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Abstract

Thrombocytopenia is independently related with increased mortality in severe septic
patients. Renin-angiotensin system (RAS) is elevated in septic subjects; accumulating
studies show that angiotensin Il (Ang Il) stimulate the intrinsic apoptosis pathway
by promoting reactive oxygen species (ROS) production. However, the mechanisms
underlying the relationship of platelet apoptosis and RAS system in sepsis have not
been fully elucidated. The present study aimed to elucidate whether the RAS was
involved in the pathogenesis of sepsis-associated thrombocytopenia and explore the
underlying mechanisms. We found that elevated plasma Ang Il was associated with
decreased platelet count in both patients with sepsis and experimental animals ex-
posed to lipopolysaccharide (LPS). Besides, Ang Il treatment induced platelet apop-
tosis in a concentration-dependent manner in primary isolated platelets, which was
blocked by angiotensin Il type 1 receptor (AT1R) antagonist losartan, but not by angi-
otensin Il type 2 receptor (AT2R) antagonist PD123319. Moreover, inhibiting AT1R by
losartan attenuated LPS-induced platelet apoptosis and alleviated sepsis-associated
thrombocytopenia. Furthermore, Ang Il treatment induced oxidative stress level in a
concentration-dependent manner in primary isolated platelets, which was partially
reversed by the AT1R antagonist losartan. The present study demonstrated that
elevated Ang Il directly stimulated platelet apoptosis through promoting oxidative
stress in an AT1R-dependent manner in sepsis-associated thrombocytopenia. The
results would helpful for understanding the role of RAS system in sepsis-associated

thrombocytopenia.
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XU ET AL

1 | INTRODUCTION

Sepsis describes the life-threatening systemic inflammatory state
and organ dysfunction caused by a dysregulated host response to
infection.! Evidence is growing that platelets are important blood
elements responsible for homeostasis maintenance and fighting in-
fections.?? Platelets contain and release a large number of immune
molecules that directly impact the development and resolution of
inflammation.*> The changes of quality and quantity of platelets are
closely associated with the morbidity and mortality of infectious
diseases.>*® As a frequent laboratory abnormality in patients with
sepsis, thrombocytopenia is found to be independently related to
increased mortality in severe sepsis patients.2'7 Hence, rectification
of thrombocytopenia is needed to avoid the potentially lethal com-
plications of severe sepsis.

Although the consumption of platelets has been used to in-
terpret sepsis-associated thrombocytopenia frequently,® evi-
dence of platelet apoptosis has also been found during sepsis,
such as increased apoptotic vesicles and surface activation mark-
ers.’ Peptidoglycan, a component of bacterial cell wall, triggers
apoptosis of platelets by showing cell membrane scrambling,
activated caspase-3 and depolarized mitochondria.’® Moreover,
Escherichia coli and Staphylococcus bacterial isolated from the
septic patients can directly trigger the process of intrinsic apop-
totic cell death in platelets in vitro."»'2 However, the mecha-
nisms underlying platelet apoptosis in sepsis have not been fully
elucidated.
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The renin-angiotensin system (RAS) has been implicated in prevent-
ing systemic hypotension during the development of septic shock.*>
Furthermore, angiotensin Il (Ang Il) has been recognized as a key player
in several biological processes, including coagulation, apoptosis and
inflammatory response.’>* Doerschug et al'’ have reported that
plasma Ang Il is elevated in septic patients as compared to volunteers.
Moreover, the level of Ang Il elevation correlates with organ failure and
with measures of microvascular dysregulation. Notably, accumulating
studies in various cell types have demonstrated that Ang Il stimulates
the intrinsic pathway of apoptotic cell death by promoting intracellular
reactive oxygen species (ROS) production.*>®1? Therefore, this study
hypothesized that thrombocytopenia in patients with sepsis was asso-
ciated with increased plasma Ang Il and that treatment with angioten-
sin |l receptor blocker (ARB) would attenuate sepsis-induced platelet
apoptosis and improve septic thrombocytopenia in a murine model of

lipopolysaccharide (LPS)-induced endotoxemia.

2 | MATERIALS AND METHODS

2.1 | Plasma of healthy volunteers and patients with
sepsis

Septic patients were all recruited in Xinhua Hospital from January
2018 to June 2019. Healthy adults that underwent routine physi-
cal examinations were recruited as healthy volunteers. More details
were provided in Supporting information.
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2.2 | Endotoxemia model and drug treatment

Male, 7-9-weeks-old mice were used in this study. Purified LPS was
injected intraperitoneally (i.p.) (5 mg/kg) as described previously.°
The angiotensin Il type 1 receptor (AT1R) antagonist losartan and
ROS scavenger N-acetyl-I-cysteine (NAC) were dissolved in sterile
pyrogen-free saline. Both losartan (10-30 mg/kg) and NAC (100 mg/
kg) were treated i.p. 30 minutes prior to the treatment of LPS. For
Kaplan-Meier survival curve, mice were challenged with a lethal
dose of LPS (30 mg/kg) by i.p. injection with or without pre-treated
with losartan i.p. in 30 minutes. Then, mice were monitored carefully
for lethality per 6 h for up to 48 hours. More details were provided in
the supplementary data.

2.3 | Measurements of plasma renin activity and
Ang Il concentration

The plasma renin activity (PRA) and Ang Il concentration were meas-
ured by Radioimmunoassay Kit. Details were provided in Supporting
information.

2.4 | Platelet counts

Platelet numbers were determined using an automated counter (XS-
500i; Sysmex, Kobe, Japan).

2.5 | Mouse platelet isolation and
treatment

Mouse platelets were isolated by a modified method as previously
described.?"?? Details were described in Supporting information.
For in vitro studies, platelet pellets were resuspended in serum-
free M199 Medium with 5 x 107 cells in each group.23 Freshly iso-
lated platelets were then treated with or without Ang Il (50, 100
or 200 nmol 11,2425 NAC (5 mmol 1Y), losartan (10 pmol I™) or
PD123319 (10 pmol I"Y) for 24 hours.

2.6 | Western blot analysis
The washed platelets were homogenized, and proteins were used

to perform Western blot assay. Details were described in the sup-

plementary data.
2.7 | Measurement of Caspase-3 colorimetric
proteolytic activity

Caspase-3 activity was determined by the Caspase 3 Activity Assay

Kit. Details were described in Supporting information.

XU ET AL
TABLE 1 Clinical patient characteristics
Sepsis Volunteers

Number of patients 42 11
Gender (male/female) 29/13 4/7
Age (years) 61 (37-85) 42 (25-59)
Platelet counts (x107) 129 (5-447) 239 (109-305)
Severity score

APACHE Il 21 (3-39)

MODS 10 (1-19)

SOFA 16 (1-31)
Primary diagnosis

Gastric carcinoma 9

Colon cancer 7

Choledocholithiasis 1

Gastrointestinal 9

Pancreatic cancer 3

Hepatoma 1

Urinaemia 1

Multiple fracture 1

Urinary tract infection 8

Gallbladder carcinoma 1

Duodenal papilla carcinoma 1
Site of infection

Pulmonary 5

Abdominal 27

Urinary 10

Biliary tract Infection 1

Note: Numbers are given as median and (range).

Abbreviations: APACHE I, Acute Physiology and Chronic Health
Evaluation II; MODS, Multiple Organ Dysfunction Score; SOFA,
Sequential Organ Failure Assessment.

2.8 | Detection of ROS

Intracellular ROS levels were measured with fluorescence probe
2'7'-dichlorofluorescein diacetate. Details were described in
Supporting information.

2.9 | Detection of malondialdehyde

Intracellular malondialdehyde (MDA) levels were measured as previ-
ously described.?® Details were described in Supporting information
2.10 | Measurements of H,0, and glutathione

peroxidase activity

Platelets were washed and homogenized in cold assay buffers. H,0,

content and glutathione peroxidase (GPx) activity in platelets were
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determined by H,O, detection kit and GPx assay kit according to
manufacturer's instructions, respectively.

2.11 | Statistical analysis

All data are expressed as means + standard deviation (SD). Statistical
comparisons between two groups were determined by two-tailed
Student's t test. One-way ANOVA with Tukey's post hoc test and non-
parametric statistical tests (Kruskal-Wallis) was performed for compari-
sons among multiple groups. Pearson's correlation was used to examine
the relationship between platelet count and PRA or Ang . To determine
statistical significance between survival curves, Kaplan-Meier test was
used. All statistical analyses were performed with SPSS 16.0 (SPSS Inc.,
Chicago, USA). A value of P <0.05 was considered significant.

3 | RESULTS

3.1 | Plasma Ang Il correlates inversely with platelet
count in septic patients

This study recruited a total of 42 septic patients fulfilling our enrol-

ment criteria and 11 healthy volunteers. The general characteristics

of the patients with sepsis were summarized in Table 1. The subjects
showed an age range from 37 to 85 years, and a slight male pre-
dominance (Male: female ratio 2.23:1). The primary diagnosis of the
patients with sepsis included gastric carcinoma, colorectal cancer,
choledocholithiasis, gastrointestinal, pancreatic cancer, hepatoma,
urinaemia, multiple fracture, urinary tract infection, gallbladder car-
cinoma and duodenal papilla carcinoma. As shown in Figure 1A-C,
average values for the platelet count (129 x 10%/L, range 5 x 10°/L to
447 x 10°/L) were significantly decreased, whereas average values
for PRA (2.63 ng/mL/h, range 0.05 ng/mL/h to 12.08 ng/mL/h) and
Ang 11 (176.83 Pg/mL, range 29.57-742.13 Pg/mL) were significantly
elevated in septic patients as compared with healthy volunteers.
Notably, plasma Ang Il levels inversely correlated with the platelet
count (r = -0.4516, P =0.0001; Figure 1D).

3.2 | Elevated plasma Ang Il is associated with
platelet apoptosis and thrombocytopenia in LPS-
induced endotoxemia mice

We then detected PRA and Ang Il level in mice injected with LPS for
various time-points. As shown in Figure 2A, PRA peaked at 6 hours
and progressively declined at 12 and 24 hours after LPS administra-
tion. Plasma Ang Il level was elevated from 6 to 24 hours after LPS
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administration, indicating the persistent increase of Ang ll-induced
by LPS (Figure 2B). Evidence of platelet apoptosis has been shown
during the pathogenesis of sepsis.” We found that LPS treatment
for 12-24 hours significantly increased caspase-3 activity in plate-
lets (Figure 2C). As shown in Figure 2D, pro-apoptotic proteins (Bak
and Bax) were increased, whereas anti-apoptotic proteins (Bcl-2 and
Bcl-XL) were decreased from 12 to 24 hours after LPS administra-
tion. Furthermore, platelet counts were profoundly decreased at 12
and 24 hours after LPS administration (Figure 2E). These findings
indicated that elevated plasma Ang Il is associated with platelet ap-

optosis and thrombocytopenia in LPS-treated mice.

3.3 | Angll treatment induces platelet apoptosis
in a concentration-dependent manner in primary
isolated platelets

To directly explore whether the elevated RAS was involved in the
pathogenesis of sepsis-associated thrombocytopenia, we used dif-
ferent gradient concentrations of Ang |l to stimulate primary isolated
mouse platelets. As shown in Figure 3A, Ang Il treatment signifi-
cantly increased caspase-3 activity in platelets in a concentration-
dependent manner. In addition, the Ang Il induced accumulation
of pro-apoptotic proteins (Bak and Bax) and decreased the anti-
apoptotic proteins (Bcl-2 and Bcl-XL) expression in a concentration-
dependent manner (Figure 3B-D). Together, the data indicated that

Ang Il induced apoptotic activity in primary isolated platelets.

3.4 | Angll treatment leads to increased oxidative
stress level in a concentration-dependent manner in
primary isolated platelets

Ang Il is known to activate intrinsic apoptosis pathway by promot-
ing ROS production in various cell typesllsﬂ28 By measuring the
fluorescence of DCFH-DA over a 30 minutes incubation period,
we found that ROS production was increased significantly after
treatment of platelets with Ang Il in a concentration-dependent
manner in primary isolated platelets (Figure 4A,B). We then de-
termined two pro-oxidant biomarkers MDA and H,0,. As shown
in Figure 4C, MDA and H,0O, levels were significantly elevated
in Ang ll-treated platelets compared to control platelets in a
concentration-dependent manner. In contrast, activity of the an-
tioxidant enzyme GPx in platelets was significantly decreased by
Ang Il treatment. All data showed that elevated oxidative stress
may be involved in Ang lI-related pathogenesis of sepsis-associated

thrombocytopenia.

3.5 | Inhibiting oxidative stress by ROS scavenger
NAC suppresses the Ang ll-induced platelet
apoptosis

To further explore that whether the oxidative stress is involved in
Ang ll-related pathogenesis in sepsis-associated thrombocytopenia,
we used ROS scavenger NAC to treat LPS-induced endotoxemia
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mice model. We found that ROS scavenger NAC attenuated platelet
caspase-3 activity (Figure 5A), decreased the pro-apoptotic proteins
(Bak and Bax) and reversed the loss of anti-apoptotic proteins (Bcl-2
and Bcl-XL) (Figure 5B), leading to improvement of thrombocyto-
penia (Figure 5C). So we used the NAC to treat Ang ll-induced pri-
mary isolated platelets. NAC entirely blocked the ROS production
via inhibition of two pro-oxidant biomarkers (MDA and H,0,) and

improvement of activity of the antioxidant enzyme GPx (Figure 6A-
C). Furthermore, NAC blocked the Ang llI-induced caspase-3 activa-
tion in platelets (Figure 6D). The Ang lI-induced accumulation of Bak
and Bax was largely decreased, and the loss of Bcl-2 and Bcl-XL was
dramatically prevented by NAC (Figure 6E). Our findings indicated
that Ang Il directly promotes platelet ROS production and oxidative

stress, thus leading to platelet apoptosis.
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3.6 | Angll treatment leads to platelet were used. As shown in Figure 7B, Ang Il treatment significantly
apoptosis in primary isolated platelets in an AT1R- increased caspase-3 activity in platelets. AT1R antagonist losar-
dependent manner tan blocked the Ang ll-induced caspase-3 activation in platelets,

which was not affected by AT2R antagonist PD123319. In addi-
Two Ang Il receptors, designated AT1R and AT2R, mediate the tion, the Ang ll-induced accumulation of Bak and Bax was largely
biological functions of Ang Il. Both ATAR and AT2R are expressed decreased, whereas the loss of Bcl-2 and Bcl-XL was dramatically
in platelets.”'30 We found that LPS administration did not affect prevented by losartan (Figure 7C). AT2R antagonist PD123319
protein expressions of AT1R and AT2R in platelets at 6-24 hours had no significant effect on pro-apoptotic or anti-apoptotic pro-
after the administration (Figure 7A). To determine whether Ang teins in Ang ll-treated platelets. Taken together, our results dem-

Il could directly act on platelets, primary isolated mouse platelets onstrated that Ang Il directly stimulated platelet apoptosis in an
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AT1R-dependent manner. In addition, losartan blocked Ang II-
induced ROS production in platelets, which was not affected by
PD123319 (Figure 7D,E). As shown in Figure 7F, MDA and H,0,
levels were significantly elevated in Ang Il-treated platelets com-
pared to control platelets. In contrast, activity of the antioxidant
enzyme GPx in platelets was significantly decreased by Ang Il
treatment, which was partially reversed by losartan. All results
showed that Ang Il treatment leads to platelet apoptosis through
promoting oxidative stress in primary isolated platelets in an
AT1R-dependent manner.

3.7 | Inhibiting the AT1R by losartan alleviates
platelet apoptosis and thrombocytopenia in LPS-
induced endotoxemia mice by reducing oxidative
stress and significantly increases the survival rate of
LPS-induced endotoxemia mice as well

The effect of AT1R antagonist losartan on platelet oxidative stress,
apoptosis and thrombocytopenia was then investigated in LPS-
induced endotoxemia mice. As expected, administration of LPS pro-

foundly increased ROS production, MDA and H,0, levels, whereas
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FIGURE 9 Losartan treatment significantly improves survival in LPS-induced endotoxemia mice in concentration-dependent manner.
Survival rates of mice treated with saline (LPS group, n = 26) versus mice receiving losartan (10, 20 and 30 mg/kg, respectively) before LPS

(LPS + Losartan group, n = 26) were compared. *P < 0.05, **P < 0.01

decreased GPx activity in platelets (Figure 8A). Losartan treatment
(30 mg/kg) blocked LPS-induced ROS production (Figure 8B). In
addition, administration of losartan at the concentrations of 20
and 30 mg/kg dose-dependently reduced platelet MDA and H,0,,
whereas increased platelet GPx activity in LPS-treated animals
(Figure 8C). As shown in Figure 8D,E, administration of losartan
at the concentrations of 10, 20 and 30 mg/kg reduced platelet
caspase-3 activity, and pro-apoptotic protein levels (Bak and Bax),
whereas increased anti-apoptotic protein levels (Bcl-2 and Bcl-XL)
in LPS-treated animals in a dose-dependent manner. Moreover, lo-
sartan dose-dependently improved LPS-induced thrombocytopenia
(Figure 8F). We had analysed mice survival rate at 48 h after a lethal
dose of LPS (30 mg/kg, i.p.) treatment with or without pre-treatment
with losartan (10, 20, 30 mg/kg, i.p.) to test the preventive therapeu-
tic effect of losartan. As shown in Figure 9, only 4 of 26 mice survived
in the group receiving saline-only before the administration of LPS,
while 9 of 26 mice pre-treated with 10 mg/kg losartan, 15 of 26 mice
pre-treated with 20 mg/kg losartan and 18 of 26 mice pre-treated
with 30 mg/kg losartan survived in LPS-treated group, indicating the
protective effects of losartan in a concentration-dependent manner
during sepsis. Taken together, our findings indicated that AT1R an-
tagonist losartan may alleviate platelet apoptosis and thrombocyto-
peniain LPS-induced endotoxemia by reducing oxidative stress, thus
significantly improve survival in LPS-induced endotoxemia mice.

4 | DISCUSSION

RAS activation as evidenced by increased PRA and Ang Il is a well-
known phenomenon observed during the development of sepsis,
both in experimental.3¥%2 and clinical studies.'”*3** A prospective
cohort study of clinical sepsis has shown that plasma Ang Il is el-
evated in septic patients as compared to volunteers, and the degree
of Ang Il elevation correlates with organ failure and with measures
of microvascular dysregulation.” Huang et al report that plasma
Ang Il concentrations are associated with disease severity induced
by H7N9 influenza virus and may potentially predict patient mor-
tality.%®> The present study revealed for the first time that elevated

plasma Ang Il levels were linked to the severity of thrombocytopenia

both in septic patients and in LPS-induced endotoxemia mice. These
initial observations indicate that RAS activation may be involved in
the pathogenesis of sepsis-associated thrombocytopenia.

Platelets play critical roles in the development of sepsis.
Accumulating studies have recognized thrombocytopenia as a
strong predictor of mortality in sepsis and other infectious diseas-
es.113¢38 A primary cause of sepsis-associated thrombocytopenia is
shortened survival of platelets.” Previous studies have shown that
the septic milieu impairs mitochondrial function, and decreases the
expression of the anti-apoptotic protein Bcl-XL, which is required
for the maintenance of platelet survival.***” In addition, both gram-
negative and gram-positive bacteria can induce Bcl-XL protein deg-
radation in platelets.!! Pathogenic bacteria can directly activate the
intrinsic apoptotic pathway to induce platelet cell death in vitro.!%!
By using primary isolated platelets, the present study showed that
Ang |l treatment directly stimulated platelet apoptosis in an AT1R-
dependent manner in vitro. In addition, the AT1R antagonist losartan
profoundly reversed LPS-induced thrombocytopenia in mice. These
findings provide the first evidence that elevated Ang Il in septic
milieu can directly induces apoptotic cell death in platelets, which
represents a novel mechanism of sepsis-induced thrombocytopenia.

As an important pro-oxidative and pro-inflammatory agent, Ang
Il has been implicated in organ failure and mortality during infectious
diseases.>**! Ang Il also leads to an up-regulation of tissue factor, an
important component of thrombogenesis and subsequent vascular
dysfunction and microvascular ischaemia in sepsis.*>*® In animal mod-
els of sepsis, therapies directed against Ang Il are associated with lower
levels of pro-inflammatory cytokine and oxidative stress, improved
endothelial function and improved survival.**# It is noteworthy that
in the past two years, several population-based retrospective cohort
studies indicate that prior use of ARBs is associated with decreased
short-term mortality after sepsis.*®">! In particular, Hsieh et al recently
report that regardless of a non-shock or septic shock condition, de-
creased risk of total hospital mortality is associated with preadmission
ARB use.*8 Thrombocytopenia has been recognized as a strong pre-
dictor of mortality in sepsis.? The present study demonstrated that
blockade of AT1R significantly improved sepsis-associated thrombo-
cytopenia. Our findings provided a potential explanation for the clini-

cal benefits of pre-hospitalization use of ARBs in patients with sepsis.
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In summary, our data suggest that elevated plasma Ang Il is associ-
ated with thrombocytopenia in both septic patients and LPS-induced
endotoxemia mice. Using primary isolated platelets, Ang Il directly
stimulated platelet apoptosis through promoting oxidative stress in an
AT1R-dependent manner. Additionally, in vivo experiments evidenced
the protective effects of AT1R antagonist losartan against platelet
apoptosis and thrombocytopenia induced by LPS treatment. The
present study identifies a novel function of elevated Ang Il in sepsis-
associated platelet apoptosis. Antagonist targeting AT1R might have

clinical benefit in alleviating sepsis-associated thrombocytopenia.

ACKNOWLEDGEMENTS

We thank staff members from Department of Anesthesiology and
Surgical Intensive Care Unit, Xinhua Hospital for helping collect-
ing patient information and sampling. This work was supported by
grants from Shanghai Municipal Commission of Health and Family
Planning to Dr Jiang (no. 2017BR062) and from the National Natural
Science Foundation of China to Dr Jiang (nos 81772117, 81571929),
Dr Zhu (nos 31871156, 31671213), Dr Mao (no. 81772108) and Dr
Liu (N0.81672266).

CONFLICT OF INTEREST

The authors have no conflict of interest to declare.

AUTHOR CONTRIBUTIONS

Dun-Feng Xu: Data curation (equal); Formal analysis (equal);
Methodology (equal); Software (equal); Writing-original draft (lead).
Yu Jian Liu: Formal analysis (equal); Funding acquisition (equal);
Methodology (equal). Yan Fei Mao: Funding acquisition (equal);
Investigation (equal). Yan Wang: Methodology (supporting). Chu Fan
Xu: Methodology (supporting). Xiao-Yan Zhu: Funding acquisition
(equal); Methodology (equal); Supervision (equal); Writing-review &
editing (equal). Lai Jiang: Funding acquisition (equal); Project admin-

istration (equal); Supervision (equal); Visualization (equal).

DATA AVAILABILITY STATEMENT
The datasets supporting the conclusions of this study are available
from the corresponding author upon request.

ORCID
Lai Jiang https://orcid.org/0000-0003-0998-1389
REFERENCES

1. Singer M, Deutschman CS, Seymour CW, et al. The third in-
ternational consensus definitions for sepsis and septic shock
(Sepsis-3). JAMA. 2016;315(8):801-810. https://doi.org/10.1001/
jama.2016.0287

2. Claushuis TAM, van Vught LA, Scicluna BP, et al. Thrombocytopenia
is associated with a dysregulated host response in critically ill sepsis
patients. Blood. 2016;127(24):3062-3072. https://doi.org/10.1182/
blood-2015-11-680744

3. Kho S, Barber BE, Johar E, et al. Platelets kill circulating para-
sites of all major Plasmodium species in human malaria. Blood.
2018;132(12):1332-1344. https://doi.org/10.1182/blood
-2018-05-849307

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Morrell CN, Pariser DN, Hilt ZT, et al. The platelet Napoleon
complex-small cells, but big immune regulatory functions. Annu
Rev Immunol. 2019;37:125-144. https://doi.org/10.1146/annurev-
immunol-042718-041607

Rachidi S, Metelli A, Riesenberg B, et al. Platelets subvert T
cell immunity against cancer via GARP-TGFp axis. Sci Immunol.
2017;2(11):eaai7911

McDonald B, Davis RP, Kim S-J, et al. Platelets and neutrophil ex-
tracellular traps collaborate to promote intravascular coagulation
during sepsis in mice. Blood. 2017;129(10):1357-1367. https://doi.
org/10.1182/blood-2016-09-741298

Levi M. Platelets in critical illness. Semin Thromb Hemost.
2016;42(3):252-257. https://doi.org/10.1055/s-0035-1570080
Sim X, Poncz M, Gadue P, et al. Understanding platelet generation
from megakaryocytes: implications for in vitro-derived platelets.
Blood. 2016;127(10):1227-1233. https://doi.org/10.1182/blood
-2015-08-607929

Ma R, Xie R, Yu C, et al. Phosphatidylserine-mediated platelet
clearance by endothelium decreases platelet aggregates and pro-
coagulant activity in sepsis. Sci Rep. 2017;7(1):4978. https://doi.
org/10.1038/s41598-017-04773-8

Towhid ST, Nega M, Schmidt E-M, et al. Stimulation of plate-
let apoptosis by peptidoglycan from Staphylococcus aureus 113.
Apoptosis. 2012;17(9):998-1008. https://doi.org/10.1007/s1049
5-012-0718-1

Kraemer BF, Campbell RA, Schwertz H, et al. Bacteria differentially
induce degradation of Bcl-xL, a survival protein, by human platelets.
Blood. 2012;120(25):5014-5020. https://doi.org/10.1182/blood
-2012-04-420661

Mason KD, Carpinelli MR, Fletcher JI, et al. Programmed anuclear
cell death delimits platelet life span. Cell. 2007;128(6):1173-1186.
https://doi.org/10.1016/j.cell.2007.01.037

Mederle K, Schweda F, Kattler V, et al. The angiotensin Il AT1
receptor-associated protein Arapl is involved in sepsis-induced
hypotension. Crit Care. 2013;17(4):R130. https://doi.org/10.1186/
cc12809

Salgado DR, Rocco JR, Silva E, et al. Modulation of the renin-
angiotensin-aldosterone system in sepsis: a new therapeutic ap-
proach? Expert Opin Ther Targets. 2010;14(1):11-20. https://doi.
org/10.1517/14728220903460332

Yang Y, Tian T, Wang Y, et al. SIRTé protects vascular endothelial
cells from angiotensin ll-induced apoptosis and oxidative stress by
promoting the activation of Nrf2/ARE signaling. Eur J Pharmacol.
2019;859:172516. https://doi.org/10.1016/j.ejphar.2019.172516
Zhang LU, Ren Z, Yang Q, et al. Csk regulates angiotensin ll-induced
podocyte apoptosis. Apoptosis. 2016;21(7):846-855. https://doi.
org/10.1007/510495-016-1256-z

Doerschug KC, Delsing AS, Schmidt GA, et al. Renin-angiotensin
system activation correlates with microvascular dysfunction in a
prospective cohort study of clinical sepsis. Crit Care. 2010;14(1):R24.
https://doi.org/10.1186/cc8887

Goel R, Bhat SA, Hanif K, et al. Angiotensin Il receptor blockers at-
tenuate lipopolysaccharide-induced memory impairment by modu-
lation of NF-kB-mediated BDNF/CREB expression and apoptosis in
spontaneously hypertensive rats. Mol Neurobiol. 2018;55(2):1725-
1739. https://doi.org/10.1007/s12035-017-0450-5

Kim M-S, Lee G-H, Kim Y-M, et al. Angiotensin Il causes apopto-
sis of adult hippocampal neural stem cells and memory impairment
through the action on AMPK-PGC1a signaling in heart failure. Stem
Cells Transl Med. 2017;6(6):1491-1503. https://doi.org/10.1002/
sctm.16-0382

Wang C-N, Liu Y-J, Duan G-L, et al. CBS and CSE are critical for
maintenance of mitochondrial function and glucocorticoid pro-
duction in adrenal cortex. Antioxid Redox Signal. 2014;21(16):2192-
2207. https://doi.org/10.1089/ars.2013.5682


https://orcid.org/0000-0003-0998-1389
https://orcid.org/0000-0003-0998-1389
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1182/blood-2015-11-680744
https://doi.org/10.1182/blood-2015-11-680744
https://doi.org/10.1182/blood-2018-05-849307
https://doi.org/10.1182/blood-2018-05-849307
https://doi.org/10.1146/annurev-immunol-042718-041607
https://doi.org/10.1146/annurev-immunol-042718-041607
https://doi.org/10.1182/blood-2016-09-741298
https://doi.org/10.1182/blood-2016-09-741298
https://doi.org/10.1055/s-0035-1570080
https://doi.org/10.1182/blood-2015-08-607929
https://doi.org/10.1182/blood-2015-08-607929
https://doi.org/10.1038/s41598-017-04773-8
https://doi.org/10.1038/s41598-017-04773-8
https://doi.org/10.1007/s10495-012-0718-1
https://doi.org/10.1007/s10495-012-0718-1
https://doi.org/10.1182/blood-2012-04-420661
https://doi.org/10.1182/blood-2012-04-420661
https://doi.org/10.1016/j.cell.2007.01.037
https://doi.org/10.1186/cc12809
https://doi.org/10.1186/cc12809
https://doi.org/10.1517/14728220903460332
https://doi.org/10.1517/14728220903460332
https://doi.org/10.1016/j.ejphar.2019.172516
https://doi.org/10.1007/s10495-016-1256-z
https://doi.org/10.1007/s10495-016-1256-z
https://doi.org/10.1186/cc8887
https://doi.org/10.1007/s12035-017-0450-5
https://doi.org/10.1002/sctm.16-0382
https://doi.org/10.1002/sctm.16-0382
https://doi.org/10.1089/ars.2013.5682

XU ET AL

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wang Y, Zhang SU, Luo L, et al. Platelet-derived microparticles reg-
ulates thrombin generation via phophatidylserine in abdominal sep-
sis. J Cell Physiol. 2018;233(2):1051-1060. https://doi.org/10.1002/
jcp.25959

Worzyszcz A, Urbaniak J, Sapa A, et al. An efficient method for isola-
tion of representative and contamination-free population of blood
platelets for proteomic studies. Platelets. 2017;28(1):43-53. https://
doi.org/10.1080/09537104.2016.1209478

Weyrich AS, Elstad MR, McEver RP, et al. Activated platelets
signal chemokine synthesis by human monocytes. J Clin Invest.
1996;97(6):1525-1534. https://doi.org/10.1172/jci118575
Natarajan R, Scott S, Bai W, et al. Angiotensin Il signaling in vascular
smooth muscle cells under high glucose conditions. Hypertension.
1999;33(1 Pt 2):378-384. https://doi.org/10.1161/01.hyp.33.1.378
Wu YU, Ma KL, Zhang Y, et al. Lipid disorder and intrahepatic
renin-angiotensin system activation synergistically contribute to
non-alcoholic fatty liver disease. Liver Int. 2016;36(10):1525-1534.
https://doi.org/10.1111/liv.13131

Zhang Y-Q, Liu Y-J, Mao Y-F, et al. Resveratrol ameliorates
lipopolysaccharide-induced epithelial mesenchymal transition and
pulmonary fibrosis through suppression of oxidative stress and
transforming growth factor-p1 signaling. Clin Nutr. 2015;34(4):752-
760. https://doi.org/10.1016/j.cInu.2014.08.014

Cheng Z, Zhang M, Hu J, et al. Cardiac-specific Mst1 deficiency in-
hibits ROS-mediated JNK signalling to alleviate Ang ll-induced car-
diomyocyte apoptosis. J Cell Mol Med. 2019;23(1):543-555. https://
doi.org/10.1111/jcmm.13958

Liu J-J, Li D-L, Zhou J, et al. Acetylcholine prevents angiotensin
Il-induced oxidative stress and apoptosis in H9c2 cells. Apoptosis.
2011;16(1):94-103. https://doi.org/10.1007/s10495-010-0549-x
Crabos M, Bertschin S, Buhler FR, et al. Identification of AT1 re-
ceptors on human platelets and decreased angiotensin Il binding in
hypertension. J Hypertens Suppl. 1993;11(5):230-231.

Moore TJ, Williams GH. Angiotensin Il receptors on human plate-
lets. Circ Res. 1982;51(3):314-320. https://doi.org/10.1161/01.
res.51.3.314

Corréa TD, Takala J, Jakob SM. Angiotensin Il in septic shock. Crit
Care. 2015;19(1):98. https://doi.org/10.1186/s13054-015-0802-3
Schaller MD, Waeber B, Nussberger J, et al. Angiotensin Il, vaso-
pressin, and sympathetic activity in conscious rats with endotox-
emia. Am J Physiol. 1985;249(6 Pt 2):H1086-1092. https://doi.
org/10.1152/ajpheart.1985.249.6.H1086

Hilgenfeldt U, Kienapfel G, Kellermann W, et al. Renin-angiotensin
system in sepsis. Clin Exp Hypertens A. 1987;9(8-9):1493-1504.
https://doi.org/10.3109/10641968709158998

Tamion F, Le Cam-Duchez V, Menard JF, et al. Erythropoietin
and renin as biological markers in critically ill patients. Crit Care.
2004;8(5):R328-335. https://doi.org/10.1186/cc2902

Huang F, Guo J, Zou Z, et al. Angiotensin Il plasma levels are linked to
disease severity and predict fatal outcomes in H7N9-infected patients.
Nat Commun. 2014;5:3595. https://doi.org/10.1038/ncomms4595
Bozza FA, Shah AM, Weyrich AS, et al. Amicus or adversary:
platelets in lung biology, acute injury, and inflammation. Am J
Respir Cell Mol Biol. 2009;40(2):123-134. https://doi.org/10.1165/
rcmb.2008-0241TR

Grindler K, Angstwurm M, Hilge R, et al. Platelet mitochon-
drial membrane depolarization reflects disease severity in pa-
tients with sepsis and correlates with clinical outcome. Crit Care.
2014;18(1):R31. https://doi.org/10.1186/cc13724

Sy RW, Chawantanpipat C, Richmond DR, et al
Thrombocytopenia and mortality in infective endocarditis. J Am
Coll Cardiol. 2008;51(18):1824-1825. https://doi.org/10.1016/].
jacc.2008.01.034

Mortensen EM, Pugh MJ, Copeland LA, et al. Impact of statins and
angiotensin-converting enzyme inhibitors on mortality of subjects

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

WILEY-*

hospitalised with pneumonia. Eur Respir J. 2008;31(3):611-617.
https://doi.org/10.1183/09031936.00162006

Mortensen EM, Restrepo MI, Anzueto A, et al. The impact of prior
outpatient ACE inhibitor use on 30-day mortality for patients hos-
pitalized with community-acquired pneumonia. BMC Pulm Med.
2005;5:12. https://doi.org/10.1186/1471-2466-5-12

Ji Y, Ren X, Zhao Y, et al. Role of intracardiac angiotensin Il in
cardiac dysfunction of rat during septic shock. Chin Med J (Engl).
1996;109(11):864-867.

Celi A, Cianchetti S, Dell'lOmo G, et al. Angiotensin II, tissue factor
and the thrombotic paradox of hypertension. Expert Rev Cardiovasc
Ther. 2010;8(12):1723-1729. https://doi.org/10.1586/erc.10.161
Hirano Y, Takeuchi H, Suda K, et al. (Pro)renin receptor blocker im-
proves survival of rats with sepsis. J Surg Res. 2014;186(1):269-277.
https://doi.org/10.1016/j.jss.2013.08.004

Hagiwara S, lwasaka H, Hidaka S, et al. Antagonist of the type-1
ANG Il receptor prevents against LPS-induced septic shock in rats.
Intensive Care Med. 2009;35(8):1471-1478. https://doi.org/10.1007/
s00134-009-1545-x

Lund DD, Brooks RM, Faraci FM, et al. Role of angiotensin Il in en-
dothelial dysfunction induced by lipopolysaccharide in mice. Am J
Physiol Heart Circ Physiol. 2007;293(6):H3726-3731. https://doi.
org/10.1152/ajpheart.01116.2007

Shen L, Mo H, Cai L, et al. Losartan prevents sepsis-induced acute
lung injury and decreases activation of nuclear factor kappaB and
mitogen-activated protein kinases. Shock. 2009;31(5):500-506.
https://doi.org/10.1097/SHK.0b013e318189017a

Tadros T, Traber DL, Heggers JP, et al. Angiotensin Il inhibitor
DuP753 attenuates burn- and endotoxin-induced gut ischemia, lipid
peroxidation, mucosal permeability, and bacterial translocation.
Ann Surg. 2000;231(4):566-576. https://doi.org/10.1097/00000
658-200004000-00017

Hsieh M-S, How C-K, Hsieh V-R, et al. Preadmission antihyperten-
sive drug use and sepsis outcome: impact of angiotensin-converting
enzyme inhibitors (ACEls) and angiotensin receptor blockers (ARBs).
Shock. 2020;53(4):407-415. https://doi.org/10.1097/shk.00000
00000001382

Hsu W-T, Galm BP, Schrank G, et al. Effect of renin-angiotensin-
aldosterone system inhibitors on short-term mortality after sepsis:
a population-based cohort study. Hypertension. 2020;75(2):483-
491. https://doi.org/10.1161/hypertensionaha.119.13197

Lee HW, Suh JK, Jang E, et al. Effect of angiotensin converting en-
zyme inhibitor and angiotensin Il receptor blocker on the patients
with sepsis. Korean J Intern Med. 2020. Epub ahead of print. https://
doi.org/10.3904/kjim.2019.262

Kim J, Kim YA, Hwangbo B, et al. Effect of antihypertensive medica-
tions on sepsis-related outcomes: a population-based cohort study.
Crit Care Med. 2019;47(5):e386-e393. https://doi.org/10.1097/
ccm.0000000000003654

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Xu D-F, Liu Y-J, Mao Y-F, et al. Elevated
angiotensin Il induces platelet apoptosis through promoting
oxidative stress in an AT1R-dependent manner during sepsis. J
Cell Mol Med. 2021;25:4124-4135. https://doi.org/10.1111/
jcmm.16382



https://doi.org/10.1002/jcp.25959
https://doi.org/10.1002/jcp.25959
https://doi.org/10.1080/09537104.2016.1209478
https://doi.org/10.1080/09537104.2016.1209478
https://doi.org/10.1172/jci118575
https://doi.org/10.1161/01.hyp.33.1.378
https://doi.org/10.1111/liv.13131
https://doi.org/10.1016/j.clnu.2014.08.014
https://doi.org/10.1111/jcmm.13958
https://doi.org/10.1111/jcmm.13958
https://doi.org/10.1007/s10495-010-0549-x
https://doi.org/10.1161/01.res.51.3.314
https://doi.org/10.1161/01.res.51.3.314
https://doi.org/10.1186/s13054-015-0802-3
https://doi.org/10.1152/ajpheart.1985.249.6.H1086
https://doi.org/10.1152/ajpheart.1985.249.6.H1086
https://doi.org/10.3109/10641968709158998
https://doi.org/10.1186/cc2902
https://doi.org/10.1038/ncomms4595
https://doi.org/10.1165/rcmb.2008-0241TR
https://doi.org/10.1165/rcmb.2008-0241TR
https://doi.org/10.1186/cc13724
https://doi.org/10.1016/j.jacc.2008.01.034
https://doi.org/10.1016/j.jacc.2008.01.034
https://doi.org/10.1183/09031936.00162006
https://doi.org/10.1186/1471-2466-5-12
https://doi.org/10.1586/erc.10.161
https://doi.org/10.1016/j.jss.2013.08.004
https://doi.org/10.1007/s00134-009-1545-x
https://doi.org/10.1007/s00134-009-1545-x
https://doi.org/10.1152/ajpheart.01116.2007
https://doi.org/10.1152/ajpheart.01116.2007
https://doi.org/10.1097/SHK.0b013e318189017a
https://doi.org/10.1097/00000658-200004000-00017
https://doi.org/10.1097/00000658-200004000-00017
https://doi.org/10.1097/shk.0000000000001382
https://doi.org/10.1097/shk.0000000000001382
https://doi.org/10.1161/hypertensionaha.119.13197
https://doi.org/10.3904/kjim.2019.262
https://doi.org/10.3904/kjim.2019.262
https://doi.org/10.1097/ccm.0000000000003654
https://doi.org/10.1097/ccm.0000000000003654
https://doi.org/10.1111/jcmm.16382
https://doi.org/10.1111/jcmm.16382

