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A B S T R A C T   

Selective estrogen receptor modulators (SERMs) are nonsteroidal drugs that display an estrogen-agonist or es
trogen-antagonist effect depending on the tissue targeted. SERMs have attracted great clinical interest for the 
treatment of several pathologies, most notably breast cancer and osteoporosis. There is strong evidence that 
SERMs secondarily affect cholesterol metabolism, although the mechanism has not been fully elucidated. In this 
study, we analysed the effect of the SERMs tamoxifen, raloxifene, and toremifene on the expression of lipid 
metabolism genes by microarrays and quantitative PCR in different cell types, and ascertained the main 
mechanisms involved. The three SERMs increased the expression of sterol regulatory element-binding protein 
(SREBP) target genes, especially those targeted by SREBP-2. In consonance, SERMs increased SREBP-2 pro
cessing. These effects were associated to the interference with intracellular LDL-derived cholesterol trafficking. 
When the cells were exposed to LDL, but not to cholesterol/methyl-cyclodextrin complexes, the SERM-induced 
increases in gene expression were synergistic with those induced by lovastatin. Furthermore, the SERMs reduced 
the stimulation of the transcriptional activity of the liver X receptor (LXR) by exogenous cholesterol. However, 
their impact on the expression of the LXR canonical target ABCA1 in the presence of LDL was cell-type depen
dent. These actions of SERMs were independent of estrogen receptors. We conclude that, by inhibiting the 
intracellular trafficking of LDL-derived cholesterol, SERMs promote the activation of SREBP-2 and prevent the 
activation of LXR, two master regulators of cellular cholesterol metabolism. This study highlights the impact of 
SERMs on lipid homeostasis regulation beyond their actions as estrogen receptor modulators.   

1. Introduction 

In mammalian cells, cholesterol levels are tightly regulated, mainly 

by two families of transcription factors, the sterol regulatory element- 
binding proteins (SREBP) and the liver X receptors (LXR), which 
govern the supply and removal, respectively, of cholesterol. The SREBP 
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family of basic-helix-loop helix transcription factors is composed of 
three members, SREBP-1a and SREBP-1c, encoded by the same gene, 
SREBF1, but driven by different promoters and alternative splicing, and 
SREBP-2, encoded by a different gene, SREBF2 [1]. SREBPs reside in the 
membrane of the endoplasmic reticulum, bound to SREBP 
cleavage-activating protein (SCAP). SCAP contains a sterol sensing 
domain that upon sterol biding adopts a conformation that allows it to 
interact with insulin-induced gene proteins (INSIG). Under these con
ditions, the whole complex is retained in the endoplasmic reticulum. 
When cholesterol levels descend, lack of sterol binding to the sterol 
sensing domain produces a conformational change in SCAP, leading to 
the disruption of the interaction with INSIG. As a result, the 
SREBP-SCAP complex is released from the endoplasmic reticulum and 
transported to the Golgi, where two proteases, S1P and S2P, sequentially 
cleave SREBPs yielding the amino-terminal fragment, which is the active 
transcription factor [2]. In the nucleus, active SREBPs bind to sterol 
response elements to promote the transcription of their target genes. 
SREBP-1c increases the expression of genes involved in fatty acid and 
triglyceride synthesis, SREBP-2 stimulates the expression of genes 
required for cholesterol biosynthesis and uptake, while SREBP-1a in
creases the expression of both cholesterogenic and lipogenic genes [1]. 

The LXR family includes two members, LXRα and LXRβ, encoded by 
different genes. They belong to the nuclear hormone receptor super
family of ligand-activated transcription factors and form obligate het
erodimers with the retinoid X receptors (RXRs) [3]. Natural ligands of 
LXR are some cholesterol-derived oxysterols, such as 22(R)-hydrox
ycholesterol and 27-hydroxycholesterol, and 24(S),25-epox
ycholesterol, synthesized in a shunt pathway of cholesterol biosynthesis 
[4]. Upon cellular cholesterol overload, cholesterol-derived oxysterol 
levels increase in a coordinated fashion. These oxysterols bind to and 
activate LXR, promoting its interaction with LXR response elements 
(LXREs) in the regulatory regions of LXR target genes [5]. This results in 
the transcription of genes necessary for reverse cholesterol transport, 
including cholesterol efflux from cells of peripheral tissues through 
ATP-binding cassette (ABC) A1 and ABCG1, and cholesterol excretion 
from the liver through ABCG5 and ABCG8 [5]. The coordinated, 
tissue-specific actions of the LXR pathway maintain not only systemic 
cholesterol homeostasis, but also regulate immune and inflammatory 
responses [6]. 

Selective estrogen receptor modulators (SERMs) are a group of 
diverse, non-steroidal molecules characterised by their ability to bind 
the estrogen receptors (ER), ERα and ERβ [7]. They act as ER agonists or 
antagonists depending on the cell type and tissue targeted, although 
estrogen receptor-independent effects have also been described [8–10]. 
The SERMs tamoxifen (TAM) and toremifene (TOR), triphenylethylene 
derivatives differing only by the presence of a chlorine atom in the ethyl 
chain of TOR, are widely used to treat breast cancer. Raloxifene (RAL), 
another SERM, is a benzothiophene derivative indicated in Europe for 
the treatment of osteoporosis in postmenopausal women [11,12]. 

We have previously demonstrated that the SERMs TAM, RAL, and 
TOR increase the expression and activity of the low-density lipoprotein 
(LDL) receptor (LDLR) [13,14]. This effect is synergistic with that of 
lovastatin (LOV), a competitive inhibitor of the rate-limiting choles
terogenic enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase, in 
lymphoblastic MOLT-4 and hepatocytic HepG2 cell lines, but not in 
human primary lymphocytes [13,14]. Furthermore, we and others have 
shown that SERMs reduce cholesterol biosynthesis by inhibiting the 
activity of post-lanosterol enzymes [13,15,16]. These effects may ac
count for the low levels of circulating cholesterol described in patients 
taking these drugs [15,17–19]. We have also found that SERMs block the 
egress of LDL-derived cholesterol from lysosomes, thus explaining the 
synergistic effect with LOV on LDLR expression in cell lines [13,14]. 
Moreover, these drugs downregulate the expression of ABCA1 and 
ABCG1 [14,20], resulting in reduced cholesterol efflux from macro
phages [20]. The effects of SERMs described above are independent of 
ERs [14,20] and may contribute to the anti-tumoral efficacy of these 

drugs [19,21]. However, the molecular mechanisms underlying the 
alteration of cellular cholesterol metabolism by SERMs are not fully 
established. We hypothesized that the SERM-induced impairment of 
intracellular cholesterol trafficking leads to reciprocal alterations in the 
SREBP and LXR pathways. In the present work, our aim was to inves
tigate the effect of SERMs and their combinations with LOV on the 
cholesterol-mediated regulation of the SREBP and LXR pathways. 

2. Materials and methods 

2.1. Materials 

Tamoxifen citrate and raloxifene hydrochloride were obtained from 
Tocris Bioscience, and toremifene citrate was purchased from Sigma. 
Lovastatin and dimethyl sulfoxide (DMSO) were obtained from Merck 
Sharp & Dohme (MSD), 17β-estradiol (E2) and phorbol 12-myristate 13- 
acetate (PMA) from Sigma and T0901317 from Tocris Bioscience. 
Methyl-β-cyclodextrin was obtained from Trappsol (CTD, Inc) and 2- 
hydroxypropyl-β-cyclodextrin from Fluka. Other chemicals used were of 
analytical reagent grade quality. 

RPMI 1640 culture medium, DMEM (1 mg/ml glucose) with or 
without phenol red were obtained from PAA Laboratories. RPMI 1640 
without phenol red and fetal bovine serum (FBS) were obtained from 
Gibco. Dextran/charcoal treated FBS, with reduced levels of estrogens, 
was from HyClone. Antibiotics for supplementing the medium and non- 
essential amino acids were obtained from Gibco, glutamine was from 
Sero-Med and sodium pyruvate from Sigma. Trypsin was obtained from 
Sigma and phosphate-buffered saline (PBS) from Biomérieux. 

2.2. Low density lipoprotein (LDL) and lipoprotein deficient serum 
(LPDS) preparation 

Human LDL (1.019–1.063 kg/l) was isolated by vertical rotor density 
gradient ultracentrifugation of plasma from hypercholesterolemic pa
tients, as previously described [22]. AcLDL was prepared from LDL by 
the addition of acetic anhydride [22]. LPDS was prepared from FBS or 
charcoal/dextran-treated FBS by ultracentrifugation at a density of 1.21 
kg/l. 

2.3. Preparation of cholesterol-methyl-β-cyclodextrin complexes 
(CholMCD) 

The complex was prepared by the method previously described with 
minor modifications [23,24]. In brief, a solution of 14.7 mg/ml 
cholesterol in 100% ethanol was added in small aliquots to a stirred 
solution of 5% (w/v) methyl-β-cyclodextrin (MCD) on a heating block 
(60 ◦C) until a clear solution was achieved. The solution was lyophilized, 
and the dried complex was reconstituted in water to a sterol concen
tration of 3 mM. The sterol to cyclodextrin molar ratio was 1:10. 

2.4. Cells and experimental design 

MOLT-4 (ATCC CRL-1582) and THP-1 cells (ATCC TIB-202) were 
maintained in RPMI 1640 supplemented with 10% FBS, 2 mM gluta
mine, 100 U/ml penicillin, 100 U/ml streptomycin and 10 μg/ml 
gentamicin at 37 ◦C in humidified atmosphere with 5% CO2. THP-1 
monocytes were differentiated to macrophages with 50 ng/ml PMA 
for 48 h. HepG2 (ATCC HB-8065) and MCF-7 (ATCC HTB-22) cells were 
maintained in DMEM supplemented with 10% FBS, 0.1 mM non- 
essential amino acids, 1 mM sodium pyruvate, and the above
mentioned additives. 

For experiments, cells were pre-treated with the corresponding me
dium supplemented with 10% LPDS for 24 h. Subsequently, TAM, RAL, 
or TOR (10 µM final concentration), LOV (1 µM), T0901317 (1 µM), the 
indicated amounts of E2 or vehicle (DMSO, final concentration 
≤0.044%, v/v) were added to the media as indicated, and 1 h later LDL 
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(120 μg/ml cholesterol) or the indicated amounts of CholMCD were 
added to the treatments. 16 h after the addition of the drugs, E2 or 
vehicle, the cells were washed and processed to perform the corre
sponding analysis. For ER-related experiments, DMEM without phenol 
red and supplemented with 10% charcoal/dextran-treated LPDS was 
used. 

2.5. DNA microarrays 

The focused cDNA expression microarray (Cholestchip™) developed 
by our group was used in these experiments [25]. This microarray, that 
contained cDNA probes for 319 genes involved in lipid metabolism and 
cell cycle, was produced using a SpotArray 72 spotter (Perkin-Elmer) 
with TeleChem Stealth SMP3 split pins. The full-length cDNA probes 
were selected from the I.M.A.G.E. Consortium database and obtained 
from Open Biosystems. cDNAs were amplified using universal primers 
(M13 (− 21) universal forward 5′-TGTAAAACGACGGCCAGT-3′ and 
M13/pUC reverse primer 5′-CAGGAAACAGCTATGACC-3′). Quality of 
the PCR products was routinely checked on agarose gel and by 
sequencing prior to spotting. Each PCR sample was resuspended in 
Micro Spoting Solution (ArrayIt) and spotted three times in two different 
locations on aminoxylan-treated glass slides (CapitalBio OPAmi
noSlide). Lucidea Universal ScoreCard probes (GE Healthcare Life Sci
ences) were spotted three times at the beginning and at the end of each 
subarray and used to validate the quality of the experiments. The 
microarray contains a total of 2800 spots distributed in four subarrays. 
DNA was fixed to the slides by irradiation of 300 mJ of UV light (GS 
Gene Linker, BioRad) and subsequent incubation at 80 ◦C for 2 h. After 
each series of prints, SyberGold staining and hybridisations with sense 
and antisense Cy5-labeled M13 were performed to analyse the quality of 
the print. 

2.5.1. DNA Labeling and microarray hybridisation 
Total RNA was extracted using Tri Reagent (Sigma) according to the 

manufacturer’s protocol. The mRNA was isolated from 100 µg of total 
RNA using oligo(dT) cellulose columns from the GenElute™ mRNA 
MiniPrep Purification Kit (Sigma) and following the manufacturer’s 
instructions. The mRNA was precipitated with 30:1 (v/v) 100% ethanol: 
7.5 M sodium acetate, and glycogen at − 20◦C for 16–20 h. After pre
cipitation, the mRNA was washed with 75% ethanol and resuspended in 
DEPC water. mRNA integrity was verified on agarose gel. 

1 µg of mRNA was labeled with Cy3-dUTP (control) or Cy5-dUTP 
(test) (GE Healthcare Life Sciences) in a reverse transcription reaction 
with 0.5 µg/µl oligo(dT) and 0.5 μg/µl random primers (Promega), 10 
mM dithiothreitol, 0.75 µl of dNTPs (10 mM dATP, 10 mM dCTP, 10 mM 
dGTP and 2 mM dUTP; Applied Biosystems), 30 U RNAsin (Promega) 
and 14 U of SuperScript II enzyme reverse transcriptase (Invitrogen) for 
2 h at 42 ◦C. Lucidea™ Spike Mix Controls (Amersham-GE Healthcare 
Life Sciences) were added to the control and test samples prior to the 
labeling reaction. Subsequently, the mRNA was degraded with 0.08 N 
NaOH (Merck) and 40 mM EDTA (Sigma) for 30 min at 65 ◦C. The 
degradation was stopped with 0.17 M Tris-HCl, pH 7.5. Finally, the 
control and test samples were combined and purified using CyScrybeTM 
GFXTM columns (Amersham-GE Healthcare Life Sciences) following the 
manufacturer’s protocol. Samples were added with 0.4 µg/µl of poly(dA) 
(Sigma) and 0.08 µg/µl of Cot-1 DNA (Invitrogen), lyophilized, resus
pended in 20 µl of hybridization buffer (25% formamide, 2.98% SSC, 
0.20% SDS, and Denhardt’s 5X solution in water), and incubated at 
55 ◦C for 3 min. 

Microarray slides were blocked for 15 min at room temperature with 
1% bovine serum albumin (BSA) (Sigma) preheated to 50 ◦C. Then, to 
denature the probes, the slides were incubated in boiling water for 5 min 
and fixed for 2 min with 95% ethanol at 4 ◦C. Labelled samples were 
hybridized on the microarrays using LifterSlip coverslips (Erie Scientific 
Company). Hybridization was carried out in a BioMixer II hybridizer 
(CapitalBio) at 55 ◦C for 16–20 h. After hybridization, the microarrays 

were washed with Microarray Wash Buffers A, B, and C (ArrayIt). 

2.5.2. Microarray analysis 
Microarrays were scanned with the ScanArray Express (PerkinElmer) 

using the ScanArray Express 3.0 software. Background-corrected data 
were normalized by the locally weighted scatterplot smoothing (LOW
ESS) method, based on the intensity of the Lucidea Universal ScoreCard 
control probes, and using an R script specifically developed for the 
Cholestchip. Normalised data were processed to eliminate the technical 
controls, data with intensity below the scanner’s detection confidence 
limit, and inconsistent replicates. The arithmetic mean of the Cy5/Cy3 
coefficients for each probe was Log2-transformed (M value). M ≥ 0.85 
and M ≤ − 0.85 were considered significant changes. Next, data were 
subjected to cluster analysis (hierarchical cluster and k-means), using 
Euclidean distances, with the MultiExperiment Viewer software (Mev 
v3.1) [26]. Finally, we represented the changes in the cholesterol 
biosynthesis pathway using the PathwayExplorer software [27]. 

2.6. Real-time PCR assay 

500 ng of total RNA, extracted with TRI Reagent (Sigma), were 
reverse transcribed with random hexamers using the PrimeScript RT 
reagent kit (Takara). Real-time PCR amplification was performed on a 
LightCycler 480 II using the SYBR Green I Master kit (Roche). The 
thermocycler protocol consisted of a preincubation step at 95 ◦C for 5 
min, followed by 45 cycles at 95 ◦C for 10 s, 60 ◦C for 10 s, and 72 ◦C for 
10 s. To prove that only one PCR product was amplified, melting curves 
were obtained with a temperature ramp of 65 ◦C to 97 ◦C with changes 
of 0.11 ◦C/s. Relative expression of each gene was determined by 
calculating the increase in CP (ΔCP), as previously described [28], 
corrected for the efficiency of the assay for each pair of primers, and 
normalized by the housekeeping control RPLP0 (large ribosomal protein 
gene P0). The sequence of primers used in this study can be found in 
Supplementary Table 1. 

2.7. LXRα luciferase reporter assay 

Cells were transduced with a lentivirus (QIAGEN, Cignal Lenti Re
porter Assay, CLS-7041L) to stably express the LXRα response elements 
upstream of a luciferase reporter gene, following the manufacturer’s 
instructions. Transduced cells were selected performing a puromycin kill 
curve. As an internal control for normalization, cells were transduced 
with a constitutively expressing Renilla luciferase construct (QIAGEN, 
Cignal Lenti Reporter Assay, CLS-RHL). For the experiments, cells were 
treated as described above and lysed for dual luciferase reporter assay 
(Promega), following the manufacturer’s instructions. Luminescence 
intensity was measured using a Sirius dual-injector luminometer (Bert
hold). LXRα activity was calculated as firefly/Renilla luciferase activity 
ratios after subtracting the background (non-transduced cells). 

2.8. Western blot analysis 

Cells were lysed in 20 mM Tris-HCl buffer, pH 8.0, containing 120 
mM KCl, 1 mM dithiothreitol, 1 mM Na2-EDTA, 2 mM EGTA, 0.1% 
Triton X-100, 0.5% Nonidet P-40, 1 mM benzamidine, 10 µg/ml anti
pain, 1 µg/ml leupeptin, 40 µg/ml aprotinin, 100 mM NaF, 20 mM so
dium molybdate, 20 mM β-glycerophosphate, 2 mM sodium 
orthovanadate, 1 mM PMSF, and 1 μg/ml Caspase-3 inhibitor Ac- 
DMQD-CHO, for 20 min under stirring and then sonicated at 4 ◦C. 
Samples were passed 10 times through a 25-gauge needle and centri
fuged at 10,000 x g for 10 min. Protein concentration was measured in 
the collected supernatant by the bicinchoninic acid method (BCA Pro
tein Assay Kit, Pierce). Equal amounts of protein were subjected to SDS- 
PAGE, transferred to a nitrocellulose membrane and probed with anti
bodies directed against SREBP-2 (ab30682, Abcam). Bound antibodies 
were visualized using secondary antibodies conjugated to IRDye 800CW 
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(LI-COR). Fluorescence was detected using an Odyssey 9120 scanner (LI- 
COR Biosciences). 

2.9. Microscopy 

MOLT-4 cells were treated or not with the different SERMs. 2 h 
before finishing the treatments, 7 × 104 cells/cm2 were seeded on glass 
coverslips previously treated with poly-D-lysine and the incubation 
continued at 37 ◦C to allow cell adhesion. For free cholesterol staining, 

cells were fixed with 4% paraformaldehyde for 5 min and exposed to 
filipin (35 µg/ml in PBS) for 1 h. Coverslips were mounted on slides 
using ProLong Gold antifade reagent. Cells were examined on an 
Olympus BX51 fluorescence microscope. 

2.10. Statistical analysis 

To evaluate the effects of SERMs and their interaction with other 
drugs, the two-way repeated measures ANOVA analysis was used. Post 

Fig. 1. Microarray analysis of gene expression patterns in MOLT-4 cells treated with SERMs or their combinations with LOV. Cells were treated with 10 μM SERMs, 
1 μM LOV or their combinations in the presence of 120 μg/ml LDL-cholesterol for 16 h. (a) Hierarchical tree cluster with Euclidean Distances. Only genes whose 
expression changed in at least one condition in the two independent experiments were included in the analysis. The heatmap contains representative data, and each 
column belongs to a treatment and each row to a gene. Red indicates overexpression, green repression and black no change. (b) Effect of TAM and LOV and their 
combination on the expression of genes of the cholesterol biosynthesis pathway in MOLT-4 cells. Each box represents one of the enzymes of the pathway. Within each 
box, the result on the left corresponds to LOV, on the centre to TAM and on the right to the combination of both. One experiment of two independent experiments is 
represented. The increases in intensity of red and green correspond to increase and decrease of expression, respectively. 

M.E. Fernández-Suárez et al.                                                                                                                                                                                                                 



Biomedicine & Pharmacotherapy 141 (2021) 111871

5

hoc multiple comparisons were performed by Student-Newman-Keuls 
test. The analyses were performed using the SigmaStat 2.0 software. p 
≤ 0.05 was defined as statistically significant. 

3. Results 

3.1. Tamoxifen, raloxifene, and toremifene increase the expression of 
SREBP target genes 

To determine which genes involved in lipid metabolism changed 
their expression in response to treatment with SERMs, and to ascertain 
whether LOV could potentiate the effect of SERMs, we used the DNA 
focused microarray Cholestchip™. The lymphoblastic cell line MOLT-4 
was incubated in medium supplemented with LPDS for 24 h and 
treated with TAM, RAL, or TOR combined or not with LOV and in the 
presence of LDL. After 16 h of treatment, gene expression was analysed. 
Of the 317 genes represented in the microarray, 119 genes (37.5%) were 
expressed under all the conditions. Of them, 56 (47%) changed signifi
cantly in at least one condition, with a cut-off M-value > 0.85 or <
− 0.85 (Fig. 1a). We performed a cluster analysis using the KMC method, 
with calculated K-means and Euclidean distances, and found four sets of 
genes with a similar response. The first cluster consisted of genes that 
increased their expression in response to SERMs and had a synergistic 
effect with LOV. The second cluster was similar to the previous one but 
with an unclear enhanced expression when combined with LOV. The 
data of these two groups are represented in Table 1. The third cluster 
consisted of genes repressed upon SERMs treatment (Table 2). Finally, 
the fourth cluster contained genes that showed erratic behaviour. It 

should be noted that we did not find differential effects between the 
SERMs amongst the genes analysed. 

We found 19 genes overexpressed in all the conditions (Table 1), 16 
of which were targets of the transcription factors SREBPs. Among them, 
the most represented were genes encoding enzymes of the cholesterol 
biosynthesis pathway, with 12 genes being upregulated. The effects of 
TAM on genes of the cholesterol biosynthesis pathway are represented in 
Fig. 1b. The effects of RAL and TOR on the cholesterol biosynthesis 
pathway are represented in Supplementary Figs. 1 and 2, respectively. 
These results suggest that SREBPs, particularly SREBP-2, which is the 
primary activator of cholesterol synthesis and LDL uptake genes, 
mediate many of the effects of SERMs on lipid metabolism genes. To 
confirm these results, we analysed, by real-time PCR, the expression of a 
set of representative SREBP-targeted genes: LDLR, HMGCR, SCD, FDFT1 
and INSIG1. Real-time PCR results correlated well with those of the 
microarray. SERMs increased the expression of these genes (Fig. 2a-e). 
The treatment with LOV alone did not modify gene expression, but when 
LOV was combined with any of the SERMs, the effect surpassed that of 
the SERM alone. Moreover, we analysed a set of non-SREBP target genes 
(DGAT2, encoding diacylglycerol O-acyltransferase 2; ACADM, encod
ing medium-chain specific acyl-coenzyme A dehydrogenase; and 
HADHA, encoding hydroxyacyl-coenzyme A dehydrogenase/3-ketoacyl- 
coenzyme A thiolase/enoyl-coenzyme A hydratase [trifunctional pro
tein], alpha subunit) whose expression was detectable but did not 
change according to the microarray analysis. As shown in Fig. 2f-h, the 
quantitative expression of these genes was not significantly altered by 
the different treatments. 

We wanted to know if the effects of the SERMs observed in MOLT-4 

Table 1 
Genes that increased their expression by microarray analysis following treatment with SERMs or their combinations with LOV in MOLT-4 cells. Data are M values, 
M=log2 (fluorescence treated sample / fluorescence control sample), from two independent experiments. SREBP target genes are in bold letters.  

Gene LOV TAM TAM+LOV RAL RAL+LOV TOR TOR+LOV Name 

LSS  1.68  2.27  3.32  2.33  2.68  1.69  2.19 Lanosterol synthase  
1.51  1.68  3.46  1.69  1.84  1.49  1.55 

ACAT2  1.43  1.45  2.53  1.10  2.87  1.13  3.94 Acetyl-coenzyme A acetyltransferase 2  
1.43  1.33  1.92  1.29  2.53  1.57  1.99 

MVK  1.45  1.88  2.68  1.40  3.51  1.27  2.68 Mevalonate kinase  
1.47  1.25  1.48  1.16  1.73  1.52  1.40 

SC5DL  1.37  2.08  3.46  1.36  2.22  1.37  2.43 Lanosterol 5-desaturase  
1.36  1.30  1.99  1.35  1.44  1.41  1.46 

SREBF2  1.33  2.46  3.53  1.92  2.33  1.92  3.07 Sterol regulatory element binding transcription factor 2  
1.16  1.57  1.73  1.35  1.53  1.60  1.47 

CYP51  1.54  2.57  4.17  1.66  3.14  1.48  3.58 lanosterol 14-alpha demethylase  
1.51  1.68  2.16  1.60  2.30  1.43  1.64 

SR-1  1.46  1.92  2.81  2.00  2.95  1.33  3.63 C14 sterol reductase  
1.62  1.57  2.03  1.41  2.19  1.32  1.36 

VLDLR  1.57  1.80  1.59  1.74  1.78  1.45  2.50 Very low density lipoprotein receptor  
1.55  1.62  1.72  1.29  1.48  1.58  1.28 

UCP2  1.46  1.78  1.85  1.37  1.83  1.29  2.11 Uncoupling protein 2  
1.37  1.17  1.45  1.09  1.39  1.39  1.32 

LDLR  1.44  1.47  1.85  1.11  1.38  1.22  1.88 Low density lipoprotein receptor  
1.38  1.41  1.89  1.23  1.29  1.23  1.12 

HMGCR  1.44  2.33  4.44  1.52  4.38  1.47  5.28 3-hydroxy-3-methylglutaryl-coenzyme A reductase  
1.39  1.77  2.73  1.55  3.05  1.42  1.72 

SCD  1.72  2.81  4.29  2.07  4.35  2.04  5.10 stearoyl-coenzyme A desaturase  
1.61  1.88  2.31  2.04  3.03  1.87  2.08 

SLC2A1  1.35  2.66  5.46  1.80  4.20  1.83  5.94 Solute carrier family 2  
1.56  1.77  2.71  1.73  3.12  1.97  2.30 

DHCR24  1.38  2.83  5.35  2.20  4.50  2.17  6.19 24-dehydrocholesterol reductase  
1.31  1.88  2.68  1.88  3.14  1.71  1.91 

ERG25  1.46  2.79  5.10  2.14  5.98  1.58  6.73 Sterol C4 demethylase  
1.69  1.68  2.77  1.87  3.39  1.59  2.03 

DHCR7  1.43  2.99  5.98  2.14  5.50  1.88  6.15 7-dehydrocholesterol reductase  
1.54  1.80  2.48  2.16  3.51  1.53  1.96 

MVD  1.56  2.85  5.24  2.22  6.96  1.91  5.74 Mevalonate (diphospho) decarboxylase  
1.52  1.74  2.57  2.01  3.51  1.40  1.59 

FDFT1  1.38  2.91  5.31  2.13  4.44  2.28  5.70 Farnesyl-diphosphate farnesyltransferase 1  
1.48  2.04  3.05  2.36  3.53  2.43  3.41 

INSIG1  1.71  5.58  12.64  3.97  10.70  4.35  12.38 Insulin induced gene 1  
1.78  2.87  4.23  3.58  5.28  2.41  3.46  
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cells were exclusive of this lymphoid cell type, or if they could be 
reproduced in a cell type important in lipid metabolism, such as hepa
tocytes. For this, we used the HepG2 human hepatocyte cell line. The 
cells were treated following the same experimental design as with 
MOLT-4 cells. Results of microarrays assays in HepG2 cells paralleled 
those obtained in MOLT-4 cells. From the genes expressed in all the 
conditions (Supplementary Fig. 3a), there was an enrichment of SREBPs 
targets amongst the stimulated genes (Supplementary Table 2), the 
majority of them belonging to the cholesterol biosynthesis pathway. The 
effects of TAM, RAL, and TOR on this pathway are individually repre
sented in Supplementary Figs. 3b, 4 and 5, respectively. Curiously, one 
of the most upregulated genes was FABP1, a fatty acid transporter that, 
although it has not been described as an SREBP target gene, had a 
similar behaviour to that of SREBP known targets. Repressed genes are 
summarised in Supplementary Table 3. To corroborate the results ob
tained by microarray analysis, we chose three representative upregu
lated genes, FABP1, MVD, and ERG25, and analysed their expression by 
real-time PCR (Supplementary Fig. 6). As with MOLT-4, real-time PCR 
results correlated with those of the microarray. Thus, it was confirmed 
that FABP1 responded similarly to known targets of SREBP (Supple
mentary Fig. 6a). 

3.2. SERMs modulation of SREBP and LXR target gene expression 
depends on LDL-cholesterol uptake 

Since SERMs interfere with the lysosomal trafficking of cholesterol 
[13,14,20], we wanted to explore whether SERMs could also affect the 
expression of lipid metabolism genes when cholesterol is administered 
to cells in a non-lipoprotein form. For this, we used a cholesterol and 
methyl-cyclodextrin complex (CholMCD), widely used to efficiently 
transfer cholesterol to cells independently of the endocytic pathway [23, 
29–31]. We incubated the MOLT-4 cells with the different SERMs 
combined or not with LOV in the presence of LDL or CholMCD. We 
analysed the expression of LDLR, HMGCR, and INSIG1, as representa
tives of the SREBP-target genes, and ABCA1, as the main representative 
of the LXR-target genes. The amount of cholesterol added with CholMCD 
was adjusted so that the magnitude of the effect on the SREBP targets 
was comparable to that produced by LDL. As references, we included 
two conditions without cholesterol in the medium, containing only LPDS 
or LPDS plus LOV. 

As expected, the addition of LDL to the medium decreased the 
expression of the SREBP target genes LDLR, HMGCR, and INSIG1, 
compared to the condition with LPDS alone (Fig. 3a-c). The three SERMs 
prevented the repression caused by the addition of LDL. LOV treatment 
did not change the expression of these genes versus LDL alone, sug
gesting the predominance of the repressive effect of LDL. However, 
when LOV was combined with any of the SERMs, the expression of the 
three genes increased synergistically. When cells were supplied with 
CholMCD, we observed a decrease in the expression of the SREBP target 
genes relative to LPDS, similar to that in cells exposed to LDL. But, 
contrary to what happened with LDL, the SERMs, in combination or not 
with LOV, did not prevent the repression caused by the addition of 
CholMCD (Fig. 3a-c). These results indicate that SERMs only interfere 

with the SREBP-mediated feed-back effect of cholesterol when cells are 
supplied with LDL-cholesterol, but not when supplied with non- 
lipoprotein cholesterol. 

The expression of the LXR target gene ABCA1 did not change upon 
LDL addition in comparison to LPDS alone (Fig. 3d). The addition of the 
different SERMs caused intense repression of ABCA1 expression relative 
to its control condition without SERM, independently of the combina
tion with LOV. Contrary to the lack of response of the SREBP target 
genes, in the presence of CholMCD, SERMs repressed the expression of 
ABCA1, although to a lesser extent than with LDL (Fig. 3d). 

To determine if these effects were exclusive to MOLT-4 cells we 
reproduced the previous experiment in HepG2 cells. In these cells, we 
studied the SCD gene, also a target for SREBP, instead of INSIG1, which 
was expressed at very low levels. The effects of SERMs on SREBP targets 
(Supplementary Fig. 7a–c) were similar to those obtained in MOLT-4 
cells. Curiously, in HepG2 cells, SERMs or their combinations with 
LOV had no effect on the expression of ABCA1 in the presence of LDL nor 
in that of CholMCD (Supplementary Fig. 7d). 

To further study the role of cholesterol from different sources, we 
analysed a third cell line, human THP-1 monocytes differentiated to 
macrophages (Supplementary Fig. 8). The effect of SERMs on SREBP 
target genes was analogous to those in MOLT-4 and HepG2 cells. Similar 
to HepG2, the expression of ABCA1 did not vary in response to SERMs 
(Supplementary Fig. 8d). 

3.3. LDL-cholesterol but not MCD-cholesterol accumulates within the cells 

In light of our results showing different effects of SERMs on gene 
expression depending on the cholesterol source, we assessed the effects 
of SERMs and LOV on free cholesterol distribution when LDL or 
CholMCD were supplied to MOLT-4 cells as before. Filipin staining 
revealed that, in the presence of LDL, cells treated with SERMs and their 
combinations with LOV accumulated cytoplasmic vesicles containing 
free cholesterol in a distribution compatible with late endosomes/lyso
somes localisation, while LOV alone produced no effect (Fig. 4). When 
the cells were incubated with CholMCD alone the staining was similar to 
that of cells treated with LDL alone (Fig. 4). None of the SERMs or their 
combinations with LOV induced accumulation of free cholesterol in the 
presence of CholMCD. These results correlate with those of gene 
expression and confirm that SERMs only significantly affect cholesterol 
processed through the endosomal route. 

3.4. SERMs induce SREBP-2 processing and prevent LXR activation 

Gene expression studies suggest that the main effects of SERMs on 
the regulatory response to LDL may involve the SREBP-2 and LXR 
pathways, both requiring the lysosomal export of LDL-derived choles
terol for them to be inhibited and activated, respectively. Thus, we 
directly assessed the processing of SREBP-2 and the activation of LXR. 
We selected HepG2 cells for this part of the study because of the rele
vance of hepatocytes to cholesterol metabolism. 

First, we evaluated the processing of SREBP-2 in cells treated with 
TAM in the presence of LDL for different incubation times. To perform 

Table 2 
Genes that decreased their expression by microarray analysis following treatment with SERMs or their combinations with LOV in MOLT-4 cells. Data are M values, 
M=log2 (fluorescence treated sample / fluorescence control sample), from two independent experiments.  

Gene LOV TAM TAM+LOV RAL RAL+LOV TOR TOR+LOV Name 

PRKAG2  1.01  1.11  0.97  0.70  0.56  0.67  0.88 Protein kinase, AMP-activated, gamma 2 non-catalytic subunit  
1.06  0.65  0.75  0.53  0.57  0.93  0.82 

PPARGC1  1.20  0.80  0.61  0.51  0.37  0.59  0.66 Peroxisome proliferative activated receptor, gamma, coactivator 1, alpha  
1.09  0.61  0.95  0.54  0.52  1.03  0.94 

CDC2  1.21  0.78  0.68  0.51  0.55  0.65  0.77 Cell division cycle 2, G1 to S and G2 to M  
1.04  0.67  0.73  0.61  0.64  0.89  0.78 

CDK2  0.03  -0.36  -0.46  -1.07  -1.1  -0.53  -0.16 Cyclin-dependent kinase 2  
0.18  -0.48  0.26  -0.68  -0.46  0.12  -0.18  
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these experiments, we used a combination of 0.1% hydroxypropyl- 
cyclodextrin (HPCD) and 1 μM LOV for 2 h, a condition that causes 
rapid cholesterol depletion and, consequently, stimulates SREBP-2 
processing and the appearance of the nuclear form of SREBP-2 (n- 
SREBP-2). TAM produced an increase in the processing of SREBP-2, 
although this effect was transitory (Fig. 5a). At 13 h a moderate 

increase in the proportion of n-SREBP-2 was observed. At 16 h, the 
precursor form of SREBP-2 (p-SREBP-2) was nearly absent and the 
amount of n-SREBP-2 reached a maximum. Finally, at 19 h the effect 
ceased. Based on these data, we focused on the 16 h treatment to extend 
the study to RAL and TOR and their combination with LOV. As expected, 
given the presence of LDL in the medium, in the control condition almost 

Fig. 2. Validation of microarray expression re
sults of selected genes by real-time PCR in 
MOLT-4 cells. Cells were treated with 10 μM 
SERMs, 1 μM LOV or their combinations in the 
presence of 120 μg/ml LDL-cholesterol for 16 h. 
Data represent the mean ± SEM of three inde
pendent experiments, expressed as the relative 
amount of mRNA compared to the control (C) 
condition in the absence of LOV (set to 1). 
* p < 0.05, ** p < 0.01, *** p < 0.001; 
•p < 0.05 compared to the same condition 
without LOV.   
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all SREBP-2 was unprocessed (Fig. 5b). The addition of LOV alone did 
not increase the processing of SREBP-2 compared to the control condi
tion. The addition of the SERMs increased the processing of SREBP-2, 
and the combination with the LOV produced a further increase. 

LXR activation was studied using a luciferase reporter gene con
struction containing LXRE in its promoter. HepG2 cells were treated 
with TAM or remained untreated, in the presence of LDL, and LXR ac
tivity was measured at different time points. From 8 h of treatment, 
control cells, with only LDL, showed increased LXR activity that peaked 
at 16 h (Fig. 5c). TAM prevented the activation of LXR by LDL. Next, we 
assessed the effects of TAM, RAL, and TOR and their combinations with 
LOV on LXR activation at 16 h. The three SERMs reduced LXR activation 
versus the control condition, with LDL alone (Fig. 5d). LOV slightly 
reduced LXR activity. The addition of LOV in combination with each 
SERM did not produce any additional effect. Moreover, we evaluated the 
effect of SERMs in the presence of LDL and the LXR activator T0901317. 
As expected, T0901317 increased LXR activity relative to the control, 
and only RAL could slightly oppose to this effect. Finally, when cells 
were incubated with CholMCD, LXR activity increased moderately. The 
SERMs prevented this activation, but to a much lower extent than in the 
presence of LDL (Fig. 5d). 

Additionally, we assessed the effect of SERMs on LXR activation in 
cholesterol-loaded macrophages. For this, we treated THP-1 

macrophages with the SERMs in the presence of acetylated LDL (AcLDL), 
which is actively taken up by macrophages. The capacity of macro
phages to activate LXR and increase cholesterol efflux is paramount to 
prevent cholesteryl ester deposition and the formation of foamy mac
rophages like those that accumulate in atheroma plaques [32]. Virtually 
identical responses to the different experimental conditions were ob
tained in THP-1 macrophages compared with those in HepG2 cells 
(Supplementary Fig. 9a and b). Overall, SERMs efficiently suppress the 
LDL-induced transcriptional activity of LXR. 

3.5. Estrogen receptor-independent effects of SERMs 

Given that SERMs are ligands of ERs, we evaluated the role of these 
receptors in the effects of SERMs. First, we measured the expression of 
the genes ESR1 and ESR2, coding for ERα and ERβ, respectively. 
Expression of both ESR1 and ESR2 in HepG2 and THP-1 cells was un
detectable (Ct > 40). In MOLT-4 cells, ESR1 mRNA was also undetect
able and ESR2 mRNA was found in very small amounts (Ct = 30). These 
findings suggest that ERs do not mediate the observed effects of SERMs. 
To confirm this, we compared the responses to SERMs and 17β-estradiol 
(E2) in MOLT-4 cells to those in MCF-7 cells, a mammary gland ERα- 
positive cell line. The genes selected were LDLR, as a representative 
SREBP-2 target, and BCL2, ESR1, and ESR2, as ERs targets. LDLR 

Fig. 3. Effect of SERMs and their combinations with LOV on the expression of selected genes in MOLT-4 cells. Cells were treated with 10 μM SERMs, 1 μM LOV or 
their combinations in the presence of 120 μg/ml LDL-cholesterol or 1.2 μg/ml cholesterol complexed with methyl-cyclodextrin (CholMCD). Alternatively, cells were 
incubated in the absence of cholesterol (LPDS) and SERMs as a reference. Data represents the mean ± SEM of three independent experiments, expressed as the 
relative amount of mRNA compared to the control (C) condition in the absence of LOV (set to 1). Results were analysed using the Two-Way Repeated Measures Anova 
test, and the Student-Newman-Keuls test post-hoc. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the same condition without any SERM (C); • p < 0.05 
compared to the same condition without LOV. 
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expression did not change upon the addition of E2, but it did in response 
to SERMs in both cell lines (Fig. 6a). Consistently with the expression of 
ERα, BCL2 expression increased in MCF-7, but not in MOLT-4 cells in 
response to E2 (Fig. 6b). The SERMs did not modify the expression of 
BCL2 in MOLT-4 nor in MCF-7 cells. In MCF-7 cells, ESR1 expression was 
inhibited only by E2 (Fig. 6c). The amount of ESR2 mRNA did not 
significantly change when MOLT-4 cells were treated with E2 or SERMs 
compared to untreated cells (Fig. 6d). These results indicate that the 
effects of SERMs on the SREBP and LXR pathways are independent of the 
ERs. 

4. Discussion 

In this study, we demonstrate that the SERMs TAM, RAL and TOR 
influence the activity of the lipid metabolism master regulators SREBP 
and LXR by an ER-independent pathway and in association with the 
interference with the trafficking of LDL-derived cholesterol via the 

endosomal pathway. 
Microarray assays indicated that SREBP-2 targeted gene expression 

is increased by SERMs. In line with this, SREBP-2 processing is stimu
lated by SERMs, an effect that likely results from the blockade of the exit 
of LDL-derived cholesterol from lysosomes, thereby preventing the 
cholesterol-mediated inhibition of SREBP-2 processing. Moreover, the 
effect of SERMs on SERBP-2 processing and expression of its target genes 
is synergistic with that of LOV. This synergy can be the consequence of 
the disruption of LDL-cholesterol trafficking by SERMs combined with 
the inhibition of cholesterol biosynthesis by LOV. Although SERMs 
reduce cholesterol biosynthesis, they are less potent than LOV [13] and, 
hence, de novo synthesized cholesterol can still reach the endoplasmic 
reticulum and retain some SREBP-2. When only LOV is administered, it 
does not produce any effect, since the repressive effect of 
LDL-cholesterol prevails over the effect of cholesterol biosynthesis in
hibition on SERBP-2 processing. Yet, when LOV is combined with any of 
the SERMs, the arrival of LDL cholesterol to the endoplasmic reticulum 

Fig. 4. Effect of SERMs and their combinations with LOV on intracellular distribution of free cholesterol in MOLT-4 cells. Cells were treated with 10 μM SERMs, 1 μM 
LOV or their combinations in the presence of 120 μg/ml LDL-cholesterol or 1.2 μg/ml cholesterol complexed with methyl-cyclodextrin (CholMCD) for 16 h. Results 
correspond to a representative experiment of two independent experiments. Scale bar: 20 µm. 
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as well as cholesterol biosynthesis are blocked, resulting in a synergistic 
effect on SREBP-2 processing and expression of target genes. 

MCD complexes with the fluorescent cholesterol analog dehy
droergosterol (DHE) have previously been used for intracellular 
cholesterol trafficking studies, and have shown that they deliver DHE 
directly to the plasma membrane and, from there, DHE is transported to 
recycling endosomes or lipid droplets via non-vesicular transport, with 
no involvement of late endosomes or lysosomes [30,31]. SERMs did not 
prevent CholMCD-induced inhibition of SREBP-2 target gene expression. 
This correlates with the absence of free cholesterol deposits in cells 
treated in the same conditions. This result contrasts with the blockade of 
cholesterol trafficking and the consequent accumulation of free choles
terol in late endosomes/lysosomes produced by SERMs in the presence 
of LDL, previously described by our group [13,14,20] and confirmed in 
this study. 

The interference with intracellular cholesterol trafficking produced 
by SERMs also reduced LXR activity. This may be a consequence of the 
inability for LDL-derived cholesterol to leave late endosomes/lysosomes 
and, thus, form oxysterols, which bind to LXR and activate the tran
scription of genes involved in the efflux of cholesterol, such as ABCA1 
and ABCG1 [33]. Nonetheless, in the present study, the reduction in 

ABCA1 expression was observed in MOLT-4 cells, but not in HepG2 cells 
or THP-1 macrophages, reflecting a cell-type-dependent regulation. The 
reduced LXR activity observed in THP-1 macrophages treated with 
SERMs in the presence of AcLDL agrees with our previous report in 
which ABCA1 and ABCG1 protein expression were repressed in these 
conditions [20]. Here, in order to compare different cell types, we 
assessed ABCA1 expression in the presence of native LDL. The differ
ential effect on ABCA1 expression in THP-1 macrophages may lie in the 
efficiency of uptake of each LDL type, much lower for native than for 
chemically modified LDL [34]. In HepG2 cells, the lack of effect of 
SERMs on ABCA1 expression may lie in the fact that ABCA1 in hepa
tocytes is positively regulated by both SREBP-2 and LXR [35]. In this 
case, the inactivation of LXR might be compensated by the activation of 
SREBP-2. Unexpectedly, in MOLT-4 cells, SERMs reduced the expression 
of ABCA1 also when cholesterol was supplied complexed with MCD, 
although to a much lesser extent than with LDL. A possible explanation 
may be the SREBP-induced expression of miR-33, encoded by an intron 
of SREBF2 and which targets ABCA1 mRNA [36]. As observed herein, 
the SERMs also impaired LXR transcriptional activity when CholMCD 
was added to cells, suggesting that these drugs are able to prevent LXR 
activation also through mechanisms independent of endolysosomal 

Fig. 5. Effect of SERMs and their combinations with LOV on SERBP-2 and LXR activation in HepG2 cells. (a) Time-dependent effect of 10 μM TAM on SREBP-2 
processing in the presence of 120 μg/ml LDL-cholesterol. As a positive control for SREBP-2 processing, cells were treated with 0.1% hydroxypropyl-cyclodextrin 
(HPCD) plus 1 μM lovastatin (LOV) for 2 h. (b) Effect of 10 μM SERMs, 1 μM LOV or their combinations on SREBP-2 processing at 16 h of treatment in the pres
ence of 120 μg/ml LDL-cholesterol. (c) Time-dependent effect of 10 μM TAM on LXR transcriptional activity in the presence of 120 μg/ml LDL-cholesterol. Data 
represent the mean ± SEM of five independent experiments; au, arbitrary units. (d) Effect of 10 μM SERMs combined or not with 1 μM LOV or 1 μM T0901317 on 
LXR transcriptional activity at 16 h of treatment in the presence of 120 μg/ml LDL-cholesterol. The effect of SERMs in the presence of 30 μg/ml of cholesterol 
complexed with methyl-cyclodextrin (CholMCD) was also assessed. Results are expressed as log2 and relative to the activity in the condition with LDL alone, and 
represent the mean ± SEM of four independent experiments. Results were analysed using the Two-Way Repeated Measures Anova test, and the Student-Newman- 
Keuls test post-hoc. * p < 0.05, ** p < 0.01. Bars not sharing any letter are statistically different to the conditions only differing in the SERM treatment (p < 0.05); 
•p < 0.05 compared to the same SERM condition with only LDL (d). C, control (no SERM). 
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cholesterol trafficking. This might relate to the inhibition of cholesterol 
biosynthesis [13,15,16] or the accumulation of 5,6-epoxycholesterols, 
of which the 5,6α diastereoisomer can modulate LXR activity and 
display agonist or antagonist effects in a cell and gene 
context-dependent manner [37,38]. 

As stated above, the most numerous set of genes with increased 
expression in response to SERMs was related to cholesterol biosynthesis 
and uptake, mainly targets of SREBP-2. However, these drugs also 
increased the expression of some SREBP-1c targets, such as SCD and 
INSIG1. SCD encodes stearoyl-coenzyme A desaturase, involved in 
lipogenesis [1]. This suggests that SERMs could stimulate lipogenesis in 
vivo and thus contribute to the increased incidence of hepatic steatosis 
described for TAM and, to a lesser extent, for RAL and TOR [39,40]. This 
mechanism could also be involved in the hypertriglyceridemia described 
in some patients treated with TAM [41]. Nonetheless, the poor repre
sentation of SREBP-1c target genes among the SERM-stimulated genes 
suggests that this transcription factor is not so markedly affected by the 
lysosomal cholesterol trafficking blockade. This effect can be explained 
by the dual gene expression regulation of SREBP-1c by LXR and SREBP-1 
itself [41]. In this sense, an increase in SREBP-1c expression, due to 
reduced levels of cholesterol in the endoplasmic reticulum, could be 
compensated by a direct downregulation of LXR activity [42,43]. These 
results are in line with the interdependence and crosstalk between 
SREBP-1, SREBP-2, and LXR in order to maintain lipid homeostasis [44]. 

In this work, we showed that ERs are not involved in the effect of 
SERMs on SERBP-2 and LXR-mediated gene expression. A line of evi
dence is the lack of expression of ER genes in HepG2 and THP-1 cells and 
the marginal expression of only ESR2 in MOLT-4 cells. Furthermore, in 
MOLT-4 cells, E2 had no effect on the expression of SREPB-2 or ERs 
target genes. These results contrast with those in MCF-7 cells in which 
the expression of BCL2, an ERα target gene, increased and that of ESR1 
decreased, due to ERα-mediated negative feedback, by treatment with 
E2, in agreement with other reports [45,46]. These results agree with 
our previous studies demonstrating that ERs do not mediate the 
SERMs-induced inhibition of LDL-cholesterol trafficking and efflux in 
macrophages [20] nor the increase in LDL uptake [14]. Although it has 
been described that TAM can stimulate LDLR expression by HepG2 cells 
through ERα, this was observed in ERα-transfected cells, whereas in 
non-transfected cells both TAM and E2 failed to activate transcription 
[47]. 

The effects of SERMs on intracellular cholesterol trafficking are 
common to a set of molecules that, like TAM, RAL, and TOR, are cationic 
amphiphilic drugs with lysosomotropic properties, that is, they accu
mulate in lysosomes [48]. The lipophilic characteristics in their struc
tures allow them to passively diffuse through the lysosomal membrane 
when the molecule is in its basic non-ionized form, which is favoured by 
a concentration gradient [49]. At lysosomal acidic pH, the base is pro
tonated and cannot leave this compartment, a process called pH 

Fig. 6. Effect of E2 and SERMs on the expression of LDLR, BCL2, ESR1 and ESR2 genes in MCF-7 and MOLT-4 cells. Cells were treated or not (C) with the indicated 
concentrations of SERMs or E2 for 16 h in the presence of 120 μg/ml LDL-cholesterol. Data represent the mean ± SEM of three and four independent experiments for 
MOLT-4 and MCF-7 cells, respectively, expressed as the relative amount of mRNA compared to the control (C) condition (set to 1). Results were analysed using the 
Repeated Measures Anova test, with Student-Newman-Keuls post-hoc. Bars not sharing any letter are statistically different (p < 0.05). 
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partitioning or ion trapping [48]. The best known of this class of com
pounds is U18666A [50], which, like SERMs, interferes with the endo
somal trafficking of cholesterol, producing a cellular phenotype that 
resembles that caused by Niemann-Pick disease type C. There are other 
compounds with similar chemical characteristics, such as certain anti
psychotics, antidepressants and antifungals, that also cause cholesterol 
accumulation in late endosome/lysosomes [51–54]. Some of these an
tipsychotics and antidepressants have been shown to stimulate SREBP 
activation and target gene expression [53,55–57]. 

The ability of TAM, RAL, and TOR to interfere with endosomal 
trafficking has been effectively used, in vitro, to inhibit Ebola virus entry 
and infection [51,58–60]. More studies are needed to explore the pos
sibility of using these SERMs in the treatment of different viral in
fections. The endosome-related effects of SERMs can give to these widely 
used drugs a new clinical purpose beyond the ER pathway. 

5. Conclusions 

TAM, RAL, and TOR inhibit intracellular trafficking of LDL-derived 
cholesterol. Consequently, they prevent the regulatory effect of LDL 
over SREBP-2, thus increasing the processing of SREBP-2 and the 
expression of its target genes. This effect is synergistic when SERMs are 
combined with LOV. Furthermore, SERMs oppose to the activation of 
LXR in response to cholesterol overload. The molecular mechanism 
involved in these actions is independent of ERs. Our findings highlight 
the impact of SERMs on lipid homeostasis regulation beyond their ac
tions as ER modulators, and are consistent with the changes in the lipid 
profile of patients taking this medication. 
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