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Abstract

Sepsis is the main cause of mortality in patients admitted to intensive care units. During sepsis, endothelial permeability is
severely augmented, contributing to renal dysfunction and patient mortality. Ca®" influx and the subsequent increase in
intracellular [Ca>"]; in endothelial cells (ECs) are key steps in the establishment of endothelial hyperpermeability. Transient
receptor potential melastatin 7 (TRPM7) ion channels are permeable to Ca>t and are expressed in a broad range of cell types
and tissues, including ECs and kidneys. However, the role of TRPM7 on endothelial hyperpermeability during sepsis has
remained elusive. Therefore, we investigated the participation of TRPM7 in renal vascular hyperpermeability, renal
dysfunction, and enhanced mortality induced by endotoxemia. Our results showed that endotoxin increases endothelial
hyperpermeability and Ca*" overload through the TLR4/NOX-2/ROS/NF-kB pathway. Moreover, endotoxin exposure was
shown to downregulate the expression of VE-cadherin, compromising monolayer integrity and enhancing vascular
hyperpermeability. Notably, endotoxin-induced endothelial hyperpermeability was substantially inhibited by pharmacolo-
gical inhibition and specific suppression of TRPM7 expression. The endotoxin was shown to upregulate the expression of
TRPM7 via the TLR4/NOX-2/ROS/NF-kB pathway and induce a TRPM7-dependent EC Ca’>" overload. Remarkably,
in vivo experiments performed in endotoxemic animals showed that pharmacological inhibition and specific suppression of
TRPM7 expression inhibits renal vascular hyperpermeability, prevents kidney dysfunction, and improves survival in
endotoxemic animals. Therefore, our results showed that TRPM7 mediates endotoxemia-induced endothelial hyperperme-
ability, renal dysfunction, and enhanced mortality, revealing a novel molecular target for treating renal vascular
hyperpermeability and kidney dysfunction during endotoxemia, sepsis, and other inflammatory diseases.

Introduction

Sepsis is the major cause of mortality in critically ill
patients admitted to intensive care units. Sepsis is a
multifaceted host response characterized by severe sys-
temic inflammation [1, 2]. Patients undergoing sepsis
progress to multiple organ dysfunction syndrome
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(MODS), exhibiting mortality rates up to 60% [3, 4]. In
particular, acute kidney dysfunction occurs in ~50% of
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hospitalized septic patients in the USA [5], up to half of
whom require dialysis [6]. Unfortunately, current treat-
ments remain unsatisfactory [7, 8]. Sepsis is frequently
induced and reinforced by the accumulation of Gram-
negative bacterial endotoxin lipopolysaccharide (LPS)
in the bloodstream, a condition known as endotoxemia
[9-11].

Detrimental actions of sepsis and endotoxemia pro-
gress as a consequence of an uncontrolled systemic
activation of endothelial cells (ECs) and the immune
system, involving the secretion of proinflammatory
cytokines and generation of NAD(P)H oxidase-dependent
oxidative stress [10—13]. ECs are susceptible to damage
induced by circulating pathogens, endotoxins, proin-
flammatory cytokines, and reactive oxygen and nitrogen
species, which may lead to endothelial dysfunction if the
damage is sustained [14-17]. Endothelial dysfunction
promotes critical alterations, including vascular leakage
and hypoperfusion associated with sepsis-induced MODS
[18-22]. Specifically, in the kidney, macro- and micro-
circulatory disturbances, oxidative stress, and the
surge of inflammatory mediators via NF-kB activation
contribute to acute kidney dysfunction in septic
patients [23].

Endothelial barrier function relies on cell-to-cell phy-
sical associations maintained by endothelial adhesion
proteins (EAPs, e.g., VE-cadherin and PECAM-1 /
CD-31) that regulate the transport of molecules through
the monolayer [24-26]. Exposure of ECs to endotoxins,
pro-inflammatory cytokines, or oxidative stress induces
a downregulation in the expression of EAPs [27-31],
which compromises barrier integrity. This phenomenon is
accompanied by an increase in fibroblast-like character-
istics and has been described as endothelial-to-
mesenchymal transition [17, 27, 32, 33]. During sepsis,
endothelial permeability drastically increases and is
speculated to contribute significantly to the pathogenesis
of sepsis-induced kidney injury. In fact, leakage of
plasma from the vascular space and increased interstitial
edema contribute to the compression of peritubular
capillaries, compromising blood flow. Thus, subjecting
parenchymal areas to limited oxygen supply and ischemic
damage induces the generation of oxidative stress
and inflammation, which further compromises renal
function [34-36] and patient likelihood for recovery
[15, 37, 38].

It has been reported that Ca>" influx, and the subsequent
increase in intracellular Ca>* concentration ([Ca2+]i) in
ECs, is a required step for endothelial hyperpermeability.
Accordingly, inhibition of Ca®" influx significantly
decreases endothelial hyperpermeability [39-41], even in
the presence of major downregulators of EAP, such as
proinflammatory cytokines or oxidative stress [41, 42].

Transient receptor potential melastatin 7 (TRPM7) ion
channels are permeable to divalent cations Ca’" and Mg?>"
and are ubiquitously expressed in a broad range of cell and
tissue types, including ECs and kidneys [43-46]. Interest-
ingly, TRPM7 also carries a cytoplasmic kinase domain with
enzymatic activity, for which it is referred to as a chanzyme.
Although its intracellular presence has been extensively
reported [47, 48], its participation in biological processes has
been less frequently described [49]. Nevertheless, concilia-
tion of function between its channel and enzyme remains a
matter of study [47]. The role of TRPM7 in the pathogenesis
of renal vascular hyperpermeability or sepsis-induced kidney
injury has not yet been studied. Related evidence has indi-
cated that TRPM7 is overexpressed in the kidney in
ischemia-reperfusion models in vivo [50-52]. Moreover,
intrarenal delivery of shRNA against TRPM7 prevents
apoptosis, expression of fibrotic transformation marker o-
SMA, and tissue fibrosis in a mouse model of renal trans-
plantation [53]. Furthermore, TRPM7 is associated with
inflammation, apoptosis, tubulointerstitial damage, and
decreased renal function, and silencing of TRPM7 improves
injury parameters, renal histology, and function [54].
Therefore, this study aimed to elucidate the participation of
TRPM?7 in endothelial hyperpermeability induced by endo-
toxemia focusing on kidney dysfunction.

Our results showed that endotoxin increases endothelial
hyperpermeability and [Ca®*"]; through the TLR4/NOX-2/ROS/
NF-xB pathway. In addition, endotoxin was shown to down-
regulate VE-cadherin expression, compromising monolayer
integrity and enhancing hyperpermeability. Moreover, TRPM7
expression was shown to be induced by endotoxemia, which is
mediated through the TLR4/NOX-2/ROS/NF-xB pathway.
Interestingly, specific suppression and pharmacological inhi-
bition of TRPM7 inhibited endothelial hyperpermeability and
attenuated Ca>" overload in ECs exposed to endotoxin.
Remarkably, in vivo experiments performed in endotoxemic
animals showed that specific expression suppression and
pharmacological inhibition of TRPM?7 inhibited renal vascular
hyperpermeability, preventing kidney dysfunction, and
improved survival by 2040% in endotoxemic animals.

Overall, our results contribute to the understanding of the
molecular bases of endotoxemia-induced vascular hyper-
permeability, revealing a new molecular target with sub-
stantial potential for hyperpermeability during endotoxemia,
sepsis, and other inflammatory diseases.

Materials and methods
Animals and experimental groups

Male Sprague-Dawley rats, weighing 100-120g and
~4-5 weeks old were housed in individual cages and given ad
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libitum access to food and water. Four experimental protocols,
assessing (A) vascular permeability, (B) renal function, (C)
survival, and (D) inflammation, were approved by the Com-
mission of Bioethics and Biosafety from Universidad Andres
Bello. Rats were separated into four groups with concurrent
experimental conditions for the four protocols:

Group 1: Carvacrol vehicle- or adenovirus (AdV) vehicle-
treated sham endotoxemia group. Rats were subjected to two
24 h spaced injections of carvacrol vehicle (i.p.) or AdV
vehicle (i.v.) in 300 uL boluses. After 30 min, rats were
injected i.p. with 300 uL sterile saline solution (n =6 for
each protocol, except for protocol C, for which n = 10).

Group 2: Carvacrol- or AdVg,trpm7-treated sham endo-
toxemia group. Rats were subjected to two 24 h spaced
injections of carvacrol (40 mg/kg, i.p.) or AdVgrpm7 (3 X
10'° viral particles, i.v.) in 300 uL boluses. After 30 min, rats
were injected i.p. with 300 uL sterile saline solution. (n =6
for each protocol, except for protocol C, for which n = 10).

Group 3: Carvacrol vehicle- or AdV vehicle-treated
endotoxemic group. The rats were subjected to two 24 h
spaced injections of carvacrol vehicle (i.p.) or AdV vehicle
(i.v.) in 300 uL boluses. After 30 min, rats were injected
with LPS (20 mg/kg, i.p.). (n = 6 for each protocol, except
for protocol C, for which n = 10).

Group 4: Carvacrol- or AdVg,rpm7-treated endotoxemic
group. The rats were subjected to two 24 h spaced injections
of carvacrol (40 mg/kg, i.p.) or AdVgtrpm7- (3 X 10" viral
particles, i.v.) in 300 uL boluses. After 30 min, rats were
injected with LPS (20 mg/kg, i.p.). (n = 6 for each protocol,
except for protocol C, for which n = 10).

For vascular permeability analyses (experimental proto-
col A), 24h after induction of endotoxemia, or sham
endotoxemia, rats were subjected to the in vivo permeability
assay (detailed below).

For renal function analyses (experimental protocol B),
24 h after induction of endotoxemia, or sham endotoxemia,
rats were anesthetized with isoflurane and whole blood was
collected via i.c. puncture.

For survival observations (experimental protocol C), 12,
24, 36, 48, 60, and 72 h after induction of endotoxemia, or
sham endotoxemia, rats were inspected visually. After 72 h,
surviving animals were euthanized by isoflurane overdose.

For inflammation analyses (experimental protocol D),
24 h after induction of endotoxemia, or sham endotoxemia,
rats were anesthetized with isoflurane, whole blood was
collected via i.c. puncture, and kidneys were harvested for
histologic observation.

AdV production and infection
For complementary alignment, the primers (FWR: 5'-T

CGAGGCACCTTTATATCATTATTCAAGAGATAATG
ATATAAAGGTGCCTTTTT-3'
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REV: 5-GAAAAAGGCACCTTTATATCATTATCTC
TTGAATAATGATATAAAGGTGCC-3") were diluted to
100 uM in a buffer solution containing (in mM) 50 NaCl, 10
Tris-HCI, 10 MgCl, and 10 pg/ml BSA, pH 7.9 and incu-
bated at 95°C for 5Smin followed by 3h incubation at
25°C. The shRNA was then subcloned into the
pShuttleU6 vector (a kind gift from Ronald Kahn, Addgene
plasmid # 13428) using Xbal and Sall (New England
Biolabs). The adenoviral vectors were generated using the
AdEasy system as described previously [55]. Briefly,
homologous recombination was carried out by electro-
poration of BJ5183 cells (Agilent Technologies) with Pmel
linearized DNA (pAD/RFP AdV) was used as control.
Recombinant adenoviral plasmids were digested with Pacl
(New England Biolabs) and transfected into AdHEK293
cells with Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s guidelines. Following
observation of cytopathic effects (CPEs; 14-21 days),
the cells were scraped and subjected to four freeze-thaw
cycles in a dry-ice methanol bath. The resulting supernatant
was used to infect a 10cm dish of 70% confluent
AdHEK?293 cells. Following observation of CPEs
after 57 days, viral particles were purified and expanded by
infecting four plates of AdHEK293 cells. For in vitro
infection: the AdV dose contained 1x 10% viral particles
added to cultured ECs (for in vitro specificity and efficiency
experiments see Supplementary Fig. S1). For in vivo
infection, AdVg,trpm7 Was administered i.v. The AdV dose
contained 3 x 10'" viral particles injected in a 300l
volume. (For in vivo specificity and efficiency experiments
see Supplementary Fig. S2.)

EC line culture

HUVEC-derived EC line EA.hy926 was obtained from
ATCC (CRL-2922, Manassas, VA) and cultured at 37 °C in
a 5%:95% COs:air atmosphere in DMEM-low glucose
(GIBCO, USA) supplemented with 10% FBS, 2 mM glu-
tamine, and 50 U/ml penicillin-streptomycin (Sigma-
Aldrich, St. Louis, USA). Experiments were performed in
serum-reduced media (1% FBS) and cells were cultured in
1% FBS 24 h before experiments.

Small interfering RNAs (siRNAs) and transfections

SiGENOME SMARTpool siRNA (four separated siR-
NAs) against TRPM7, TLR4, NOX-1, NOX-2, and
NOX-4, and a control siRNA (nontargeting siRNA) was
purchased from Dharmacon (Dharmacon, Lafayette,
CO). In brief, cells were plated overnight in 24-well
plates and then transfected with 5 nmol/L siRNA using
DharmaFECT 4 transfection reagent (Dharmacon)
according to manufacturer guidelines in serum-free
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medium for 6 h. Experiments were performed 24-48 h
after transfection.

In vitro permeability assay

ECs were cultured to full confluency for 24 h on gelatin-
coated Boyden chamber mounted inside the wells of
24-well plates (Transwells, Costar Transwell, 0.4 pm pore
size, 12-mm diameter, Corning Inc., New York, USA). In
indicated experiments confluent monolayers were treated
for 1 h with CLI-095 (10 uM), DPI (5 uM), Apo (10 mM),
NAC (5mM), GSH (1 mM), SC3060 (5uM), carvacrol
(100 uM), 2-APB (10-150 uM), Gd>* (10 pM), and Zn>*
(10 uM). Then, without interrupting treatment, indicated
experiments were added endotoxin (0, 10, 20, 35, and
50 pg/ml LPS) for 3 days. Then, FITC-dextran 40 kDa
(0.5 mg/ml, Sigma-Aldrich, St. Louis, USA) was added to
the chamber. After 90 min of incubation, a 50 ul sample
was taken from the plate well and fluorescence was
measured using a fluorescence plate reader (excitation
485nm, emission 520nm). Alternatively, cells were
transiently transfected with specific siRNA or nontarget-
ing siRNA in separate plates (for efficiency and specificity
experiments see Fig. 3a and Supplementary Fig. S1).
Twelve hours post transfection, cells were cultured to full
confluency on gelatin-coated transwells for 24 h. Then, in
indicated experiments, confluent monolayers were added
endotoxin, and permeability was measured as described
above. Results are expressed as normalized permeability
compared with control group.

In vivo permeability assay

Rats from experimental protocol A were anesthetized with
isoflurane and injected with Evans blue dye (EBD, 80 mg/
kg, i.v.) for 10 min. EBD binds to circulating plasma pro-
teins and extravasates to tissue parenchima at sites of
increased vascular permeability. Then, rats were euthanized
and perfused with saline solution via the left ventricle to
wash excess intravascular dye. Inner abdominal wall was
removed and washed in cold saline solution and immedi-
ately documented using a wide zoom stereo microscope
(Olympus SZX16). Left kidney was removed, washed in
cold saline solution, snap-frozen using liquid nitrogen vapor
phase, and stored at —80 °C until histological processing.
Right kidney was removed and washed in cold saline
solution. Both, right kidney and inner abdominal wall, were
gently dried using a paper towel, weighted, and prepared for
EBD extraction following a modification of protocols
described elsewhere [56-58]. Briefly, inner abdominal
wall and right kidney were weighted and homogenized
using a tissue homogenizer (OMNI international, Kenne-
saw, GA, USA) with 100% trichloroacetic acid in a 1:1 or

1:2 (mg:ml) proportion, respectively. Homogenates were
centrifuged at 4180 x g for 36 min and supernatant optical
density was determined spectrophotometrically at 630 nm
using microplate reader ELx800 (BioTek Instruments
Winooski, VT, USA).

Plasma measurements of kidney markers
dysfunction

Blood collected from animals from experimental protocol B
was immediately centrifuged at 4000 rpm for 10 min at 4 °C
to separate the plasma, which was then used to measure
kidney dysfunction. Plasma levels of creatinine (CRE) and
blood urea nitrogen (BUN) were measured using the Pic-
colo Xpress Chemistry Analyzer, General Chemistry, 13
panel (Abaxis, CA, USA), according to the manufacturers’
instructions.

Measurement of circulating cytokines

Blood collected from animals from experimental protocol D
was immediately centrifuged at 4,000 rpm for 10 min at 4 °
C to separate the plasma, which was then used to measure
cytokines. TNF-a, IL-1p, and IL-6 were measured with an
enzyme-linked immunosorbent assay (ELISA) according to
instructions by the manufacturer (R&D Systems Inc.,
MN, USA).

Western blot

Whole-cell proteins from cells treated with endotoxin (20
pg/ml) or vehicle were extracted in cold lysis buffer.
Supernatants were collected and stored in the same lysis
buffer. Protein extracts and supernatants were subjected to
SDS-PAGE, and resolved proteins were transferred to a
nitrocellulose or PVDF membrane. Blocked membranes
were incubated with primary antibody against VE-cadherin,
TRPM7, or tubulin, washed twice, and incubated with
corresponding HRP-conjugated secondary IgG antibody.
For a detailed list of antibodies used in western blot
experiments see Supplementary Table S1. Immunoreactive
bands were detected using enhanced chemiluminescence
(Bio-Rad, CA) and images were acquired using Fotodyne
FOTO/Analyst Luminary Workstations Systems (Fotodyne,
Inc., Hartland, WI). Protein content was determined by
densitometric scanning of immunoreactive bands, and
intensity values were obtained by densitometry of indivi-
dual bands normalized against tubulin.

Measurement of [Ca®'];

After treatments or transfections, ECs were washed with
Hank’s solution, and then incubated for 30 min at 37 °C in
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the dark in the presence of 3 uM Fura-2-acetoxymethyl ester
(Fura-2AM; Molecular Probes). Loaded cells were then
washed twice with Hank’s solution and placed in a perfu-
sion chamber on the stage of an inverted microscope
(Olympus IX-81, UPLFLN 40XO 40 x /1.3 oil-immersion
objective). Ca>" concentration was determined by measur-
ing Fura-2AM emission after excitation at 380 and 340 nm.
Measured ratios were calibrated against standard solutions
(Invitrogen) of known Ca®" concentration as described
previously [59-61].

Preparation for histological observation

Right kidneys from animals from experimental protocol
A were embedded in O.C.T. compound (Tissue-Tek, Sakura
Finetek, CA) and 60pum sections were obtained using a
microtome-cryostat. Sections were mounted on positively
charged slides and documented at low magnification using a
wide zoom stereo microscope (Olympus SZX16).

Both kidneys from animals from experimental protocol D
were fixed in PBS-buffered 4% formalin, washed, dehydrated
in ethanol, cleared in xylene, embedded in paraffin, and 4 um
sections were obtained using a rotary microtome. Sections
were mounted on positively charged slides, rehydrated,
stained using Harris’ hematoxylin and 5% eosin Y, dehy-
drated, mounted using a hydrophobic mounting medium,
inspected using an upright light microscope, and documented
using a mounted USB camera (Moticam 2300, Motic).

Reagents and inhibitors

The following reagents and inhibitors were used: LPS
from Escherichia coli (O127:B8, Sigma-Aldrich, St.
Louis, USA), TLR4 inhibitor (CLI-095, InvivoGen, San
Diego, CA), Fluo-4 (Invitrogen), FITC-dextran (TdB
Consultancy, Uppsala, Sweden), NF-kB inhibitor SC3060
(Santa Cruz Biotechnology), NAD(P)H oxidase inhibitors
diphenyleneiodonium (DPI, Sigma-Aldrich, St. Louis,
USA) and apocynin (Apo, Sigma-Aldrich), cell permeable
antioxidant N-Acetylcysteine (NAC, Tocris), reduced
form of glutathione (GSH, 1 mM, Sigma-Aldrich), and
TRP channel blockers carvacrol (Sigma) and 2-APB
(Calbiochem, CA, USA). Buffers and salts were pur-
chased from Merck Biosciences.

Data analysis

All results are presented as mean + SD. Statistical differ-
ences were assessed using one-way analysis of variance
(ANOVA) (or nonparametric Kruskal-Wallis) followed
by Dunn’s post hoc test or two-way ANOVA followed
by Tukey’s post hoc test. Differences were considered
significant at p <0.05. See the figure legends for specific

SPRINGER NATURE

test used. Plasma measurements were performed by
one-way ANOVA (Kruskall-Wallis) followed by Dunn’s
post test. Log-rank tests were used to determine
survival rates.

Results

Endotoxin induces endothelial hyperpermeability
through a mechanism mediated by the TLR4/NOX/
ROS/NF-kB pathway

First, we investigated whether endotoxin can induce endo-
thelial hyperpermeability. Therefore, EC monolayers were
exposed to endotoxin (0-50 pg/ml), and permeability was
analyzed at 24 h. The endotoxin dose range did not change
cell viability (Supplementary Fig. S3). The endotoxin pro-
moted a dose-dependent increase in the permeability of the
monolayer (Fig. 1a) and a dose-dependent decrease in VE-
cadherin expression level in ECs that constituted the
monolayer (Fig. 1b).

To determine whether endotoxin elicits its action through
TLR4, we performed a sequence of experiments to test how
specific TLR4 inhibitor CLI-095 was. Use of CLI-095 sig-
nificantly prevents hyperpermeability upon exposure to the
endotoxin (Fig. 1c). Use of a blocking antibody against TLR4
prior to incubation with endotoxin prevented endothelial
hyperpermeability as well (Supplementary Fig. S4a). Trans-
fection of ECs with a siRNA against TLR4 (siTLR4 down-
regulation efficiency >90%, Supplementary Fig. S4b)
prevented hyperpermeability as significantly as CLI-095
(Supplementary Fig. S4c). These results, in accordance with
reports published previously [62-64], strongly suggest that
CLI-095 significantly hinders endotoxin signaling by speci-
fically inhibiting TLR4. This receptor exerts its action through
the NOX/ROS signaling pathway. Therefore, we incubated
ECs with the NOX inhibitors DPI and apocynin and then
exposed ECs to the endotoxin. Both DPI (Fig. 1d) and
apocynin (Fig. le) effectively prevented hyperpermeability
upon exposure to the endotoxin.

To determine the specific participation of endothelial NOX
isoforms, we performed experiments using siRNA against
isoforms NOX-1, NOX-2, and NOX-4 [12, 65, 66]. The results
showed that EC transfection with siRNA against NOX-2 pre-
vented hyperpermeability upon exposure to the endotoxin
(Fig. 1g). In contrast, EC transfection with siRNAs against
NOX-1 (Fig. 1f) and NOX-4 (Fig. 1h) failed to prevent
hyperpermeability upon exposure to the endotoxin. Therefore,
NOX-2, but not NOX-1 or NOX-4, participates in endotoxin-
induced endothelial hyperpermeability.

To evaluate the participation of oxidative stress, we exposed
EC monolayers to the antioxidant agent NAC and the reducing
molecule GSH. Both molecules significantly prevented
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Fig. 1 Endotoxin induces endothelial hyperpermeability through a
mechanism mediated by TLR4/NOX/ROS/NF-kB pathway. a Endo-
toxin increases EC monolayer permeability. ECs were exposed to
endotoxin (0, 10, 20, 35, and 50 ug/ml) for 24 h and endothelial per-
meability to FITC-dextran was analyzed. (N = 8). b Endotoxin induces
a decrease in VE-cadherin expression. ECs were exposed to endotoxin
(0, 10, 20, 35, and 50 pg/ml) for 24h and VE-cadherin protein
expression was analyzed. Protein levels were normalized against
tubulin. Data are expressed relative to control (N =5). ¢~k Endotoxin
induces endothelial hyperpermeability through the TLR4/NOX/ROS/
NF-xB pathway. ECs were preincubated for 1h in the presence or

hyperpermeability upon exposure to the endotoxin (Fig. 1i, j).
Moreover, both molecules significantly prevented hyperper-
meability induced by H,O, (Supplementary Fig. S5).

absence of TLR4 inhibitor CLI-095 (¢), NOX inhibitors DPI (d) and
apocynin (e), antioxidant agent NAC (i), reducing molecule GSH (j),
or NF-kB inhibitor SC3060 (preincubated for 6 h) (k). A different set
of ECs were transfected using siRNAs against NOX isoforms NOX-1
(f), NOX-2 (g), and NOX-4 (h). Cells were then exposed to endotoxin
(20 ug/ml) for 24 h, after which, endothelial permeability of FITC-
dextran was analyzed. (N =4-9). Results are expressed as normalized
permeability compared with control. Statistical differences were
assessed by one-way analysis of variance (ANOVA) (Kruskal-Wallis)
followed by Dunn’s post hoc test. *p <0.05, **p <0.01, ***p <0.001
against control condition. Histogram bars show mean + SD

TLR4 signaling regulates protein expression by activa-
tingNF-kB [67]. ECs were treated with NF-xB inhibitor
SC3060 and then exposed to the endotoxin. Treatment with
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Fig. 2 Endotoxin-induced
endothelial hyperpermeability is
reduced by TRPM?7 ion channel
inhibitors. ECs were
preincubated for 1 h in the
presence or absence of TRPM7
inhibitors carvacrol (a), 2-APB
(b), Gd*" (¢), and Zn** (d), and
exposed to endotoxin (20 pg/ml)
for 24 h, after which, endothelial
permeability to FITC-dextran
was analyzed. Results are
expressed as normalized
permeability compared with
control. EC [Ca*'),
measurements in the presence or
absence of TRPM?7 inhibitors
carvacrol, 2-APB (e), Gd**, and
Zn** (f); TLR4 and NOX
inhibitors CLI-095, DPI,
apocynin (g), NOX isoforms
suppressors siNOX1, siNOX2,
and siNOX4 (h), NAC, GSH (i);
or NF-kB inhibitor SC3060

(j) under endotoxic or control
conditions. Ca®* concentrations
were determined by measuring
Fura-2 emission after excitation
at 380 and 340 nm. Measured
ratios were calibrated against
standard solutions of known
Ca®" concentration. Statistical
differences were assessed by
one-way analysis of variance
(ANOVA) (Kruskal-Wallis)
followed by Dunn’s post hoc
test. **p <0.01, against control
condition. Histogram bars show
mean + SD (N = 4-8)

SC3060 significantly prevented hyperpermeability upon
exposure to the endotoxin (Fig. 1k). Therefore, these results
suggest that the TLR4/NOX-2/ROS/NF-xB intracellular
signaling pathway mediates endotoxin-induced endothelial

hyperpermeability.
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TRPM7 mediates endotoxin-induced endothelial

hyperpermeability

We investigated the participation of TRPM7 in endotoxin-
induced endothelial hyperpermeability by analyzing the
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Fig. 3 TRPM7 mediates endotoxin-induced endothelial hyperperme-
ability. a Downregulation of TRPM7 expression by siRNA. ECs were
transfected with specific siRNA against human TRPM7 (siTRPM7) or
nontargeting siRNA (siNT). b TRPM7 mediates endotoxin-induced
endothelial hyperpermeability. ECs transfected with siTRPM7 or
siNT, or nontransfected cells, were exposed to endotoxin (20 pg/ml)
for 24 h and endothelial permeability to FITC-dextran was analyzed. ¢
Endotoxin increases TRPM7 protein expression. ECs were exposed to
endotoxin (0, 10, and 20 pg/ml) for 24 h and TRPM?7 protein expres-
sion was analyzed. d siTRPM?7 or siNT, or nontransfected EC [Ca2+]i
measurements under endotoxic or control conditions. Endotoxin

effect of the TRPM7 inhibitors carvacrol [68-70] and 2-
APB [71, 72]. Treatment of EC monolayers with carvacrol
(Fig. 2a) or 2-APB (Fig. 2b) prevented hyperpermeability
upon exposure to the endotoxin. Similar results were
observed using the nonspecific TRPM7 inhibitors Gd*"
(Fig. 2¢) and Zn*" (Fig. 2d) [44, 73, 74].

As we have reported previously [33], endotoxin induces
a ~2.5-fold increase in [Ca’']; in ECs (Supplementary
Fig. S6). Thus, we investigated whether TRPM?7 inhibitors
were able to inhibit the endotoxin-induced [Ca“]i increase
by loading attached ECs with calcium-sensitive fluorescent
indicator Fura-2AM. Carvacrol and 2-APB (Fig. 2e) sig-
nificantly prevented the increase in [Ca*"]; induced after
exposure to the endotoxin. A similar effect was observed
when the cells were treated with Gd*" and Zn** (Fig. 2f).
Interestingly, the TLR4 inhibitor CLI-095 and the NOX
inhibitors DPI and apocynin were all effective in preventing
the increase in [Ca>*]; induced after exposure to the endo-
toxin (Fig. 2g). In addition, NOX-2, but not NOX-1 or
NOX-4, mediated the increase in [Ca’']; induced after
exposure to the endotoxin (Fig. 2h). Similarly, NAC and
GSH also prevented the increase in [Ca2+]i induced after

increases TRPM7 protein expression through TLR4/NOX/ROS/NF-
kB pathway. ECs were preincubated for 1 h in the presence or absence
TLR4 inhibitor CLI-095 (e), NOX inhibitor DPI (f), antioxidant agent
NAC (g), or NF-xB inhibitor SC3060 (h), then exposed to endotoxin
(20 pg/ml) for 24 h, and processed for TRPM7 protein expression
analysis. Protein levels were normalized against tubulin, and the data
are expressed relative to nontransfected cells. Statistical differences
were assessed by one-way analysis of variance (ANOVA)
(Kruskal-Wallis) followed by Dunn’s post hoc test. *p <0.05, **p <
0.01, ***p<0.001 against control condition. Histogram bars show
mean + SD (N = 3-6)

exposure to the endotoxin (Fig. 2i). In addition, the NF-xB
inhibitor SC3060 prevented the increase in [Ca“]i induced
after exposure to the endotoxin (Fig. 2j). These results
suggest that TRPM7 activity mediates the increase in [Ca*"]
i induced by the endotoxin, which is mediated by the TLR4/
NOX-2/ROS/NF-kB signaling pathway.

Next, we applied an experimental strategy using mole-
cular biology approaches to downregulate TRPM7 expres-
sion and investigated whether this ion channel is involved in
endotoxin-induced endothelial hyperpermeability. We used
a specific siRNA targeting the human isoform of TRPM7
(siTRPM7). The siRNA downregulation efficiency was
>90% compared with ECs transfected with a nontargeting
siRNA sequence used as control (siNT) (Fig. 3a). Further-
more, sSiTRPM7 did not affect the expression of the TRPM7
homologues TRPM2 and TRPM6 (Supplementary Fig. S7).
After exposure to the endotoxin, siNT-transfected EC
monolayers showed similar permeability characteristics to
nontransfected monolayers (Fig. 3b). Notably, siTRPM7
transfection prevented endothelial hyperpermeability upon
exposure to the endotoxin, indicating that TRPM7 is a key
factor that mediates endothelial permeability (Fig. 3b).
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We previously reported that the TRPM7 expression level
increases upon endotoxin challenge in hippocampal neurons
[73]. Our results showed that TRPM?7 expression level also
increased in ECs when they were exposed to the endotoxin
(Fig. 3c). Interestingly, TRPM7 suppression significantly
attenuated the increase in [Ca2+]i induced by the endotoxin
(Fig. 3d). Next, we investigated whether the TLR4/NOX/
ROS/NF-kB intracellular signaling pathway is involved in
the increased expression level of TRPM?7 induced by the
endotoxin. Treatment of ECs with CLI-095 (Fig. 3e), DPI
(Fig. 3f), NAC (Fig. 3g), and SC3060 (Fig. 3h) prevented
the increase in TRPM7 expression levels induced by
endotoxin. Therefore, these results suggest that the TLR4/
NOX/ROS/NF-«B intracellular signaling pathway mediates
the increase in TRPM?7 expression levels induced by
endotoxin.

TRPM7 activity inhibition and suppression of TRPM7
expression decrease renal vascular
hyperpermeability during endotoxemia

Endotoxin administration was effective in inducing changes
that were concordant with the accepted criteria for the
diagnosis of severe sepsis in humans [75, 76]. To demon-
strate this, we recorded systolic blood pressure (Ps) and
heart rate (fy) of the rats 90 min after i.p. saline or endotoxin
challenge. Rats that were subjected to endotoxemia exhib-
ited a significant decrease in systolic blood pressure
(hypotension) and tachycardia compared with rats that were
injected with saline solution, indicating that the LPS treat-
ment generated hemodynamic alterations concordant with
severe sepsis (Supplementary Table S2).

To evaluate TRPM7 channel participation in renal vas-
cular permeability during endotoxemia, endotoxemic rats
were pretreated with TRPM7 pharmacological inhibitors.
Kidneys from rats treated with carvacrol (Fig. 4a, b) or 2-
APB (Supplementary Fig. S8) were significantly resistant to
vascular hyperpermeability after 24h of endotoxemia.
Interstitial accumulation of EBD was significantly increased
in extracts from endotoxemic rats compared with extracts
from vehicle-treated rats (Fig. 4a, b). Interestingly, the
accumulation of EBD showed no significant difference in
endotoxemic rats treated with carvacrol (Fig. 4a, b) or 2-
APB (Supplementary Fig. S8) alone.

To directly analyze the role of TRPM7 in regulating
endothelial permeability during endotoxemia, we performed
loss-of-function studies. Because TRPM7 knockout leads to
early embryonic lethality [77], an AdV encoding a shRNA
specific for TRPM7 (AdVg,trpm7) Was constructed using a
strategy similar to that reported in previous study conducted
by Sun et al. [78].

First, we analyzed TRPM7 suppression by infecting cul-
tured ECs with AdV,rrpm7 and analyzing TRPM7 expression.

SPRINGER NATURE

Infection with AdVg,rrpm7, but not with control AdV encoding
for RFP (AdVgpp), downregulated TRPM7 expression with
>95% efficiency (Supplementary Fig. Sla, b). AdVgrrpm7
infection did not affect the expression of the TRPM7 homo-
logues TRPM2 and TRPM6 (Supplementary Fig. Sic). Then,
rats were injected i.v. with AdVg,trpm7 Or AdVgrgp 24 h prior to
evaluation. We found that TRPM7 protein and mRNA
expression were substantially downregulated in fresh protein
extracts from mesenteric endothelial cells (RMECs) from
AdVgrpm7-treated rats compared with AdVggp- or AdV
vehicle-treated rats (Supplementary Fig. S2a—c). Furthermore,
immunocytochemical detection in whole intact aortas extracted
from AdVgrrpm7-, AdVgpep-, or AdV  vehicle-treated rats
showed a significant decrease in the TRPM7 expression level
(Supplementary Fig. S2d). Interfering RNAs may induce acti-
vation of innate response pathways leading to an upregulation
of interferon (IFN) genes mediated by the dsRNA-dependent
protein kinase PKR [79, 80]. Analysis of IFN-f levels in
plasma samples from AdVgrrpm7-, AdVgree-, and AdV
vehicle-treated rats revealed no significant increase in IFN-f
(Supplementary Fig. S9a). Western blot analysis of RMECs
from AdVgrpm7-» AdVeep-, and AdV vehicle-treated rats
revealed no significant increase in PKR expression levels
(Supplementary Fig. SOb). Finally, we investigated whether
TRPM7 downregulation affects rat survival. Survival of
AdVgtrpm7- o AdVgpp-treated rats was not significantly dif-
ferent from AdV vehicle-treated rats in the timeframe used in
this study (not shown). Therefore, AdVy,rrpyp7 infection effi-
ciently and specifically downregulates TRPM7 without acti-
vating innate responses, inducing MODS, or affecting the
survival of infected animals.

Then, inflammatory consequences of endotoxemia and
differences after TRPM7 activity inhibition and suppres-
sion were assessed in blood and kidney tissues collected
after 24 h of endotoxemia or sham endotoxemia with or
without AdV,trpm7 Or its corresponding vehicle. Bio-
chemical quantification of circulating proinflammatory
cytokines shows that levels of TNFa, IL-1p, and IL-6 are
significantly higher in endotoxemia with respect to normal
conditions, and such rise is significantly prevented for
IL-6 under carvacrol or AdVg,trpm7 Stimulation, and for
TNF-a under AdVg,rpm7 stimulation. Consistent with
results shown in Supplementary Fig. S9, AdVgrrpm7
alone was not able to increase levels of TNFa, IL-1p, or
IL-6, significantly, and neither was carvacrol alone
(Supplementary Table S3). Microscopic examination of
the cortex shows that normal (Veh/Sal, Carvacrol/Sal, and
AdVtrpm7/Sal group) kidney histology is characterized
by well-conserved spaces defined primarily by Bowman’s
spaces, proximal and distal tubules, and collection ducts.
However, under endotoxemia (Veh/Endo group), these
spaces drastically collapse configuring swollen filtration
units with virtually no Bowman’s space and very little
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Fig. 4 TRPM7 activity inhibition and suppression of TRPM7
expression decrease endothelial hyperpermeability in kidneys during
endotoxemia. Distribution of accumulated EBD throughout interstitial
kidney territories from animals treated with carvacrol (a) or
AdVgtrpm7 (€). Quantification of EBD extracted from whole kidneys
from animals treated with carvacrol (b) or AdV,trpm7 (d). Animals
were treated with 40 mg/kg carvacrol i.p., AdVg,trpm7 V., OF corre-
sponding vehicle. Twenty-four hours later a reinforcing dose of car-
vacrol, AdVtrpm7, Or vehicle, was administered. One hour later,

distinction of the tubular structures. This swollen picture
is significantly reversed by treating animals with carvacrol
or AdVgtrpm7 (Supplementary Fig. S10). Interestingly,
no morphologic impression of apoptosis or necrosis were
found, and no significant differences in leukocyte infil-
trates throughout the cortex could be observed for any of
the experimental groups.
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animals were injected with 20 mg/kg LPS or saline solution i.p. to
induce endotoxemia. Twenty-four hours later, rats were anesthetized
and assayed for endothelial permeability in vivo. Kidneys were har-
vested and processed for EBD extraction. EBD content was normal-
ized to total sample weight. Statistical differences were assessed by
one-way analysis of variance (ANOVA) (Kruskal-Wallis) followed by
Dunn’s post hoc test. *p <0.05, against control condition. Histogram
bars show mean +SD (N =6 per group). Scale bar = 0.5 cm. Image
alterations: only background was removed

Next, we investigated the specific participation of
TRPM7 in renal vascular permeability during endotoxemia.
Rats were injected i.v. with AdVg,trpMm7 OF the AdV vehicle.
Twenty-four hours later, a second dose of AdVg,trpm7 OF
the AdV vehicle was administered, and endotoxemia was
induced by injecting 20 mg/kg LPS i.p. Twenty-four hours
later, renal vascular permeability was analyzed. Kidneys
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from AdVg,rrpm7-treated rats were significantly resistant to
vascular hyperpermeability after 24h of endotoxemia
(Fig. 4c, d). Interstitial accumulation of EBD was sig-
nificantly increased in extracts from endotoxemic rats
compared with extracts from AdV vehicle-treated rats
(Fig. 4c, d). Remarkably, the accumulation of EBD showed
no significant difference in endotoxemic rats infected with
AdV,rpmy (Fig. 4c, d). Similar results were observed in
control rats that were only infected with AdV g, trpm7-

TRPM?7 activity inhibition and suppression of TRPM7
expression protect against kidney dysfunction
during endotoxemia

During sepsis and endotoxemia kidney function is severely
compromised [34-36]. Therefore, we evaluated the effect of
carvacrol or AdVgrrpm7 on rat kidney function during
endotoxemia. Blood analysis of rats treated with carvacrol
(Fig. 5a, b) or injected with AdV,trpm7 (Fig. Sc, d) showed
no significant changes in the levels of CRE and BUN after
24 h of endotoxemia, whereas changes in these markers of
kidney dysfunction were significantly different in endo-
toxemic rats treated with the vehicle solutions. Interestingly,
treatment with carvacrol or injection of AdVyrpv7 alone
did not significantly affect the CRE or BUN levels (Fig. 5).

TRPM7 activity inhibition and suppression of TRPM7
expression increase survival against endotoxemia

To investigate the potentially beneficial effects of inhibiting or
suppressing TRPM7, we analyzed the effects of carvacrol
(Fig. 6a) or AdVgrpm7 (Fig. 6b) on endotoxemic animal
survival over 72h. A deleterious effect of endotoxemia was
observed with 80% lethality at 72h (Fig. 6). Remarkably,
inhibition of TRPM7 with carvacrol decreased endotoxemia
lethality by 20% (60% survival; p = 0.0324 compared with the
vehicle-treated group, Fig. 6a), while suppression of TRPM7
with AdVgrpmy decreased endotoxemia lethality by 40%
(40% survival, p=0.0122 compared with the AdV vehicle-
treated group, Fig. 6b).

Discussion

Endothelial hyperpermeability is a key phenomenon that
predisposes septic patients to vascular leakage and edema.
The accumulation of interstitial fluids impairs organ func-
tion by increasing interstitial pressure and compromising
microvascular perfusion [81, 82]. This leads to a decrease in
effective volume and blood pressure, dramatically increas-
ing the risk of death [83]. Therefore, endothelial hyper-
permeability is not merely a side effect of sepsis, but rather
a major contributor to its morbidity and mortality [84].
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Fig. 5 TRPM7 activity inhibition and suppression of TRPM7
expression protect against kidney dysfunction during endotoxemia.
Serum creatinine and blood urea nitrogen were measured in animals
treated with carvacrol (a, b), AdVgrpm7 (€, d), or corresponding
vehicle. Statistical differences were assessed by two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test. *p <0.05,
*#%p < (0.001 against Veh/Sal condition. Histogram bars show mean +
SD (N = 6 per group)

Acute kidney injury is a frequent and serious complication
during sepsis. Renal dysfunction occurs through complex
mechanisms that involve upregulation of proinflammatory
chemokines [85-87], enhanced immune response [87, 88],
oxidative stress [86, 88, 89], increased renal vascular resistance
[88], decreased mean arterial pressure [86, 88], loss of
hemostasis toward coagulation [90], reduced capillary flow
[85, 86, 88], hypoxia [85], and apoptosis [8§7-89], among
several others factors. In that complex scenario, renal vascular
permeability likely reflects the physiological condition of ECs
in the kidney.

While overexpression of TLR4/NOX-2/ROS/NF-kB in
ECs under endotoxin stimulation has been demonstrated
previously [12, 91, 92], its participation in functional
endothelial permeability assays has remained elusive until
now. Our results showed that a signaling pathway invol-
ving TLR4/NOX-2/ROS/NF-kB leads to monolayer
compromise, potentially serving as the basis for renal
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Fig. 6 Survival against endotoxemia is increased by carvacrol treat-
ment and AdVg,trpm7 administration. Kaplan—Meier curves depicting
72h survival after ip. administration of 20 mg/kg LPS or saline
solution to animals treated with carvacrol (a), AdVgrpm7 (b), or
corresponding vehicle. Statistical differences were assessed by two-
way analysis of variance (ANOVA) followed by Bonferroni’s post hoc
test. *3¥p < 0.05, against Veh/Sal condition. (N = 6). *p < 0.05, against
Veh/Sal condition. (N = 10 per group)

vascular permeability leading to sepsis-induced kidney
injury. Recent evidence has shown that the protein
expression levels of TLR4 and NF-kB in kidneys are
increased [87, 89]. Moreover, studies have also reported
increased protein expression levels of IL-6, IL-1p, TNF-a,
CCL2, and IL-10 in kidneys [87], the presence of
inflammatory infiltration [87], and increased markers of
oxidative stress [89], all of which cooperate in the
pathogenesis of kidney injury during sepsis.

Serial use of inhibiting drugs/elements enables the
identification of potential ion channels involved in

endotoxin-induced Ca®" overload and endothelial hyper-
permeability. While Zn2+, Gd3+, and 2-APB, have the
broadest impact on ion channels (from voltage-gated to a
myriad of other TRP members [93], carvacrol, exerts its
effect only on TRPV3 and TRPM7. Carvacrol activates
TRPV3 [94] and inhibits TRPM7 [68-70] at concentrations
of ~500uM. Carvacrol-treated ECs failed to increase
[Ca2+]i after endotoxin stimulation. Therefore, it is unlikely
that carvacrol stimulates Ca>" overload via TRPV3 acti-
vation. Conversely, carvacrol significantly attenuated the
increase in [Ca>"]; in ECs challenged with the endotoxin.
Therefore, it is likely that carvacrol exerts its effect through
the inhibition of TRPM7.

A recent and comprehensive study demonstrated that
TRPC6 knockout prevented lung endothelial hyperper-
meability ex vivo and in vivo, and even reduced mortality
up to 70% after endotoxin challenge [95]. While pointing
to a different TRP channel, these observations may be
complementary with our results. Considering that neither
TRPC6 nor TRPM?7 suppression was sufficient to abolish
endotoxin lethality, it seems plausible that different TRP
members regulate vascular permeability in an organ/tis-
sue-specific manner. Furthermore, it was reported that
salvianolic acid B-induced TRPM6 and TRPM7 decrease
showed lessened acute lung injury in endotoxemic rats
[96], suggesting that several TRP members could parti-
cipate regulating organ failure in lungs. Further experi-
ments are required to elucidate this hypothesis.
Remarkably, a thorough study using macrophages from
endotoxin-challenged TRPM7-deficient mice described
that TRPM7 participates in TLR4/NF-xB signaling,
mediates intracellular Ca?" overload, and enables the
expression of inflammatory cytokines [49]. This is con-
gruent with another study using an in vivo model of
ischemia/reperfusion-related injury, in which it was
shown that TRPM7 silencing decreased serum markers of
inflammation, apoptosis, tubulointerstitial damage, and
renal dysfunction [54]. These observations are consistent
with our results and iteratively suggestive of the strong
participation of TRPM7 in mediating kidney injury during
an inflammatory systemic insult. Nevertheless, presence
and activity of TRPM7 is likely not the only reason for
endothelial damage and/or organ dysfunction, and may
constitute only a part of the constellation of factors con-
tributing to the development of kidney injury and sys-
temic responses during sepsis. A compromise of the
endothelial barrier during sepsis has been further evi-
denced by increased EBD-albumin extravasation and
accumulation in the kidney estroma [85-88, 97, 98] and
systemically by increased levels of BUN and CRE [85-
87], reduced clearance of inulin [88], and the presence of
albuminuria [97, 99, 100]. Particularly, renal vascular
permeability may be enhanced by EC glycocalyx
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degradation. In fact, renal corpuscle damage, reduced
syndecan-1 and HA content in renal corpuscles, reduced
expression of glomerular sialic acids [101], and increased
levels of circulating essential glycocalyx components
have been observed during sepsis [102]. Since the EC
glycocalyx acts by limiting leukocyte adhesion [103],
exacerbated corpuscle inflammatory infiltrates [87] and
the inflammatory microenvironment [89] are clear com-
ponents that deteriorate barrier function. This is consistent
with our findings regarding the inflammatory con-
sequences of endotoxemia. After 24 h of endotoxemia,
there is a significant rise in circulating levels of proin-
flammatory cytokines (Supplementary Table S3) accom-
panied by morphological changes in the renal cortex
(Supplementary Fig. S10) likely contributing to kidney
loss-of-function at a physiological level. Moreover,
microscopic inspection of the renal cortex from normal
and endotoxemic rats showed no significant differences in
leukocyte infiltrates in glomeruli or the tubule system
(Supplementary Fig. S10). Therefore, both AdV,trpm7
and carvacrol showed capable of preventing biochemical
and morphological features of inflammation 24 h after
endotoxemia was induced, further highlighting the
important role of TRPM7 during endotoxemia, especially
in the kidney.

Overall, our results showed that under endotoxin stimu-
lation, TRPM7 mediates EC Ca’" overload, TLR4/NOX-2/
ROS/NF-xB activation, VE-cadherin downregulation, and
vascular monolayer disruption. In vivo, under endotoxemia,
TRPM7 mediates renal vascular hyperpermeability, kidney
dysfunction, and enhanced organism mortality. Therefore,
TRPM?7 is a remarkable molecular target for the regulation
of renal vascular hyperpermeability during endotoxemia
and sepsis, making pharmacological and clinical investiga-
tion of this target a potentially productive effort to benefit
critically ill patients.
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