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Abstract

Background: Hyperglycemia is acknowledged as a pro-inflammatory condition and a major cause of vascular dam-
age. Nevertheless, we have previously described that high glucose only promotes inflammation in human vascular
cells previously primed with pro-inflammatory stimuli, such as the cytokine interleukin (IL)1{. Here, we aimed to iden-
tify the cellular mechanisms by which high glucose exacerbates the vascular inflammation induced by IL1(3.

Methods: Cultured human aortic smooth muscle cells (HASMC) and isolated rat mesenteric microvessels were
treated with IL1(3 in medium containing 5.5-22 mmol/L glucose. Glucose uptake and consumption, lactate produc-
tion, GLUT1 levels, NADPH oxidase activity and inflammatory signalling (nuclear factor-kB activation and inducible
nitric oxide synthase expression) were measured in HASMC, while endothelium-dependent relaxations to acetylcho-
line were determined in rat microvessels. Pharmacological inhibition of IL1 receptors, NADPH oxidase and glucose-
6-phosphate dehydrogenase (G6PD), as well as silencing of G6PD, were also performed. Moreover, the pentose
phosphate pathway (PPP) activity and the levels of reduced glutathione were determined.

Results: We found that excess glucose uptake in HASMC cultured in 22 mM glucose only occurred following activa-
tion with IL1{3. However, the simple entry of glucose was not enough to be deleterious since over-expression of the
glucose transporter GLUT1 or increased glucose uptake following inhibition of mitochondrial respiration by sodium
azide was not sufficient to trigger inflammatory mechanisms. In fact, besides allowing glucose entry, IL1(3 activated
the PPP, thus permitting some of the excess glucose to be metabolized via this route. This in turn led to an over-
activation NADPH oxidase, resulting in increased generation of free radicals and the subsequent downstream pro-
inflammatory signalling. Moreover, in rat mesenteric microvessels high glucose incubation enhanced the endothelial
dysfunction induced by IL1(3 by a mechanism which was abrogated by the inhibition of the PPP.

Conclusions: A pro-inflammatory stimulus like IL13 transforms excess glucose into a vascular deleterious agent by
causing an increase in glucose uptake and its subsequent diversion into the PPP, promoting the pro-oxidant condi-
tions required for the exacerbation of pro-oxidant and pro-inflammatory pathways. We propose that over-activation
of the PPP is a crucial mechanism for the vascular damage associated to hyperglycemia.
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Background

At present, hyperglycaemia is recognized as an inde-
pendent risk factor for cardiovascular disease. Thus, it
has been proposed that high glucose per se induces oxi-
dative stress that results in vascular damage, due to an
excess entry of glucose into the cell leading to the over-
production of superoxide anions in the mitochondria [1].
However, clinical trials have shown that strict control of
glycaemia leads only to a modest reduction in macrovas-
cular diabetic complications [2]. Thus, the link between
hyperglycaemia and atherosclerosis is still not fully
understood [3], while the role for mitochondrial superox-
ide as the culprit of diabetes complications is now ques-
tioned [4, 5].

We have previously shown that exposure to high con-
centrations of glucose does not cause inflammation in
human vascular cells unless the cells are primed with
an inflammatory stimulus such as interleukin (IL)1f
or tumour necrosis factor (TNF)a [6, 7]. This led us to
conclude that a background inflammatory condition
is necessary for the elevation of extracellular glucose
to become deleterious in the vasculature, which can
explain why glycaemic control alone is not sufficient
to avoid diabetic vascular damage. Understanding the
mechanisms by which an inflammatory environment
transforms high glucose into a deleterious agent can
provide new therapeutic targets for preventing diabetic
complications.

In the present work, we have explored in human vascu-
lar smooth muscle cells the role of the pro-inflammatory
cytokine IL1B on the uptake and utilization of glucose
and the possible mechanisms linking glucose metabolism
with pro-inflammatory signalling. Furthermore, using
rat mesenteric microvessels, we investigated whether
how endothelial dysfunction induced by IL1 is potenti-
ated by high glucose concentrations. We propose that an
excess of glucose entry is diverted through the pentose
phosphate pathway (PPP), providing additional substrate
for the enzyme NADPH oxidase and results in a pro-oxi-
dant environment that exacerbates inflammation.

Methods

Ethical approval

The Ethics Committees for Clinical Research from
Hospital Universitario de Getafe (reference numbers
11-20 and 14-117) and Hospital Universitario La Paz
(reference numbers PI-1111 and PI-1878) approved
the protocol in human cell cultures. The studies on ani-
mals were performed according to national and Euro-
pean guidelines (2010/63/EU), approved by the ethics
committee of Universidad Auténoma de Madrid (CEI
27-670), and developed in registered animal facilities
(ES-28079-000097).
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Cell culture

Human aortic smooth muscle cells (HASMC) were
obtained by enzymatic dissociation from the aortae of
five organ donors, who had no evidences for cardiomet-
abolic diseases or risk factors, and according to Spanish
legal regulations as previously described [6]. The cells
were routinely cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Biological Industries, Beit-Hamek,
Israel) supplemented with 10 % fetal calf serum (FCS,
Biological Industries), 100 pg/ml streptomycin (Reig-
Jofré, Barcelona, Spain), 100 U/ml penicillin (ERN SA,
Barcelona, Spain) and 2.5 pg/ml amphotericin B (Sigma
Chemical Co., St. Louis, MO, USA). At confluence, the
cells were passaged using a 0.02 % EDTA-0.05 % trypsin
solution (Biological Industries). The cells were counted
using a hemocytometer. Cell characterization was car-
ried out based on both cell morphology and indirect
immunofluorescence staining of a-smooth muscle actin.
For experiments, confluent cells were serum-deprived
for 24 h prior to the addition of the different test com-
pounds in serum-free DMEM supplemented with 0.1 %
bovine serum albumin (BSA, Sigma). Confluent cultures
between passages 3 and 12 were used.

Glucose consumption and lactate production

The cells were plated onto 48-well plates at a density of
20,000 cells per well. After serum-deprivation the cells
were incubated for 24 h in DMEM with 0.1 % BSA and
different initial concentrations of glucose (5.5, 11, or
22 mmol/L); in some experiments, the cultures were also
treated with 1-10 ng/mL interleukin-1p (IL1p; Pepro-
tech, London, UK) or 0.5 mmo/L sodium azide (Sigma).
Glucose consumption and lactate release over 8 or 24 h
of incubation were determined by measuring the respec-
tive levels in the culture medium at time O and after 8
or 24 h using commercial kits (Glucose HK Assay kit,
Sigma; Lactate Reagent kit, Trinity Biotech, Wicklow, Ire-
land). Glucose consumption was calculated as the differ-
ence between initial and final glucose levels, while lactate
production was calculated as the difference between final
and initial lactate levels. Results were normalized by cell
number. Both glucose consumption and lactate produc-
tion were expressed as pmol per cell over 8 or 24 h.

Cytochalasin B-sensitive 3H-deoxyglucose uptake

Cytochalasin B-sensitive *H-deoxyglucose uptake was
used as an indicator of the cellular GLUT1 transporter
capacity. Briefly, cells were incubated for 18 h in 24-well
plates containing DMEM with 0.1 % BSA and 5.5 or
22 mmol/L glucose; in some experiments, the cells were
also treated with 1-10 ng/mL IL1p 1 ng/mL anakinra
(Biovitrum, SOBI, Stockholm, Sweden), or 0.5 mmol/L
sodium azide. The 18 h optimal period for such
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treatments was established in preliminary experiments
(data not shown). After washing in a Krebs—Ringer solu-
tion free of glucose (KRS; composition in mmol/L, NaCl
136, KC1 4.7, MgSO, 1.25, CaCl, 1.25, pH 7.4 HEPES 10),
the cultures were pre-incubated for 15 min in KRS with-
out D-glucose, in the presence or absence of the GLUT1
transporter blocker cytochalasin B (Sigma; 20 pmol/L).
The cultures were then incubated for 5 min in KRS
without cold D-glucose containing 1 pCi/mL *H-deoxy-
glucose (activity 8.00 Ci mmol; Amersham, Buckingham-
shire, UK), in the absence or presence of cytochalasin B.
The optimal 5 min time for such incubation period was
established in preliminary experiments (data not shown).
After washing with KRS, the protein content was deter-
mined by the bicinchoninic acid (BCA) assay and the
radioactivity incorporated to the cells was measured in
a liquid scintillation counter (Tri-Carb 2800 TR, Perkin
Elmer, Waltham, MA, USA). Results were expressed in
dpm/pg protein.

GLUT1 lentiviral infection

A pCB6 plasmid containing the human GLUT1 ¢cDNA
sequence was a kind gift from Prof. David James (Garvan
Institute of Medical Research, Darlinghurst Sydney NSW,
Australia). The GLUT1 cDNA was subcloned into a len-
tiviral vector (pCDH-CMV-MCS-EF1-Puro, System Bio-
sciences SBI) using the Xbal restriction site. All plasmids
were confirmed by PCR screening and DNA sequencing.
Viral particles were generated according to the manufac-
turer’s protocol (pPACKH1 Lentivector Packaging Kit,
SBI, Mountain View, CA, USA). The cells were infected
with viral particles (GLUT1+) in the presence of 4 pg/
mL polybrene (Sigma) and selected in 1 pg/mL puromy-
cin (Sigma) for 3 days. Matched cells subjected to infec-
tion with empty vector lentiviral plasmids (EV) were used
as controls.

Rt-pcr

For GLUT1 mRNA quantification, total RNA was
extracted from vascular cells after 18 h of treatment
using a commercial kit (RNeasy, Qiagen; Crawley, UK)
and quantified by absorbance at 260 nm. Aliquots of
1 pg RNA were reverse-transcribed using Moloney
murine leukemia virus-reverse transcriptase (Sigma). The
resulting cDNA was amplified using a human GLUT1
gene-specific relative RT-PCR kit (Ambion, Austin, TX,
USA) containing an 18S internal standard, according to
the manufacturer’s instructions. The reaction was con-
ducted in a Peltier PTC100 thermocycler (M&] Research,
Waltham, MA, USA) with an initial denaturation step at
95 °C for 3 min, followed by 23 cycles each consisting of
incubation at 94 °C for 30 s, 59 °C for 30 s, and 72 °C for
30 s. Aliquots of the resulting PCR were loaded on 2 %
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agarose gels containing ethidium bromide, the resulting
bands were visualized under ultraviolet light and quanti-
fied using NIH Image free software.

Indirect immunofluorescence

As previously described [6, 7], cells grown on glass cov-
erslips were exposed for 18 h to the different treatments,
fixed with acetone at —20 °C and blocked in a PBS solu-
tion containing 1 % BSA and 0.1 % Triton X-100. The cells
were then incubated with a primary polyclonal antibody
against GLUT1 (dilution 1/50; Neomarkers, Fremont,
CA, USA), followed by incubation with an appropri-
ate Alexa Fluor 488-secondary antibody (dilution 1/200;
Molecular Probes-Invitrogen Corporation). Nuclei
were counterstained with 4/,6-diamino-2-phenylindole
(DAPI). Cells were observed with an Eclipse TE300 epi-
fluorescence microscope (Nikon, Tokyo, Japan) and a
spectral confocal microscope (Leica TCSSP5-AOBS,
Leica microsystems, Heidelberg, GMBH, Germany).
Confocal images were analyzed with LAS AF software,
version 1.5.1 Build 869 (Leica).

Western blotting

After washing with PBS, the cells were subjected to
extraction in lysis buffer containing 10 mmol/L Tris
pH 7.4, 1 % sodium dodecyl sulfate (SDS), 10 mmol/L
sodium orthovanadate, 2 mmol/L phenylmethylsulfo-
nyl fluoride and 12.5 pug/mL aprotinin (all from Sigma).
Proteins (20 pg per lane) were equally loaded and sepa-
rated on 8 % SDS-PAGE and transferred onto a nitrocel-
lulose membrane (BioRad Laboratories, Madrid, Spain).
After blocking overnight, the membrane was incubated
for 1 h at room temperature with polyclonal antibodies
against iNOS (dilution 1/10,000; Transduction Labo-
ratories, Lexington, KY, USA) or glucose-6-phosphate
dehydrogenase (G6PD, dilution 1/5000, Sigma), followed
by incubation for 1 h with a horseradish peroxidase-con-
jugated secondary antibody (dilution 1/10,000; Chemi-
con, Temecula, CA, USA), as described previously [6].
Immunoreactive bands were detected using an enhanced
chemiluminescence detection kit (GE Healthcare, Upp-
sala, Sweden) and quantified by densitometry using NIH
Image software. The membranes were stripped and rep-
robed with an anti a-tubulin primary antibody (dilution
1/10,000; Sigma) to ensure equal loading.

Nuclear extracts and electrophoretic mobility shift assay
(EMSA)

After 18 h of treatment, nuclear extracts from cell cul-
tures were prepared as previously described [6, 7]. For
binding reactions, nuclear extracts (5 ug) were incubated
on ice for 15 min in a reaction buffer (pH 7.0 40 mmol/L
HEPES, 140 mmol/L NaCl, 5 mmol/L dithiothreitol,
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10 pg/mL BSA, 0.01 % Nonidet P-40, 4 % Ficoll and
0.05 pg/mL poly [dI-dC]poly [dI-dC]). A commercial
oligonucleotide (Promega, Madison, WI, USA) encod-
ing the NF-«B consensus sequence (5'-AGTTGAGGGG
ACTTTCCCAGGC-3') and 5 end-labelled with ©-32P
(~50,000 cpm) was then added, and the reaction mix
incubated for 20 min at room temperature. DNA—pro-
tein complexes were resolved on 4 % nondenaturing pol-
yacrylamide gels in 0.5 x TBE (45 mmol/L Tris—borate,
1 mmol/L EDTA, pH 8.0) at 4 °C. Gels were dried and
exposed for autoradiography at —80 °C.

Measurement of the pentose phosphate pathway (PPP)
flux

Carbon flux from glucose through the PPP was measured
in cells treated for 120 min, as previously described [8],
with minor modifications. Briefly, suspensions of known
amounts of cells (3—5 x 10° cells) obtained by smooth
detaching from the cultures were incubated in sealed
vials containing a central well with KOH (4 mol), which
was used for *CO, trapping, in the presence of 0.5 pCi
of D-[1-'C]glucose (activity 56 mCi/mmol/L; Per-
kin Elmer) or D-[6-'*C]glucose (activity 60 mCI/mmol/L;
Perkin Elmer) in a Krebs—Ringer phosphate buffer
(5.7 mmol/L Na,HPO,, 145 mmol/L NaCl, 4.86 mmol/L
KCl, 1.22 mmol/L MgSO,, 0.54 mmol/L CaCl,; pH 7.4)
containing 5.5 or 22 mmol/L glucose at 37 °C. In order to
ensure an adequate O, supply for oxidative metabolism
by the cells throughout the 120 min incubation period,
the gas phase in the vials containing the cells was sup-
plied with extra O, before the vials were sealed. The PPP
flux was measured by assessing the difference between
14C0O, production from [1-'*C]glucose—which decar-
boxylates via the 6-phosphogluconate dehydrogenase-
catalyzed reaction and the tricarboxylic acid cycle—and
that of [6-1*C]glucose—which decarboxylates only via the
tricarboxylic acid cycle [8, 9].

NADPH oxidase activity

NADPH oxidase activity was measured by lucigenin-
derived chemiluminescence, as described previously
[10]. After the various treatments described, the cells
were washed in ice-cold PBS, scraped and centrifuged
at 13,000 rpm for 1 min at 4 °C. The resulting cell pel-
let was homogenized in lysis buffer (pH 7.0) containing
50 mmol/L KH,PO,, 1 mmol/L EGTA and 150 mmol/L
sucrose for 5 min at 4° C. The activity of NADPH oxi-
dase was measured by lucigenin-derived chemilumines-
cence. For oxidase assay, cells samples (5 pg protein) were
incubated in PBS containing 5 umol/L lucigenin and
100 umol/L NADPH. Luminiscence was measured every
30 s for 5 min in a tube luminometer (Optocomp, MGM
Instruments, Hamden, CT, USA). The enzymatic activity
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was obtained as relative light units (RLU)/pg protein
min~! determined by the BCA method.

Determination of total glutathione and GSH

After 24 h of serum deprivation, cells were incubated
for a further 18 h period, with the different treatments
in serum-free medium. After the treatment described,
the cells were washed in ice-cold PBS, scraped and cen-
trifuged at 1200 rpm for 8 min at 4 °C. Total glutathione
and GSH were determined in the resulting pellet using a
commercial kit (Glutathione Colorimetric Detection Kkit,
Arbor Assays, Ann Arbor, MI, USA).

siRNA transfection

G6PD silencing was achieved by a procedure previ-
ously described [11]. For silencing, the On-TARGETplus
SMARTpool for human G6PD siRNA (Dharmacon, Upp-
sala, Sweden) was used, according to manufacturer’s
instructions. The On-Targetplus Non-targeting siRNA #1
(Dharmacon) was used as a negative control. Afterwards,
cells were serum-deprived for 24 h and then submitted to
the appropriate treatments for Western blot or NADPH
oxidase activity determination, as described above.

Reactivity studies in rat mesenteric microvessels
Isolated mesenteric microvessels from 16-week male
old Sprague—Dawley (SD) rats (300—350 g) were studied
ex vivo. The animals were briefly exposed to a chamber
filled with carbon dioxide until they fell unconscious and
then immediately killed by cervical dislocation. The mes-
entery was removed, and placed in a Petri dish containing
Krebs-Henseleit solution (KHS) at 4 °C. The third branch
mesenteric arteries were dissected (mean internal diam-
eter ranged between 200 and 400 pum; non-significant
differences were observed among the different groups
of rats). The arteries were dissected and cleaned free of
fat and connective tissue under a light microscope and
mounted as ring preparations on a small vessel myo-
graph [12] to measure isometric tension. Arteries were
bathed in KHS at 37 °C continuously bubbled with a 95 %
0,-5 % CO, mixture, which yields a pH of 7.4 and their
passive tension and internal circumference were deter-
mined. The arteries were subjected to optimal tension
(90 % of the tension equivalent to a intramural pressure
of 100 mm Hg. After 30 min of equilibration, the vessels
were exposed to 125 mmol/L KCL (KKHS, equimolar
substitution of KCl for NaCl in KHS) for 2 min in order
to check their functional integrity. Segments failing to
achieve a maximum active tension equivalent to a pres-
sure of 100 mmHg were rejected [12].

The bath was then washed three times with KHS and
a further period of 180 min washout period was allowed
with KHS containing 5.5 or 22 mmol/L glucose before
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Fig. 1 Inflammation, but not exposure to high extracellular glucose, enhances consumption of glucose. a Cytochalasine-B sensitive uptake

of *H-deoxyglucose by cells previously treated for 18 h with 10 ng/mL IL1B in medium containing 5.5 or 22 mmol/L glucose. Results are the

mean = standard error of 13-15 separate experiments. *P < 0.05 vs the respective control (c). b GLUT1 levels, determined by Western blot, in cells
exposed for 18 h to IL1B (10 ng/mL) in medium initially containing 5.5 or 22 mmol/L glucose. The gels and blots shown are representative of 4-5
separate experiments. Data are expressed as percentage of the basal expression in cells in medium initially containing 5.5 mmol/L glucose *P < 0.05
vs the respective control (c). € Cytokine-induced consumption of glucose in cells exposed for 24 to different concentrations of IL13 (1-
Data were calculated by subtracting at every point the basal consumption of glucose. Results are expressed as mean =+ standard error of 8-11
separate experiments. *P < 0.05 vs 5.5 mmol/L glucose. /P < 0.05 vs 11 mmol/L glucose. d Uptake of *H-deoxyglucose by cells previously treated for
18 h with different concentrations of IL13 (1-10 ng/mL) in medium containing 5.5 mmol/L glucose in the presence or absence of the glucose trans-
porter inhibitor cytochalasin B (20 umol/L). Results are the mean + standard error of 3 separate experiments. *P < 0.05 vs cytochalasin B-treated

10 ng/mL).

the arteries were contracted with the concentration of
NA (1 pmol/L) required to produce approximately 80 %
of the maximum response to KKHS. Relaxations to ace-
tylcholine (ACh) were subsequently assessed by adding
cumulative concentrations of the drug at 2 min inter-
vals (final bath concentrations 0.1 nmol/L-10 pmol/L).
Some microvessels were pre-incubated with 2.5 ng/mL
IL1B for 120 min before and during the administration
of NA and ACh. Other vascular segments were treated
with 2 mmol/L 6-aminonicotinamide or 10 pmol/L

apocynin for 30 min in advance and during the adminis-
tration of IL1PB, NA, and ACh. The composition of KHS
(mmol/L) was NaCl 115, CaCl, 2.5, KCl 4.6, KH,PO, 1.2,
MgSO,.7H,O 1.2, NaHCO; 25, glucose 5.5 or 22, and
Na,EDTA 0.03.

Materials

Culture plasticware was obtained from TPP (Tragadin-
gen, Switzerland). All the reagents and drugs were pur-
chased from Sigma unless otherwise stated.
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Statistical analysis

Results are expressed as mean = standard error of at least
three separate experiments. Statistical analysis was per-
formed using one-way or two-way ANOVA and Bonfer-
roni correction for multiple comparisons, with the level
of significance selected as P < 0.05.

Results

IL1B enhances glucose transport capacity

and consumption

At a physiological concentration of 5.5 mmol/L glucose,
the cells consumed 2.1 £ 0.3 and 5.3 & 0.3 pmol per cell
during 8 and 24 h, respectively, exhibiting a predomi-
nantly glycolytic metabolism, as shown by the lactate:
glucose ratio (Table 1a). Increasing the extracellular glu-
cose concentration to 11 or 22 mmol/L affected neither
the glucose consumption nor the lactate: glucose ratio
(Additional file 1: Figure S1 in the online-only data sup-
plement and Table 1a). Furthermore, it did not increase
the total glucose transport capacity (Fig. la) nor the
expression of GLUT1, the predominant glucose trans-
porter described in vascular cells [13] (Fig. 1b and Addi-
tional file 1: Figure S2).

When cells were activated with IL1p (1-10 ng/mL),
however, glucose consumption was enhanced in a con-
centration-dependent manner (Fig. 1c). Moreover, at
each concentration of IL1P, the consumption of glu-
cose was proportional to its extracellular concentration

(Fig. 1c), although the lactate: glucose ratio was not sig-
nificantly modified (Table 1a). The increased consump-
tion of glucose caused by IL1B was related to increased
GLUT1 mRNA (by 70.4 £+ 16.3 %; P < 0.05; n = 3) and
a higher expression of GLUT1 (Fig. 1b and Additional
file 1: Figure S2) that enhanced glucose transport capac-
ity (Fig. 1d). The IL-1 receptor antagonist anakinra (1 pg/
mL) abolished the ability of IL1f to enhance the trans-
port capacity of glucose (*H-deoxyglucose uptake was
171.6 £+ 19.3, 493.3 £ 65.0, and 177.8 £+ 4.0 dpm/pg
protein in control, IL1p and IL1p plus anakinra, respec-
tively, incubated in 5.5 mmol/L glucose; P < 0.05, n = 4).
Enhancing glucose concentration, however, did not affect
the effects of IL1p on GLUT1 expression or glucose
transport capacity (Fig. 1a and 1b, and Additional file 1:
Figure S2).

Glucose overload is not sufficient to cause cell
inflammation

We confirmed our previous findings that activation
of cells with IL1B resulted in cell inflammation [6],
determined as the activation of NFkB and the expres-
sion of iNOS. This effect was exaggerated in the pres-
ence of high glucose (Fig. 2a, b), through a mechanism
independent of hyperosmolarity [6]. Because of the
above, we decided to investigate whether the simple
increase in the entry of glucose was sufficient to cause
inflammation.
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In order to achieve this, we first over-expressed GLUT1
transporters by infecting the cells with a lentiviral vec-
tor containing human GLUT1 ¢cDNA (GLUT1+). Over-
expression of GLUT1 was verified by quantification of
GLUT1 mRNA levels (Additional file 1: Figure S3A).
While the glucose transport capacity was increased by
approximately 50 % in GLUT1+ cells but not in con-
trol cells transduced with an empty vector (EV) (Addi-
tional file 1: Figure S3B), glucose consumption was not
significantly enhanced when the extracellular glucose
concentration was increased to 22 mmol/L (Table 1b).
Moreover, lactate production and the lactate: glucose
ratio in GLUT1+ and EV cells was similar to those in
control cells (Table 1b).

In a different set of experiments, we increased glucose
entry in the cells by inhibiting mitochondrial respiration
using sodium azide (0.5 mM). This treatment did not
affect cell survival after 24 h (data not shown), however
it increased glucose transport (*H-deoxyglucose uptake
of 171.6 £ 19.3 and 345.3 & 46.7 dpm/pg protein in con-
trol and plus sodium azide, respectively; P < 0.05, n = 4).
This was associated with an increase in surface GLUT1
transporters (Additional file 1: Figure S4), without a
modification in GLUT1 mRNA levels (98.6 + 17.0 % vs
non-treated cells, n = 3). Sodium azide treatment pro-
duced a marked increase in glucose utilization, with-
out changing the lactate: glucose ratio significantly
(Table 1a).
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fected cells after 18 h of incubation in medium initially containing 5.5 or 22 mmol/L glucose. Results are the mean = standard error of 3-5 separate
experiments expressed as percentage of the relative light units produced by 10 ng/mL IL13 in medium initially containing 5.5 mmol/L glucose
(457.1 & 64.0 RLU/ug protein min~"). (c) NFkB activity, measured by EMSA, and (d) iNOS levels, determined by Western blot, in cells treated for 18 h
with IL13 (10 ng/mL), in the presence or absence of the NADPH oxidase inhibitor apocynin (30 pmol/L) or anakinra (1 pug/mL), in medium contain-
ing 5.5 or 22 mmol/L glucose. Results are the mean =+ standard error of 3—-4 separate experiments expressed as percentage of the activation or
expression produced by 10 ng/mL IL18 in medium initially containing 5.5 mmol/L glucose. *P < 0.05 vs respective control (c). /P < 0.05 vs respective

value in 5.5 mmol/L glucose

Neither the over-expression of GLUT1 nor the glucose
overload after sodium azide treatment were sufficient to
induce inflammation (Fig. 2a, b).

IL1B modifies the intracellular metabolic profile of glucose

We next monitored the intracellular utilization of glu-
cose by measuring the generation of *CO, from glucose
labelled in different carbon atoms. The production of
4CO, from [6-'*C]glucose, which decarboxylates only
via the tricarboxylic acid cycle, was not modified by incu-
bation in a high concentration of glucose (Fig. 3a). There
was, however, a significant increase following treatment

with IL1p, which was similar at both 5.5 and 22 mmol/L
glucose (Fig. 3a). The activity of the pentose phosphate
pathway (PPP) was not significantly affected by increas-
ing the concentration of glucose in the medium or by
incubating cells in 5.5 mmol/L glucose with IL1p (10 ng/
ml); however, a significant enhancement was observed
when the cells were activated by IL1p in a medium con-
taining 22 mmol/L glucose (Fig. 3b). The protein levels
of glucose-6-phosphate dehydrogenase (G6PD), as the
step-limiting enzyme of the PPP, were slightly increased
after IL1f treatment in 5.5 mmol/L glucose, but markedly
enhanced in 22 mmol/L glucose (Fig. 3c).
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Over-activation of NADPH oxidase by IL1f and high
glucose

NADPH generated by the PPP can be used either to
regenerate reduced glutathione (GSH) through the action
of glutathione reductase or as a substrate to fuel NADPH
oxidase. We found that incubation in 5.5 mmol/L glu-
cose with IL1B increased both total glutathione and
GSH; however, this effect was abolished in cells incu-
bated in 22 mmol/L glucose (Fig. 3d). In the absence of
the cytokine, simply enhancing the extracellular concen-
tration of glucose failed to modify the intracellular glu-
tathione profile (Fig. 3d).

Measurements of the NADPH oxidase showed that
IL1P elicited a concentration-dependent activation of
this enzyme, which was exaggerated in the presence of
high glucose (Fig. 4a). NADPH oxidase activity was not
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modified by just enhancing glucose transport capacity
or following mitochondrial inhibition (Fig. 4b). By using
the antioxidant and NADPH oxidase inhibitor apoc-
ynin as well as anakinra, we observed that the activation
of NADPH oxidase via IL-1 receptors was necessary to
induce inflammation by IL1B and its enhancement by
high glucose (Figs. 4c, d).

The over-activation of NADPH oxidase depends on the PPP
activation

To study the role of the PPP on the activation of NADPH
oxidase, we used the G6PD pharmacological inhibi-
tor 6-aminonicotinamide (6-ANAM). In cells activated
with IL1p this compound prevented the activation of
NADPH oxidase and the resulting inflammation at 5.5
and 22 mmol/L glucose (Figs. 5a, b, c). To obtain a more
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selective blockade of G6PD activity, cells were treated
with G6PD siRNA (Fig. 6a). There was a significant
increase (P < 0.005) in the basal NADPH oxidase activ-
ity and iNOS expression produced both by scrambled
or G6PD siRNA, suggesting the experimental procedure
may originate some unspecific inflammation. Interest-
ingly, however, G6PD silencing specifically blocked the
over-activation of NADPH oxidase and the enhanced
iNOS expression induced by high glucose (Figs. 6b, c, d).

High glucose potentiates endothelial dysfunction induced

by IL1 by a mechanism involving NADPH oxidase and PPP
We first confirmed our previous results [12] demon-
strating that treating isolated segments of rat mesenteric
microvessels with 2.5 ng/ml produced an impairment
of the endothelium-dependent relaxations evoked by

ACh through a mechanism dependent on NADPH oxi-
dase (Fig. 7a; Additional file 1: Figure S5). Moreover, we
observed that the endothelial dysfunction induced by the
cytokine was further enhanced when the vascular seg-
ments were pre-incubated in a medium with 22 mmol/L
glucose (Fig. 7a). The role of the PPP was studied by
treating the mesenteric microvessels with 6-ANAM; this
drug did not affect the endothelial dysfunction induced
by IL1P in normal glucose but prevented the potentiation
observed in high glucose conditions (Figs. 7b, c).

Discussion

Our results clearly show that the mere elevation of extra-
cellular glucose does not result in increased uptake by
human vascular smooth muscle. Indeed, non-inflamed
cells exhibit a glycolytic profile, which is in line with
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to 10 umol/L) in isolated mesenteric arteries from Sprague—Dawley
(SD) rats incubated with medium containing 5.5 or 22 mmol/L
glucose. Data are expressed (mean = SE) as the percentage of

the previous contraction induced with 1 umol/L noradrenaline

(NA), which averaged 9.36 £+ 0.77,9.33 £ 0.58,9.04 £ 0.83, and

9.67 £ 0.74 mNewtons, respectively. The number of segments

used for every curve, which were obtained from 12 animals are in
parenthesis. *P < 0.05 vs respective control. 'P < 0.05 vs respective
value in 5.5 mmol/L glucose. (b) Effect of 6-ANAM (2 mmol/L) on the
endothelium impairment induced by IL1{ in rat vascular mesenteric
segments incubated in 5.5 mmol/L glucose. Data are expressed
(mean =+ SE) as the percentage of the previous contraction induced
with NA, which averaged 10.67 £ 0.76, 10.10 4 0.84, 12.10 £ 1.37,
and 10.83 £ 1.14 mNewtons, respectively. The number of seg-
ments used for every curve, which were obtained from 5 animals

are in parenthesis. *P < 0.05 vs control. (c) Effect of 6-ANAM on the
endothelium impairment induced by IL1{ in rat vascular mesenteric
segments incubated in 22 mmol/L glucose. Data are expressed
(mean = SE) as the percentage of the previous contraction induced
with NA, which averaged 10.07 £ 0.55,10.30 + 0.71,9.27 & 1.76, and
10.87 £ 1.15 mNewtons, respectively. The number of segments used
for every curve, which were obtained from 5 animals are in parenthe-
sis. *P < 0.05 vs control. /P < 0.05 vs IL1B
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previous findings [14, 15], with no changes observed in
glucose consumption and lactate generation when the
extracellular glucose was elevated. The lack of increase
in glucose consumption with increasing concentrations
of glucose can be explained by the saturation of its trans-
port; the glucose transporter GLUT1, predominant in
vascular cells, has a high affinity and low capacity (Km
of 1-7 mmol/L), operating near its maximal capacity
at physiological concentrations of glucose [13]. In fact,
it has been shown before that enhancing the extracel-
lular concentration of glucose may even down-regulate
GLUT1 activity [16].

However, treating these cells with IL1p increased the
glucose transport in a concentration-dependent manner.
This enhanced glucose uptake was associated with newly
synthesized GLUT1 and increased number of trans-
porters in the cell membrane, similar to what occurs in
immune cells after inflammatory activation [17]. There
was, in addition, an increase in both the consumption of
glucose and the generation of lactate, which was propor-
tional to the concentration of glucose in the extracellular
medium. Thus, our results also indicate that the cytokine
is required to achieve extra glucose entry and consump-
tion by the cells when the extracellular concentrations of
glucose are high.

We confirmed that inflammation induced by IL1J
was exacerbated in the presence of high concentrations
of glucose [6]; then, we decided to investigate whether
increasing intracellular glucose was sufficient to induce
inflammation. We found that simply over-expressing
functional GLUT1 did not lead to high glucose consump-
tion or inflammation. This is in contrast to what has
been shown by others in non-vascular cells with a very
higher over-expression of GLUT1 [18-20]. Interestingly,
however, in animals genetically modified to over-express
GLUT1 in vascular smooth muscle inflammation was
only observed when vascular damage was superimposed
[21]. In addition, inhibition of mitochondrial respiration
by sodium azide resulted in enhanced glucose consump-
tion and lactate production to an even greater degree
than that observed following activation with IL1p. Inhi-
bition of mitochondrial respiration is known to increase
glucose transport through the translocation of pre-exist-
ing GLUT1 to the cell membrane [22]). In spite of this,
no evidence of glucose-dependent inflammation was
observed. Therefore, the enhancement of glucose con-
sumption and glycolytic metabolism is not sufficient to
trigger inflammation in vascular cells.

We then investigated whether the stimulation with
IL1B modified the glucose metabolism and found that
the glucose metabolized via the tricarboxylic acid cycle
was only slightly enhanced by the cytokine treatment,
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independently of the extracellular glucose concentration.
This further argues against the hypothesis which suggests
a main role for mitochondria-derived superoxide anions
in the vascular damage induced by glucose [1]. In fact, the
major finding of the present study is the demonstration
that the PPP is the pathway through which high glucose
exacerbates inflammation in vascular cells. Specifically,
high glucose concentrations lead to higher expression
of G6PD and augmented PPP activity in cells activated
with IL1p, indicating that the cytokine was required for
the diversion of the excess intracellular glucose through
this metabolic pathway. Previous results in vascular cells
suggest that the PPP activity, which is low in basal condi-
tions, can be activated during inflammation [15, 23, 24].
The PPP is a main source for NADPH, which can be
used as a cofactor of glutathione reductase for the regen-
eration of GSH or as a substrate for NADPH oxidase for
the release of free radicals. This pro-oxidant enzyme has
been suggested to play a key role in diabetes-associated
atherosclerosis [25]. In our cells, treatment with IL1j
activated NADPH oxidase, which was necessary for the

induction of inflammation via the production of reac-
tive oxygen species. In parallel, IL1 increased GSH con-
tent, probably as a compensatory mechanism against
enhanced free radical formation in inflammation [26].
In the presence of high glucose and PPP over-activation,
however, NADPH oxidase activity by IL1p was further
increased while the protective effect of GSH was dimin-
ished. NADPH oxidase requires higher concentrations of
NADPH to be active, as the Michaelis constant for this
enzyme is 5-fold higher than for glutathione reductase
[27]. Thus, the over-activation of the PPP would favor
the utilization of NADPH by NADPH oxidase and the
excess of free radical generation would further contrib-
ute to exhausting GSH. Furthermore, high glucose has
been suggested to decrease the de novo synthesis of glu-
tathione through the down-regulation of the expression
of the glutamate-cysteine ligase [26, 28].

Additional evidence supporting the interaction
between high glucose and IL1pB-induced vascular dam-
age, was provided by functional reactivity experiments
in rat mesenteric microvessels demonstrating that a
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high glucose medium also enhanced the impairment of
endothelium-dependent relaxations evoked the cytokine.
Moreover, this exacerbated endothelial dysfunction
was prevented both by NADPH oxidase inhibition or
PPP blockade. As we have previous data demonstrating
that the endothelial dysfunction induced by IL1p is due
to an increased oxidative stress produced by enhanced
NADPH oxidase activity, which is also occurring in dia-
betes [12], it seems reasonable to conclude that a path-
way linking the over-activation of PPP with the NADPH
oxidase activity may have a role in several vascular altera-
tions associated to diabetes mellitus.

Although other studies have reported in cardiovascular
cells a link between the PPP and NADPH oxidase activa-
tion in the context of hyperglycemia and diabetes [29-33],
our data clearly single out the role of this pathway as
responsible for the exacerbated inflammation and vascu-
lar dysfunction induced by high glucose. Thus, inhibition
of G6PD in vascular cells abrogated not only the over-acti-
vation of NADPH oxidase but also the subsequent exac-
erbated inflammation and endothelial dysfunction, which
may help to explain a number of other experimental and
clinical observations. It has been known for many years
that diabetic patients have a decreased tissue concentration
of GSH [34, 35], while defects in GSH-dependent antioxi-
dant enzymatic activity have been related to diabetes-asso-
ciated atherosclerosis [36]. Moreover, a lower susceptibility
to cardiovascular disease has been described in patients
with G6PD deficiency [37, 38], while mice with genetic
deficiency in G6PD are protected against atherosclerosis
[39]. From a translational approach, it is likely that anti-
inflammatory treatment, as adjunct to glucose control, will
prove of benefit for the prevention or treatment of cardio-
vascular complications in diabetes. This has been suggested
by the recent use of the IL-1 receptor antagonist anakinra
in an animal model of diabetes [12] as well as by studies in
patients with anakinra or canakinumab [41].

Conclusions

Our results indicate that over-activation of the PPP is
a crucial mechanism by which high glucose exacer-
bates vascular cell damage. Activation of the PPP by
pro-inflammatory cytokines allows excess glucose to
enter this metabolic route creating a situation in which
free radical formation exceeds the capacity of the cell to
regenerate GSH. This pro-oxidant environment increases
vascular inflammation and as result, induced the vascular
damage associated to hyperglycaemia (Fig. 8). Further-
more, from a therapeutic point of view, our results indi-
cate the necessity not only to control glycaemia but also
to reduce inflammation in order to prevent the potential
harmful effect of high glucose in vascular cells.

Page 14 of 15

Additional file

[ Additional file 1. Supplementary figures. }

Abbreviations

ACh: acetylcholine; 6-ANAM: 6-aminonicotinamide; ANOVA: analysis of vari-
ance; cODNA: complementary deoxyribonucleic acid; EMSA: electrophoretic
mobility shift assay; EV: cells with empty vector; GLUT1: glucose transporter 1;
GLUT1+: cells with a lentiviral vector containing human GLUT1 cDNA; G6PD:
glucose-6-phosphate dehydrogenase; GSH: reduced glutathione; HASMC:
human aortic smooth muscle cells; INOS: inducible nitric oxide synthase; IL1{:
interleukin-163; mRNA: messenger RNA; NA: noradrenaline; NADPH: nicotine
adenine dinucleotide phosphate; NFkB: nuclear factor kB; PPP: pentose
phosphate pathway; RT-PCR: reverse transcription polymerase chain reaction;
TNF-a: tumour necrosis factor-a.

Authors’ contributions

CP, SM, and CFSF conceived and supervised the project, designed experi-
ments, analyzed and interpreted data, and wrote the manuscript. TR, VA, and
LV performed experiments, analyzed and helped interpret data, and provided
intellectual input. EF and JPB designed and carried out experiments concern-
ing pentose phosphate pathway, helped interpret data, and provided intel-
lectual input. All authors read and approved the final manuscript.

Author details

! Departamento de Farmacologfa, Facultad de Medicina, Universidad
Autonoma de Madrid, 29029 Madrid, Spain. 2 Instituto de Biologia Funcional

y Genomica, Universidad de Salamanca-CSIC, 37007 Salamanca, Spain.

3 Wolfson Institute for Biomedical Research, University College London,
London WC1E 6BT, UK. * Present Address: Paul Langerhans-Group, Integrative
Physiology, German Diabetes Center, Auf'm Hennekamp 65, 40225 Disseldorf,
Germany. > Present Address: Department of Pathology, University of Michigan,
Ann Arbor, MI 48109, USA. © Present Address: Institute of Cancer Sciences,
Manchester Cancer Research Centre, University of Manchester, Wilmslow
Road, Manchester M20 4QL, UK.

Acknowledgements

We thank Elena Cercas for technical assistance. Some experiments were
performed by Cristina Ruiz, Verdnica Elgueta, Marta Vazquez-Bella, Eléonore
Depardon, Maria Martin Ayuso, Ana Moreno-Olivera, Susana Vallejo, and Erika
Palacios. We thank Prof. Juan J. Aragén (Departamento de Bioquimica, Facul-
tad de Medicina, Universidad Auténoma de Madrid) for the fruitful discussion
of some results. GLUT1 cDNA sequence was a kind gift from Prof. David James
(Garvan Institute of Medical Research, Darlinghurst Sydney NSW, Australia),
and GLUT1+- cells prepared by Dr. Sergio Colombo at the Wolfson Institute for
Biomedical Research.

This study was supported with grants from Plan Nacional de I+ D
(SAF2014-52762-R), Sociedad Espafola de Farmacologia-Almirall, Fundacion
Eugenio Rodriguez Pascual, and ISCIII (RETICEF-R12/0043/0021) and Junta de
Castillay Ledn (SA003U13). LV was supported by a fellowship from CONACYT
(Mexico). TR is the recipient of a Marie Curie Intra-European Fellowship (2012-
IEF-328793 ADDIO). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 8 March 2016 Accepted: 12 May 2016
Published online: 01 June 2016

References

1. Giacco F, Brownlee M. Oxidative stress and diabetic complications. Circ
Res. 2010;107:1058-70.

2. Hayward RA, Reaven PD, Wiitala WL, Bahn GD, Reda DJ, Ge L, McCarren M,
Duckworth WC, Emanuele NV, VADT Investigators. Follow-up of glycemic


http://dx.doi.org/10.1186/s12933-016-0397-2

Peir6 et al. Cardiovasc Diabetol (2016) 15:82

20.

21.

22.

control and cardiovascular outcomes in type 2 diabetes. N Engl J Med.
2015;372:2197-206.

Chait A, Bornfeldt KE. Diabetes and atherosclerosis: is there a role for
hyperglycemia? J Lipid Res. 2009;50(Suppl):5335-9.

Sharma K. Mitochondrial hormesis and diabetic complications. Diabetes.
2015;64:663-72.

Hallan S, Sharma K. The role of mitochondria in diabetic kidney disease.
Curr Diab Rep. 2016;16:61.

Lafuente N, Matesanz N, Azcutia V, Romacho T, Nevado J, Rodriguez-
Manas L, Moncada S, Peiré C, Sdnchez-Ferrer CF. The deleterious effect of
high concentrations of p-glucose requires pro-inflammatory precondi-
tioning. J Hypertens. 2008;26:478-85.

Azcutia V, Abu-Taha M, Romacho T, Vazquez-Bella M, Matesanz N, Luscin-
skas FW, Rodriguez-Manas L, Sanz MJ, Sdnchez-Ferrer CF, Peir6 C. Inflam-
mation determines the pro-adhesive properties of high extracellular
p-glucose in human endothelial cells in vitro and rat microvessels in vivo.
PLoS ONE. 2005;5:210091.

Herrero-Méndez A, Almeida A, Fernandez E, Maestre C, Moncada S, Bola-
fos JP. The bioenergetic and antioxidant status of neurons is controlled
by continuous degradation of a key glycolytic enzyme by APC/C-Cdh1.
Nat Cell Biol. 2009;11:747-52.

Larrabee MG. Evaluation of the pentose phosphate pathway from 14C0O2
data. Fallibility of a classic equation when applied to non-homogeneous
tissues. Biochem J. 1990:272:127-32.

Vallejo S, Romacho T, Angulo J, Villalobos LA, Cercas E, Leivas A, Bermejo

E, Carraro R, Sénchez-Ferrer CF, Peird C. Visfatin impairs endothelium-
dependent relaxation in rat and human mesenteric microvessels through
nicotinamide phosphoribosyltransferase activity. PLoS ONE. 2011,6:27299.
Wronkowitz N, Gorgens SW, Romacho T, Villalobos LA, Sanchez-Ferrer CF,
Peird C, Sell H, Eckel J. Soluble DPP4 induces inflammation and prolifera-
tion of human smooth muscle cells via protease-activated receptor 2.
Biochim Biophys Acta. 2014;1842:1613-21.

Vallejo S, Palacios E, Romacho T, Villalobos L, Peiré C, Sénchez-Ferrer CF. The
interleukin-1 receptor antagonist anakinra improves endothelial dysfunction
in streptozotocin-induced diabetic rats. Cardiovasc Diabetol. 2014;13:158.
Mann GE, Yudilevich DL, Sobrevia L. Regulation of amino acid and
glucose transporters in endothelial and smooth muscle cells. Physiol Rev.
2003;83:183-252.

Renard CB, Bornfeldt KE. Human arterial smooth muscle cells rapidly
deplete cell culture media of glucose. Diabetologia. 2001;44:1067-8.
Suzuki LA, Poot M, Gerrity RG, Bornfeldt KE. Diabetes accelerates smooth
muscle accumulation in lesions of atherosclerosis: lack of direct growth-
promoting effects of high glucose levels. Diabetes. 2001;50:851-60.
Kaiser N, Sasson S, Feener EP, Boukobza-Vardi N, Higashi S, Moller DE,
Davidheiser S, Przybylski RJ, King GL. Differential regulation of glucose
transport and transporters by glucose in vascular endothelial and
smooth muscle cells. Diabetes. 1993;42:80-9.

Maclver NJ, Jacobs SR, Wieman HL, Wofford JA, Coloff JL, Rathmell

JC. Glucose metabolism in lymphocytes is a regulated process with
significant effects on immune cell function and survival. J Leukoc Biol.
2006;84:949-57.

Heilig CW, Concepcion LA, Riser BL, Freytag SO, Zhu M, Cortes P. Over-
expression of glucose transporters in rat mesangial cells cultured in a
normal glucose milieu mimics the diabetic phenotype. J Clin Invest.
1995;96:1802-14.

Bandyopadhyay G, Sajan MP, Kanoh Y, Standaert ML, Quon MJ, Reed

BC, Dikic I, Farese RV. Glucose activates protein kinase C-zeta/lambda
through proline-rich tyrosine kinase-2, extracellular signal-regulated
kinase, and phospholipase D: a novel mechanism for activating glucose
transporter translocation. J Biol Chem. 2001,276:35537-45.

Freemerman AJ, Johnson AR, Sacks GN, Milner JJ, Kirk EL, Troester MA,
Macintyre AN, Goraksha-Hicks P, Rathmell JC, Makowski L. Metabolic
reprogramming of macrophages: glucose transporter 1 (GLUT1)-medi-
ated glucose metabolism drives a proinflammatory phenotype. J Biol
Chem. 2014;289:7884-96.

Adhikari N, Basi DL, Carlson M, Mariash A, Hong Z, Lehman U, Mullegama
S, Weir EK, Hall JL. Increase in GLUT1 in smooth muscle alters vascular
contractility and increases inflammation in response to vascular injury.
Arterioscler Thromb Vasc Biol. 2011;31:86-94.

Behrooz A, Ismail-Beigi F. Stimulation of glucose transport by hypoxia:
signals and mechanisms. News Physiol Sci. 1999;14:105-10.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 15 of 15

Dobrina A, Rossi F. Metabolic properties of freshly isolated bovine
endothelial cells. Biochim Biophys Acta. 1983;762:295-301.

Spolarics Z, Wu JX. Tumor necrosis factor alpha augments the expression
of glucose-6-phosphate dehydrogenase in rat hepatic endothelial and
Kupffer cells. Life Sci. 1997;60:565-71.

Gray SP, Di Marco E, Okabe J, Szyndralewiez C, Heitz F, Montezano AC,
de Haan JB, Koulis C, El-Osta A, Andrews KL, Chin-Dusting JP, Touyz RM,
Wingler K, Cooper ME, Schmidt HH, Jandeleit-Dahm KA. NADPH oxidase
1 plays a key role in diabetes mellitus-accelerated atherosclerosis. Circula-
tion. 2013;127:1888-902.

Urata 'Y, Yamamoto H, Goto S, Tsushima H, Akazawa S, Yamashita S, Naga-
taki S, KondoT. Long exposure to high glucose concentration impairs
the responsive expression of gamma-glutamylcysteine synthetase by
interleukin-1beta and tumor necrosis factor-alpha in mouse endothelial
cells. J Biol Chem. 1996;271:15146-52.

Matsui R, Xu S, Maitland KA, Hayes A, Leopold JA, Handy DE, Loscalzo J,
Cohen RA. Glucose-6 phosphate dehydrogenase deficiency decreases
the vascular response to angiotensin II. Circulation. 2005;112:257-63.
Powell LA, Nally SM, McMaster D, Catherwood MA, Trimble ER. Restora-
tion of glutathione levels in vascular smooth muscle cells exposed to
high glucose conditions. Free Radic Biol Med. 2001;31:1149-55.
Serpillon S, Floyd BC, Gupte RS, George S, Kozicky M, Neito V, Recchia F,
Stanley W, Wolin MS, Gupte SA. Superoxide production by NAD(P)H oxi-
dase and mitochondria is increased in genetically obese and hyperglyce-
mic rat heart and aorta before the development of cardiac dysfunction.
The role of glucose-6-phosphate dehydrogenase-derived NADPH. Am J
Physiol Heart Circ Physiol. 2009;297:H153-62.

Balteau M, Tajeddine N, Meester C, Ginion A, Rosiers C, Brady NR, Som-
mereyns C, Horman S, Vanoverschelde JL, Gailly P, Hue L, Bertrand L,
Beauloye C. NADPH oxidase activation by hyperglycaemia in cardio-
myocytes is independent of glucose metabolism but requires SGLTT.
Cardiovasc Res. 2011;92:237-46.

. Jansen F,Yang X, Franklin BS, Hoelscher M, Schmitz T, Bedorf J, Nickenig

G, Werner N. High glucose condition increases NADPH oxidase activity

in endothelial microparticles that promote vascular inflammation. Cardio-
vasc Res. 2013;98:94-106.

Yamashita A, Zhao 'Y, Matsuura Y, Yamasaki K, Moriguchi-Goto S, Sugita

C, Iwakiri T, Okuyama N, Koshimoto C, Kawai K, Tamaki N, Zhao S, Kuge Y,
Asada Y. Increased metabolite levels of glycolysis and pentose phosphate
pathway in rabbit atherosclerotic arteries and hypoxic macrophage. PLoS
ONE. 2014;9:286426.

Wu Q, Li JV, Seyfried F, le Roux CW, Ashrafian H, Athanasiou T, Fenske W,
Darzi A, Nicholson JK, Holmes E, Gooderham NJ. Metabolic phenotype-
microRNA data fusion analysis of the systemic consequences of Roux-en-
Y gastric bypass surgery. Int J Obes (Lond). 2015;39:1126-34.

Seltzer HS. Blood glutathione in mild diabetes mellitus before treatment
and during sulfonylurea-induced hypoglycemia. Proc Soc Exp Biol Med.
1957,95:74-6.

Thomas G, Skrinska V, Lucas FV, Schumacher OP. Platelet glutathione and
thromboxane synthesis in diabetes. Diabetes. 1985,34:951-4.

Lewis P, Stefanovic N, Pete J, Calkin AC, Giunti S, Thallas-Bonke V, Jande-
leit-Dahm KA, Allen TJ, Kola I, Cooper ME, de Haan JB. Lack of the anti-
oxidant enzyme glutathione peroxidase-1 accelerates atherosclerosis in
diabetic apolipoprotein E-deficient mice. Circulation. 2007;115:2178-87.
Cocco P, Todde P, Fornera S, Manca MB, Manca P, Sias AR. Mortality in a
cohort of men expressing the glucose-6-phosphate dehydrogenase
deficiency. Blood. 1998;91:706-9.

Meloni L, Manca MR, Loddo |, Cioglia G, Cocco P, Schwartz A, Muntoni

S, Muntoni S. Glucose-6-phosphate dehydrogenase deficiency protects
against coronary heart disease. J Inherit Metab Dis. 2008;31:412-7.

Matsui R, Xu S, Maitland KA, Mastroianni R, Leopold JA, Handy DE,
Loscalzo J, Cohen RA. Glucose-6-phosphate dehydrogenase deficiency
decreases vascular superoxide and atherosclerotic lesions in apolipopro-
tein E(-/-) mice. Arterioscler Thromb Vasc Biol. 2006;26:910-6.

Larsen CM, Faulenbach M, Vaag A, Velund A, Ehses JA, Seifert B, Mandrup-
Poulsen T, Donath MY. Interleukin-1-receptor antagonist in type 2 diabe-
tes mellitus. N Engl J Med. 2009;356:1517-26.

Howard C, Noe A, Skerjanec A, Holzhauer B, Wernsing M, Ligueros-Saylan
M, Thuren T. Safety and tolerability of canakinumab, an IL-1(3 inhibitor, in
type 2 diabetes mellitus patients: a pooled analysis of three randomised
double-blind studies. Cardiovasc Diabetol. 2014;17(13):94.



	Inflammation, glucose, and vascular cell damage: the role of the pentose phosphate pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Ethical approval
	Cell culture
	Glucose consumption and lactate production
	Cytochalasin B-sensitive 3H-deoxyglucose uptake
	GLUT1 lentiviral infection
	Rt-pcr
	Indirect immunofluorescence
	Western blotting
	Nuclear extracts and electrophoretic mobility shift assay (EMSA)
	Measurement of the pentose phosphate pathway (PPP) flux
	NADPH oxidase activity
	Determination of total glutathione and GSH
	siRNA transfection
	Reactivity studies in rat mesenteric microvessels
	Materials
	Statistical analysis

	Results
	IL1β enhances glucose transport capacity and consumption
	Glucose overload is not sufficient to cause cell inflammation
	IL1β modifies the intracellular metabolic profile of glucose
	Over-activation of NADPH oxidase by IL1β and high glucose
	The over-activation of NADPH oxidase depends on the PPP activation
	High glucose potentiates endothelial dysfunction induced by IL1β by a mechanism involving NADPH oxidase and PPP

	Discussion
	Conclusions
	Authors’ contributions
	References




