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ARTICLE INFO ABSTRACT

Keywords: Both [FN-y or high glucose have been linked to systemic inflammatory imbalance with serious repercussions not
Connexons only for endothelial function but also for the formation of the atherosclerotic plaque. Although the uncontrolled
Hemichannels opening of connexin hemichannels underpins the progression of various diseases, whether they are implicated in
E“d‘)the“‘fm endothelial cell dysfunction and damage evoked by IFN-y plus high glucose remains to be fully elucidated. In this
I[.)ni.f;;:?;auon study, by using live cell imaging and biochemical approaches, we demonstrate that IFN-y plus high glucose

augment endothelial connexin43 hemichannel activity, resulting in the increase of ATP release, ATP-mediated
Ca®* dynamics and production of nitric oxide and superoxide anion, as well as impaired insulin-mediated up-
take and intercellular diffusion of glucose and cell survival. Based on our results, we propose that connexin 43
hemichannel inhibition could serve as a new approach for tackling the activation of detrimental signaling re-
sulting in endothelial cell dysfunction and death caused by inflammatory mediators during atherosclerosis
secondary to diabetes mellitus.

1. Introduction to systemic inflammatory imbalance with serious repercussions not

only for endothelial function [4] but also for the formation of the

The endothelium promptly responds to acute damage producing and
releasing a diversity of bioactive substances to control blood flow,
vascular tone and permeability, blood coagulation and fibrinolysis
processes, as well as redox balance and inflammatory responses [1].
However, during chronic challenges, endothelial cells become a source
of inflammatory molecules that precipitate macrophage recruitment
and dysfunctional angiogenesis with significant and potentially nega-
tive consequences for proper vascular homeostasis [2]. Relevantly, the
incidence of atherosclerosis in diabetic patients is substantially higher
in relation to the nondiabetic population [3] and the chronic activation
of endothelial cells seems crucial in this phenomenon [4]. Although
diverse factors underlie the progression of atherosclerosis in patients
with Diabetes Mellitus (DM), one of the most crucial element is hy-
perglycemia associated to insulin resistance [5,6]. Hyperglycemia lead

atherosclerotic plaque [7].

Interferon-gamma (IFN-y), a pleiotropic macrophage-stimulating
cytokine secreted by T cells and natural killer cells, is considered a key
factor involved in plaque destabilization [8,9]. IFN-y enhances T helper
type 1 cell immune response by upregulating class I and II antigens in
the endothelium, vascular smooth muscle cells and mono-
cyte—macrophages along with foam cells [10]. Despite that previous
data have shown that IFN-y operates on the endothelium by disturbing
its morphology and barrier permeability [11,12]; the direct effect of
this cytokine (not through leukocyte-mediated mechanisms) on other
endothelial functions has been less studied. Moreover, although is ex-
pected that inflammation would act in synergy with hyperglycemia to
induce endothelial malfunctioning and further atherosclerosis in dia-
betic patients with poor glycemic control, the interplay between high

* Corresponding author at: Laboratorio de Neurociencias, Escuela de Medicina, Pontificia Universidad Catélica de Chile, Marcoleta 391, 8330024, Santiago, Chile.

E-mail address: jaorella@uc.cl (J.A. Orellana).

https://doi.org/10.1016/j.bbamcr.2020.118720

Received 21 January 2020; Received in revised form 9 April 2020; Accepted 12 April 2020

Available online 14 April 2020
0167-4889/ © 2020 Elsevier B.V. All rights reserved.



J.C. Sdez, et al.

glucose and IFN-y in this process has not been well elucidated. Re-
cently, we demonstrated that high glucose in concomitance with in-
terleukin-1 (IL-13) and tumor necrosis factor-a (TNF-a) increases
adenosine triphosphate (ATP)-dependent Ca®* responses and nitric
oxide (NO) generation in endothelial cells by a mechanism that involves
the activation of hemichannels [13,14]. These channels are located in
the plasma membrane and consist of six connexin subunits that oligo-
merize around a central pore, allowing the diffusion of ions and small
molecules that underpin the autocrine/paracrine signaling and ex-
change between intra- and extracellular compartments [15]. During
particular pathophysiological conditions, as opposed to being favor-
able, the persistent activity of hemichannels underpins detrimental
processes by various mechanisms, such as the increased release of po-
tentially toxic molecules, intracellular Ca®* imbalance and ionic/os-
motic disturbances [16]. A pivotal element behind this process is re-
lated to the increased release of inflammatory mediators as a result of
the disturbed operation of the immunological response [17].

Despite that prior data have shown that IFN-y plus TNF-a increase
connexin hemichannel activity in cultured microglia [18], whether IFN-
v and/or high glucose can regulate hemichannel opening in the en-
dothelium is still unknown. We speculate that high glucose along with
IFN-y enhance hemichannel opening in endothelial cells, triggering
changes not only on cell function but also in cell survival. In this study,
we demonstrated that high glucose concentration and IFN-y augment
the activity of endothelial connexin43 (Cx43) hemichannels. Moreover,
IFN-y in combination with high glucose raised the release of ATP and
prostaglandin E; (PGE5), ATP-mediated Ca?* dynamics and production
of NO and superoxide anion, but decreased insulin-mediated uptake
and intercellular diffusion of glucose and cell survival. Notably, the
blockade of Cx43 hemichannels prevents these events.

2. Materials and methods
2.1. Reagents and antibodies

HEPES, water (W3500), Dulbecco's Modified Eagle Medium
(DMEM), sc-19,220, indometacin, L-N6, SB203580, Lucifer yellow (LY),
A74003, MRS2179, La®*, oxidized ATP (0ATP), ns-398, Cx43 rabbit
polyclonal antibody (SAB4501174), ethidium (Etd) bromide, and pro-
benecid (Prob) were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT,
USA). Penicillin, BAPTA-AM, goat anti-mouse Alexa Fluor 488, strep-
tomycin, FURA-2 AM, MitoSOX™ Red, DAF-FM diacetate and diami-
dino-2-phenylindole (DAPI) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Normal goat serum (NGS) was pur-
chased from Zymed (San Francisco, CA, USA). The anti-Cx43 mouse
monoclonal antibody (610061) was obtained from BD Biosciences
(Franklin Lakes, NJ, USA). IFN-y was acquired from Roche Diagnostics
(Indianapolis, MI, USA). The anti-a tubulin mouse monoclonal anti-
body (ab7291) and anti-a 1 Na' /K" ATPase mouse monoclonal anti-
body (ab7671) were purchased from Abcam (Cambridge, UK).
Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG, Sulfo-NHS-
SS-biotin, and NeutrAvidin immobilized on agarose beads were ob-
tained from Pierce (Rockford, IL, USA). The mimetic peptides gapl19
(KQIEIKKFK, intracellular loop domain of Cx43), Tat-L.2 (YGRKKRRQ-
RRRDGANVDMHLKQIEIKKFKYGIEEHGK, second intracellular loop
domain of Cx43), gap27 (SRPTEKTIFFI, second extracellular loop do-
main of Cx43) and lopam(l (WRQAAFVDSY, first extracellular loop
domain of Panx1) were obtained from Genscript (New Jersey, USA).

2.2. Cell cultures

The human endothelial cell line EAhy 926 was kindly donated by
Cora-Jean S. Edgell, University of North Carolina, Chapel Hill. EAhy
cells were seeded onto plastic dishes (Nunclon) or onto glass coverslips
(Gassalem, Limeil-Brevannes, France) in DMEM, supplemented with
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penicillin (5 U/ml), streptomycin (5 pg/ml), and 10% FBS and kept at
37°C in a 5% CO02/95% air atmosphere at nearly 100% relative hu-
midity. Passaging was performed at ~90% confluence and cells were
re-seeded at 1 x 10* cells/cm?.

2.3. Treatments

Cells were treated for 1, 24, 48 or 72 h with IFN-y (2.5ng/ml) in
concomitance with different concentrations of glucose (5, 25 or
45mM). To obtain conditioned media (CM) from cells, they were
seeded (2 % 10° cells in 35 mm dishes) in DMEM containing 10% FBS
and treated with 2.5 ng/ml IFN-y for 72 h. Supernatants were collected,
filtered (0.22 ym), and stored at —20 °C before used for experiments.
Mimetic peptides against Cx43 hemichannels (100 uM gap19, gap27 or
Tat-L2) and pannexinl (Panx1) channels (100 uM °panx1), as well as
La®* (200 uM) and Prob (500 uM), were used in cell cultures 15 min
prior to and co-applied with Etd for time-lapse recordings (see below).
In sister experiments, SB203580 (p38 mitogen-activated protein kinase
(MAPK) inhibitor), L-N6 (inducible NO synthase [iNOS] inhibitor), in-
domethacin (cyclooxygenase-1 [COX;] and cyclooxygenase-2 [COX,]
inhibitor), sc-560 (COX,; inhibitor), ns-398 (COX, inhibitor), sc-19,220
(PEG- receptor 1 (EP;) antagonist), BAPTA-AM (intracellular CaZt
chelator), oATP (P2X; antagonist), MRS2179 (P2Y,; antagonist) or
A740003 (P2X; antagonist) were applied 1 h prior to and co-incubated
with IFN-y plus 25 mM glucose for 72 h or more.

2.4. siRNA transfection

siRNA duplexes against human Cx43 or Panxl were predesigned
and purchased from Origene (Rockville, MD). siRNA (10nM) was
transfected using Oligofectamine (Invitrogen) according to the Origene
application guide for Trilencer-27 siRNA. Sequences for siRNAs against
human Cx43 and Panx1 were: siRNA-Cx43: GCCTTCTTGCTGATCCAG
TGGTACATC and siRNA-Panxl: GATCTCGATTGGTACACAGATAAG
CTG, respectively. Transfection experiment were performed 24 h before
treating cells with IFN-y plus 25 mM glucose for 72 h.

2.5. Dye uptake and time-lapse fluorescence imaging

For time-lapse fluorescence imaging, cells plated on glass coverslips
were washed twice in Hank's balanced salt solution. Then, cells were
bathed in Locke's solution containing 5uM Etd and mounted on the
stage of an Olympus BX 51W1I upright microscope with a 40 X water
immersion objective for time-lapse imaging. Images were acquired
using a Retiga 13001 fast-cooled monochromatic digital camera (12-bit)
(Qimaging, Burnaby, BC, Canada) controlled by imaging software
Metafluor software (Universal Imaging, Downingtown, PA) every 30 s
(exposure time = 0.5s; excitation and emission wavelengths were
528 nm 598 nm, respectively). The fluorescence intensity recorded from
25 regions of interest (representing 25 cells per field and coverslip) was
defined as the subtraction (F—F0) between the fluorescence (F) from
respective cell and the background fluorescence (FO) measured where
no labeled cells were detected. The mean slope of the relationship F—F0
over a given time interval (AF/AT; FO remained constant along the
recording time) represents the Etd uptake rate. To measure the changes
in slope, regression lines were fitted to points before and after the
different experimental conditions using Excel software, and mean va-
lues of slopes were compared using GraphPad Prism software and ex-
pressed as AU/min. At least four replicates (four sister coverslips) were
measured in each independent experiment.

2.6. Whole cell patch-clamp recordings
Cells at 60-70% confluence were detached with 1 ml of 0.25%

trypsin—-EDTA for 1-2 min at 37 °C, then placed in a 15ml tube con-
taining 3ml D-MEM plus 10% FBS, centrifuged at 100 x g for 2 min.
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Supernatant was discharged and cells resuspended at 1 x 10° cells/ml
in fresh extracellular recording media (in mM): 145 NaCl, 4 KCl, 1.8
CaCl,, 1 MgCl,, 10 HEPES, and 10 glucose, pH7.4 (adjusted with
NaOH). Following a recovery period (30 min at room temperature),
cells were gently resuspended and 6 pl of cell suspension were placed in
the Patchliner (NPC-16 Patchliner system, Nanion Technologies GmbH,
Germany). Patch-control HT software (HEKA Elektronik, Germany) was
used to control the pressure necessary to establish the whole-cell con-
figuration. Hemichannel currents were recorded at room temperature
(22-23°C), using as internal solution (in mM): 10 NaF, 110 CsF, 20
CsCl, 2 EGTA, and 10 HEPES, pH7.4 (adjusted with CsOH) and an
external solution described above. Following cell contact with the
3-5MQ planar electrode, 6.6 ul of seal enhancer solution (in mM: 80
NaCl, 3 KCI, 35 CaCl,, 10 HEPES/NaOH pH 7.4) were added to the
external solution to promote giga-ohm seal formation. After estab-
lishing the whole-cell configuration, the seal enhancer solution was
replaced with two washes of fresh external solution and the series re-
sistance was compensated (50%, 10 uS). Cells were allowed to stabilize
for 2min after starting whole-cell recordings. Patchmaster software
(HEKA) was used to automatically compensate whole-cell capacitance
and series resistance, and perform voltage-clamp protocols.

2.7. Western blot analysis

Cells were bathed twice with PBS (pH7.4) and harvested by
scraping with a plastic scraper in ice-cold PBS containing 5 mM EDTA,
Halt (78440) and M-PER protein extraction cocktail (78501) as stated
in the manufacturer datasheet (Pierce, Rockford, IL, USA). The cell
suspension was sonicated on ice and proteins were measured using the
Bio-Rad Bradford assay. Aliquots of cell lysates (100 pg of protein) were
resuspended in Laemmli's sample buffer, separated in an 8% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
electro-transferred to nitrocellulose sheets. Nonspecific protein binding
was blocked by incubation of nitrocellulose sheets in PBS-BLOTTO (5%
nonfat milk in PBS) for 30 min. Blots were then incubated with Cx43
rabbit polyclonal antibody at 4 °C overnight, followed by four 15 min
washes with PBS. Afterwards, blots were incubated with HRP- con-
jugated goat anti-rabbit antibody at room temperature for 1 h and then
rinsed four times with PBS for 15min each period. Immunoreactivity
was detected by enhanced chemiluminescence reaction using the
SuperSignal kit (Pierce, Rockford, IL) according to the manufacturer's
instructions.

2.8. Cell surface biotinylation and quantification

Cells cultured on 100-mm dishes were bathed three times with ice-
cold Hank's saline solution (pH 8.0), and 3 ml of sulfo-NHS-SS-biotin
solution (0.5mg/ml) was added followed by a 30 min incubation at
4°C. Then, cells were washed three times with ice-cold saline con-
taining 15mM glycine (pH8.0) to block unreacted biotin. The cells
were harvested and incubated with an excess of immobilized
NeutrAvidin (1 ml of NeutrAvidin per 3 mg of biotinylated protein) for
1h at 4°C after which 1ml of wash buffer (saline solution, pH 7.2
containing 0.1% SDS and 1% Nonidet P-40) was added. The mixture
was centrifuged for 2min at 600 xg. at 4°C. The supernatant was re-
moved and discarded, and the pellet was resuspended in 40 pl of saline
solution, pH 2.8 containing 0.1 M glycine, to release the proteins from
the biotin. After the mixture was centrifuged at 600 xg at 4°C for
2 min, the supernatant was collected, and the pH was adjusted im-
mediately by adding 10 pl of 1 M Tris, pH 7.5. Relative protein levels
were measured using Western blot analysis as described above.
Resulting immunoblot signals were scanned, and the densitometric
analysis was performed with IMAGEJ software.
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2.9. Scrape loading/dye transfer assay

The functional state of gap junctions was evaluated at room tem-
perature using the scrape-loading/dye transfer (SL/DT) technique.
Briefly, cell cultures were washed for 10 min in HEPES-buffered salt
solution (containing the following in mM: 140 NacCl, 5.5 KCl, 1.8 CaCl,,
1 MgCl, 5 glucose, 10 HEPES, pH 7.4) followed by washing in a Ca®*-
free HEPES solution for 1 min. Then, a razor blade cut was made in the
monolayer in a HEPES-buffered salt solution with normal Ca®*" con-
centration containing the fluorescent dye Lucifer yellow (LY). After
1 min, LY (100 uM) was washed out several times with HEPES-buffered
salt solution. At 8 min after scraping, fluorescent images were captured
using an Olympus BX 51W1I upright microscope with a 40 X water
immersion objective. Changes were monitored using an imaging system
equipped with a Retga 13001 fast-cooled monochromatic digital camera
(12-bit) (Qimaging, Burnaby, BC, Canada), monochromator for fluor-
ophore excitation, and Metafluor software (Universal Imaging,
Downingtown, PA) for image acquisition and analysis. For each trial,
data were quantified by measuring fluorescence areas in three re-
presentative fields. Quantification of changes in gap junctional com-
munication induced by different treatments was performed by mea-
suring the fluorescence area, expressed as arbitrary units (AU).

2.10. Immunofluorescence

Cells grown on glass coverslips were fixed at room temperature with
2% paraformaldehyde for 30 min and then washed three times with
PBS. Then, cells were incubated three times for 5min in 0.1 M PBS-
glycine, followed by 30 min incubation with 0.1% Triton X-100 in PBS
containing 10% NGS. The permeabilized cells were incubated anti-Cx43
monoclonal antibody (BD Biosciences, 1:400) diluted in 0.1% PBS-
Triton X-100 with 2% NGS at 4 °C overnight. After five rinses in 0.1%
PBS-Triton X-100, cells were incubated with goat anti-mouse IgG Alexa
Fluor 488 (1:1000) or Alexa Fluor 555-phalloidin at room temperature
for 50 min. After several rinses, coverslips were mounted in DAPI-
Fluoromount-G medium and examined with an Olympus BX 51W1I
upright microscope with a 40 X water immersion objective or a confocal
laser-scanning microscope with a 63 X objective (Olympus, Fluoview
FV1000, Tokyo, Japan).

2.11. Measurement of PGE,

The concentration of PGE, was determined in the endothelial CM.
Samples were centrifuged at 14.000 x g for 40 min and supernatants
were collected and protein content assayed by the BCA method. The
concentration of PGE, was measured using an enzyme-linked im-
munosorbent assay (ELISA) kit (KHL1701), according to the manu-
facturer's protocol (Thermo Fisher Scientific, Waltham, MA, USA).

2.12. Intracellular Ca®* and NO imaging

Cells plated on glass coverslips were loaded with 5 uM Fura-2-AM or
5uM DAF-FM diacetate in DMEM without serum at 37 °C for 45 min
and then washed three times in Locke's solution (154 mM NacCl, 5.4 mM
KCl, 2.3 mM CaCl,, 5 mM HEPES, pH 7.4) followed by de-esterification
at 37 °C for 15min. The experimental protocol for Ca*"* signal and
nitric oxide (NO) imaging involved data acquisition every 5 s (emission
at 510 and 515nm, respectively) at 340/380-nm and 495 excitation
wavelengths, respectively, using an Olympus BX 51W1I upright mi-
croscope with a 40 X water immersion objective. Changes were mon-
itored using an imaging system equipped with a Retga 1300I fast-cooled
monochromatic digital camera (12-bit) (Qimaging, Burnaby, BC,
Canada), monochromator for fluorophore excitation, and METAFLUOR
software (Universal Imaging, Downingtown, PA) for image acquisition
and analysis. Analysis involved determination of pixels assigned to each
cell. The average pixel value allocated to each cell was obtained with
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2.13. Measurement of extracellular ATP concentration

Cells were seeded (2 x 10° cells in plastic tissue culture dishes of
35mm in diameter) in DMEM containing 10% FBS and treated with

72 h. Supernatants were collected, filtered
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Fig. 1. IFN-y plus high glucose increases the activity of Cx43 hemichannels in endothelial cells. (A) Averaged Etd uptake rate of EAhy cells treated for 72 h with
different concentrations of glucose alone (control, white circles) or in combination with IFN-y (blue circles; 2.5 ng/ml). #p < .05, 45 mM glucose (control) compared
to 5mM glucose (control), *p < .05, IFN-y compared to control; *p < .05, high glucose (IFN-y) compared to 5mM glucose (IFN-y) (two-way ANOVA followed by
Tukey's post-hoc test). (B—C) Representative images Etd-nucleus (white) staining from dye uptake measurements (10 min exposure to dye) in EAhy cells treated for
72 h with 5 mM glucose (control, B) or 25 mM glucose and IFN-y (C). (D) Averaged Etd uptake rate by EAhy cells treated for several time periods with 5 mM glucose
(control, white circles) or 25 mM glucose and IFN-y (blue circles). *p < .05, IFN-y plus high glucose compared to control (two-way ANOVA followed by Tukey's post-
hoc test). (E) Averaged Etd uptake rate normalized with control condition (dashed line) by EAhy cells treated for 72 h with 25 mM glucose and IFN-y alone or in
combination with the following blockers: 100 uM Tat-L2, 100 pM Tat-L2""25*13N 100 uM gap19, 100 uM gap19 ">, 100 uM gap27, 200 uM La**, siRNA*,
100 uM '®panx1, 500 uM Probenecid (Prob), siRNAT*™!; and siRNA*™, *p < .05, IFN-y plus high glucose compared to control; *p < .05, effect of blockers
compared IFN-y plus high glucose (one-way ANOVA followed by Tukey's post-hoc test). Data were obtained from at least three independent experiments with four
repeats each one (= 35 cells analyzed for each repeat). (F) Whole-cell voltage clamp recordings at —20 mV in EAhy cells treated for 72 h with 5 mM glucose (control,
upper recording) or IFN-y plus 25 mM glucose (below recording). Unitary current events from the below recording are also shown, where at least two sub con-
ductance and one full open state were detected. (G-I) Voltage ramps from —80 to +80 mV in EAhy cells treated for 72 h with 5mM glucose (control, gray line in G),
IFN-y plus 25 mM glucose (black line in G, H, and I) alone or in combination with 200 uM La®>* (gray line in H) or 100 pM gap27 (gray line in I). Calibration

bar = 50 pm.

B (FN-y 72h (25 mM gluc)

Etd uptake rate (% of control)

Fig. 2. Endothelial Cx43 hemichannel opening caused by and IFN-y plus high
glucose depends on Ca®" signaling and activation of TNF-o/IL-13/p38 MAPK/
iNOS/COX,/PLC-dependent pathways and EP,/P2/IP; receptors. (A) Averaged
Etd uptake rate normalized with control conditions (5 mM glucose, dashed line)
of EAhy cells treated for 72 h with IFN-y and 25 mM glucose alone or in com-
bination with the following agents: 100 ng/mL of IL-1ra, 100 ng/mL of sTNF-
aR1, 100 ng/mL of IL-1ra + 100 ng/mL of STNF-aR1, 1 pM SB203580, 1 uM L-
N6, 15pM indometacin (indomet); 20nM sc-560; 5pMns-398; 20 uM sc-
19,220, 10 uM BAPTA, 5uM U-73122, 50 yM 2-APB, 1M MRS2179, 200 uM
oxidized ATP (0ATP), and 200nM A740003. *p < .05, effect of blockers
compared to IFN-y plus high glucose (one-way ANOVA followed by Tukey's
post-hoc test). Data were obtained from at least three independent experiments
with four repeats each one (=35 cells analyzed for each repeat).

(0.22 um), and stored at —20°C before being used for experiments.
Then, extracellular ATP was measured using a luciferin/luciferase
bioluminescence assay kit (Sigma-Aldrich). The amount of ATP in each
sample was inferred from standard curves and normalized for the
protein concentration as determined by the BCA assay (Pierce).

2.14. 2-NBDG glucose uptake

Cells plated on glass coverslips were incubated with 500 pM 2-[N-
(7-nitrobenz-2-oxa-1,3-diaxol-4-yl) amino]-2-deoxyglucose (2-NBDG)
glucose analogue (342.3 g/mol, neutral, ThermoFisher, Carlsbad, CA)
for 30 min at room temperature in Locke's solution (154 mM NaCl,
5.4 mM KCl, 2.3 mM CaCl,, 5mM HEPES, pH 7.4). Then, the cells were
fixed with 4% PFA for 15min at room temperature.
Immunofluorescence pictures were captured at 495 excitation wave-
length and the emission was filtered at 505-550 nm using an Olympus
BX 51W1I upright microscope with a 40 x water immersion objective.
The average pixel value allocated to each cell was measured with
Metafluor software (Universal Imaging, Downingtown, PA) and

corrected for background.

2.15. Intercellular 2-NBDG glucose diffusion

Cells plated on glass coverslips were bathed with a recording
medium (HCO5_-free F-12 medium buffered with 10 mM HEPES,
pH 7.2) and intercellular diffusion of 2-NBDG glucose via gap junctions
was tested by evaluating its transfer to neighboring cells. Briefly, cells
were iontophoretically microinjected with a glass micropipette filled
with 20 mM 2-NBDG in recording medium containing 200 uM La** to
avoid cell leakage of the microinjected 2-NBDG via connexin hemi-
channels, leading to underscore the extent of dye coupling. Fluorescent
cells were observed using a Nikon inverted microscope equipped with
epifluorescence illumination (Xenon arc lamp) and Nikon B filter to 2-
NBDG (excitation wavelength 495nm; emission wavelength above
505nm) and XF34 filter to Dil fluorescence (Omega Optical, Inc.,
Brattleboro, VT, USA). Photomicrographs were obtained using a CCD
monochrome camera (CFW-1310M; Scion; Frederick, MD, USA). Ten
minutes after 2-NBDG injection, cells were observed to determine
whether 2-NBDG transfer occurred. The coupling index was calculated
as the mean number of cells to which the 2-NBDG spread. Three ex-
periments were performed for every treatment and 2-NBDG coupling
was tested by microinjecting a minimum of 10 cells per experiment.

2.16. Detection of superoxide anions

Cells plated on glass coverslips were incubated with 0.5uM
MitoSOX Red (ThermoFisher, Carlsbad, CA) for 30 min at 37 °C in
Locke's solution (154 mM NacCl, 5.4mM KCl, 2.3mM CaCl,, 5mM
HEPES, pH7.4). After three washes with Locke's solution (154 mM
NaCl, 5.4 mM KCl, 2.3 mM CaCl2, 5 mM HEPES, pH 7.4) cells mounted
on the stage of an Olympus BX 51W1I upright microscope with a 40 x
water immersion objective. Images were captured by a Retiga 13001
fast-cooled monochromatic digital camera (12-bit) (Qimaging,
Burnaby, BC, Canada) controlled by imaging Metafluor software
(Universal Imaging, Downingtown, PA) (exposure time = 0.5s; ex-
citation and emission wavelengths were 495 nm and 550 nm, respec-
tively). The fluorescence intensity recorded from =30 regions of in-
terest (representing at least 30 cells per each image from a total of =10
images obtained per each coverslip) was calculated with the following
formula: Corrected total cell fluorescence = Integrated Density — ([Area
of the selected cell] x [Mean fluorescence of background readings]).

2.17. Cell death

Cell membrane breakdown was evaluated by the incorporation of
the cell-impermeant viability indicator Ethidium homodimer-1 (EthD-
1). Briefly, cells were incubated with Hank's balanced salt solution with
EthD-1 (5uM) and Hoechst 33342 (1 uM) at 37 °C for 15 min and then
washed three times in PBS. Hoechst 33342 and EthD-1 imaging
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Fig. 3. IFN-y plus high glucose decrease endothelial coupling through a mechanism that involve changes in Cx43 distribution but not changes in its total levels. (A-B)
Representative fluorescence micrographs of scrape loading/dye transfer assay (SL/DT) with Lucifer yellow (LY) by EAhy cells treated for 72 h with 5 mM glucose
(control, A) or IFN-y plus 25 mM glucose (B). (C) Averaged data normalized to control (dashed line) of SL/DT with LY by EAhy cells treated for 72 h with IFN-y plus
25 mM glucose. *p < .05, IFN-y plus high glucose compared to control (two-tailed Student's unpaired t-test). Data were obtained from at least three independent
experiments. White scale bar = 100 pm. (D-E) Representative fluorescence images depicting Cx43 (green), phalloidin-actin (white) and DAPI (blue) immunolabeling
of EAhy cells treated for 72 h with 5 mM glucose (control, D) and IFN-y plus 25 mM glucose (E). Insets: 1.5 x magnification of the indicated area of panels D and E.
White arrows indicate Cx43 labeling in cell-cell interfaces. Calibration Bars: yellow = 20 um, and green = 10 um. (F-G) Relative amount of total (F) and surface (G)
Cx43 in EAhy cells treated for 72 h with 5 mM glucose (control) or IFN-y plus 25 mM glucose. Total and surface amount of each analyzed band were normalized to the
amount of a-tubulin and Na*/K* ATPase detected in each lane, respectively. (H) Quantification of total (white bars) and surface (black bars) amount of Cx43
normalized to control (dashed line) in EAhy cells harvested 72 h after treatment with IFN-y plus 25 mM glucose. Averaged data were obtained from at least three

independent experiments.

involved data acquisition (emission at 350 and 528 nm, respectively) at
461 and 628nm excitation wavelengths, respectively, using an
Olympus BX 51W1I upright microscope with a 40 X water immersion
objective. The quantification of cell death was expressed as the per-
centage of cells that incorporated EthD-1 (red cells) in relation of total
cell population (blue cells) in each image captured. A total of 15 images
(20-30 cells per image) for each experiment were analyzed using the
ImageJ software.

2.18. Data analysis and statistics

For each data group, results were expressed as mean * standard
error (SEM); n refers to the number of independent experiments.
Detailed statistical results were included in the figure legends.
Statistical analyses were performed using GraphPad Prism (version 7,
GraphPad Software, La Jolla, CA). Normality and equal variances were
assessed by the Shapiro-Wilk normality test and Brown-Forsythe test,
respectively. Unless otherwise stated, data that passed these tests were
analyzed by unpaired t-test in case of comparing two groups, whereas in
case of multiple comparisons, data were analyzed by one or two-way
analysis of variance (ANOVA) followed, in case of significance, by a
Tukey's post-hoc test. A probability of P < 0.05 was considered sta-
tistically significant.

3. Results

3.1. The high glucose-induced activity of Cx43 hemichannels is potentiated
by IFN-y in endothelial cells

In a previous work, we found that IL-1f in combination with TNF-a
enhance the activation of Cx43 hemichannels evoked by high glucose in
endothelial cells [13]. Because IFN-y disturbs the morphology and
permeability of endothelial cells [11,12], we investigated whether this
cytokine could potentiate the hemichannel opening evoked by high
glucose in the human endothelial cell line EAhy 926. Time-lapse re-
cording of Etd uptake has been shown to be a reliable strategy to
measure the activity of connexin hemichannels [19]. IFN-y (2.5 ng/ml)
potentiated the increase in Etd uptake triggered by 45mM glucose
when compared to 5mM glucose (hereinafter termed as to “control
condition” (Fig. 1A). In addition, 25 mM glucose (henceforward termed
as to “high glucose”) only raised Etd uptake when was co-incubated
with IFN-y (Fig. 1A-C). The latter effect was time-dependent and
peaked at 72h of treatment (Fig. 1E), whereas no differences were
detected with IFN-y plus high sucrose or mannitol, excluding the action
of an osmolarity-mediated response (not shown).

The implication of Cx43 hemichannels in IFN-y and high glucose-
depended Etd uptake was investigated using special mimetic peptides
(Tat-L2 and gapl9) with sequences equivalent to intracellular L2 loop
regions of Cx43 [20,21]. Treatment with Tat-L2 (100 uM) or gap19
(100 uM) completely prevented the Etd uptake induced by IFN-y plus
high glucose (Fig. 1E). Similar inhibitory responses were found with
gap27 (100puM), a mimetic peptide against the second extracellular
loop of Cx43 [22] or La®>" (200 uM) [23], a general inhibitor of con-
nexin hemichannels (Fig. 1E). Of note, both a mutated Tat-L2 (100 uM

Tat-1.2H126K/1130N) i which 2 amino acids pivotal for the interaction of
L2 region to the carboxyl tail of Cx43 are changed, or an inactive type
of gap19 enclosing the 1130A variation (gap19'*°*), failed in evoking
comparable preventive effects (Fig. 1E). In line with these results,
downregulation of Cx43 with siRNA totally abrogated the Etd uptake
induced by IFN-y plus high glucose (Fig. 1E). Other routes that may
account for the Etd uptake of endothelial cells are plasma membrane
channels formed by pannexin-1 (Panx1) [24-27]. Unlike what was seen
upon Cx43 blockade, scrambled Cx43 siRNA, siRNA for Panxl, the
Panx1 mimetic peptide '°panx1 (100 uM) or probenecid (200 uM) did
not reduce the Etd uptake triggered by IFN-y plus high glucose
(Fig. 1E).

To further corroborate the stimulatory action of IFN-y plus high
glucose on Cx43 hemichannel activity, whole-cell voltage-clamp ex-
periments were performed along with recordings of macroscopic
membrane currents (Fig. 1F-I). In control EAhy cells unitary current
transitions were almost undetected at resting potentials (Fig. 1F),
whereas the treatment with IFN-y plus high glucose for 72h induced
the appearance of several discrete unitary current events (Fig. 1F).
Moreover, the macroscopic currents evoked by IFN-y plus high glucose
were strongly inhibited by two Cx43 hemichannel inhibitors: La®>* or
gap27 (Fig. 1H,I). Overall, these findings reveal that IFN-y plus high
glucose prominently augment the activity of Cx43 hemichannels in
endothelial cells.

3.2. IL-1B/TNF-a/p38 MAPK/iNOS/COX,/EP;—associated pathways and
the P2X,/P2Y,/IP; receptor-dependent changes in cytoplasmic Ca®" are
crucial for the endothelial Cx43 hemichannel activity induced by IFN-y plus
high glucose

Previous evidence has pointed out that different inflammatory
mediators and signaling proteins are involved in the activation of Cx43
hemichannels during pathological conditions, including TNF-a, IL-18,
p38 MAPK, the iNOS, COX,, NO, and prostaglandins [13,28-32].. From
this perspective, we tested the impact of these elements on the IFN-y
and high glucose-dependent Etd uptake in EAhy cells. Inhibition of IL-
1B/TNF-a signaling with a soluble form of TNF-a receptor that binds
TNF-a (sTNF-aR1) and/or a recombinant antagonist for the IL-1p re-
ceptor (IL-1ra) strongly counteracted the IFN-y and high glucose-
evoked Etd uptake (Fig. 2). Potent inhibitory effects were also found
upon blockade of p38 MAPK, iNOS and COX; with SB202190 (10 uM),
L-N6 (5puM) and ns-398 (5 puM), respectively (Fig. 2). The general an-
tagonist of COX; and COX; indomethacin (15uM) partially decreased
the raise on Etd uptake promoted by IFN-y and high glucose, whereas
the selective COX1 blocker se-560 (1 pM) failed in induce a similar
response (Fig. 2). [33,34] The activation of EP; receptors and sub-
sequent raise in cytoplasmic Ca®*' have been linked with the in-
flammatory-induced opening of Cx43 hemichannels in astrocytes, mi-
croglia and endothelial cells [13,35,36]. In view of this, we studied
whether these pathways are implicated in our system. sc-19,220
(20 uM), a specific EP; receptor antagonist, and 5uM BAPTA-AM, a
Ca®" chelator, strongly reduced the Etd uptake triggered by IFN-y plus
high glucose (Fig. 2). Multiple mechanisms have been associated with
the [Ca®"];-dependent Cx43 hemichannel opening, such as the
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Fig. 4. IFN-y plus high glucose increases basal but not insulin-induced production of NO in endothelial cells: prevention by Cx43 hemichannel blockers. (A-F)
Representative fluorescence micrographs of basal (A-C) or 1 pM insulin-induced (D-F) production of NO (DAF-FM, green and pseudo-colored scale) of EAhy cells
treated for 72h with 5mM glucose (control; A, D), IFN-y plus 25 mM glucose (B, E) alone or in combination with 100 uM gapl9 (C, F). (G) Average of DAF
fluorescence by EAhy cells treated for 72 h with 5 mM glucose (control; white bars), IFN-y plus 25 mM glucose (blue bars) alone or with different combinations of the
following compounds: 1 uM insulin, 100 uM gap19 or 100 uM Tat-L2. *p < .05, IFN-y plus high glucose compared to control; “p < .05, effect of each compound
compared to the effect induced by IFN-y and high glucose; p < .05, effect of insulin compared to the respective control (one-way ANOVA followed by Tukey's post-
hoc test). Data were obtained from at least three independent experiments with four repeats each one (=35 cells analyzed for each repeat). Calibration Bar = 10 pm.

signaling via ryanodine receptors, avp3 integrin and purinergic re-
ceptors [37-39]. To examine the latter possibility, we investigate
whether purinergic signaling take part in the IFN-y and high glucose-
dependent Etd uptake in EAhy cells. Neutralization of P2X, receptors
with 200 uM oATP or 10 uM A740003, significantly abrogated the Etd
uptake triggered by IFN-y and high glucose, whereas inhibition of P2Y,
receptors, phospholipase C (PLC) or IP; receptors with 10puM
MRS2179, 5uMU73122 or 50uM APB, respectively, caused an

equivalent inhibitory impact (Fig. 2). Collectively, these findings sup-
port the fact that activation of IL-13/TNF-a/p38 MAPK/iNOS/COX,/
EP;—dependent pathway(s) and the P2X,/P2Y,/IP; receptor-mediated
changes in cytoplasmic Ca®" signal are critical for endothelial Cx43
hemichannel activity triggered by IFN-y plus high glucose.



J.C. Sdez, et al.

A I:I control

EH IFN-y 72h (25 mM gluc)

600+
500+
400+

B I:l control

EH IFN-y 72h (25 mM gluc)

] *

ATP (pmol/10° cells)

Fig. 5. IFN-y plus high glucose induces the release of PGE, and ATP, the latter
being dependent on the activation of Cx43 hemichannels in endothelial cells.
(A-B) Averaged data of PGE, (A) or ATP (B) release from EAhy cells treated for
72 h with 5mM glucose (control, white bar), IFN-y plus 25 mM glucose (blue
bars) alone or in combination with the following agents: 100 uM gap19, 100 pM
gap27, 200 uM La**, 100 uM '®panx1 or 500 uM Probenecid (Prob). *p < .05,
IFN-y plus high glucose compared to control; *p < .05, effect of each agent
compared to the effect induced by IFN-y plus high glucose (one-way ANOVA
followed by Tukey's post-hoc test). Data were obtained from at least three in-
dependent experiments with four repeats each one.

3.3. IFN-y plus high glucose reduces gap junctional communication but do
not affect the surface amount of Cx43 hemichannels in endothelial cells

Diverse research groups have found that inflammatory conditions
increase the activity of connexin hemichannels in concomitance with a
reduction in gap junctional communication [40,41], not being en-
dothelial cells an exception [13]. In line with this, we found that IFN-y
plus high glucose induced a ~60% reduction on gap junction-mediated
coupling in EAhy cells, as measured by LY intercellular diffusion

BBA - Molecular Cell Research 1867 (2020) 118720

(Fig. 3A-C). The functional state of gap junctions can be modulated by
changes in the open probability, single channel conductance or se-
lectivity, as well as changes in the number of channels found at cell-cell
interfaces [42]. Accordingly, we examined whether modifications in
allocation of Cx43 may account for the IFN-y and high glucose-induced
reduction in gap junctional communication observed in endothelial
cells. As previously reported [13], in control cells Cx43 was localized
mostly and intensely as fine to large dots scattered at cell-cell interfaces
(Fig. 3D). In contrast, the latter was not detected in endothelial cells
treated for 72 h with IFN-y and high glucose, where Cx43 was found in
numerous intracellularly and perinuclear vesicle-like structures
(Fig. 3E). Altogether this evidence suggests that withdrawal of Cx43
gap junctions found at appositional membranes could be sufficient to
explain the IFN-y and high glucose-induced endothelial uncoupling.
To scrutinize whether similar modifications in the number of
channels could explain the Etd uptake observed in endothelial cells, we
measured surface levels of Cx43 hemichannels via cell surface bioti-
nylation of membrane proteins. IFN-y plus high glucose failed in to alter
either the total or surface Cx43 amount when compared to control
conditions (Fig. 3E-G). Furthermore, the pattern of immunoreactive
bands of Cx43 was not affected, indicating the absence of modifications
in the phosphorylation state of Cx43 detectable by alterations in elec-
trophoretic mobility (Fig. 3E-G). Therefore, the IFN-y and high glucose-
induced Cx43 hemichannel activity may occur by a mechanism dif-
ferent from increments in surface amount of Cx43 hemichannels.

3.4. IFN-y plus high glucose impair the insulin-dependent increase in NO
production in endothelial cells

. Given that the inhibition of iNOS greatly abrogated the IFN-y and
high glucose-induced Etd uptake in EAhy cells (Fig. 2) and because
impairment of NO production occurs in diabetes and atherosclerosis
[43], we evaluated the amount of this molecule in our system. IFN-y
plus high glucose caused a ~2.2-fold increase in basal NO production in
relation to control conditions, as detected through analysis of DAF
fluorescence signal (Fig. 4A, B and G). In a previous work, we found
that IL-1B/TNF-a plus high glucose potentiates NO production induced
by insulin. In order to examine whether IFN-y plus high glucose could
evoke similar effects, we studied the insulin-induced production of NO.
Contrary to what occurred in control conditions, insulin did not in-
crease the NO amount in cells treated with IFN-y plus high glucose
(Fig. 4D, E and G). Moreover, although 100 uM gap19 or 100 uM Tat-L2
partially abolished the IFN-y and high glucose-mediated NO produc-
tion, both inhibitors failed to induce a similar response in cells treated
with TFN-y plus high glucose and exposed to insulin (Fig. 4F and G).
Collectively, these results indicate that IFN-y plus high glucose increase
the amount of NO, being the activation of Cx43 hemichannels crucial in
this cell response. In contrast, treatment with [FN-y plus high glucose
impedes the increase in the amount of NO evoked by insulin through a
mechanism different from opening of Cx43 hemichannels.

3.5. IFN-y plus high glucose triggers the release of PGE, and ATP from
endothelial cells

Prior studies have reported that NO-dependent stimulation of COX5
may lead to the production of PEG, and further activation of EP; re-
ceptor [33,34]. Because this receptor participates in the activity of Cx43
hemichannels in our system (Fig. 2) and in other pathological condi-
tions [13,35], we studied whether IFN-y plus high glucose could alter
the release of PGE, from endothelial cells. Endothelial cells treated with
IFN-y plus high glucose displayed a ~3-fold increase in the release of
PGE; in relation to control conditions, being this response not sensitive
to the blockade of Cx43 hemichannels or Panx1 channels (Fig. 5A).
During pathological conditions, ATP is one of the paracrine signals
released through Cx43 hemichannels in different cell types [44], in-
cluding endothelial [13,45,46]. Given that P2X; and P2Y, receptors
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Fig. 6. IFN-y plus high glucose augments basal and ATP-dependent Ca®>* dynamics in endothelial cells: prevention by Cx43 hemichannel blockers. (A-D)
Representative photomicrographs of basal (A, C) or 500 M ATP-induced (B, D) Ca2* signal denoted as Fura-2 ratio (340/380 nm excitation) of EAhy cells treated for
72 h with 5 mM glucose (control; A, B) or IFN-y plus 25 mM glucose (C, D). Calibration bar: 40 um. (E-H) Representative plots of relative changes in catt signal over
time induced by 500 uM ATP (green horizontal line) in EAhy cells treated for 72h with 5mM glucose (control, E), [FN-y plus 25 mM glucose (F) alone or in
combination with 100 uM gap19 (G) or 100 uM '°panx1 (H). (I) Averaged data of basal Fura-2 AM ratio by EAhy cells treated for 72 h with 5mM glucose (control,
white bar), IFN-y plus 25 mM glucose and (blue bars) alone or in combination with 100 pM gap19 or 100 uM '®panx1. (J-L) Averaged data of ATP-induced peak
amplitude normalized to basal Fura-2 AM ratio (J), integrated ATP-induced Fura-2 AM ratio response (K) and altered basal Fura-2 AM ratio (L) of EAhy cells treated
for 72 h with 5mM glucose (control, white bar), IFN-y plus 25 mM glucose (blue bars) alone or in combination with 100 uM gap19 or 100 uM '’panx1. *p < .05,
IFN-y plus high glucose compared to control; “p < .05, effect of each pharmacological agent compared to the effect induced by IFN-y plus high glucose (one-way
ANOVA followed by Tukey's post-hoc test). Data were obtained from at least three independent experiments with four repeats each one (=35 cells analyzed for each

repeat).

were involved in the activity of Cx43 hemichannels in our system
(Fig. 2), we tested the release of this molecule. The extracellular ATP
concentration was increased in ~5-folds upon treatment with IFN-y
plus high glucose (Fig. 5B). Unlike to what observed with the release of
PGE,, gap19, gap27 and La*", but not °panx1 or probenecid, totally
blunted the release of ATP promoted by IFN-y plus high glucose
(Fig. 5B), suggesting the engagement of Cx43 hemichannels in this
process.

3.6. IFN-y plus high glucose augments ATP-dependent Ca®* dynamics in
endothelial cells

The activation of EP; receptors induces the rise of cytoplasmic Ca®*
[47] and the latter is a well-known response that augments the open
probability of Cx43 hemichannels [48], resulting in increased ATP re-
lease [39]. With this antecedent and because cytoplasmic Ca?" and
purinergic signaling underpin the IFN-y and high glucose-dependent
Etd uptake (Fig. 2), we evaluated if this treatment could alter the basal
and ATP-induced Ca®" signal in EAhy cells. IFN-y plus high glucose
induced a significant increase (~30%) in basal Ca®”* signal when
compared to control conditions, as measured by analysis of Fura-2 ratio
(340/380) (Fig. 6A, C and I). Upon 500 uM ATP application, control
endothelial cells responded with a fast and transient Ca®' signal
characterized by a small amplitude, whereas IFN-y and high glucose-
treated cells showed a sustained response with a peak ~6-fold bigger
than of control values (Fig. 6D, F and J). IFN-y plus high glucose also
elevated in ~3.2-fold and ~5.5-fold the integrated ATP-dependent
Ca®" signal response (Fig. 6K) and the remaining difference between
final and initial basal Ca®* signal (Fig. 6L), respectively. Relevantly, we
found that inhibition of Cx43 hemichannels with gap19 fully counter-
acted the increase in ATP-mediated Ca®' peak but not basal Ca®**
signal induced by treatment with IFN-y plus high glucose (Fig. 6I and
J). Similarly, the blockade of Cx43 hemichannels fully prevented the
raise in the integrated area under curve and remaining basal ATP-de-
pendent Ca®* signal responses caused by IFN-y plus high glucose
(Fig. 6K and L). In contrast, inhibition of Panx1 channels with '®panx1
failed in cause similar preventive effects (Fig. 6K and L). Therefore,
these data indicate that elevated Cx43 hemichannel activity partici-
pates in the IFN-y and high glucose-induced increase in ATP-mediated
Ca®* signaling in endothelial cells.

3.7. IFN-y plus high glucose impairs the insulin-dependent uptake and
intercellular diffusion of glucose in endothelial cells via the activation of
Cx43 hemichannels

Accumulating evidence has demonstrated that inflammatory med-
iators impair both insulin signaling and glucose uptake in endothelial
cells [49,50], which are pivotal pieces in the progression of diabetes
and atherosclerosis [51]. To further scrutinize more deeply the effect of
IFN-vy plus high glucose in the impaired response of endothelial cells to
insulin, we explored the impact of this treatment on the insulin-induced
uptake of 2-NBDG, a fluorescent glucose analogue. Experiments of 2-
NBDG uptake uncovered that basal glucose uptake remains unchanged
upon treatment with IFN-y plus high glucose in EAhy cells (Fig. 7A, B
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and G). However, exposure for 30 min with 1 pM insulin evoked ~40%
augment in glucose uptake in control conditions (Fig. 7D and G). No-
teworthy, treatment with IFN-y plus high glucose made endothelial
cells insensitive to insulin, showing levels of glucose uptake indis-
tinguishable from those of control cells that were not stimulated with
insulin (Fig. 7E and G). More relevant to this point, treatment with
100 uM gap19 or 100 uM Tat-L2 dramatically prevented the above re-
sponse and did not modulate basal glucose uptake in control cells
(Fig. 7C, F and G).

It is known that intercellular diffusion of glucose take place through
gap junctions in different cell types including astrocytes, oligoden-
drocytes and cells of the cochlea [52-55]. In this context, we tested
whether IFN-y plus high glucose could modulate the intercellular dif-
fusion of 2-NBDG in basal conditions or after insulin stimulation. Under
control conditions, EAhy cells were largely coupled to 2-NBDG (~20
cells) (Fig. 8A and G). However, the treatment with IFN-y plus high
glucose reduced ~50% this response (Fig. 8B and G). Notably, blockade
of Cx43 hemichannels with gapl9 totally prevented the uncoupling
effect caused by IFN-y plus high glucose (Fig. 8C and G). Control cells
incubated with 1 pM insulin for 30 min showed ~60% increase in 2-
NBDG intercellular transfer (Fig. 8D and G). Of note, similar to what
was observed with glucose uptake, IFN-y plus high glucose totally
counteracted the effects of insulin and consequently the intercellular
transfer of 2-NBDG was prominently reduced (Fig. 8E and G). Inter-
esting was the fact that gapl9 fully prevented this inhibitory effect
(Fig. 8F and G). Overall, these data suggest that IFN-y plus high glucose
impairs the insulin effects on the uptake and intercellular transfer of 2-
NBDG by a process implicating the activation of Cx43 hemichannels.

3.8. IFN-vy plus high glucose increases superoxide levels and cell death in
endothelial cells by a mechanism implicating the activity of Cx43
hemichannels

IFN-y or high glucose increase the production of reactive oxygen
species (ROS) and impair mitochondrial function in endothelial cells
[56-58]. With this in mind and because Cx43 hemichannel opening
alters intracellular oxidative status [59], we evaluated if IFN-y plus high
glucose could modulate the production of superoxide anion by the
mitochondria via the activation of Cx43 hemichannels. Accordingly, we
measured the production of mitochondrial superoxide by using the
fluorescent probe MitoSOX red. Control EAhy cells displayed almost
undetectable signal of superoxide anion (Fig. 9A, D and G), whereas
those stimulated with IFN-y plus high glucose showed ~10-fold in-
crease in the production of this free radical (Fig. 9B, E and G). Note-
worthy, both gap19 or Tat-L2 fully blunted the increase in superoxide
anion signal triggered by IFN-y plus high glucose (Fig. 9C, F and G),
suggesting that Cx43 hemichannels critically contribute to this re-
sponse.

Different lines of evidence have described that both IFN-y or high
glucose trigger endothelial cell death [60-62], whereas the persistent
activation of Cx43 hemichannels appear to be essential for inducing cell
death in different cell types [35,63,64]. Taking this into account, we
evaluated if [FN-y plus high glucose could induce endothelial cells
death by a mechanism implicating the opening of Cx43 hemichannels.
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Fig. 7. IFN-y plus high glucose impedes the insulin-induced uptake of glucose in endothelial cells: prevention by Cx43 hemichannel blockers. (A-F) Representative
fluorescence micrographs of basal (A-C) or 1 uM insulin-induced (D-F) uptake of 2-NBDG glucose (green) of EAhy cells treated for 72 h with 5mM glucose (control; A,
D), IFN-y plus 25 mM glucose (B, E) alone or in combination with 100 uM gap19 (C, F). (G) Average of 2-NBDG glucose uptake by EAhy cells treated for 72 h with
5 mM glucose (control; white bars), IFN-y plus 25 mM glucose (blue bars) alone or with different combinations of the following compounds: 1 pM insulin, 100 pM
gapl9 or 100 pM Tat-L2. *p < .05, IEN-y plus high glucose compared to control; “p < .05, effect of each compound compared to the effect induced by IFN-y and
high glucose; “p < .05, effect of each compound compared to the effect induced by IFN-y, high glucose and insulin (one-way ANOVA followed by Tukey's post-hoc
test). Data were obtained from at least three independent experiments with four repeats each one (=35 cells analyzed for each repeat). Calibration Bar = 10 pm.

Consequently, we analyzed the incorporation of EthD-1, a molecule that
due to its large size is taken up only by cells with disrupted membranes,
thereby, it is indicative of loss of membrane integrity. The vast majority
of control EAhy cells did not incorporate EthD-1 (Fig. 10A and D).
Nonetheless, treatment with IFN-y plus high glucose triggered a time-
dependent increase in cell death, being 6 days post-treatment the most
significant as it was found ~20% of damage in relation to control
condition (Fig. 10B and D). Notably, endothelial cell damage evoked by
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6 days of incubation with IFN-y plus high glucose was prominently
counteracted by diverse Cx43 hemichannels blockers including gap19,
gap27, Tat-L2 and La®* (Fig. 10C and E). In general, these evidences
argue for a crucial role of Cx43 hemichannels on the IFN-y and high
glucose-induced death in endothelial cells.
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Fig. 8. IFN-y plus high glucose prevents the basal and the insulin-induced intercellular diffusion of glucose in endothelial cells: prevention by Cx43 hemichannel
blockers. (A-F) Representative fluorescence micrographs of basal (A-C) or 1 pM insulin-induced (D-F) intercellular diffusion uptake of 2-NBDG glucose (green) of
EAhy cells treated for 72 h with 5 mM glucose (control; A, D), IFN-y plus 25 mM glucose (B, E) alone or in combination with 100 pM gap19 (C, F). (G) Average of the
number of EAhy cells coupled to 2-NBDG glucose after treatment for 72 h with 5 mM glucose (control; white bars), IFN-y plus 25 mM glucose (blue bars) alone or with
different combinations of the following compounds: 1 uM insulin or 100 pM gap19. *p < .05, IFN-y plus high glucose compared to control; *p < .05, effect of each
compound compared to the effect induced by IFN-y and high glucose; *p < .05, effect of IFN-y plus high glucose plus insulin compared to control plus insulin;
$p < .05, effect of gap19 plus insulin compared to the effect of IFN-y plus high glucose plus insulin (one-way ANOVA followed by Tukey's post-hoc test). Data were
obtained from at least three independent experiments with four repeats each one (=35 cells analyzed for each repeat). Calibration Bar = 35 pm.
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Fig. 9. IFN-y plus high glucose increases the production of superoxide anion by mitochondria in endothelial cells: prevention by Cx43 hemichannel blockers. (A-F)
Representative fluorescence micrographs of MitoSOX Red signal (red, A-C) and DAPI nuclear staining (blue, D-F) by EAhy cells treated for 72 h with 5mM glucose
(control; A, D), IFN-y plus 25 mM glucose (B, E) alone or in combination with 100 pM gap19 (C, F). (G) Average of MitoSox fluorescence by EAhy cells treated for
72h with 5mM glucose (control, white bar), IFN-y plus 25 mM glucose (blue bars) alone or with the following compounds: 100 uM gapl9 or 100 M Tat-L2.
*p < .05, IFN-y plus high glucose compared to control; “p < .05, effect of each compound compared to the effect induced by IFN-y plus high glucose (one-way
ANOVA followed by Tukey's post-hoc test). Data were obtained from at least three independent experiments with four repeats each one (= 35 cells analyzed for each
repeat). Calibration Bar = 15 um.

4. Discussion knock down Cx43, respectively, confirmed the contribution of Cx43

hemichannels to the IFN-y and high glucose-evoked Etd uptake. The

The present study shows data describing that IFN-y in combination
with a high glucose concentration increases the activity of Cx43
hemichannels in cultured endothelial cells. The functional state of
hemichannels was examined by analyzing the Etd uptake in time-lapse
recordings of live cells. The use of selective mimetic peptides (Tat-L2,
gap19 and gap27) or siRNA known to antagonize Cx43 hemichannels or

latter was corroborated with electrophysiological experiments in
whole-cell configuration, in where both gap27 or La®* entirely sup-
pressed the Cx43 hemichannel currents promoted by IFN-y and high
glucose. These findings are in agreement with a previous study of our
group, in where was demonstrated that opening of Cx43 hemichannels
evoked by high glucose is potentiated by IL-1} and TNF-a in
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Fig. 10. Cx43 hemichannels contribute to the IFN-y and high glucose-induced endothelial cell death. (A-C) Representative fluorescence micrographs of Eth-D1 (red)
uptake and Hoechst 33342 nuclear staining (blue) by EAhy cells treated for 6 days with 5mM glucose (control; A), IFN-y plus 25 mM glucose (B) alone or in
combination with 100 uM gap19 (C). (D) Quantitation of cell death measured by Eth-D1 staining as percentage of total cells identified with Hoechst 33342 by EAhy
cells treated with 5 mM glucose (control; white bar) or treated for 1, 2, 3, 4, 5 or 6 days with I[FN-y plus 25 mM glucose (blue bars). (E) Averaged data normalized to
the effect induced by 6 days of treatment with IFN-y plus 25 mM glucose on cell death measured by Eth-D1 staining in EAhy cells treated with 100 uM gap19, 100 pM
gap27, 100 M Tat-L2 or 200 uM La®*. *p < .01, effect of pharmacological agents compared to IFN-y plus 25 mM glucose treatment (one-way ANOVA followed by
Tukey's post-hoc test). Data were obtained from at least three independent experiments with three or more repeats each one. Calibration bar = 25 pm.

endothelial cells [13]. Although this concordance could seem trivial as
all these cytokines are released during pathological conditions, diverse
antecedents indicate that IFN-y may act in the opposite manner or sy-
nergistically to the signaling of IL-1 or TNF-a depending on the con-
text [65-69]. Supporting the latter possibility, we found that increase in
Cx43 hemichannel activity triggered by IFN-y plus high glucose engages
the participation of both IL-1p and TNF-a and their downstream sig-
naling linked to the activation of p38 MAPK and iNOS, as it has been
previously shown in astrocytes [28-30].

In both astrocytes and endothelial cells, the increase in Cx43
hemichannel activity evoked by inflammation requires the activation of
COXs and PGE, receptor EP; [13,35]. Crucial for the stimulation of
COXs is the iNOS-dependent generation of NO [70]. In harmony with
these antecedents, we observed that IFN-y plus high glucose strongly
elevated NO production in EAhy cells, whereas the pharmacological
inhibition of COX, or EP; receptors strongly suppressed the increase in
Cx43 hemichannel activity. More relevant to this point, IFN-y plus high
glucose dramatically augmented extracellular amount of PGE,, which
could explain the increase in Cx43 hemichannel activity, as this

14

prostaglandin is critical for [Ca®* ]; responses induced by EP, receptors
[47], while hemichannels are opened by rise in cytoplasmic Ca2" [48].
Consistent with this notion, IFN-y plus high glucose increased basal
cytoplasmic Ca®* and their stimulatory effect on Cx43 hemichannels
was greatly counteracted by intracellular BAPTA.

Accumulating research has pointed out that elevated hemichannel
activity lead to cellular damage by multiple mechanisms, including the
overload of [Ca®"];, transmembrane ionic imbalance and release of
potential “danger” signals, such as ATP [14,71]. In this line, we found
that IFN-y plus high glucose prominently boosted the Cx43 hemi-
channel-dependent release of ATP, while inhibition not only of P2X;
and P2Y, receptors but also PLC or IP; receptors strongly suppressed
the activation of Cx43 hemichannels. This harmonizes with prior stu-
dies showing that Cx43 hemichannels are permeable to ATP [72],
which induces its own release via these channels through the activation
of purinergic receptors and subsequent rise in [Ca%™1; [29,73,74]. The
latter is in accordance with the fact that moderate rise in [Ca®*];
(> 500nM) augments the open probability of Cx43 hemichannels
[21,48,75]. In view of this, Cx43 hemichannels could be involved
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Fig. 11. Schematic diagram illustrating the possible signaling elements involved in the activation of Cx43 hemichannels elicited by high glucose and IFN-y in
endothelial cells. High glucose and IFN-y induce the production of IL-1p and TNF-a, promoting the p38 MAPK and iNOS activation, NO production and subsequent
stimulation of COX,. This results in the generation of PGE,, which operating on EP, metabotropic receptors, elicits the release of Ca®>" from intracellular stores.
Moderated increase in [Ca® ' ]; augments the activity of Cx43 hemichannels allowing the release of ATP and further activation of P2X; and P2Y, receptors. The latter
may induce a self-perpetuating mechanism characterized by the influx of extracellular Ca®* and IP; receptor-dependent release of Ca®* stored in the endoplasmic
reticulum, which could reactivate iNOS, COX,, EP; metabotropic receptors and Cx43 hemichannels (not depicted). Meanwhile, the opening of Cx43 hemichannels
contributes to the reduction of the insulin-mediated uptake and intercellular diffusion of glucose caused by IFN-y plus high glucose. Alongside this, the uncontrolled
activation of Cx43 hemichannels also increases the production of superoxide anion by the mitochondria and also reduces cell survival.

directly in the release of ATP from endothelial cells, given that they are [77,78]. In addition, we found that although IFN-y plus high glucose

permeable to this biomolecule [72]. In parallel, because Cx43 hemi- did not alter basal glucose uptake in EAhy cells, they caused a dramatic
channels are conduits for Ca?* [76], they indirectly may cooperate to reduction in glucose uptake evoked by insulin. Insulin is a well-known
preserve [Ca2+]i-dependent signaling linked to ATP release. In line direct-acting vasodilator of the vasculature [79] and underpins glucose
with that, IFN-y plus high glucose caused a notable increase in ATP- uptake by peripheral tissues [80] through mechanisms that may require
induced Ca®* responses compared to control conditions, specially, with the close coordination of endothelial cells via gap junctional commu-
regard to peak amplitude, integrated area and sustained signal. Re- nication [81]. Interestingly, we observed that IFN-y plus high glucose
markably, inhibition of Cx43 hemichannels completely blunted the strongly reduced the basal and insulin-dependent rise in intercellular
enhanced responses in Ca®>* dynamics evoked by IFN-y and high glu- diffusion of glucose mediated by gap junctions. The latter agrees with
cose. This evidence denotes that activation of Cx43 hemichannels are the fact that IFN-y plus high glucose abrogated the gap junctional dif-
fundamental for the increased responses in ATP-mediated Ca®" dy- fusion of LY likely via the endocytosis and degradation of Cx43 gap
namics evoked by IFN-y plus high glucose but not for the changes in junctions. Of note, both gap19 and Tat-L2 greatly prevented the IFN-y
basal Ca®" levels. and high glucose-induced loss of response to insulin in terms of glucose
Recently, we reported that high glucose and IL-13/TNF-a enhances uptake and intercellular diffusion, suggesting that activation of Cx43
both basal and insulin-induced production of NO in endothelial cells hemichannels are crucial for those processes.
[13]. In contrast with this data, we noted that IFN-y plus high glucose High Cx43 hemichannel activity reduces the chemical gradient
increased basal levels of NO, but impede the normal rise of NO pro- across the cell membrane, which causes important drop in cell mem-
duction evoked by insulin in endothelial cells. These findings harmo- brane potential [82]. Part of this consequence on membrane depolar-
nize with studies describing that insulin-mediated NO production and is ization can be explained by the permeability of Cx43 hemichannels to
impaired in endothelial cells subjected to inflammatory mediators Ca®" [76] and the strongest driving force for Ca®* influx imposed by its
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great concentration difference between the extra and intra cellular
space. The above can also account for the significant increase in cyto-
solic Ca®* signal induced by ATP in endothelial cells treated with IFN-y
plus high glucose. Moreover, the increase in intracellular Ca®* signal is
likely to contribute to a mitochondria dysfunction. In fact, under pa-
thological conditions, Ca>" overload participates in the generation of
ROS in mitochondria, followed by opening of the transient permeability
pore (PPT) and cell death [83]. Furthermore, Ca?* induces a decrease
in the pH of the medium, stimulates respiration, generates a cycle of
swelling and contraction of the mitochondria, oxidizes NADH and in-
creases the redox state of the respiratory chain [84,85]. In this line, we
found that IFN-y or high glucose dramatically incremented the pro-
duction of superoxide anion by mitochondria, which likely was im-
plicated in the decreased cell survival observed under these conditions.
More relevant to this point, these responses were strongly prevented by
the blockade of Cx43 hemichannels. Bringing to light that endothelial
Cx43 hemichannels significantly contribute to endothelial cell dys-
function and death, which could play a critical role in the pathogenesis
of vascular diseases linked to insulin resistance. In addition, these
findings might have relevant for the developing of atherosclerosis sec-
ondary to diabetes since IFN-y and high glucose are well recognized
pro-inflammatory agents worsen these pathological conditions [5Chait,
2009 #290, 8, 9].

In agreement with the involvement of Cx43 hemichannels in en-
dothelial dysfunction, the IFN-y and high glucose-induced alterations in
ATP release, cytoplasmic Ca®", and insulin-mediated NO production,
along with the alterations on the uptake and intercellular diffusion of
glucose, were prominently abrogated by the inhibition of endothelial
Cx43 hemichannels. These data are consistent with previous evidence
indicating that inhibition of connexin hemichannels prevents renal
damage observed in diabetic rats [86]. In addition, here, we showed the
involvement of a series of molecular pathways and cellular processes
that culminated in the opening of Cx43 hemichannels, such as the ac-
tivation of P38 MAPK/COX,/EP,/PLC/IP; cascades, production of IL-
1B/TNF-a, NO, PGE, and ATP, in addition to increased cytoplasmic
Ca®" dynamics (Fig. 11). We speculate that overall this machinery may
embrace a self-perpetuating process, where both NO (likely via S-ni-
trosylation) or raise in [Caz"']i may reactivate Cx43 hemichannels with
potential significant consequences for the function, inflammatory pro-
file and survival of endothelial cells (Fig. 11). In agreement with this
notion, we observed that EAhy cells treated with IFN-y plus high glu-
cose displayed a prominent production of mitochondrial superoxide
anion and decreased cell survival upon several days of treatment, the
latter being a response completely blunted by inhibition of Cx43
hemichannels.

We propose that mitigating Cx43 hemichannel activity through se-
lective blockers at the endothelium might constitute a new approach
against the activation of pernicious pathways that cause endothelial
dysfunction and resistance to insulin signaling and possibly cell damage
evoked by pro-inflammatory cytokines and high glucose.
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