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The effect of hypoxia and reoxygenation in the response of
mesangial cells to angiotensin Il in vitro

Efeito da hipdxia e reoxigenacao na resposta a angiotensina Il em

células mesangiais in vitro

ABSTRACT

Introduction: Mesangial cells (MC) may
be involved in the glomerular alterations
induced by ischemia/reperfusion injury.
Objective: To evaluate the response of
immortalized MC (IMC) to 30 minutes
of hypoxia followed by reoxygenation
periods of 30 minutes (H/R, ) or 24 hours
(H/R,,). Methods: The intracellular cal-
cium concentration ([Ca’*]i) was mea-
sured before (baseline) and after adding
angiotensin II (AIl, 10° M) in the pres-
ence and absence of glybenclamide (K, ,
channel blocker). We estimated the level
of intracellular ATP, nitric oxide (NO)
and PGE,. Results: ATP concentration de-
creased after hypoxia and increased after
reoxygenation. Hypoxia and H/R induced
increases in basal [Ca*?]i. AIl induced in-
creases in [Ca*?]i in normoxia (97 = 9%),
hypoxia (72 + 10%) or HR, (85 = 17%)
groups, but there was a decrease in the
response to All in group H/R,, since the
elevation in [Ca*?]i was significantly low-
er than in control (61 = 10%, p < 0.05).
Glybenclamide did not modify this re-
sponse. It was observed a significant in-
crease in NO generation after 24 hours of
reoxygenation, but no difference in PGE,
production was observed. Data suggest
that H/R injury is characterized by in-
creased basal [Ca*?]i and by an impairment
in the response of cells to AIl Results sug-
gest that the relative insensibility to AIl
may be at least in part mediated by NO
but not by prostaglandins or vasodilator
K, channels. Conclusion: H/R caused
dysfunction in IMC characterized by in-
creases in basal [Ca*?]i during hypoxia
and reduction in the functional response
to Al during reoxygenation.

Keywords: acute kidney injury, angio-
tensin II, cell culture techniques, cellular
hypoxia.

Resumo

Introducgao: Células mesangiais (CM) po-
dem estar envolvidas na lesio glomerular
induzida por hipoxia/reperfusio (H/R).
Objetivo: Avaliar a resposta de CM
imortalizadas (CMI) a hipoxia por 30 mi-
nutos seguida de reoxigena¢io por 30
minutos (H/R,) ou 24 horas (H/R,,).
Meétodos: Concentracgdo de calcio intracelu-
lar ([Ca?*]i) foi avaliada antes (basal) e apds
a adicao de angiotensina II (AIL, 10° M),
na presenca e na auséncia de glibenclamida
(bloqueador de canais K, ). Foram estima-
dos o nivel de ATP intracelular, de 6xido ni-
trico (NO) e de PGE,. Resultados: Nivel de
ATP diminuiu apds hipéxia e aumentou
ap0s a reoxigenacdao. H/R induziu aumento
na [Ca*?]i basal. A All elevou a [Ca*]i nas
condi¢oes de normoxia (97 = 9%), hipoxia
(72 £ 10%) ou HR,, (85 = 17%), porém
no grupo H/R,,, houve diminui¢do signi-
ficativa na resposta a All, uma vez que a
elevacio da [Ca?*]i foi mais baixa do que
no controle (61 = 10%, p < 0,05). Gliben-
clamida nio alterou esta resposta. Houve
um aumento significativo na geracao de
NO apods 24 horas de reoxigenacio, mas
nio foi observada nenhuma diferenca na
producao de PGE,. Os dados indicam que
a injuria celular causada pela hipoxia/reo-
xigenacao € caracterizada pelo aumento na
[Ca?*]i basal e por uma diminui¢do na rea-
tividade celular a AIL Resultados sugerem
que a insensibilidade ao agonista constritor
pode ser pelo menos em parte, mediada pelo
NO, mas ndo pelas prostaglandinas ou por
canais K, . Conclusao: H/R resultou em
disfuncdo das CMI, caracterizada pelo au-
mento na [Ca*|i basal durante a hipdxia e
reducdo da resposta funcional a All durante
a reoxigenacao.

Palavras-chave: angiotensina II, hipdxia
celular, lesao renal aguda, técnicas de cul-
turas de células.
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INTRODUCTION

Renal ischemia remains the main cause of acute kid-
ney injury (AKI) in adult population, presenting high
rate of morbidity and mortality, as shown by a multi-
centre and prospective study in which approximately
60% of patients with ischemic AKI died during the
hospital admission.!

Ischemic/reperfusion (I/R) injury causes substantial
damage to the renal tubules, but also affects the
renal microvasculature. The glomerular dysfunc-
tion observed during I/R is caused by many factors
including functional response of microvasculature to
hypoxia and a disequilibrium between vasoconstric-
tor and vasodilator substances. There is an increase
in intrinsic vascular tone that reduces glomerular
filtration, but also an increased response to vasocons-
trictor agents, misleading the autoregulatory capacity
and leaving the kidney to a vulnerable recurrent
ischemic injury.?

The mechanisms of tubular damage during I/R
injury are better known, however the mechanisms
of glomerular injury are less understood. Mesangial
cells modulate the glomerular filtration rate due to
their contraction/relaxation properties in response
to vasoactive substances’ directly affecting the
glomerular surface area. Relaxation is a common
manifestation of ischemia in smooth muscle-like cells,
resulting in vasodilatation mainly dependent of K*
channels activation.*

Although the acute changes in the local
concentration of oxygen have profound effects on
arterial contractility, the mechanisms involved are
complex and not fully characterized. However,
both the releasing of endothelial factors® and
alterations in the concentration of intracellular
free calcium ([Ca?*]i) seem to bear a central role in
hypoxia-inducing arterial contractility.>” The rise of
intracellular Ca*? concentration ([Ca*?’]i) has been
implicated in the pathophysiology of hypoxic injury
in different cell types including epithelial, endothelial
and vascular smooth muscle.®” However the role of
mesangial cells in hypoxic injury was less studied.
Thus, the aim of the present study was to evaluate
the functional response of mouse immortalized
mesangial cells (IMC) to hypoxia/reoxygenation
injury concerning to intracellular calcium levels and
vasodilators factors production as nitric oxide (NO),
prostaglandins (PGE,) and activation of K channels.
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MEeTHODS

Mouse immortalized mesangial cells obtained from
American Type of culture Collection (ATCC), were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 5% bovine fetal serum, NaHCO,
2¢/L, HEPES 2.6 /L, 10.000ULL penicillin, and 100
mg/L neomycin. Cells were maintained in the incubator
at 37°C in air mixture of 95% O2 and 5% CO,.

Four groups of cells were studied: control cells
(Cont) were kept under normal oxygenation; acute
hypoxia where cells were kept in gaseous mixture
containing 95% N, and 5% CO, during 30 minutes
(H,)s
kept in hypoxic conditions during 30 minutes,
followed by 30 minutes (H/R, ) or 24 hours (H/R,,)
of oxygenation conditions (reoxygenation periods).

acute hypoxia/reperfusion where cells were

Hypoxia was induced by adding two 30 x 7
mm needles to transfix the cork and through one of
these needles was connected to a system to infuse
the gaseous mixture. During 30 min, 3 to 4 L per
minute of this gaseous mixture was infused with the
purpose to reduce the partial pressure of oxygen in
the culture media.

Cell viability was assessed through the method of
exclusion by utilizing two fluorescent dyes acridine oran-
ge (100 pg/mL) and ethidium bromide (100 ug/mL). The
cells were examined by fluorescence light microscopy.
Approximately 100 to 150 cells were counted and
considered viable when they were stained green and
nonviable when they were stained orange. Results were
expressed as percentage (%) of viable cells.

LDH release was used to evaluate the cellular
damage. The plasma membrane integrity was assessed
through the leakage of the cytosolic enzyme, lactate
dehydrogenase (LDH) into the culture medium. The
enzyme was determined spectrophotometric in the
incubation medium by measuring the rate of NADH
consumption at 340 nm.

Cytosolic calcium concentration ([Ca*?]i) measu-
rements was performed by spectrofluorometry using
FURA 2-AM method. Mesangial cells (4 x 10° cells/
mL) were resuspended in Thyrode solution (in mM:
NaCl 137.0, KCI 2.7, CaCl,. 2H,0 1.4, MgCl,. 6
H,0 0.5, NaH,PO,.H,0 0.4, H,CO, 16.0, Glucose
5.5) supplemented with bovine serum albumin (BSA,
0.2% w/v) and incubated with fura-2 acetoxymethy-
lester (AM; 5 pM, 23°C) for 1h under continuous
stirring. [Ca*?]i measurements were performed in a



spectrofluorometer (Photon Technology International,
Ontario, Canada). Maximal and minimal 340/380
rate were achieved by administration of the cell per-
meant digitonin (50 pM) and EGTA (4 mM) + NaOH
(0.04 N) added at the end of the experiments. [Ca*?]i
was calculated according to Grynkiewicz et al.'® The
functional response of cells was evaluated by the
change in [Ca*?]i in response to 10° M of angiotensin
I compared to basal levels. This concentration of
angiotensin I was previously determined as a concen-
tration where [Ca*?]i reached a plateau.!!
Intracellular  Adenosine triphosphate  (ATP)
concentration was analyzed by bioluminescence
through the luciferin-luciferase reaction.!> ATP
concentrations in the cell lysate were quantified
using an ATP-determination kit according to the
manufacturer’s instruction. The 96-well plates were
then read (Luminunc™ Plate Nunc). A standard
curve was generated with solutions of known ATP
concentrations. Protein concentration of samples was
determined by the method of Lowry.!> ATP levels were
calculated as nanomolar ATP per milligram protein.
NO production was determined in the culture
medium by the chemiluminescence method!* using the
Nitric Oxide Analyzer (NOA™, Model 280; Sievers
Instruments, Boulder, Co, USA). NO concentration
was normalized by total cellular protein content,
which was measured by the method of Lowry.
Prostaglandin (PGE,) levels were assessed by
Elisa, using a commercial kit (Prostaglandin E,
enzyme immunoassay system, BIOTRAK, Amersham

15 The assay is based on

Pharmacia, England).
competition between the PGE, present in the sample
and the fixed amount of anti-PGE, marked with
peroxidase according to the manufacture instruction.

Statistical analysis. Values were presented as
mean = SEM. ANOVA followed by Tuckey test we-
re performed to compare differences among groups.
Pared “t” test and Friedman ANOVA on Ranks were
used to compare results obtained in the same group.

Statistical significance was considered for p < 0.05.

ResuLTs

The hypoxic condition was characterized by a sig-
nificant reduction in pO, (36 = 3 mmHg) compared
to control normoxic condition (139 = 2 mmHg),
(Figure 1A). Also the reduction in the concentration
of intracellular ATP confirmed the metabolic respon-
se to the hypoxia (Figure 1B).
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Figure 1. Levels of pO, before (n = 6) and after 30 minutes of hypoxia
(n=9). Levels of intracellular ATP in groups Control (n =9); H,  (n = 9);
H/R30 (n=9)and H/R,, (n =9). p < 0.05: * vs. control; * vs. HBD.
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There was no significant difference in the cellular
viability analyzed by acridine orange method among
0 HRy,
significant decrease of the cellular viability in the group

the groups control, H but there was a
H/R,,. These results were corroborated by cellular
membrane permeation analyzed by intracellular en-
zyme LDH release. There was a significant increase in
LDH in the culture medium in H/R, (20 + 1%) and
H/R,, (41 = 3%) in comparison to control (15 = 1%)
group (Table 1).

TaBLE 1 CELLULAR VIABILITY EVALUATED BY ACRIDINE
ORANGE (A/Q) AND LDH RELEASE
Group A/O (%) DHL (%)
Cont 88 +2 15+ 1
H., 832 19+2
H/R,, 91+ 1 20+ 1%
H/R 79 + 2% 41 £ 3%

24
* p < 0.05 vs. Control (Cont, n = 7 for each group). Cell viability was
done by acridine orange staining and the plasma membrane integrity
by lactate dehydrogenase (LDH) release.

A significant increase in the basal levels of
[Ca*’]i was observed in hypoxic group (H,;:
365 = 40 vs. cont: 186 = 24 nM) and also after
the reoxygention periods. (H/R,: 360 + 73 nM
and H/R,: 355 + 48 nM), as shown in Figure 2A.
Addition of AII induced an elevation in [Ca]i in
all groups (Figure 2B), however, the response was
significantly lower in the H,  and H/R, groups as
shown in Figure 2C.

Glybenclamide induced a slight increase in
[Ca*?]i which was similar among groups (Figure 3A).
Glybenclamide did not change the profile of response
to Al (Figure 3B), however, the intensity of increase
in [Cali induced by AIl in the presence of glybencla-
mide was higher than that observed in the absence of
glybenclamide (Figure 3C).
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Figure 2. Intracellular calcium concentration. A: Representative
recording of intracellular calcium release under basal conditions and
after stimulation with All (10®° M); B: Mean values obtained for all
animals in groups Control (n = 14); H, (n = 14); H/R,  (n = 10) and
H/R,, (n = 10); C: Percentage of increase in [Cali after All addition.
p < 0.05: * vs. basal; * vs. cont; @ vs. cont after All.
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Figure 3. Intracellular calcium. A: Percentage of increases in [Cali
relative to basal values em response to glybenclamide alone and
to All in the presence of glybenclamide in groups Cont (n = 6); H,,
(n = 14); H/R,, (n = 9) and H/R,, (n = 14); B: Cumulative effects of
All in the presence of Gly compared with All alone. p < 0.05: * vs.
Gly; * vs. cont after All.
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The NO production was analyzed in the hypoxia
and hypoxia followed by reoxygenation groups. H,,
and H/R, groups did not present any difference in
NO generation when compared to the control group,
however, there was a significant increase in NO
production in the H/R,, group compared to the nor-
moxic conditions. In contrast, the production of PGE,
was not different among groups (Table 2).

TABLE 2 NITRIC OXIDE PRODUCTION AND LEVELS OF
PGE, IN THE CULTURE MEDIUM
Groups NO (uM/ug prot)  PGE, (pg/mg prot)
Cont 6.8+ 10 59=+0.7
Hay 9.8+ 13 5.6+ 0.5
H/R,, 8.7+ 13 52+03
H/R 12.2 + 2.0* 54 +0.6

24
* p < 0.05 vs. Control (Cont, n = 12 for each group). The generation of
nitric oxide was estimated by chemiluminescence and PGE, by Elisa
method.

DiscussionN

The supply of oxygen to a tissue is largely dependent
upon vascularization and the oxygenation of blood at
that site, while oxygen demand is largely determined
by the rate of cell respiration. Oxygen depletion can
either be absolute (anoxia) or partial (hypoxia), but
must be at a level below that required for complete
oxidation of cytochrome C.'®' In the present study,
there was a significant decrease in pO, and in the
intracellular ATP levels indicating that the hypoxic en-
vironment was established in this in vitro model and
the production of ATP was weakened. After reoxyge-
nation the ATP levels significantly increased, although
it remained bellow of the control oxygenation condi-
tions. Also, the cellular injury and death were mainly
observed after prolonged period of reoxygenation, as
observed by others.'® These results point to a presence
of respiratory and metabolic alterations compatible
with hypoxia/reperfusion injury observed in vivo.
Mesangial cells have the contractile capacity in
response to a variety of hormones, which is media-
ted by a rise in intracellular calcium concentration.
Increases in [Ca?*]i is caused either, by Ca?* releasing
from intracellular storage sites and entry across the
cell plasma membrane,"” promoting contraction. We
observed a significant increase in basal [Ca?*|i levels
in cells submitted to hypoxia and also to hypoxia
followed by reoxygenation. This increase in [Ca*]i



may induce contraction in the mesangial cell resul-
ting in a decrease in the glomerular filtration area,
what could mediate the reduction in glomerular fil-
tration rate during hypoxic conditions.? The rise in
[Ca*]i could be consequent from the plasma mem-
brane damage (increase in LDH). However, it is also
important to consider that ATP depletion induced
by hypoxia results in impairment of ion pumps, such
as Ca-ATPase, and others transporters responsible
to maintain [Ca?*]i, resulting in calcium accumu-
lation in the cytoplasm. In addition, the increase in
[Ca*]i induced by hypoxia has also been attributed
to stimulation of protein kinase C (PKC)’ probably
by a reactive oxygen species (ROS)-dependent mecha-
nism.?' Besides the contraction, the elevation in [Ca?*]i
can also determine a disruption in cell homeostasis,
since calcium is an important second messenger in
many physiological cell responses and thus disturban-
ces of calcium homeostasis may overwhelm the cell’s
capacity to maintain its physiological function.?

In contrast with increased levels of basal [Ca*|i,
the response of cells to AIl was impaired after hypoxia
and also after more prolonged period of reoxygena-
tion (24h). This behavior was better observed when
the [Ca*]i was calculated as percentage of increase
after adding AIL. This result suggests that ischemia/
reperfusion injury can modify the functional capacity
of mesangial cells to react to a vasoconstrictor
agent. Intracellular calcium ion is mainly regulated
by a mechanism of calcium influx/efflux and Ca
uptake/release by sarcoplasmic reticulum. Ca** in-
flux across the plasma membrane constitutes a major
component of mesangial responses to vasoconstric-
tors such as AII, and thus, the reduced response to
AIl during H/R injury may be mainly caused by an
impairment of cells to control calcium influx. In fact,
Sahai et al.’ demonstrated that the calcium channel
blocker verapamil prevented the hypoxia-induced sti-
mulation of [Ca?]i in cultured mesangial cells.

Additionally, in our experimental conditions ATP
concentration decreased under hypoxia and slightly
improved after reoxygenation. Recovery of cellular ATP
during reperfusion depends on multiple factors that
are primarily influenced by the duration of ischemia.
Specific factors include the availability of ADP, AMP,
nucleotide bases, and mitochondrial function. AMP
provides the most rapid and major source for ATP
resynthesis following in vivo ischemia.?

Hypoxia/reoxygenation weakens cell response to angiotensin |

It is well established that during ischemia, the cellu-
lar ATP concentration significantly decreases,** as ob-
served in the present study. Also, it is well known that
diminishing ATP/ADP ratio opens ATP sensitive po-

tassium channel (K,..),* resulting in cell membrane

ATP)’
hyperpolarization and consequently closes the
voltage-dependent calcium channels resulting in a de-
crease in [Ca*?|i. This mechanism is primarily involved
in the vascular smooth muscle cell relaxation and can
also decrease the sensitivity of cells to vasoconstric-

tors agents. Glybenclamide is a specific K,.., channel

ATP
blocker and addition of glybenclamide to MCs poten-
tiated the effects of All, although it did not change
the profile of response to AIl This result suggest that
K, channels may have a role in the maintenance of
the membrane resting potential in mesangial cell, but
they are not involved in the impaired response of cells
to AIl under hyoxia/reoxygenation injury.

In order to further investigate the possible
mechanism of the low reactivity of MCs to All, we
evaluated the production of two important vasodilator
agents including nitric oxide and prostaglandin E,.
We found no change in the PGE, production among
groups, however, there was a significant increase in
the production of NO in group H/R,,, suggesting
that NO may be a potential mediator of the impaired
response of MCs to All during prolonged period of
reoxygenation. In contrast, it has been well descri-
bed that NO generation is reduced during hypoxia,
causing a dysfunction of the vascular smooth muscle
tone. On the other hand, the effect of hypoxia in
mesangial cells in culture is poorly understood, but
one possibility is that the increased NO generation
under hypoxia conditions may be attributed to
activation of the hypoxia-induced factor (HIF) that
in turn can increase the expression of NOS and NO
generation,?® however, this hypothesis must be proven
in future experiments.

In conclusion, the present hypoxia/reoxygenation
model caused dysfunction in IMC characterized by
increases in basal [Ca*?]i after hypoxia and reoxyge-
nation, but the response to AIl was weakened after
prolonged period of reoxygenation. The potential
mediator of the hyporeactivity of these cells to a vaso-

constrictor agent includes NO, but not K, channels

ATP
or PGE,. This functional impairment of mesangial
cells may be involved in the glomerular dysfunction

during ischemia and reperfusion injury.
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