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Objective: Considering the increasing number of
clinical observations indicating hyperglycemic effects
of statins, this study was designed to measure the
influence of statins on the uptake of glucose analogs
by human cells derived from liver, adipose tissue, and
skeletal muscle.

Design: Flow cytometry and scintillation counting
were used to measure the uptake of fluorescently
labeled or tritiated glucose analogs by differentiated
visceral preadipocytes, skeletal muscle cells, skeletal
muscle myoblasts, and contact-inhibited human
hepatocellular carcinoma cells. A bioinformatics
approach was used to predict the structure of human
glucose transporter 1 (GLUT1) and to identify the
presence of putative cholesterol-binding (cholesterol
recognition/interaction amino acid consensus (CRAC))
motifs within this transporter. Mutagenesis of CRAC
motifs in SLC2A1 gene and limited proteolysis of
membrane GLUT1 were used to determine the
molecular effects of statins.

Results: Statins significantly inhibit the uptake of
glucose analogs in all cell types. Similar effects are
induced by methyl-B-cyclodextrin, which removes
membrane cholesterol. Statin effects can be rescued by
addition of mevalonic acid, or supplementation with
exogenous cholesterol. Limited proteolysis of GLUT1
and mutagenesis of CRAC motifs revealed that statins
induce conformational changes in GLUTS.
Conclusions: Statins impair glucose uptake by cells
involved in regulation of glucose homeostasis by
inducing cholesterol-dependent conformational
changes in GLUTSs. This molecular mechanism might
explain hyperglycemic effects of statins observed in
clinical trials.

Cardiovascular diseases are the leading causes
of death in developed countries. Their success-
ful primary and secondary prevention is based
on the administration of lipid-lowering drugs,
including inhibitors of 3-hydroxy-3-methylglu-
taryl coenzyme A reductase (HMG-CoAR),
collectively referred to as statins.' Owing to
their good tolerance and minimal adverse
effects, statins have become the most widely

The use of statins can be associated with an
increased risk of clinical complications including
diabetes.

Statin-mediated inhibition of glucose uptake is
accompanied by changes in proteolytic suscepti-
bility of glucose transporter 1 (GLUT1).

Statins inhibit glucose uptake by inducing
cholesterol-dependent conformational changes in
GLUTs.

This molecular mechanism might explain hyper-
glycemic effects of statins observed in clinical
trials.

prescribed drugs. However, in recent years, a
number of intriguing and still unresolved ques-
tions have arisen whether the use of statins can
be associated with increased risk of clinical
complications, including an increased risk of
diabetes mellitus. In February 2012, the Food
and Drug Administration (FDA) issued a safety
communication that statins can increase gly-
cated hemoglobin (HbAlc) and fasting
plasma glucose concentrations.” The first link
between accelerated diabetes in statin users
was provided by a JUPITER study.” A large
observational study of 345417 subjects
revealed that statin use is associated with
higher fasting glucose levels. Also, the
Women’s Health Initiative found that statin
users have a 1.7-fold higher risk of type 2 dia-
betes mellitus.” These observations are at odds
with a previous primary prevention statin trial
(WOSCOPS), where 30% lower incidence of
diabetes was found in patients taking pravasta-
tin,’ as well as with the results of the ATOROS
study in which no changes in the glycemic
control were observed on atorvastatin or rosu-
vastatin treatment.” A meta-analysis  that
reviewed data from 13 large placebo-controlled
statin trials identified that statin therapy is asso-
ciated with 9% increased risk for incident dia-
betes.® Importantly, no randomized controlled
trials reported so far used diabetes mellitus as
a primary endpoint of analysis in patients
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treated with statins. However, a randomized phase IIlb,
multicenter study in patients with type 2 diabetes revealed
that glycemic control deteriorates during statin treatment.”
Statins have also increased HbAlc levels and impaired
insulin secretion in well-controlled patients with type 2 dia-
betes,'” and decreased insulin sensitivity in patients under-
going cardiac surgery.'' Moreover, among people with
impaired glucose tolerance and other cardiovascular pro-
blems statins were associated with an increased risk of new
onset diabetes.'? In women with polycystic ovary syndrome
(PCOS) statins have been used to improve disease-related
hyperandrogenism. Although statin treatment was invari-
ably associated with improved lipid profile, it either
impaired insulin sensitivity or increased insulin levels in
patients with PCOS'® '* or, on the contrary, reduced
insulin resistance.'” Altogether, the review of the pub-
lished data in a large number of patients suggests that
there may be a modest association between statin use and
incidence of diabetes or impaired glycemic control in
patients with diabetes. Therefore, elucidation of molecular
mechanisms that could lead to dysregulated glucose
homeostasis in statin users becomes increasingly more
important.

Plasma glucose concentration remains within a relatively
narrow range that resists daily challenges such as meal
ingestion, fasting, or intense exercise. Homeostatic regula-
tion of plasma glucose is controlled by insulin-induced
changes in liver, adipose tissue, and skeletal muscle
glucose fluxes. Since we have previously shown that statins
impair glucose uptake by tumor cells,'® we decided to
investigate whether statins can also affect glucose transport
in normal cells, especially those involved in glucose
homeostasis.

Poietics Human Visceral Preadipocytes, Clonetics
Human Primary Hepatocytes (NHEPS), human skeletal
muscle cells (SkMc), and human skeletal muscle myo-
blasts (HSMM) were purchased from Lonza (Basel,
Switzerland) and cultured according to the manufac-
turer’s protocol. Briefly, human visceral preadipocytes
were cultured in Preadipocyte Basal Medium-2 supple-
mented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, and 37 ng/mL GA-1000 (all from Lonza).
Before each experiment, the cells were differentiated
into mature adipocytes by 7-10-day culture in adipocyte
differentiation medium (figure 1A) composed of
Preadipocyte Growth Medium-2 supplemented with
insulin, dexamethasone, indomethacin, and isobutyl-
methylxanthine (all from Lonza). SkMc (figure 1B) and
HSMM (figure 1C) cells were cultured in Skeletal
Muscle Basal Medium (SkBM) supplemented with
human epidermal growth factor, fetuin, bovine serum
albumin, dexamethasone, insulin, and gentamicin/
amphotericin B solution (all from Lonza). Before each
experiment the muscle cells were differentiated by

Morphology of cells used throughout the
experiments. (A) Human visceral preadipocytes were
differentiated for 10 days according to the manufacturer’s
protocol. Next, the cells were stained with Oil Red O and
visualized under phase contrast microscope. Magnification
x250. (B) Human skeletal muscle cells (Lonza) were
differentiated for 5 days in Dulbecco’s modified Eagle’s
medium (DMEM) medium + 2% horse serum. The cells were
fixed in ice-cold methanol and stained with DAPI and
anti-desmin-Alexa Fluor488 antibody. Fluorescence
microscopy, magnification x200. DAPI (left panel) and
antidesmin stain (right panel). (C) Human skeletal muscle
myoblasts (Lonza) were differentiated for 5 days in DMEM
medium + 2% horse serum. The cells were fixed in ice-cold
methanol and stained with DAPI and anti-desmin-Alexa
Fluor488 antibody. Fluorescence microscopy, magnification
%x200. DAPI (left panel) and antidesmin stain (right panel).

replacing the SkBM with Dulbecco’s modified Eagle’s
medium-F12 (DMEM-F12) supplemented with 2% horse
serum (all from Invitrogen, Carlsbad, California, USA)
for a 5-7-day culture. Human hepatocellular carcinoma
cells (HepG2/C3A, American Tissue Culture Collection
(ATCC) No CRL-10741, a clonal derivative of HepG2
cells) were purchased from the ATCC (ATCC, Manassas,
Virginia). These cells were previously described as
undergoing strong contact inhibition of growth asso-
ciated with marked reduction in o-fetoprotein (AFP)
secretion.'” HepG2/C3A cells were cultured in DMEM
medium supplemented with 10% heat-inactivated FBS,
100 pg/mL streptomycin, and 250 ng/mL amphotericin
B (all from Invitrogen) to achieve full confluence. All
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cells were cultured at 37°C in a fully humidified atmos-
phere of 5% COy and were passaged according to the
manufacturer’s recommendations. Human embryonic
kidney (HEK293T) cell lines were purchased from
ATCC and were cultured in RPMI 1640 medium supple-
mented with 10% heatinactivated FBS, 100 pg/mL
streptomycin, and 250 ng/mL amphotericin B (all from
Invitrogen, Carlsbad, California, USA). Cells were cul-
tured at 37°C in a fully humidified atmosphere of 5%
COy and were passaged approximately every other day.

The presence of intracellular lipid droplets in mature
adipocytes was evaluated with standard Oil Red O stain-
ing. Briefly, the cells growing on 6-well plates were
washed with phosphate-buffered saline (PBS) and fixed
for 1h in 10% formalin in PBS at room temperature.
Next, the cells were washed thrice in distilled water fol-
lowed by 5 min incubation in 60% isopropanol. After
discarding isopropanol, the cells were air-dried and incu-
bated for 10 min at room temperature with 2 mg/mL
isopropanol to water solution (3:2v/v) of Oil Red O
(Sigma-Aldrich, St Louis, Missouri, USA). Stained cells
were washed thrice with distilled water and immediately
evaluated under inverted contrast phase microscope
(Nikon). Undifferentiated preadipocytes were used as a
negative staining control.

HSMM and SkMc myocytes were cultured for 5-7 days in
differentiation medium on 4-well Lab-Tek II chamber slides
(Electron Microscopy Sciences, Hatfield, Pennsylvania,
USA). Next, the cells were fixed with ice-cold 100% metha-
nol for 30 min at —20°C and stained for 1 h with antidesmin
mouse monoclonal antibody (clone D33, Dako, Denmark,
1:25 dilution in 5% normal donkey serum in PBS) followed
by a 1 h incubation with Alexa Fluor488 donkey antimouse
IgG (Invitrogen, 1:50 dilution in 5% normal donkey serum
in PBS). Next, the cell slides were covered with Vectashield
mounting medium with 4,6’ diamino-2-phenylindole-2HCI
(DAPI) (Vector Laboratories, Burlingame, California, USA)
and evaluated under Nikon Eclipse TE2000 fluorescent
microscope.

AFP concentration in supernatants of HepG2/C3A cell
culture was estimated in an electrochemiluminescence
immunoassay (Roche Diagnostics, Mannheim, Germany)
using Cobas e4l11 immunoassay analyzer (Roche
Diagnostics). The obtained values were normalized for
total cellular protein concentration measured with Bio-Rad
protein assay (Bio-Rad, Hercules, California, USA).

Atorvastatin ~ (Pfizer Pharmaceuticals, Inc, Groton,
Connecticut, USA), cerivastatin (Bayer Corp, West Haven,
Connecticut, USA), fluvastatin (Novartis Pharma AG,

Basel, Switzerland), lovastatin, and simvastatin (Merck,
Sharp & Dohme Res Lab, Rahway, New Jersey, USA) were
used throughout the experiments. Lovastatin and simvasta-
tin were obtained in the inactive lactone form and were
activated by dissolving in 100% ethanol, heating for 2 h at
50°C in 0.IN NaOH and neutralizing to physiological pH
with 1IN HCI. Distilled water was added to obtain the final
stock concentration of 10 mM. Stock solution was ali-
quoted and stored frozen at —20°C. Puromycin, mevalonic
acid (MA), methyl-B-cyclodextrin (MBCD), and water-
soluble cholesterol were purchased from Sigma.

Uptake of 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-6-
deoxyglucose (6-NBDG, Sigma) was evaluated as previ-
ously described.'® Briefly, after removal of growth
medium, the cells were incubated with 300 pM 6-NBDG in
PBS for 30 min at 37°C in the dark. Next, the cells were
washed twice with PBS, detached by trypsinization and
resuspended in PBS for immediate flow cytometry analysis
with fluorescence-activated cell sorting scan flow cyt-
ometer (Becton Dickinson, Franklin Lakes, New Jersey,
USA) using CellQuest Pro Software V.5.2. 6-NBDG uptake
was identified after gating of viable (propidium iodide
negative) cells. The mean fluorescence intensity served as
a measure for 6-NBDG uptake on a per cell basis.

[1,2—3H]-deoxy-D-glucose (2-DOG:; PerkinElmer, Waltham,
Massachusetts, USA) uptake was assessed according to the
protocol of Kaliman et al'® with minor modifications as
described previously.'® Briefly, the cells were seeded on
6-well plates and incubated with indicated concentrations
of statins. Next, the cells were washed three times with PBS
and 1 mL of transport solution (20 mM hydroxyethyl
piperazineethanesulfonic acid (HEPES), 150 mM NaCl,
5 mM KCI, 5 mM MgSO,, 1.2 mM KHyPOy, 25 mM CaCls,
2 mM pyruvate, pH 7.4) was added to each well. The cells
were incubated for 30 min at 37°C with 1.5 uL. of 2-DOG
(8.0 mCi/mL radionuclide concentration). 2-DOG uptake
was stopped by adding 50 mM D-glucose solution in PBS
at 4°C. After a three-time wash in PBS the cells were
detached with trypsinization and counted. Then equal
numbers of cells were lysed with 0.1 M NaOH+0.1%
sodium dodecyl sulfate (SDS) solution and left overnight
at 4°C to enable complete cell lysis. To evaluate the non-
specific uptake of isotope-labeled deoxy-d-glucose (t, time
point), stop solution (50 mM of d-glucose in PBS) was
added to the cells instead of the PBS solution. The follow-
ing day the lysates were analyzed in a scintillation counter
(Wallac, Gaithersburg, Maryland, USA). All experimental
groups were performed in duplicates.

Glucose levels were determined using the Amplex red
glucose /glucose oxidase assay kit (Invitrogen) according
to the manufacturer’s protocol based on the previously

BMJ Open Diabetes Research and Care 2014;2:e000017. doi:10.1136/bmjdrc-2014-000017

ybLAdod Aq palosloid 1sanb Ag 20z ‘6 [udy uo /wod g aip//:dny wouy papeojumod +T0zZ INdy 62 U0 LT0000-7T0Z-2JplWa/9eTT 0T Se paysignd isiy :ared say qeld usdo CINg


http://drc.bmj.com/

published methodology.'? ** Reactions were composed
of 50 uM Amplex Red reagent, 0.1 U/mL horseradish
peroxidase (HRP), 1 U/mL glucose oxidase, and 50 uLL
of cell cultured supernatants diluted 100 times in
50 mM sodium phosphate buffer, pH 7.4. After 30 min
incubation at room temperature resorufin absorbance at
560 nm was measured. Glucose concentrations were cal-
culated according to the D-glucose standard curve and
normalized for total cellular protein content measured
in cell lysates with Bio-Rad Protein Assay (Bio-Rad).

Complementary DNA (cDNA) for human glucose trans-
porter 1 (GLUTI1) was amplified from Raji Burkitt’s
lymphoma cells with a PCR reaction adding sequence
encoding a flag tag to the 3’ end of the gene in frame
with GLUT]I. Next, the GLUT1-flag gene was cloned into
the pLVX-IRES-Puro vector (Clontech Laboratories, Inc,
Mountain View, California, USA) for subsequent lenti-
viral expression and verified with DNA sequencing.
HEK293T cells were cotransfected with pLVX-
GLUTI1-lag-IRES-Puro or pLVX-IRES-Puro (for con-
trols), envelope (pMD2.G), and packaging (psPAX2)
vectors using standard calcium phosphate protocol.
pMD2.G and psPAX2 plasmids were obtained from pro-
fessor Didier Trono (Ecole Polytechnique Fédérale de
Lausanne, Switzerland). Lentivirus-containing superna-
tants were collected 48 h post transfection, centrifuged
overnight at 4°C at 3000xg, and added to the culture of
HEK293T cells for 24 h. Mixture of positive clones was
selected with puromycin (Sigma) and evaluated with
Western blotting using anti-flag tag antibody (Cell
Signaling, cat #2368) as described below. Two independ-
ent sets of GLUT1-flag-expressing cells and empty vector-
expressing cells were obtained for further studies.

To evaluate the effect of substitution of consensus amino
acids (phenylalanine—F and arginine—R) within putative
cholesterol recognition/interaction amino acid consensus
(CRAC)-like cholesterol-interacting motifs in GLUTI
protein to alanine (A), the cDNA with the following modi-
fications as compared with original GLUT1 sequence was
designed: within 83-89 motif (VGLIVNR), F (TTC) was
substituted with A (GCC) and R (CGC) was substituted
with A (GCC); within 322-330 motif (VVSLIVVER),
F (TTT) was substituted with A (GCC) and R (CGA) was
substituted with A (GCC). Finally, flag-tag-encoding
sequence was added to the 3’ end of the cDNA together
with 5> Xhol and 3’ BamHI sites enabling subsequent
cloning of the gene into pLVX-IRES-Puro lentiviral vector.
The DNA synthesis was ordered in Epoch Life Science,
Inc, Missouri City, Texas, USA. The sequence of transgene
containing vectors was confirmed with DNA sequencing.
HEK293T cells were modified with mutated GLUT1-flag
gene (hereafter called MUT-GLUT1-flag) using lentiviral
transduction and evaluated for transgene expression as
described above. Two independent sets of mutated

GLUTI1-flag-expressing cells were obtained for further
studies.

For immunoblotting analysis the cells were trypsinized,
washed twice with PBS, pelleted, and lysed with 25 mM
HEPES, 0.3 M NaCl, 1.5 mM MgCly, 20 mM B-glycerol-
phosphate, 2 mM EDTA, 2 mM ethylene glycol tetraacetic
acid (EGTA), 1 mM dithiothreitol (DTT), 1% Triton
X-100, and 10% glycerol-containing buffer supplemented
with Complete protease inhibitor cocktail (Roche
Diagnostics, Basel, Switzerland). Protein concentration
was measured using Bio-Rad protein assay (Bio-Rad,
Hercules, California, USA). The samples were not boiled
as high temperature induces GLUTs protein aggregation.
Equal amounts of whole-cell proteins were separated on
10% SDS-polyacrylamide gel, transferred onto Protran
nitrocellulose membranes (Schleicher &  Schuell
BioScience, Keene, New Hampshire, USA), blocked with
Tris-buffered saline (pH 7.4) and 0.05% Tween 20 sup-
plemented with 5% bovine serum albumin. Anti-GLUT1
(Millipore, Temecula, California, USA) rabbit polyclonal
antibody or anti-flag tag (Cell Signaling) rabbit poly-
clonal antibody were used at 1:1000 dilution for overnight
incubation. After extensive washing with Tris-buffered
saline (pH 7.4) and 0.05% Tween 20, the membranes
were incubated for 45 min with anti-rabbit HRP-coupled
secondary antibodies (Jackson Immuno Research, West
Grove, Pennsylvania, USA). The chemiluminescence
reaction for HRP was developed using self-made chemilu-
minescence reagent (100 mM Tris pH 8.0, 1.25 mM
luminol, 0.2 mM coumaric acid, 0.006% hydrogen perox-
ide) and visualized with Stella 8300 bioimager (Raytest,
Straubenhardt, Germany). The blots were stripped in
0.1 M glycine (pH 2.6) and reprobed with anti-actin-HRP
conjugated rabbit polyclonal antibody (Sigma) at
1:50 000 dilution for 45 min.

For the isolation of total cellular RNA, the TRIzol
reagent (Invitrogen) was used according to the manu-
facturer’s protocol. RNA concentration was measured
with  NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, Delaware, USA). The first-strand
cDNA synthesis containing 100 ng of total RNA was
primed with oligo(dT) using native avian myeloblastosis
virus reverse transcriptase (EurX, Gdansk, Poland). The
primers for GLUT1-flag and p2-microglobulin (B2M, ref-
erence gene) were designed with online Universal Probe
Library Assay Design Center software (Roche Applied
Science, Basel, Switzerland). The sequences of the
primers used for quantitative PCR (qPCR) were as
follows: for GLUTI-flag forward: 5-GCCAGCCAAAGT
GACAAGAC-3’ and reversed (complementary to the 3’
flag-tag): 5’-TCATCGTCATCCTTGTAATCCA-3’; for B2M
forward: 5-TTCTGGCCTGGAGGCTATC-8’ and reversed:
5-TCAGGAAATTTGACTTTCCATTC-3’ and FAM-labeled
hydrolysis probes (Universal Probe Library, Roche) #17
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and #42, respectively. To generate the standard curves
serial dilutions of B2M ¢DNA and GLUTI-flag cDNA
containing vectors (pBJl-human B2M, cat #12099,
Addgene, Cambridge, Massachusetts, USA and pLVX-
GLUTI1-flag-IRES-Puro, respectively) were used as
templates. Quantitative real-time PCR (qRT-PCR) amplifi-
cation reactions were performed in the LightCycler II
480 RT PCR system (Roche, Mannheim, Germany), using
the LightCycler 480 Probe Master Kit (Roche). Data were
analyzed using the LightCycler 480 Software V1.5
(Roche). The fold change for GLUTI-flag gene relative
to the reference gene (B2M) was calculated using
user-non-influent, second-derivative method. The primers
and reaction parameters were validated and optimized
according to the MIQE (minimum information for publi-
cation of qRT PCR experiments) guidelines. In addition,
reaction specificity was also confirmed by agarose gel
electrophoresis in which the PCR products were of
expected size.

Control and lovastatin-treated WI-GLUT1-flag-expressing
HEK293T cells (1x10% or WT-GLUT1-flag-expressing
and MUT-GLUTI-flag-expressing HEK293T cells were
rinsed with PBS, centrifuged under mild conditions
(60xg for 5 min), and suspended in 100 pl PBS (pH 7.4).
Next, the cells were incubated for 30 min at 37°C with 0,
1, 5, and 10 pg of bovine pancreas trypsin (T; Sigma
Aldrich). After enzyme inactivation with 20 pg soybean
trypsin inhibitor (Sigma Aldrich), cells were centrifuged
(60xg for 5 min), lysed in 25 mM HEPES, 0.3 M NaCl,
1.5 mM MgCly,, 20mM p-glycerol-phosphate, 2 mM
EDTA, 2 mM EGTA, 1 mM DTT, 1% Triton X-100, and
10% glycerol buffer supplemented with Complete prote-
ase inhibitor cocktail (Roche Diagnostics). The superna-
tants were next mixed with a sample buffer (50 mM Tris
pH 6.8, 50 mM DTT, 2.5 mM EDTA, 10% glycerol, bro-
mophenol blue) and separated on 12% SDS-PAGE gel,
transferred to a nitrocellulose membrane, and probed
with anti-GLUT1 (Millipore) and anti-flag tag (Cell
Signaling) antibodies.

Data were analyzed using Microsoft Excel 2010 and
GraphPad Prism V.6.0 for Windows (GraphPad Software
Inc) software. Differences in glucose uptake or glucose
concentration in culture media were analyzed for signifi-
cance by two-tailed Student t test or one-way analysis of
variance with Tukey’s or Bonferroni’s post hoc tests (as
indicated in the description to figures). Significance was
defined as p<0.05.

To investigate the influence of statins on glucose uptake in
cells that are physiologically involved in glucose metabol-
ism, differentiated human visceral preadipocytes, normal
human SkMc, HSMM, and contact-inhibited human

HepG2/C3A were preincubated with lovastatin for 48 h
(figure 2). As we have previously shown, this incubation
regimen leads to a decrease in the intracellular cholesterol
content.'® The cells were then incubated with either fluor-
escently labeled 6-NBDG or tritiated 2-deoxyglucose
(2-DOG), and the uptake of 6-NBDG and 2-DOG was mea-
sured after extensive washing of cells with PBS using flow
cytometry or scintillation counter, respectively. The results
of these experiments revealed that the uptake of 6-NBDG
and 2-DOG is strongly suppressed in all lovastatin pre-
treated cells as compared with controls (figure 2A).
Preincubation of SkMc and HepG2/C3A cells with lovasta-
tin resulted in decreased glucose uptake as shown by
increased glucose concentration in culture medium as
compared with controls measured with Amplex Red
(figure 2B) indicating that not only 6-NBDG and 2-DOG
but also glucose is not efficiently transported into lovasta-
tin pretreated cells. Also preincubation of human cells
with other statins including atorvastatin, fluvastatin, simvas-
tatin, and cerivastatin significantly impaired 6-NBDG and
2-DOG uptake (figure 2C).

A 30 min incubation of differentiated human visceral
preadipocytes with 10 mg/mL of MBCD to deplete chol-
esterol from the exoplasmic leaflet of the plasma mem-
brane®' resulted in an over fourfold inhibition of
6-NBDG uptake (figure 3A) indicating the possibility
that statin-mediated impairment of intracellular glucose
transport might result from diminished plasma mem-
brane cholesterol content. Restoration of cellular choles-
terol with cholesterol-MBCD complexes in differentiated
human visceral preadipocytes and HSMM cells rescued
glucose uptake in lovastatin-treated cells (figure 3B).
Similar restoration of glucose uptake in lovastatin-treated
cells was observed in cells incubated with MA, a down-
stream product of HMG-CoAR in cholesterol biosyn-
thesis pathway (figure 3C).

Despite many efforts, the structural information for
GLUT1 or its homologues remains unknown. Therefore,
we have previously used a comparative modeling
approach®™ to obtain a putative structure of GLUTI
based on the glycerol-3-phosphate transporter structure
and to show that GLUT1 contains a CRAC or CRAC-like
domains within its juxtamembrane regions.'® Recently, a
crystal structure of the XylE, a xylose transporter from
Escherichia coli was determined, which is more closely
related to GLUT1.*” The updated model of GLUT1 struc-
ture obtained using the same approach as previously,
using the XylE structure (4GBY in Protein Data Bank) as
a template, revealed the presence of two CRAC-like chol-
esterol interaction consensus sequences within a mem-
brane embedded region of GLUT1 (figure 4A,B)
analogously to the previous report.'

To verify the functional role of CRACHike cholesterol-
interacting motifs localized within the transmembrane
region of human GLUTI protein, we have carried out
mutagenesis of SLC2A1 gene to substitute consensus amino
acids (phenylalanine and arginine) with alanines within
83-89 CRACGlike motif (VGLFVNR) and 322-330
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Lovastatin decreases glucose uptake in non-malignant cell lines. (A) Differentiated human visceral preadipocytes,
normal human skeletal muscle cells (SkMc), differentiated human skeletal muscle myoblasts (HSMM) or differentiated human
hepatocellular carcinoma cells (HepG2/C3A) were incubated for 48 h with 10 uM lovastatin. Next, the cells were washed with
phosphate-buffered saline (PBS) and incubated with either 300 uM 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-6-
deoxyglucose (6-NBDG) in PBS or with 1.5 pL of [1,2-3H]-deoxy-D-glucose (2-DOG; 8.0 mCi/mL radionuclide concentration) for
30 min at 37°C. After three-time wash in cold PBS, the cells were analyzed in flow cytometry (6-NBDG) or in scintillation counter
(2-DOG). The figure presents mean fluorescence intensity (MFI) or mean counts per minute (cpm)+SD; *p<0.05 vs controls in
Student t test. (B) Normal human SkMc or differentiated human HepG2/C3A were incubated for 48 h with 5 uM (L5) or 20 pM
(L20) lovastatin. Next, culture media were diluted and incubated with the reaction buffer composed of 10 mM Amplex Red, 10 U/
mL horseradish peroxidase, and 100 U/mL glucose oxidase. The samples were light-protected and incubated at room
temperature for 30 min. Next, absorbance at 560 nm was measured with spectrophotometer. Glucose values were calculated
according to the glucose standard curve and normalized to the protein content measured with Bio-Rad Protein Assay; *p<0.05 vs
controls in Student t test. (C) Normal human SkMc or differentiated human HepG2/C3A were incubated for 48 h with 10 pM
atorvastatin (Ator), 10 uM fluvastatin (Flu), 10 uM simvastatin (Sim) and 1 pM cerivastatin (Cer). Next, the cells were washed with
PBS and incubated with 300 uM 6-NBDG in PBS for 30 min at 37°C. After three-time wash in cold PBS, the cells were
trypsinized and analyzed by flow cytometry. The figure presents MFI+SD; *p<0.05 vs controls in one-way analysis of variance
and Tukey’s post hoc test.
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Decreased glucose uptake results from inhibition of
mevalonate pathway. (A) Differentiated human visceral
preadipocytes were incubated for 30 min with 10 mg/mL
methyl-B-cyclodextrin (MBCD). Next, the cells were washed
with phosphate-buffered saline (PBS) and incubated with
300 uM 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino)-6-deoxyglucose (6-NBDG) in PBS for 30 min at 37°C.
After three-time wash in cold PBS, the cells were trypsinized
and analyzed by flow cytometry. The figure presents mean
fluorescence intensity (MFI)+SD; *p<0.05 vs controls in
Student t test. (B) Differentiated human visceral preadipocytes
or differentiated human skeletal muscle myoblasts (HSMM)
were incubated for 48 h with 10 uM lovastatin (L). For the last
30 min of incubation, 0.2 mg/mL of water-soluble cholesterol—
MBCD (chol) was added. Next, the cells were washed with
PBS and incubated with 300 uM 6-NBDG in PBS for 30 min at
37°C. After a three-time wash in cold PBS, the cells were
trypsinized and analyzed by flow cytometry. The figure
presents MFI+SD; *p<0.05 in one-way analysis of variance
and Tukey’s post hoc test. (C) Differentiated human visceral
preadipocytes, normal human skeletal muscle cells (SkMc),
differentiated HSMM or differentiated human hepatocellular
carcinoma cells (HepG2/C3A) were incubated for 48 h with
10 uM L and 200 mM mevalonic acid (M). Next, the cells were
washed with PBS and incubated with 300 uM 6-NBDG in PBS
for 30 min at 37°C. After three-time wash in cold PBS, the
cells were trypsinized and analyzed by flow cytometry. The
figure presents MFI+SD; *p<0.05 in one-way analysis of
variance and Tukey’s post hoc test.
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CYTOPLASM

CRAC-like motif in GLUT1:
[/ 1X] 0.5 [F1-[X] 05" [R/K]

Localization of putative cholesterol-binding motifs
in the homology model of human glucose transporter 1
(GLUT1) protein. (A) A homology model of human GLUT1
protein: N-termini and C-termini are indicated and the
placement within the plasma membrane is only schematic.
(B). Putative cholesterol recognition/interaction amino acid
consensus (CRAC)-like motifs in GLUT1: aa 83-89
(VGLFVNR, left) and aa 322—-330 (VVSLFVVER, right).

CRACHike motif (VVSLFVVER), generating MUT-GLUT1-
flag gene. Next, we transduced HEK293T cells with lenti-
viral vectors encoding C-terminus flag-tagged wild-type
(WI:GLUT1+lag) or a gene encoding mutant (MUT-
GLUTl+lag) human GLUTI1 protein. Two independent
sets of transduced HEK293T cells were generated,
and transgene expression was determined with immuno-
blotting for GLUT1 and flag-tag expression (figure 5A)
and with qPCR reaction using absolute and relative trans-
gene quantification method (figure 5B,C, respectively). In
both sets of cells the expression of MUT-GLUT1-flag was
slightly higher than that of WI-GLUT]1-flag. Interestingly,
HEK293T cells expressing MUT-GLUT1-flag have taken up
significantly less 2-DOG as compared with cells expressing
WI-GLUTI1lag (figure 5D). Moreover, incubation of the
cells for 48 h with 1 uM lovastatin impaired 2-DOG uptake
in WI-GLUT1-flag expressing, but not in MUT-GLUT1-flag
expressing cells (figure 5E). The results of these experi-
ments confirm that the presence of cholesterol interaction
domains is necessary for glucose-transporting activity of
GLUT proteins and indicate the possibility that inhibition
of cholesterol synthesis with statins might have an impact on
the cellular glucose uptake.

BMJ Open Diabetes Research and Care 2014;2:e000017. doi:10.1136/bmjdrc-2014-000017

yBuAdoo Aq paroalold 1sanb Aq +20z ‘6 Iudy Uo jwod fwg aip//:dny wouy papeojumod 10z [UdY 62 U0 ZT0000-7T0Z-24plwa/osTT 0T Se paysignd 1siy :aued say qeiq uado rINg


http://drc.bmj.com/

1st set of cells 2nd set of cells
-% 0.20
WB: flag 8 d
-g_ § 0.16
.. - . K o g 012
o 7 T
% ‘S 0,08
e
g 5 004
WB: GLUT1 2 7 )
. 4 5 000
- - g 8 g g
T W [= = === | WB: B-actin P c E E
- = = = 3 = = =
g§ 5 ¢ ¥ s 8 8 ® a 3 3
S & & % § ¢ % % : s Q ?
e o - - 2 0 - E = =
8 2 F FE & 2 F bk 2 = 2
2 »> O DO & x» > D> = s
2 2 2 s 2 o
£ Q@ Q £E Q@ Q
o E 5 o E 5
H H
1st set of cells 2nd set of cells
" —_— . *
— —*
2000
3000
1500 =
€ 2000 K
1000
& s
500 1000 k]
B3
0 0
s § § s 8 8 Lova0 Lova1
s w0 s ® 0%
o - - ) - -
> = = > = =
z 3 3 z 2 3
E © 9 E © 9
o = 5 o E 5
s 2 H

[ Controls ][ Lovastatin |
Trypsin: 0 [ 1 [ 5 [10][0 [1 [5 [10]

< GLUT1
<«
-«

proteolytic
o | < fragments

*

Human embryonic kidney (HEK293T) cells expressing mutated glucose transporter 1-flag gene (MUT-GLUT 1-flag)
uptake less glucose than their WT-GLUT1-flag counterparts. (A) Evaluation of GLUT1 and GLUT1-flag protein expression in total
cellular lysates of two independent sets of parental (non-transduced) HEK293T cells, cells transduced with empty vector,
WT-GLUT1-flag and MUT-GLUT1-flag with Western blotting. B-actin levels served as loading control. (B) Absolute quantification
of GLUT1-flag and B-2-microglobulin (B2M) transcripts in HEK-WT-GLUT1-flag and HEK-MUT-GLUT1-flag cells. (C) Relative
quantification of GLUT1-flag transcript in HEK-WT-GLUT1-flag and HEK-MUT-GLUT1-flag cells. (D) [1,2-3H]-deoxy-D-glucose
(2-DOG) uptake in two independent sets of HEK293T cells transduced with empty vector, WT-GLUT-flag, or MUT-GLUT1-flag.
The figure presents mean counts per minute (cpm) value+SD; *p<0.05 in one-way analysis of variance (ANOVA) and
Bonferroni’s post hoc test. (E) 2-DOG uptake in the first set of HEK293T cells transduced with WT-GLUT-flag or
MUT-GLUT1-flag incubated for 48 h with 1 uM lovastatin. The figure presents mean cpm as a percentage of WT-GLUT1-flag
controls+SD; *p<0.05 in one-way ANOVA and Bonferroni’s post hoc test. (F) Limited trypsin proteolysis of membrane proteins in
HEK293T cells transduced with empty pLVX-IRES-Puro or WT-GLUT1-flag-encoding vector. The cells were preincubated for
48 h with 2.5 uM lovastatin. Each sample consisted of 1 mLn of cells. The cells were exposed to 0—10 ug/mL trypsin for 20 min.
The figure presents result of Western blot using anti-GLUT1 antibody.

Finally to see whether statin-mediated inhibition of
cholesterol synthesis could result in conformational It remains unclear whether and how statins may be impli-
changes in GLUT proteins a limited proteolysis experi-  cated in the development of diabetes. A number of poten-
ment was carried out. Trypsin digestion of  tial mechanisms have recently been proposed by
flag-GLUT I-transfected cells revealed a different pattern  Goldfine,** including interference with insulin secretion

of bands in lovastatin-treated cells as compared with con-  from pancreatic B cells, lower activity of insulin signaling
trols (figure 5F), indicating that statins induce conform-  proteins in adipocytes, or reduced expression or traffick-
ational changes in GLUTI thereby exposing trypsin-  ing of GLUTs. Our results suggest that the effects of statins
sensitive sites in this transporter. on glucose homeostasis can also be inherent to their
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cholesterol-llowering activity. By inhibiting mevalonate
pathway statins decrease cholesterol content within plasma
membranes.”> Cholesterol allows condensation of mem-
brane lipids and rigidifies fluid plasma membrane to
reduce passive permeability, increase its mechanical prop-
erties, and increase total thickness.?® These effects have
significant  consequences for the function of
membrane-embedded proteins, especially those with mul-
tiple membrane-spanning domains.?” Since GLUTs have
12 transmembrane domains we have previously suggested
that by reducing plasma cholesterol content statins might
affect the structure and function of GLUTs.'® We observed
that statins decrease glucose uptake in primary human vis-
ceral adipocytes, skeletal myocytes, differentiated hepa-
toma cells (figure 2), as well as in tumor cells.'® These
effects are neutralized by either water-soluble cholesterol
or MA (figure 3B,C). Also extraction of membrane choles-
terol with MBCD inhibits glucose uptake (figure 3A). Our
previous homology model based on the structure of
glycerol-3-phosphate transporter,'® which we have updated
in this work using the XylE xylose transporter structure as
a template, reveals that GLUTs contain putative CRAC or
CRAC-like domains within their juxtamembrane regions
(figure 4). Functional substitution of corresponding
amino acid motifs in GLUT1 revealed that these regions
are important in conferring the ability to transport
glucose by this transporter (figure 5). Our observations
indicate that inhibition of cholesterol synthesis affects the
function of transmembrane proteins that play a critical
role in glucose homeostasis and are in concordance with
previously published observations, where statin treatment
reduced glucose uptake in 3T$-L.1 murine adipocytes.”® *’
However, in the cited articles the authors claimed the
statin effects were associated with either decreased GLUT4
expression or impaired signal transduction from the
insulin receptor.

Further studies defining the risks of statin-induced dia-
betes or glycemic control in patients with diabetes are
necessary. However, the overwhelming benefit of statins in
reducing cardiovascular events seems to supersede the
small increase in the relative risk of developing diabetes.*
More intense vigilance of fasting glucose levels seems to be
a reasonable approach in statin users. Elucidation of the
molecular mechanisms of statin-induced effects should be
continued. The results of these studies can shed light on
development of novel approaches mitigating negative con-
sequences of statin treatment or development of novel
therapeutic approaches for cardiovascular diseases in high-
risk patients or patients with diabetes.

"Department of Immunology, Center of Biostructure Research, Medical
University of Warsaw, Warsaw, Poland

2Genomic Medicine, Department of General, Transplant and Liver Surgery,
Medical University of Warsaw, Warsaw, Poland

3Chair of General Biology and Parasitology, Center of Biostructure Research,
Medical University of Warsaw, Warsaw, Poland

4Laboratory of Bioinformatics and Protein Engineering, International Institute
of Molecular and Cell Biology in Warsaw, Warsaw, Poland

SBioinformatics Laboratory, Institute of Molecular Biology and Biotechnology,
Adam Mickiewicz University, Poznan, Poland
SInstitute of Physical Chemistry, Polish Academy of Sciences, Warsaw, Poland

The authors would like to thank Ewa Wilczek for
providing us with antidesmin antibody. The authors also acknowledge Elzbieta
Gutowska, Anna Czerepinska, and Agnieszka Zagozdzon for excellent technical
assistance.

DN was involved in research concept and design, collection and
assembly of data, data analysis and interpretation, writing the article,
designed and conducted most of the research, analyzed and interpreted data,
and supervised the study. AM, KF, BO, RS, JC, MF, ADS, RZ, EG-M and LS
were involved in collection and assembly of data, data analysis and
interpretation, revision and final approval of the article. JMB was involved in
bioinformatics analyses, acquisition of funding, data analysis and
interpretation, revision and final approval of the article. JG was involved in
research concept and design, acquisition of funding, data analysis and
interpretation, and writing the article.

This work was supported by grants N N402 365438 (JG), from
Polish Ministry of Science and Higher Education, grant from the European
Commission 7th Framework Programme: FP7-REGPOT-2012-CT2012-
316254-BASTION (JG). The work carried out by JMB (modeling of GLUT1)
was supported by the Polish Ministry of Science and Higher Education (grant
number POIG.02.03.00-00-003/09).

None.
Not commissioned; externally peer reviewed.

The human glucose transporter 1 (GLUT1)
homology model created using XylE xylose transporter structure as a template
is available at: ftp:/genesilico.pl/iamb/models/GLUT1/. No additional data are
available.

This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 3.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided
the original work is properly cited and the use is non-commercial. See: http://
creativecommons.org/licenses/by-nc/3.0/

1.  Minder CM, Blaha MJ, Horne A, et al. Evidence-based use of statins
for primary prevention of cardiovascular disease. Am J Med
2012;125:440-6.

2. FDA-Administration. FDA Drug Safety Communication: important
safety label changes to cholesterol-lowering statin drugs. Secondary
FDA Drug Safety Communication: important safety label changes to
cholesterol-lowering statin drugs. 2012. http://www.fda.gov/Drugs/
DrugSafety/ucm293101.htm

3. Ridker PM, Danielson E, Fonseca FA, et al. Rosuvastatin to prevent
vascular events in men and women with elevated C-reactive protein.
N Engl J Med 2008;359:2195-207.

4. Sukhija R, Prayaga S, Marashdeh M, et al. Effect of statins on
fasting plasma glucose in diabetic and nondiabetic patients.

J Investig Med 2009;57:495-9.

5. Culver AL, Ockene IS, Balasubramanian R, et al. Statin use and risk
of diabetes mellitus in postmenopausal women in the Women’s
Health Initiative. Arch Intern Med 2012;172:144-52.

6. Freeman DJ, Norrie J, Sattar N, et al. Pravastatin and the
development of diabetes mellitus: evidence for a protective treatment
effect in the West of Scotland Coronary Prevention Study. Circulation
2001;1083:357-62.

7. Milionis HJ, Rizos E, Kostapanos M, et al. Treating to target patients
with primary hyperlipidaemia: comparison of the effects of
ATOrvastatin and ROSuvastatin (the ATOROS study). Curr Med Res
Opin 2006;22:1123-31.

8. Sattar N, Preiss D, Murray HM, et al. Statins and risk of incident
diabetes: a collaborative meta-analysis of randomised statin trials.
Lancet 2010;375:735-42.

9. Simsek S, Schalkwijk CG, Wolffenbuttel BH. Effects of rosuvastatin
and atorvastatin on glycaemic control in type 2 diabetes—the
CORALL study. Diabet Med 2012;29:628-31.

BMJ Open Diabetes Research and Care 2014;2:e000017. doi:10.1136/bmjdrc-2014-000017

yBuAdoa Aq peroarold 1senb Aq 20z ‘6 11dy uo /wod fwgaip//:dny woiy papeojumod +T0Z |UdY 62 Uo LT0000-7T0Z-24pwa/9eTT 0T Se paysiignd 1siy :e1ed sey qelq uado rINg


ftp://genesilico.pl/iamb/models/GLUT1/
http://www.fda.gov/Drugs/DrugSafety/ucm293101.htm
http://www.fda.gov/Drugs/DrugSafety/ucm293101.htm
http://drc.bmj.com/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bellia A, Rizza S, Lombardo MF, et al. Deterioration of glucose
homeostasis in type 2 diabetic patients one year after beginning of
statins therapy. Atherosclerosis 2012;223:197-203.

Sato H, Carvalho G, Sato T, et al. Statin intake is associated with
decreased insulin sensitivity during cardiac surgery. Diabetes Care
2012;35:2095-9.

Shen L, Shah BR, Reyes EM, et al. Role of diuretics, beta blockers,
and statins in increasing the risk of diabetes in patients with impaired
glucose tolerance: reanalysis of data from the NAVIGATOR study.
BMJ 2013;347:16745.

Puurunen J, Piltonen T, Puukka K, et al. Statin therapy worsens
insulin sensitivity in women with polycystic ovary syndrome (PCOS):
a prospective, randomized, double-blind, placebo-controlled study.
J Clin Endocrinol Metab 2013;98:4798-807.

Raja-Khan N, Kunselman AR, Hogeman CS, et al. Effects of
atorvastatin on vascular function, inflammation, and androgens in
women with polycystic ovary syndrome: a double-blind, randomized,
placebo-controlled trial. Fertil Steril 2011;95:1849-52.

Sathyapalan T, Kilpatrick ES, Coady AM, et al. The effect of
atorvastatin in patients with polycystic ovary syndrome: a
randomized double-blind placebo-controlled study. J Clin Endocrinol
Metab 2009;94:103-8.

Malenda A, Skrobanska A, Issat T, et al. Statins impair glucose
uptake in tumor cells. Neoplasia 2012;14:311-23.

Kelly JH, Darlington GJ. Modulation of the liver specific phenotype in
the human hepatoblastoma line Hep G2. In Vitro Cell Dev Biol
1989;25:217-22.

Kaliman P, Vinals F, Testar X, et al. Disruption of GLUT1 glucose
carrier trafficking in LBE9 and Sol8 myoblasts by the
phosphatidylinositol 3-kinase inhibitor wortmannin. Biochem J
1995;312:471-7.

Mohanty JG, Jaffe JS, Schulman ES, et al. A highly sensitive
fluorescent micro-assay of H202 release from activated human
leukocytes using a dihydroxyphenoxazine derivative. J Immunol
Methods 1997;202:133—41.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zhou M, Diwu Z, Panchuk-Voloshina N, et al. A stable
nonfluorescent derivative of resorufin for the fluorometric
determination of trace hydrogen peroxide: applications in detecting
the activity of phagocyte NADPH oxidase and other oxidases. Anal
Biochem 1997;253:162-8.

Mahammad S, Dinic J, Adler J, et al. Limited cholesterol depletion
causes aggregation of plasma membrane lipid rafts inducing T cell
activation. Biochim Biophys Acta 2010;1801:625-34.

Kosinski J, Cymerman IA, Feder M, et al. A “FRankenstein’s
monster” approach to comparative modeling: merging the finest
fragments of Fold-Recognition models and iterative model
refinement aided by 3D structure evaluation. Proteins 2003;
53(Suppl 6):369-79.

Sun L, Zeng X, Yan C, et al. Crystal structure of a bacterial homologue
of glucose transporters GLUT1-4. Nature 2012;490:361-6.

Goldfine AB. Statins: is it really time to reassess benefits and risks?
N Engl J Med 2012;366:1752-5.

Pogue DH, Moravec CS, Roppelt C, et al. Effect of lovastatin on
cholesterol content of cardiac and red blood cell membranes in
normal and cardiomyopathic hamsters. J Pharmacol Exp Ther
1995;273:863-9.

Mouritsen OG, Zuckermann MJ. What's so special about
cholesterol? Lipids 2004;39:1101-13.

Winiarska M, Bil J, Wilczek E, et al. Statins impair antitumor effects
of rituximab by inducing conformational changes of CD20. PLoS
Med 2008;5:e64.

Nakata M, Nagasaka S, Kusaka |, et al. Effects of statins on the
adipocyte maturation and expression of glucose transporter 4
(SLC2A4): implications in glycaemic control. Diabetologia
2006;49:1881-92.

Takaguri A, Satoh K, Itagaki M, et al. Effects of atorvastatin and
pravastatin on signal transduction related to glucose uptake in
3T3L1 adipocytes. J Pharmacol Sci 2008;107:80-9.

Ray KK. Statin diabetogenicity: guidance for clinicians. Cardiovasc
Diabetol 2013;12(Suppl1):S3.

BMJ Open Diabetes Research and Care 2014;2:2000017. doi:10.1136/bmjdrc-2014-000017

yBuAdoa Aq peroarold 1senb Aq 20z ‘6 11dy uo /wod fwgaip//:dny woiy papeojumod +T0Z |UdY 62 Uo LT0000-7T0Z-24pwa/9eTT 0T Se paysiignd 1siy :e1ed sey qelq uado rINg


http://drc.bmj.com/

	Statins impair glucose uptake in human cells
	Abstract
	Introduction
	Methods
	Cells and culture procedures
	Oil Red O staining of adipocytes
	Immunofluorescent evaluation of desmin expression in differentiated myocytes
	Evaluation of AFP secretion
	Reagents
	Flow cytometry evaluation of glucose uptake
	Radioisotope measurement of glucose uptake
	Detection of glucose concentration in cell culture supernatants
	Generation of HEK293T cells stably expressing GLUT1-flag
	Mutagenesis of GLUT1
	Western blotting
	Real-time PCR for GLUT1 quantification
	Limited proteolysis of GLUT1-flag protein
	Statistical analysis

	Results
	Discussion
	References


