysate, thaw samples on ice before proceeding. Add 1 volume (350 µl) of 70% 

ethanol to the homogenized lysate and mix well by pipetting. Do not centrifuge. Note: Visible 

precipitates may form after the addition of ethanol when preparing RNA from certain cell lines, 

but this will not affect the RNeasy procedure. 

6. Apply up to 700 µl of the sample, including any precipitate that may have formed, to a 

labelled RNeasy mini column placed in a 2 ml collection tube (supplied). Close the tube gently, 

and centrifuge for 15 s at max speed. Discard the flow through. Reuse the collection tube in 

step 7. 

7. Add 700 µl Buffer RW1 to the RNeasy column. Close the tube gently, and centrifuge for 15 

s at maximum speed to wash the column. Discard the flow-through and collection tube. 

8. Transfer the RNeasy column into a new 2 ml collection tube (supplied). Pipet 500 µl Buffer 

RPE (make sure ethanol is added to Buffer RPE before use) onto the RNeasy column. Close 

the tube gently, and centrifuge for 15 s at max speed to wash the column. Discard the flow-

through. Reuse the collection tube in step 9. 

9. Add another 500 µl Buffer RPE to the RNeasy column. Close the tube gently, and centrifuge 

for 2 min at max speed to dry the RNeasy silica-gel membrane. Continue directly with step 10. 
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It is important to dry the RNeasy silica-gel membrane since residual ethanol may interfere with 

downstream reactions. This centrifugation ensures that no ethanol is carried over during 

elution. Note: Following the centrifugation, remove the RNeasy mini column from the 

collection tube carefully so the column does not contact the flow-through as this will result in 

carryover of ethanol. 

10. Place the RNeasy column in a new 2 ml collection tube (not supplied) and discard the old 

collection tube with the flow-through. Centrifuge in a microcentrifuge at full speed for 1 min. 

11. To elute, transfer the RNeasy column to a new 1.5 ml collection tube (supplied). Pipet 20 

µl RNase-free water directly onto the RNeasy silica-gel membrane. Close the tube gently, and 

centrifuge for 1 min at max speed to elute. 

12. If the expected RNA yield is > 30 µg, repeat the elution step (step 9) as described with a 

second volume of RNase-free water. Elute into the same collection tube. Place RNA samples 

on ice and freeze at -80°C until further analyses. 
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Appendix 3: Individual biological replicates of Lipocalin 2 corrected to total protein 

concentration in MLO-Y4 cells, measured by ELISA.   

 

Exposure time  Samples Exp 1 Exp 2 Exp 3 

 

24h 

CTR 0.1% 1.128022614 2.535107736 0.919083623 

 Feno 1µM  3.2001784 1.059969331 0.294840443 

 CTR 1% 1.87860947 0.248240535 0.840488041 

 Feno 10µM 2.395033991 0.932534718 0.92999264 

 

72h 

 CTR 0.1% 4.885170728 5.423255472 3.755256144 

 Feno 1µM 30.41239157 2.981830671 2.44317031 

 CTR 1% 21.69108196 1.985674978 0.2299853 

 Feno 10µM 8.902284562 1.060049528 1.351539681 

 

Cells were incubated with control (DMSO 0.1% and 1%) and fenofibrate (1 and 10 µM) dissolved in DMSO for 

24 and 72 hours. Three independent experiments are included, and data are presented as mean. Data are shown as 

percentage changes in relation to control.  

 

Appendix 4: Individual biological replicates of lipocalin 2 concentration in medium from 

MLO-Y4 culture, measured by ELISA.  

 

Exposure time Samples Exp 1 Exp 2 Exp 3 

 

24h 

CTR 0.1% 1606.05 4613.26 1343.705 

 Feno 1µM  5884.29 1702.315 779.27 

 CTR 1% 3229.195 1400.615 1566.43 

 Feno 10µM 3678.005 1277.195 1223.63 

 

72h 

 CTR 0.1% 18270.4 20241.9 61732 

 Feno 1µM 100991.15 58324.8 54163.25 

 CTR 1% 38208.65 7531.15 17812.525 

 Feno 10µM 31376.925 14591.925 4555.175 

 

Cells were incubated with control (DMSO 0.1% and 1%) and fenofibrate (1 and 10 µM) dissolved in DMSO for 

24 and 72 hours. Three independent experiments are included, and data are presented as mean. Data are shown as 

percentage changes in relation to control.  
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