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Abstract: The hepatic LDL receptor is the major determinant of plasma LDL levels, and as a result, a greater 

understanding of the regulatory mechanisms that control LDL receptor expression and function is essential.  

Herein, we optimized a biotinylation assay that was able to differentiate between cell surface (plasma membrane) 

and intracellular LDL receptors.  We also tested monensin, a chemical that prevents the recycling of the LDL 

receptors to the cell surface and enhances the number of receptors that can bind and internalize LDL.  Herein, it 

was confirmed the effects of monensin on the ability of the LDL receptor to bind LDL, and demonstrated for the 

first time, using the biotinylation assay, that monensin did not affect the LDL receptor expression levels at the 

plasma membrane or inside the cell.  This was confirmed using immunocy to chemistry and Western blotting 

analysis.  Monensin treatment may enhance the distribution of the LDL receptor to clathrin-coated pits explaining 

the higher binding of LDL, but not of VLDL, to the cells.  This effect of monensin did not require upregulation of 

the LDL receptor expression.  This indicates that the biotinylation assay described herein, in combination with 

monensin treatment, could be used in future studies to determine the effects of different treatments/drugs on the 

plasma membrane distribution/function of the hepatic LDL receptors.    
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I. INTRODUCTION 

Atherosclerotic related diseases are still the leading causes of death and disability not only in the United States but 

also worldwide [1].  Increased levels and high oxidation of low density lipoprotein (LDL) particles are well-known 

risk factors for the development of atherosclerosis [2].  The primary function of the LDL receptor is the removal of 

the highly atherogenic LDL particles from the circulation before they become oxidized [3-5].  The LDL receptor 

pathway is responsible for removing 60-75% of all LDL particles in rats, 67% in rabbits, and up to 80% in humans 

[6-9].  The liver contains the higher expression (about 70%) of LDL receptors compared to the rest of the body, so 

changes in plasma LDL levels are usually due to variations in the activity/expression of the hepatic LDL receptor 

[10].   

The LDL receptor removes lipoproteins from the circulation through a pathway known as the cycling of the LDL 

receptor [11].  After a lipoprotein binds to the receptor at the cell surface, endocytosis of the lipoprotein/LDL 

receptor complex initiates by random nucleation of the clathrin-coated pits on the inner surface of the plasma 

membrane [11].  The LDL receptor adaptor protein-1 (LDLRAP1) has been shown to be important for efficient 

internalization of the hepatic LDL receptor within clathrin-coated pits [12, 13].  Further deformation of the 

membrane and polymerization of clathrin results in a coated vesicle attached to the plasma membrane by a narrow 

neck [14, 15].  Dynamin, which is polymerized around the neck portion of the vesicle, hydrolyzes guanosine 5’-

triphosphate (GTP), and uses the energy released to drive the pinch off of the coated vesicle [15, 16].  After clathrin 

is removed by uncoating enzymes, the vesicle is able to fuse with the endosome [17-19].  The activity of V-type 

ATPases present in the membrane of the endosome causes acidification of this organelle resulting in dissociation of 

the lipoprotein from the receptor [19-23].   

At that point, the lipoprotein particle moves to the lysosome, where the cholesteryl ester portion is hydrolyzed to 

form cholesterol and free fatty acids, and the protein constituents are degraded into free amino acids [24, 25].  The 

majority of the LDL receptors are recycled back to the cell surface, where they can again bind and internalize 

lipoproteins [26, 27].  In each round of the cycle, only a very small percentage of the LDL receptors are degraded 
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[17].  It is assumed that each LDL receptor molecule makes one complete circle every 10 minutes for a total of 150 

trips in the 20-hours that the receptor last, before it is finally degraded [17].  Steady-state levels of the LDL receptor 

protein are maintained constant by replacing the degraded receptor with newly synthesized receptor molecules [17].   

Monensin is a monovalent ion-selective ionophore that works mainly by exchanging sodium ions (in) for protons 

(out) across organelle membranes [28, 29].  As a result, any acidic intracellular compartment (i.e., trans-Golgi 

apparatus, lysosomes, and endosomes) is neutralized [28].  Among the cellular processes that are disrupted as a 

result of monensin treatment are 1) terminal glycosylation and proteolytic cleavages within the Golgi, 2) secretion of 

soluble proteins, and 3) movement of newly synthesized plasma-membrane proteins from the Golgi to the plasma 

membrane [28-31].  It is important to mention that independently of the inhibition by monensin, some incompletely 

processed proteins may still be secreted via unknown mechanisms that appear to bypass the Golgi apparatus [28].  

During endocytosis of membrane bound receptors, such as the LDL receptor, monensin does not prevent their 

internalization, but it does prevent the intracellular release and degradation of internalized lipoproteins as well as the 

recycling of the internalized receptors [28].  Among the advantages of using monensin are 1) the low concentrations 

at which inhibition by monensin is achieved, 2) a minimum of side effects such as little or no change of protein 

synthesis or ATP levels, and 3) a reversible action [28].  In this study, we used monensin as a research tool to 

examine the lipoprotein binding ability of the LDL receptor in hepatic cells.  We found that monensin enhanced the 

binding of LDL to human C3A cells without increasing the number of LDL receptors at the plasma membrane.  

II. MATERIALS AND METHODS 

2.1. Materials 

The human hepatocyte-like C3A cell line was obtained from the American Type Culture Collection (Manassas, 

VA).  Low glucose Dulbecco’s modified Eagle’s medium (LG-DMEM), penicillin/streptomycin solution, the 

Vybrant MTT cell proliferation assay kit, and fetal bovine serum (FBS) were purchased from Invitrogen (Carlsbad, 

CA).  BD
TM

 MITO + serum extender was from BD Biosciences (Sparks, MD).  RIPA buffer, the BCA protein assay 

kit, Lane Marker Reducing Sample Buffer, precast 4-20% SDS-PAGE, the SuperSignal West Pico 

chemiluminescence substrate, sulfo-NHS-SS-biotin, streptavidin magnetic beads, and the Fluorescence Biotin 

Quantitation kit were purchased from Pierce (Rockford, IL).  Gentamicin solution, Ponceau S solution, HRP-labeled 

avidin, and monensin were obtained from Fisher Scientific (Pittsburg, PA).  The rabbit anti-LDL receptor specific 

antibody used in most Western blotting studies (referred as "nAb") was kindly provided by Dr. Gene C. Ness 

(Department of Molecular Medicine, University of South Florida, Tampa, FL).  Actin and all the HRP-labeled 

secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).  The LDL Uptake Cell-

Based Assay kit and the second rabbit anti-LDL receptor antibody used herein (referred as "cAb") were from 

Cayman Chemicals (Ann Arbor, MI).  Dil (3,3’-dioctadecylindocarbocyanine)-VLDL was from Kalen Biomedical 

(Montgomery Village, MD).  All other chemicals were purchased from Fisher Scientific or Sigma–Aldrich (St. 

Louis, MO).     

2.2. C3A Cell Culture 

Cells were maintained at a density of 10
8
 cells per 75-cm

3
 flask in LG-DMEM medium supplemented with 10% 

FBS, penicillin (100 units/mL), streptomycin (100 µg/mL), and gentamicin (30 µg/mL) [maintaining medium] at 

37
o
C, under humidified atmosphere and 5% carbon dioxide.  For the majority of the experiments, cells were set in 

75-cm
3
 flasks at the density of 2 × 10

6
 viable cells per flask in maintaining medium.  Twenty-four hours later, the 

medium was changed to a medium where the FBS has been replaced with 1 mL/L of BD
TM

 MITO + serum extender 

(MITO+ medium).  As previously reported, supplementing the medium with BD
TM

 MITO + serum extender does 

not cause detectable morphological and/or growth changes in C3A cells [32].  The MITO+ medium was used as a 

serum-free, lipid/cholesterol deficient medium [32].  For LDL binding and receptor expression studies using the 

cell-based assay from Cayman Chemicals, cells were set in black-opaque, clear bottom, 96-well plates at the density 

of 5 × 10
5
 viable cells per well in maintaining medium.  Once again, 24 hours later the medium was changed to 

MITO+ medium.  The monensin concentration used to treat cells was 25 µM, which is the concentration previously 

recommended for this type of study [33].  After incubating in MITO+ medium for 24 hours, monensin was added, 

and cells were incubated for 0, 15, 30, 45, and 60 minutes.  Cells were processed as indicated below for each 

specific experiment.  

2.3. Preparation of RIPA Proteins and Western Blotting Analysis   

Lysates (referred as "RIPA proteins") were prepared using ice-cold RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM 

NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and protease and phosphate inhibitors) according to the 
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manufacturer’s recommendations.  Protein concentrations were determined using the BCA protein assay.  

Equivalent amounts of proteins were denatured in reducing sample buffer at 70
o
C for 5 minutes and subjected to 

electrophoresis on precast 4-20% SDS-PAGEs.  Electroblotting onto nitrocellulose membranes, staining with 0.1% 

Ponceau S (in 5% acetic acid) to verify protein loading, and Western blotting analysis were performed using 

standard methods.  Primary antibodies used herein were rabbit anti-LDL receptor nAb (diluted 1:2000) or cAb 

(diluted 1:1000), and goat anti-actin antibody (diluted 1:250; internal control).  The blocking agent was 5% non-fat 

dry milk-TTBS (non-biotinylated proteins and proteins eluted from the magnetic beads) or 3% BSA-TBS 

(biotinylated proteins).  Primary antibodies bound to membranes were detected using HRP-labeled secondary 

antibodies and the SuperSignal West Pico chemiluminescence substrate.  Biotinylated proteins were also detected 

with avidin-HRP (1:1000 dilution).  Multiple exposures ranging from 0.5 seconds to 20 minutes and quantitation of 

the exposures were made using a Kodak Image Station 4000R Pro Imaging System and the Kodak Molecular 

Imaging software (New Haven, CT).   

2.4. LDL Uptake/Immunocy to chemistry for LDL Receptor Expression Using a Cell-Based Assay  

This assay was carried out using the LDL Uptake Cell-Based Assay Kit (Cayman Chemicals).  Briefly, cells were 

plated in black opaque plates and treated with and without monensin in MITO+ medium as indicated above.  After 

the treatment, the medium was replaced with ice-cold MITO+ medium containing 10 µg/mL of LDL-DyLight 549.  

Cells were incubated for 1 hour at 4
o
C to allow LDL binding.  The medium was then aspirated, and the cells were 

washed twice with ice-cold PBS.  After the second wash, fresh ice-cold PBS was added to the cells.  LDL binding 

data were collected using a BMG Labtech PHERAstar
TM

 fluorescent plate reader (ex/em = 540/570 nm).  

Immunocytochemistry to determine LDL receptor protein expression was then carried out.  First, the PBS was 

removed followed by washing once with TBS, pH 7.4.  Fixation, washing with TBST three times, and blocking were 

carried out according to the kit's instructions.  Incubation with the rabbit anti-LDL receptor cAb (provided in the kit) 

was performed overnight at 4
o
C.  After washing three times with TBST, the cells were incubated for 1 hour with the 

DyLight 488-conjugated anti-rabbit antibody.  Once again, cells were washed with TBST.  LDL receptor expression 

data were collected using a BMG Labtech PHERAstar
TM

 fluorescent plate reader (ex/em = 485/535 nm).  The 

fluorescent signal obtained for each condition/experiment was corrected by subtracting the fluorescence of unlabeled 

cells (background autofluorescence) in each experiment. 

2.5. Tetrazolium-Based Colorimetric Assay (MTT) 

To determine whether monensin affects the viability of the C3A cells, cell viability studies were carried using the 

Vybrant MTT cell proliferation assay.  For this, 1  10
4
 C3A cells were plated per well onto clear 96-well plates in 

maintaining medium.  Treatment with 25 µM monensin for 0, 15, 30, 45, and 60 minutes in MITO+ medium was 

carried out as described above.  After the treatment, cells were exposed to the MTT [3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide] dye (5 mg/mL) and incubated at 37
o
C for 2 hours.  The resulting formazan 

crystals were solubilized with DMSO, and the absorbance was measured at 540 nm with a BMG Labtech 

PHERAstar
TM

 plate reader. 

2.6. DII-VLDL Internalization Studies   

For this experiment, cells were plated in black opaque/clear bottom 96 well plate.  After treating with monensin in 

MITO+ medium for 45 minutes as described above, the medium was replaced with ice-cold medium containing 1.0 

µg/ml of DiI-VLDL.  DiI-VLDL binding was allowed by incubating for 1 hour at 4
o
C.  Binding data were collected 

using a BMG Labtech PHERAstar
TM

 fluorescent plate reader (ex/em: 554/571 nm).   Once again, the fluorescent 

signal obtained for each condition/experiment was corrected by subtracting the fluorescence of unlabeled cells 

(background autofluorescence) in each experiment.       

2.7. Cell Surface Biotinylation Studies   

After treating with and without monensin in MITO+ medium, cells were cooled on ice for 30 minutes to stop 

receptor cycling followed by three washes with ice-cold PBS.  Biotinylation of plasma membrane proteins was 

carried by incubating cells for 2 hours at 4
o
C with 0.8 mM of the membrane impermeable sulfo-NHS-SS-biotin 

(Sulfosuccinimidyl-2-(biotinamido)-ethyl-1,3'-dithiopropionate) dissolved in ice-cold PBS.  At that point, cells were 

washed once with 100 mM Tris-HCl, pH 7.7, followed by incubation in a fresh aliquot of 100 mM Tris-HCl, pH 7.7, 

for 30 minutes at 4
o
C, to quench any residual biotin reagent.  After washing twice in ice-cold PBS, cell extracts were 

prepared in immunoprecipitation buffer (0.25 M sucrose, 0.05% SDS, 1% triton X-100, 0.5% sodium deoxycholate, 

0.32 M NaCl, 2 mM CaCl2, and protease inhibitors).  Protein concentrations were measured using the BCA assay.  

The incorporation of biotin into plasma membrane proteins was confirmed using the Fluorescence Biotin 
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Quantitation kit from Pierce (p=0.884; n=6; data not shown) or Western blotting analysis using avidin-HRP for 

detection.    Four hundred µg of cell lysates were incubated overnight at 4
o
C with 100 µL of 50% streptavidin-

magnetic beads in 1.5 mL of dilution buffer (1 mg/mL BSA, 0.1% triton X-100, 1 mM Tris-HCl, pH 8.0, 140 mM 

NaCl, and protease inhibitors).  Separation reactions were carried out by incubating the lysates with streptavidin 

magnetic beads overnight at 4
o
C with rotation.  A magnetic stand was used to separated the supernatant (containing 

non-biotinylated intracellular proteins) from the magnetic beads (containing the biotinylated plasma membrane 

proteins).  Non-biotinylated proteins were concentrated using 4 volumes of methanol and then separated using 

electrophoresis.  The biotinylated proteins were eluted from the magnetic beads by first resuspending the beads in 

1X reducing sample buffer supplemented with 50 mM DTT and then heating the mixture at 70
o
C for 5 minutes.  

After separation using the magnetic stand, the supernatants (containing eluted plasma membrane proteins – no 

longer biotinylated) were removed and separated using electrophoresis.  Western blotting analysis for the LDL 

receptor was performed as described above.   

2.8. Statistical Analysis   

Data from the individual parameters were compared by analysis of variance (ANOVA) followed by Student–

Newman–Keuls multiple comparison test or unpaired t-test, when applicable, using the GraphPad Prism 6 software 

(GraphPad Software, Inc., La Jolla, CA).  A p<0.05 was considered significant for all tests. 

III. RESULTS  

We started by examining the effects of monensin on the LDL receptor protein expression in the human hepatocyte-

like C3A cell line.  For this, cells were treated with and without monensin (25 M) for 45 minutes in MITO+ 

medium.  After the incubation, RIPA proteins were prepared and analyzed by Western blotting.  Action was used as 

the internal control for these studies.  Fig. 1A illustrates representative Western blots for LDL receptor and action.   

 

Fig. 1 Effects of monensin on LDL receptor protein expression in human hepatocyte-like C3A cells 
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Treatment with 25 µM of monensin was carried out for 45 minutes.  (A) Typical Western blots for human LDL 

receptor (LDLR) and actin (internal control) are shown.  Twenty g of total protein was loaded per lane.  (B) 

Quantitated results for three independent Western blot experiments.  Data are presented as relative LDL receptor 

protein level mean (corrected using the actin for the same sample) ± standard error of the mean (SEM) for n=9.  (C)  

Immunocytochemistry results obtained using a cell-based assay.  The fluorescent signal corresponding to the 

expression levels of LDL receptor protein (background subtracted) were measured using a BMG Labtech 

PHERAstar
TM

 fluorescent plate reader (ex/em = 485/535 nm).  Data are presented as relative fluorescent unit mean ± 

SEM for n=40 corresponding to three independent experiments.  "p" values in (B) and (C) were obtained by 

comparing control and monensin treated groups with the unpaired t-test using the GraphPad Prism 6 software.    

As shown in Fig. 1B, no significant differences (p=0.883; n=9) in protein expression levels for the LDL 

receptorwere observed when comparing control and monensin treated samples.  Similar results were obtained when 

incubating with monensin for 15 and 30 minutes (p=0.6146 obtained using ANOVA; n=3 per treatment group; data 

not shown).  Incubating with monensin beyond 45 minutes caused that the LDL receptor and actin signals appeared 

in the Western blots more as smears than single bands.  A possible explanation for these findings could be that 

monensin partially inhibited glycosylation/protein processing within the Golgi apparatus [28-31] resulting in the 

appearance of immunoreactive proteins of different molecular weights.  We did not see any statistically significant 

difference in the levels of glycosylated (p=0.2447 for nAb; p=0.8169 for cAb) and unglycosylated (p=0.1360 for 

nAb; p=0.5738 for cAb) isoforms of the LDL receptor, when comparing control and monensin treated samples, as 

long as the treatment was carried out for 45 minutes or less (n=3; data not shown). 

To confirm the Western blot results, immunocytochemistry to detect the LDL receptor was performed using a cell-

based assay.  The fluorescence signal obtained from incubating with the anti-LDL receptor and the Dylight 488-

labeled anti-rabbit antibodies was at least 4 times higher (p<0.001; n=40) than the background fluorescence from 

unlabeled cells (data not shown).  As shown in Fig. 1C, monensin treatment had no significant effect on the 

expression levels of the LDL receptor protein in C3A cells (p=0.0707; n=40).     

 

Fig. 2 Effects of monensin on the viability of C3A cells 

Treatment with 25 µM of monensin was carried out for the indicated times.  Typical data collected using the MTT 

assay are presented as mean percent survival ± SEM for n=12 per treatment group.  "p" values were obtained by 

comparing control ("0" time point) and monensin treated ("15" to "60" time points) groups with analysis of variance 

(ANOVA) followed by Student–Newman–Keuls multiple comparison test using the GraphPad Prism 6 software.  

"a" refers to p=0.1987;  "b" refers to p=0.1369; "c" refers to p=0.0694, and "d" refers to p=0.6975.       
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Because of the smearing in the protein signals seen in the Western blot for both LDL receptor and actin, when 

incubating with monensin for more than 45 minutes, the next step was to carry out MTT assays to determine 

whether monensin was able to affect the viability of the C3A cells.  For this experiment, cells were plated in clear 96 

well plates and treated with 25 µM of monensin from 0 (referred to as control group) up to 60 minutes (monensin 

treated groups) in MITO+ medium.  The results for the MTT assays are shown in Fig. 2.  As illustrated, there were 

not significant differences (n=12) in the viability of the cells incubated with monensin, even at 45 and 60 minutes, as 

compared to the control sample ("0" time point; Fig. 2).  These results indicated that the smearing of the LDL 

receptor and actin signals seen in the Western blots were not due to changes in the viability of the cells upon 

monensin treatment.   

 

Fig. 3 Effects of monensin on the binding of lipoproteins to C3A cells 

Treatment with monensin for 45 minutes was done as described above.  Labeling with DyLight 549-LDL (A) or DiI-

VLDL (B) was analyzed using a BMG Labtech PHERAstar
TM

 fluorescent plate reader.  Data are expressed as 

relative fluorescent unit mean ± SEM (n=12 for DyLight 549-LDL; n=8 for DiI-VLDL).  "p" values obtained by 

comparing control and monensin treated groups as described in Fig. 1.        

To determine whether this increase in LDL binding to the C3A cells in response to monensin treatment was not due 

to an increase in the number of LDL receptors present at the plasma membrane, biotinylation studies were carried 

out.   

At that point, we wanted to investigate whether monensin could affect the binding of lipoprotein particles to the 

C3A cells.  For this, cells were plated in black opaque 96 well plates and treated with and without monensin as 

described above.  DyLight 549-LDL binding at 4
o
C was carried out for 1 hour.  Cells labeled with DyLight 549-

LDL were detected using a BMG Labtech PHERAstar fluorescent plate reader.  The fluorescence signal obtained 

from incubating with DyLight 549-LDL was at least 1.453 times higher (p<0.0001; n=12) than the background 

fluorescence from unlabeled cells (data not shown).  As depicted in Fig. 3A, monensin treatment resulted in a 

significant induction (4.44-fold; n=12; p<0.0001) in the binding of LDL to the C3A cells.  We also performed 

binding studies with BODIPY®-LDL followed by detection using flow cytometry as previously described [34] and 

obtained comparable results (5.33-fold induction by monensin treatment; p=0.0026; n=8; data not shown).  
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Interestingly, the binding of DiI-VLDL to the C3A cells was only slightly increased (1.31-fold) by the presence of 

monensin, but this increase was not statistically significant (p=0.4062; Fig. 3B).     

 

Fig. 4 Effects of monensin on plasma membrane expression of the LDL receptor. 

Treatment with monensin was carried out as indicated above.  Biotinylation of plasma membrane proteins followed 

by separation of biotinylated and non-biotinylated proteins using streptavidin-magnetic beads were performed. (A) 

Determination of the biotin incorporation using avidin-HRP.  A typical Western blot for total biotinylated proteins 

detected using avidin-HRP is shown.  Quantitated results (mean ± SEM; for n=4 per treatment condition) are shown 

below the blot.  (B) Determination of biotin incorporation using a fluorescence biotin quantitation assay.  Data are 

expressed as relative fluorescent unit mean ± SEM for n=6 per treatment condition.  (C) Western blotting results for 

plasma membrane LDL receptor (PM LDLR).  Data are presented as relative LDL receptor (LDLR) protein level 

mean ± SEM for n=4 per treatment condition.  "p" values were obtained by comparing control and monensin treated 

groups as described above 

As shown in Fig. 4A (p=0.6319) and Fig. 4B (p=0.3527), there was no significant difference in the amount of biotin 

that was incorporated into the cellular proteins.  The biotinylated (plasma membrane; PM) proteins were separated 

from the non-biotinylated (intracellular) proteins using streptavidin magnetic beads.  Western blotting analysis was 
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then carried out to detect the LDL receptor.  As shown in Fig. 4C, the amount of LDL receptor protein present at the 

plasma membrane (PM LDLR) was unaffected by treating with monensin (p=0.1572).  Similarly, we didn't see any 

significant differences in the amount of intracellular LDL receptor protein present in control and monensin treated 

cells (data not shown; p=0.2447; n=3 per treatment condition).  These data suggested that the increase in LDL 

binding as a result of monensin treatment was not due to an increased number of LDL receptors at the plasma 

membrane. 

IV. DISCUSSION   

It has been previously shown that independently of whether the function of the LDL receptor is enhanced or 

reduced, the overall expression levels of the LDL receptor protein remain unchanged [35].  Under these conditions, 

the LDL receptor mRNA levels are changed in a direct correlation with changes in receptor function [35].  In that 

study, the expression of the LDL receptor protein was usually measured in total membrane preparations or total 

cellular extracts without differentiation between cell surface and intracellular receptors [35].  Thus, a question 

deriving from those findings was whether the treatments were actually able to affect the expression of the LDL 

receptor at the cell surface in direct correlation with their effects on receptor function.   

In the study described herein, we used a biotinylation assay that specifically labeled plasma membrane proteins, 

fluorescent lipoprotein binding assays, and immunocytochemistry studies to examine the specific cellular 

localization and the lipoprotein binding ability (indicator of function) of the LDL receptor in C3A cells treated with 

and without monensin.  Monensin is a chemical that has been used extensively to examine the localization and 

function of the LDL receptors in different cell lines [33, 36-38].  This chemical not only prevents the recycling of 

the LDL receptor to the cell surface, but also enhances the number of receptors that can bind and internalize LDL 

[33, 36-38].  In our study, we were able to confirm the effects of monensin on the ability of the LDL receptor to bind 

LDL, but also demonstrated, using a biotinylation assay, that monensin did not affect the LDL receptor expression 

levels at the plasma membrane or inside the cell.  This was confirmed using immunocytochemistry and Western 

blotting analysis.   

According to several studies, the LDL receptor could internalize different lipoprotein particles via diverse pathways 

[39-41].  The efficient internalization of LDL particles, for example, has been shown to require the acid-dependent 

mechanism of lipoprotein release in the endosome and the presence of an intact LDL receptor adaptor protein-1 

(LDLRAP1), factors that are not required for the internalization of VLDL and/or -VLDL [39, 40].  This suggests 

that the removal of LDL by the receptor needs an intact clathrin-dependent internalization pathway, whereas 

internalization of VLDL can occur through an alternative pathway like caveolae.  In fact, it has been shown that 

mice lacking caveolin-1 have elevated levels of VLDL but not of LDL supporting this hypothesis [41].   

We have previously demonstrated that C3A cells grown in MITO+ medium have more LDL receptors in the 

clathrin-coated pits than in caveolae and that treating rats with zaragozic acids (ZA), a potent cholesterol 

biosynthesis inhibitor, increases the distribution of the LDL receptor towards the clathrin-coated pits [34].  Thus, it 

might be possible that monensin treatment enhanced the distribution of the LDL receptor to clathrin-coated pits 

explaining the higher binding of LDL, but not of VLDL, to the cells.  As expected due to the short time used for the 

incubation with monensin, no changes in LDL receptor mRNA expression were observed in our studies (data not 

shown).  Thus, it was very likely that the effects of monensin on the binding of LDL to the C3A cells seen in our 

studies were due to redistribution of the LDL receptor within the plasma membrane and not to an overall change in 

the LDL receptor expression.  Further studies are required to confirm the distribution of the LDL receptor within 

plasma membrane microdomains in response to monensin treatment.  This indicates that the biotinylation assay 

described herein in combination with monensin treatment could be used in future studies to determine the effects of 

different treatments/drugs on the microdomain distribution of the plasma membrane LDL receptors and the 

relationship of this distribution with the receptor function.   
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