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Signaling Pathway in the Osmotic Resistance
Induced by Angiotensin II AT2 Receptor
Activation in Human Erythrocytes
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Abstract

Background: Angiotensin Il regulates blood volume via AT1 (AT1R) and AT2 (AT2R) receptors. As cell
integrity is an important feature of mature erythrocyte, we sought to evaluate, in vitro, whether angiotensin Il
modulates resistance to hemolysis and the signaling pathway involved.

Methods: Human blood samples were collected and hemolysis assay and angiotensin Il signaling pathway
profiling in erythrocytes were done.

Results: Hemolysis assay created a hemolysis curve in presence of Ang Il in several concentrations (10° M,
10® M, 10° M, 10 M). Angiotensin Il demonstrated protective effect, both in osmotic stressed and
physiological situations, by reducing hemolysis in NaCl 0.4% and 0.9%. By adding receptors antagonists
(losartan, AT1R antagonist and PD 123319, AT2R antagonist) and/or signaling modulators for AMPK,
Akt/PI3K, p38 and PKC we showed the protective effect was enhanced with losartan and abolished with PD
123319. Also, we showed activation of p38 as well as PI3K/Akt pathways in this system.

Conclusions: Ang 1l protects human erythrocytes from hypo-osmotic conditions-induced hemolysis by
activating AT2 receptors and triggering intracellular pathways.
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Introduction

Angiotensin 1l (Ang Il) is an octapeptide
belonging to renin-angiotensin-aldosterone
system (RAS) and is responsible for
ubiquitous actions in several tissues. Effects
observed with Ang Il occur by its binding in

activation of ERK 1/2 and p38 MAPK
pathways when AT1R is activated in rat heart
(5); in MCF-7 breast cancer cells, AT1R
activates PI3-kinase/Akt pathway prompting
survival (6); also, Ang Il stimulates AMP-

one of the two well-recognized receptors
named AT1R and AT2R with also well-known
signaling pathways (1). Ang Il can act in
cardiac system, central nervous system,
thyroid glandule among others (2-4).
Stimulated AT1R is described as an activator
of diverse signaling pathways among several
cell types: Gao and co- workers showed

Activated Protein Kinase (AMPK), inducing
inflammation in atrial myocytes (7). AT2R
shares approximately 34% amino acid
sequence homologue with AT1R and the
abundance increases in tissues under
pathological conditions, where inflammation
and tissue remodeling occur (8). However, in
cardiovascular diseases, AT2R demonstrated
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a potential benefit, and in general, it seems to
have an effect that counterbalances the
response of AT1R (2).

A study by Saraiva et al. (2011)
demonstrated the presence of Angiotensin
receptors (AT1R, AT2R) in the erythrocyte
membrane through western blotting (9).
Considering the hemopoietic system, Kato and
co-workers (2015) showed anemia in
angiotensinogen knocked-out mice and this
anemia was reverted by infusion of Ang Il
mediated by AT1R (10). Nevertheless, RAS
modulates the levels of erythropoietin and
increasing evidences suggests Ang Il may be
responsible for controlling red blood cells
homeostasis (11). Red blood cells or
erythrocytes are cells responsible primarily for
gas transportation across the body, also
participating in homeostasis and blood
coagulation and nitric oxide production
(12,13).

For a long time, erythrocytes were
considered “passive” cells being only capable
of gas transport. Nowadays, increasing
evidence suggest that erythrocytes possess a
complexity of intracellular proteins playing
sophisticated roles in physiological and
pathophysiological ~ processes.  Although
lacking of nucleus and other organelles,
erythrocytes show several intracellular
signaling proteins and second messengers
answering binding of hormones and others
molecules to cell surface receptors (14). Liu
and coworkers (2016) demonstrated that
AMPK is triggered after adenosine receptor
2B (ADORAZ2B) activation and this pathway
is  responsible  for rise in 23
bisphosphoglycerate (2,3-BPG) production. In
the same way, a non-metabolizable adenosine
analog (NECA) was able to increase cCAMP
production in erythrocytes and H89, a specific
potent PKA inhibitor, reverted the 2,3-BPG
increased levels by NECA, ratifying the
presence and crucial role of Gs/PKA signaling
pathway (15). Also, Kuck et al. (2019)
illustrated the important role of PI3K/Akt
signaling in red blood cell deformability, this

pathway being important for erythrocyte
deformability (16).

Several pathways can influence the
deformability of erythrocytes and their
deformation capacity is essential for the
performance of their functions and passage
through blood vessels (17). An important
method used to assess erythrocyte
deformability is the osmotic fragility test (18),
often used for the diagnosis of hereditary
hemolytic diseases (19).

Angiotensin receptors such as ATIR,
AT2R and MAS were already described in
erythrocyte membrane (9). However, there is
still a lack of current literature describing the
role of these receptors in the physiological
processes of erythrocytes and which signaling
pathways are triggered by these receptors.
Therefore, the relationship  between
angiotensin 11 signaling and low osmolarity
stress in erythrocytes is investigated by using
AT1 (losartan) and AT2 (PD123319) receptor
antagonists to identify if angiotensin 1l
modulates erythrocytes volume regulation
and, if does, which signaling pathway is
involved in this modulation.

Materials and Methods

Samples

The collection of human blood was carried out
after approval of the project by the Ethics
Committee of the Federal University of Rio de
Janeiro (Protocol 2.889.952) and the project is
registered in Brazil platform under CAAE
number 88140418.5.0000.5699. The study
methodologies were in conformity with
standards set by the Declaration of Helsinki
and human subjects were informed about the
study. Those who agreed to participate filled
out the free informed consent form for
collection of blood sample and subsequent use.
Those with any hemoglobinopathies and those
taking controlled medication were excluded.
Blood samples were collected in anticoagulant
tubes with EDTA by puncture of antecubital
fossa. All experiments were performed on the
same day of blood sample collection.
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Hemolysis assay

After blood collection, EDTA tubes were
centrifuged for 10 minutes at approximately
1,500 rpm. The leukocyte and platelet layer
were removed. Then, red blood cells (RBC)
were washed with PBS (phosphate-buffered
saline) three times (tubes were homogenized
by inversion and centrifuged in the same
parameters as above). RBC suspensions were
submitted to increasing concentrations of
sodium chloride (0.1%— 0.9%), followed by
angiotensin 1l with 1% hematocrit, thus
obtaining a final angiotensin Il concentration
of 10°M, 108 M, 101°M, 10"¥2M. Tubes were
placed in a water bath for one hour, at 37 ° C,
and centrifuged at 3,000 g for 10 minutes.
Supernatant was removed and pipetted into 96-
well plate. Reading was taken in an Elisa
reader (Tecan GENios) at 540 nm absorbance.

Signaling Pathway

To assess possible pathways, the following
substances were used: Losartan (AT1R
antagonist), PD 123319 (AT2R antagonist),
Wortmannin  (PI3K inhibitor), AICAR
(AMPK activator), AKT1/2 (AKT inhibitor),
GO 6983 (PKC inhibitor) and SB 202190
(inhibitor of p38 MAPK). PD 123319,
losartan, SB 202190 and GO 6983 were
purchased from Med Chem Express and Akt
1/2 inhibitor and wortmannin from Sigma
Aldrich. Hemolysis assay has also been
performed with: AT1R antagonist (losartan,
100 puM) or AT2R antagonist (PD 123319,
100 nM); addition of Akt 1/2 inhibitor (1
MM), Akt 1/2 inhibitor + losartan, AICAR (1
mM), AICAR (1 mM) + losartan; wortmannin
(10 pM), wortmannin + losartan; SB 202190
(100 nM), SB 202190 + losartan; GO 6983
(50 nM), GO 6983 + losartan. All those
analyzes were performed, in order to assess
angiotensin 1l signaling pathway profile in
erythrocyte, using the osmotic stress
concentration of 0.4% NaCl. 0.1% NaCl was
used as a 100% hemolysis control, without
adding any substance.
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Statistical analysis

GraphPad Prism 5 was used to plot the graphs
and to perform statistical analysis, with all data
expressed as mean + SEM. For all
experiments, an ANOVA with Tukey’s post-
test was used for analysis of the significant
differences (* for p<0.05, ** for p<0.01 and
*** for p<0.001, when compared to control
with a confidence interval of 95%).

Results

Osmotic fragility test (OFT) was performed, in
vitro, to evaluate the percentage of hemolysis
in 0,1% to 0,9% NaCl concentration. This
change in osmotic milieu was accompanied by
marked hemolysis in very low sodium chloride
concentrations of 0.1, 0.2, 0.3 and 0.4%. We
took 0.1% as 100% of hemolysis and
compared with the amount of subsequent
hemolysis (Fig. 1). When Ang 11 101> M was
added to the media (Fig. 1A), there was a left
shift of the curve with statistically significantly
decreased hemolysis in 0.4, 0.6 and 0.9%
NaCl, from 88.87%, 14.15% and 13.04%
(controls, respectively) to 46.53%, 10.84% and
9.55% (Ang 1l 10! M, respectively)
compared to control curve. Angiotensin 107
M (Fig. 1B) showed protection at 0.4%, 0.6%,
0.8% and also in 0.9% NaCl concentrations,
from 88.87%, 14.15%, 13.48% and 13.04%
(controls, respectively) to 53.31%, 9.99%,
9.61% and 856% (Ang Il 10 M,
respectively). At Ang 11 10 M and Ang 11 10°
® M (Figs. 1C and 1D), there was a strong
protection against hemolysis in 0.4% of NaCl
from 88.87% (for both controls) to 56.55% and
56.91%, respectively, and to a lesser extent in
0.7%, 0.8% and 0.9% NaCl from 11.33%,
13.48% and 13.04% (for the three controls,
respectively) to 8.18%, 9.15% and 8.21% in
Ang 11108 M and 7.60%, 9.98% and 7.71% in
Ang 11 10 M, respectively.

Osmotic fragility in NaCl 0.4% treated with
the combination of angiotensin Il (in all four
concentrations) and losartan, a specific AT1R
antagonist, showed an enhanced
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Fig. 1. Osmotic fragility curve of human red blood cells (RBC) treated with Angiotensin I (10°M, 10%M, 10-1°M, 102
M). Angiotensin 102 M (A), 10° M (B), 10® M (C), 10 M (D) osmotic fragility curves. Reading was taken in
spectrophotometer at 540 nm absorbance. Ang Il stands for angiotensin Il. N = 9 in triplicate. Graphs built by GraphPad
Prisma program with mean £SEM. * = p <0.05, ** = p <0.01, *** = p <0.001 and **** = p< 0.0001, vs control, with a
95% confidence interval in One-way ANOVA and Tukey post-test.
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decrease in hemolysis in all angiotensin Il
concentrations with losartan 100 uM: 37.94%,
38.16%, 20.42% and 16.22%, respectively as
compared to control, mean 93.83% (Fig. 2).
Meanwhile, PD 123319, a classical AT2R

HEMOLISYS IN 0,4% NaCl
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B

50- o

% OF HEMOLYSIS

0-

antagonist, abolished the protective effect of
Ang Il against hemolysis (Fig. 3). Thus,
demonstrating that the protective effect against
hemolysis was made by the AT2 angiotensin Il
receptor.
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Ang 102 M
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Fig. 2. Osmotic fragility of red blood cells in NaCl 0.4% treated only with Angiotensin Il and with Angiotensin Il plus
losartan (100 uM). Decrease in hemolysis in all Angiotensin 11 concentrations with losartan. Ang 11 stands for angiotensin
Il and LOS stands for losartan. N = 3 in triplicate. Values are mean +SEM. * = p <0.05, ** = p <0.01, *** = p <0.001
and **** = p< 0.0001 vs control; with a 95% confidence interval in One-way ANOVA and Tukey post-test.
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Fig. 3. Osmotic fragility of red blood cells in NaCl 0.4% treated only with Angiotensin Il (106 M, 10 M, 101°M, 102
M) and Angiotensin Il with PD12319 (100 nM). There was no decrease in hemolysis in Angiotensin Il with PD 123319.
N = 3 in triplicate. Values are mean +SEM. * = p <0.05, ** = p <0.01, *** = p <0.001 and **** = p< 0.0001 vs control;
with a 95% confidence interval in One-way ANOVA and Tukey post-test.
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Considering signaling pathways triggered
by hypoosmotic NaCl 0.4%, treatment with
AICAR, an activator of AMPK, plus
angiotensin 1l and losartan there was no
significance of hemolysis when compared

those values with the group without AICAR
(Fig. 4). Thus, AICAR did not change levels of
hemolysis showing that AMPK do not
interfere in this pathway through AT2R
activation.
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Fig. 4. Osmotic fragility of red blood cells in NaCl 0.4% treated with AICAR (1 mM) plus Angiotensin 11 (10 M, 108 M,
10%° M, 102 M) and losartan (100 uM). No significant results was obtained when adding AICAR compared with only
Angiotensin Il and losartan. The blue bars represent Ang |1 plus losartan and the orange bars had the addition of AICAR.
N=3 in triplicate. Values are mean £+SEM. * = p <0.05, ** = p <0.01, *** = p <0.001 and **** = p< 0.0001 vs same
concentration without AICAR; with a 95% confidence interval in One-way ANOVA and Tukey post-test.

In order to verify involvement of PI3K/Akt
signaling pathway, experiments using
Angiotensin Il with wortmannin (PI3K
inhibitor) and Angiotensin 1l with AKT
inhibitor was performed. There was a total
reversion of Ang Il effects by Ang Il plus
wortmannin and losartan (81,38%, 80,58%,
82,54% and 68,17% for the four Ang Il
concentrations,  respectively)  (Fig. 5),
confirming the role played by PI3K in
hemolysis prevention. Akt inhibitor also
displayed similar results, reverting partially
the effects of Ang Il combined with losartan
(49,80%, 41,70%, 53.46% and 46.83% for the
four Ang Il concentrations plus Akt inhibitor,
respectively) (Fig. 6), also ratifying activation
of Akt in protection of hemolysis by Ang II.

Involvement of p38 MAPK was also
investigated with SB 202190, a specific
inhibitor of this kinase, where the same result
pattern for AKT 1/2 inhibitor was found. It is
possible to observe a partial reversion in the
group treated with angiotensin Il, losartan and
SB 202190 (50.08%, 55.50%, 53.76% and
56.37% for the four Ang Il concentrations,
respectively) compared with the group treated
without SB 202190 (Fig. 7). Itis also clear here
the role of p38 MAPK in preventing
hemolysis, and this protein is probably
involved in AT2R signaling pathway.

Analysis using GO 6983, a PKC inhibitor,
with angiotensin plus losartan demonstrated
that GO 6983 do not revert the action of
angiotensin Il (40.13%, 37,87%, 33,63%,
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34,40% for the four Ang Il concentrations, result indicates that there is no involvement of
respectively) compared with the same the PKC pathway in the protection of
experiment without GO 6983 (Fig. 8). This hemolysis.
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Fig. 5. Osmotic fragility of red blood cells in NaCl 0.4% treated with Wortmannin (10 uM) plus Angiotensin 11 (10 M,
108M, 101°M, 10"*2M) and losartan (100 uM). Wortmannin reversed the effect of Angiotensin Il plus losartan in all four
concentrations protecting erythrocyte from hemolysis. The blue bars represent Ang Il plus losartan and the green bars
had the addition of Wortmannin. N=3 in triplicate. Values are mean £SEM. * = p <0.05, ** = p <0.01, *** = p <0.001
and **** = p< 0.0001 vs same concentration without Wortmannin; with a 95% confidence interval in One-way ANOVA
and Tukey post-test.
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Fig. 6. Osmotic fragility of red blood cells in NaCl 0.4% treated with Akt 1/2 Inhibitor plus Angiotensin 11 (10-6 M, 10-
8 M, 10-10 M, 10-12 M) and losartan. The AKT1/2 inhibitor reversed the effect of Angiotensin Il plus losartan in all four
concentrations protecting erythrocyte from hemolysis. The blue bars represent Ang Il plus losartan and the pink bars had
the addition of AKT 1/2 Inhibitor. N=3 in triplicate. Values are mean £SEM. * = p<0.05, * = p<0.01, ** = p<0.001 and
** = p< 0.0001 vs same concentration without Akt 1/2 inhibitor; with a 95% confidence interval in One-way ANOVA
and Tukey post-test.
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Fig. 7. Osmotic fragility of red blood cells in NaCl 0.4% treated with SB 202190 (100 nM) plus Angiotensin Il (10 M,
108 M, 10%° M, 102 M) and losartan. SB 202190 reversed the effect of Angiotensin 11 (10 M, 108 M, 10°°M, 1022 M)
plus losartan, demonstrating a decrease of hemolysis in all four concentrations. The blue bars represent Ang Il plus
losartan and the yellow bars had the addition of SB 202190 N=3 in triplicate. Values are mean £SEM. * = p <0.05, ** =
p <0.01, *** = p <0.001 and **** = p< 0.0001 vs same concentration without SB 202190; with a 95% confidence interval
in One-way ANOVA and Tukey post-test.
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Fig. 8. Osmotic fragility of red blood cells in NaCl 0.4% treated with GO 6983 (50 nM) plus Angiotensin 1l (106 M, 108
M, 1010 M, 10*2 M) and losartan. No significant results were obtained when adding Go 6983 compared with only
angiotensin Il and losartan, therefore no protection against hemolysis occurs through this pathway. The blue bars represent
Ang |1 plus losartan and the red bars had the addition of GO 6983. N=3 in triplicate. Values are mean £SEM. * = p <0.05,
** = p <0.01, *** = p <0.001 and **** = p< 0.0001 vs same concentration without GO 6983; with a 95% confidence
interval in One-way ANOVA and Tukey post-test.
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Discussion

Erythrocytes are complex cells with a very
tight control of survival, deformability and gas
transport. As for its complexity, several
mechanisms underlie maintenance of such
strength, as also happens in nucleated cells,
like intricated intracellular signaling pathway
mechanisms. Vona and coworkers (2019)
demonstrated the presence of functional
estrogen receptors on red blood cells, able to
activate ERK, AKT and p38 MAPK (20). Peng
et al. (2019) found erythrocyte AMPK as a
missing link that promotes oxygen delivery by
hemoglobin in a helpful way to prevent and
counteract kidney diseases promoted by
hypoxia, bringing an interesting new target for
treating the disease; this AMPK activation
occurred through erythrocyte adenosine
surface receptor ADORA2B (21).

In the sense of controlling deformability,
much effort is made to keep the cell viable.
This involves activation of ion pumps, ion
channels, cotransport and many methods are
available to measure this deformability, being
the osmotic fragility test, one relying on
critical erythrocyte volume, with a big
application in diagnoses of erythrocyte
membrane deformability defects (22,23). Our
group already demonstrated the influence of
TSH receptors in erythrocyte osmotic fragility
(24). In the present work, we applied the
technique to evaluate the effect of angiotensin
Il in erythrocyte volume control and to
investigate a possible signaling pathway
underneath it. When subjected to several
osmotic pressures changing by NaCl
concentrations, Ang Il was able to protect
erythrocytes from lysis in all four different
concentrations used in this study, with an
outstanding reduction in hemolysis at 0.4%
NaCl, which was very lytic in control group.
Among factors that affects negatively
erythrocyte osmotic stability are cholesterol
deficiency (25), Plasmodium proteins (26),
triglyceride-lowering drug, as cemtirestat (27)
and exercise (28). On the other hand, pulsed
magnetic field (29), vitamins C and D acting
against ethanol-induced toxicity (30) and
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fisetin and probiotic supplementation (31) are
positively correlated to erythrocyte osmotic
stability. Interestingly, in NaCl 0.4% there was
a statistically significantly reduction in
hemolysis at all Angiotensin Il concentrations
pointing that the hormone act on erythrocytes
reducing osmotic fragility in osmotic stressed
erythrocytes. This is of fundamental
importance for erythrocyte physiology since
literature reported the relation among sodium
Na*/K*-ATPase activity, erythrocyte
deformability and osmotic fragility (32).

Involvement of Ang Il receptors was also
investigated  through  the  use  of
pharmacological antagonist losartan and PD
123319, for ATIR and AT2R, respectively,
where it is possible to observe lack of AT1R
action and the protective effects coming from
AT2R activation. It is well documented by
literature the presence of angiotensin receptors
on erythrocyte surface: presence of Ang-(1-7)
MAS receptor was found to regulate
erythrocyte  invasion by  Plasmodium
falciparum (33) being this effect mimicked by
captopril, an angiotensin-converting enzyme
(ACE) inhibitor, drug class also involved in
lowering hematocrit by impaired
hematopoiesis (34). Erythropoiesis is known
to be regulated by AT1 receptor (10) and
blocking AT2R with PD 123319 reverted
partially the Ang Il effects in reducing
erythrocyte invasion by P. falciparum (9).
These studies reveal functionality of Ang Il
receptors in erythrocytes, with the present
study ratifying the importance of these
receptors in matters of cell survival and control
of osmotic gradient.

As for signaling pathway trigged by Ang Il
receptors, AMPK was our first approach,
based on studies suggesting this enzyme acts
downstream ADORA2B receptors and
contributes to sickling in sickle cell disease
erythrocytes (Liu et al., 2016), regulates
eryptosis (36) and helps delivering oxygen
from hemoglobin (37). AMPK activation in
our model displayed no effect when Ang Il
was incubated with losartan, showing that
AMPK inhibition is not presumably important
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for sustenance of low hemolysis rate in
osmotic stress.

PIBK/AKT signaling pathway was also
assessed, since this pathway is strongly
correlated to erythropoiesis (38), osmopressor
stress (39) and modulating red blood cell nitric
oxide pathway, rheology and oxidative stress
(40). PI3K inhibition led to total reversion of
hemolysis, increasing the osmotic resistance,
showing that this protein is required for
hormone action. In the same way, AKT
inhibition also demonstrated the same profile
of PI3K inhibition, strongly suggesting
downstream effects. This is a remarkable fact
since reports in literature also point at AKT
phosphorylation as a downstream effect of
nitric oxide signaling leading to greater
erythrocyte deformability (16).

P38 MAPK involvement was also studied
with great reversion above angiotensin Il
combined with losartan, ratifying it role in
ATR?2 actions. Several reports bring not only
the presence of this MAPK in erythrocytes, but

also its role in disruption of erythrocyte
membrane (41), erythrocyte shrinkage (42)
and eryptosis (36).

On the other hand, PKC inhibition failed to
revert hemolysis effects when added together
with Ang Il plus losartan, which display this
pathway as not essential for Ang Il actions
through ATR2. Silva-Herdade and coworkers
(2015) demonstrated the negative effect in
erythrocyte deformability after inhibiting PKC
(43); similarly, blocking PKC actions by
inhibitors showed to impairs erythropoiesis
(44) in another model.

Our study shows for the first time the action
of Ang Il in under hypo-osmotic condition
erythrocytes with a substantial decrease in
hemolysis in the presence of the hormone.
Also, we provide here evidences linking
activation of AT2R with downstream signaling
pathway involving p38, PI3K and AKT
effectors in erythrocytes in order to prevent
hemolysis by osmotic stress, as shown in
Figure 9.

X

D Q- 4AT1R®» :

LOSARTAN

PDI1233%9

Fig. 9. Representative scheme of the angiotensin Il pathway of action in the erythrocyte. Angiotensin Il by binding to it
AT2 receptor (antagonized by PD 123319) lead to decreased hemolysis which is via p38 and PI3K/Akt signaling
pathways. AT1 angiotensin receptor (antagonized by losartan) has no effect on decreased hemolysis (Created with

BioRender.com)
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