Original Article

Acta Pharmacologica Sinica (2015) 36: 821-830
© 2015 CPS and SIMM  All rights reserved 1671-4083/15

www.nature.com/aps

Involvement of endoplasmic reticulum stress in
angiotensin ll-induced NLRP3 inflammasome
activation in human renal proximal tubular cells

in vitro
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Aim: NLRP3 inflammasome plays an important role in renal injury and may be a therapeutic target in the treatment of patients with
progressive chronic kidney disease. In this study we investigated whether angiotensin Il (Ang Il)-induced NLRP3 inflammasome
activation was linked to endoplasmic reticulum stress (ERS) in human renal proximal tubular cells in vitro.

Methods: Human kidney proximal epithelial cells (HK-2) were pretreated with telmisartan or 4-PBA, and then treated with Ang Il. The
expression levels of mMRNAs and proteins related to NLRP3 inflammasomes and ERS was examined by real-time PCR, Western blot and

immunofluorescence.

Results: Treatment with Ang Il (10, 100, and 1000 nmol/L) increased the expression of the inflammasome markers NLRP3 and ASC,
as well as caspase-1, IL-13, and IL-18 in dose- and time-dependent manners with peak levels detected at 100 nmol/L and 12 h. Ang
Il-induced increases in the expression of NLRP3, ASC, caspase-1, IL-1[3, and IL-18 were significantly reduced by pretreatment with
telmisartan (1 ymol/L). Immunofluorescence studies showed that Ang Il increased the expression of NLRP3 and ASC, which was
inhibited by telmisartan. Furthermore, Ang Il treatment increased the expression of ERS markers GRP78 and p-elF2« in dose- and
time-dependent manners, which was significantly reduced by telmisartan. Moreover, Ang Il-induced increases in the expression of
NLRP3, ASC, caspase-1, IL.-13, and IL-18 were significantly inhibited by pretreatment with the ERS inhibitor 4-PBA (5 mmol/L).
Conclusion: Ang Il treatment induces NLRP3 inflammasome activation in HK-2 cells in vitro and ER stress is involved in this process,
which may represent a new mechanism for the renal rennin-angiotensin system to induce tubulointerstitial inflammation.
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Introduction

Tubulointerstitial fibrosis is considered to be the final pathway
for progressive kidney diseases due to a wide range of patho-
physiological processes!"l. Numerous studies have shown that
the inflammatory response continues throughout the entire
process of renal fibrosis and is an important driver of fibro-
sis?.

Ang 1II is the most powerful biologically active product of
the (renin-angiotensin system, RAS) system and mediates its
effects via the Ang II type 1 receptor (AT1R) and type 2 recep-
tor (AT2R)Pl. Previous studies have shown that Ang 1T plays
an important homeostatic role in (blood pressure, BP) regula-
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tion, water and salt balance, and tissue growth control under
physiological conditions™. However, accumulating evidence
indicates that Ang II is locally formed in the kidney and is an
important factor in renal inflammation®. Recently, Alique et al
demonstrated that in Ang II-infused mice, Ang II could induce
the renal infiltration of monocytes/macrophages and T lym-
phocytes”. In addition, numerous studies have shown that
Ang II treatment could increase the expression of pro-inflam-
matory cytokines (IL-1@, IL-6, IL-8, and TNF-a)"”), suggesting
that Ang II may promote inflammation through activation of
innate or adaptive immune responses.

Inflammasomes, which mediate caspase-1 dependent matu-
ration of the proinflammatory cytokines interleukin-1 (IL-1p)
and interleukin-18 (IL-18), participate in the innate immune
system®. The NLRP3 inflammasome is the most fully charac-
terized inflammasome®®. Recently, Vilaysane et al showed that
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NLRP3 plays a significant role in renal injury and could be
identified as a therapeutic target in the treatment of patients
with progressive (chronic kidney disease, CKD)"". NLRP3
is activated upon exposure to whole pathogens, as well as
(pathogen-associated molecular patterns, PAMPs), (danger-
associated molecular patterns, DAMPs), and environmental

irritants™".

Our previous studies have shown that albumin-
uria could stimulate NLRP3 inflammasome expression in
BSA-overload nephropathy in rats, which could be inhibited

through the use of enalapril™

. Therefore, the objective of
this study is to further investigate whether angiotensin II can
directly induce inflammasome activation in renal proximal

tubular cells and the underlying mechanisms.

Materials and methods

Cell culture

Human kidney proximal epithelial cells (HK-2) were pur-
chased from the China Center for Type Culture Collection
(CCTCCQC). Cells were cultured in DMEM-F12 supplemented
with 10% fetal bovine serum (GIBCO, Carlsbad, CA, USA).
The cells were grown at 37°C with 5% CO,. At 70%-80% con-
fluence, the cells were synchronized with a serum-free culture
medium for 24 h. Then, Ang II was added in various doses
for various periods of time as indicated. HK-2 cells were
treated with telmisartan and 4-PBA for 1 h before the Ang II
treatment. The cells were then collected for further study.
Ang II, telmisartan (dissolved in dimethyl sulfoxide, Sigma)
and 4-PBA were obtained from Sigma (St Louis, MO, USA).
The final concentration of DMSO in our experiments did not
exceed 0.1%.

Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted from the HK-2 cells, and reverse
transcription was performed using RNAiso Plus (Takara,
Tokyo, Japan). RT-PCR was performed on an ABI 7300
Sequence Detection System (Applied Biosystems, Foster City,
CA, USA) using SYBR Green dye according to the manufactur-
er’s protocol. All of the primers are listed in Table 1. B-Actin
served as an internal reference gene. The relative amount of

Table 1. Human TagMan primers for real-time PCR.

Genes Human TagMan primers
NLRP3 sense 5'-AGATGATGTTGGACTGGGCG-3’
antisense 5-TCACCTCCCGACAGTGGATA-3'
Caspase-1 sense 5-GCCTGTTCCTGTGATGTGGA-3’
antisense 5"-CACTTCCTGCCCACAGACAT-3'
IL-1B sense 5"-AACCTCTTCGAGGCACAAGG-3’
antisense 5-GGCGAGCTCAGGTACTTCTG-3'
IL-18 sense 5'-GCTTGAATCTAAATTATCAGTC-3’
antisense 5-GAAGATTCAAATTGCATCTTAT-3'
GRP78 sense 5'-CATCACGCCGTCCTATGTCG-3’
antisense 5"-CGTCAAAGACCGTGTTCTCG-3’
B-actin sense 5"-CTCCATCCTGGCCTCGCTGT-3'
antisense 5-GCTGTCACCTTCACCGTTCC-3’
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mRNA was calculated using the comparative threshold cycle
(Ct) method (AACt method).

Western blotting

Identical amounts of total protein were extracted from the
HK-2 cells and separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis. A gel transfer was performed, and
the membranes were then blocked with blocking buffer for 1 h
at room temperature. The membranes were subjected to West-
ern blotting using anti-human polyclonal antibodies against
caspase-1-p10, interleukin-1p (IL-1p), interleukin-18 (IL-18),
NLRP3, ASC, GRP78, and p-elF2a (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) with horseradish peroxidase-labeled
secondary antibodies for 1 h at 4°C. Finally, the signals were
detected using an ECL Advance system (Amersham Biosci-
ences, Piscataway, NJ, USA). The relative protein expression
levels were determined by normalization to $-actin.

Immunofluorescence

HK-2 cells were cultured in confocal dishes. Then, the cultures
were washed twice with cold PBS and fixed with iced parafor-
maldehyde for 30 min. Following three extensive washes with
PBS, the cells were permeabilized with 0.5% Triton X-100 for
10 min. After the next three washings, the cells were blocked
with 5% BSA at 37°C for an additional hour. Then, the cells
were incubated with anti-NLRP3 and anti-ASC antibodies
overnight at 4°C, followed by incubation with fluorescent
secondary antibodies at 37°C for 1 h. Finally, the cells were
viewed with a confocal microscope.

Statistical analysis

All data are expressed as the mean+SD. Student’s t-test
was used to analyze the statistical significance between two
groups, and one-way analysis of variance (ANOVA) was used
to analyze differences between more than two groups. The
results were expressed as a percentage of the control, and the
statistical analysis was performed with SPSS (Statistical Pack-
age for the Social Sciences) 20.0. A difference was considered
significant if the P-value was <0.05.

Results

Angiotensin Il induced inflammasome activation in tubular
epithelial cells

To evaluate inflammasome activation in tubular epithelial
cells, we determined the expression levels of caspase-1, IL-1p3,
and IL-18, which were used as markers of inflammasome acti-
vation. Based on the RT-PCR and Western blot analyses of
cell lysates, the mRNA and protein levels of caspase-1, IL-1p,
and IL-18 were upregulated by angiotensin II treatment in a
dose- (0, 10, 100, and 1000 nmol/L) and time- (0, 6, 12, and 24
h) dependent manner with peaks at 100 nmol/L and 12 h (Fig-
ure 1) (P<0.05), suggesting that Ang II could induce inflamma-
some activation in tubular epithelial cells.

Angiotensin Il triggered NLRP3 inflammasome activation
Because the NLRP3 inflammasome is one of the best under-
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Figure 1. Angiotensin Il induced inflammasome activation in tubular epithelial cells. (A) Real-time PCR and (C, E, and G) Western blot analysis show
that the mRNA and protein expression of caspase-1, IL-1B3, and IL-18 were increased after treatment with different amounts (0, 10, 100, or 1000
nmol/L) of angiotensin Il for 12 h in serum-free medium. (B) Real-time PCR and (D, F, and H) Western blot analysis indicate that the mRNA and protein
expression of caspase-1, IL-1pB, and IL-18 were increased after treatment with 200 nmol/L angiotensin Il for various time periods (0, 6, 12, or 24 h) in
serum-free medium. B-Actin served as an internal control gene. The results represent the mean+SD from four experiments. °P<0.05 vs control.

stood members of the inflammasome family, we next tested
the expression of NLRP3 and the adaptor protein apoptosis-
associated speck like protein (ASC) after treatment with Ang
II. As shown in Figure 2, after the addition of Ang II, NLRP3
and ASC mRNA and protein levels were increased in a dose-
(0, 10, 100, and 1000 nmol/L) and time- (0, 6, 12, and 24 h)
dependent manner (P<0.05). Additionally, the mRNA and
protein expression levels of NLRP3 and ASC were mark-
edly increased at 100 nmol/L and 12 h (P<0.05). Moreover,
immunofluorescence staining showed that NLRP3 and ASC
exhibited enhanced expression in the Ang II treatment group,
and the proteins were co-localized into the perinuclear space
(Figure 3).

Telmisartan inhibited angiotensin ll-induced NLRP3 inflamma-
some activation

To examine whether the NLRP3 inflammasome was activated
by Ang II, we applied telmisartan, a known angiotensin II
receptor blocker, to HK-2 cells. Then, we pretreated HK-2 cells
with or without telmisartan (1 pmol/L). As shown in Figure
4, telmisartan treatment could inhibit Ang Il-induced activa-
tion of caspase-1 (P<0.05). Likewise, compared to the Ang II
treated group, after pretreatment with telmisartan, NLRP3,
ASC, IL-1B, and IL-18 mRNA and protein levels were reduced
(P<0.05). Furthermore, telmisartan could significantly reduce
NLRP3 and ASC immunostaining. These data demonstrated
that telmisartan could inhibit angiotensin II-induced NLRP3
inflammasome activation.

Acta Pharmacologica Sinica
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Figure 2. Angiotensin Il could trigger NLRP3 inflammasome activation. (A) Real-time PCR and (C and E) Western blot analysis show that the mRNA
and protein expression of NLRP3 and ASC were increased after treatment with different amounts (0, 10, 100, and 1000 nmol/L) of angiotensin Il for
12 h in serum-free medium. (B) Real-time PCR and (D and F) Western blot analysis indicate that the mRNA and protein expression of NLRP3 and ASC
were increased after treatment with 100 nmol/L angiotensin Il for various time periods (0, 6, 12, or 24 h) in serum-free medium. B-Actin served as an
internal control gene. The results represent the mean+SD from four experiments. °P<0.05 vs control.

Angiotensin Il could induce endoplasmic reticulum stress in HK-2
cells

Previous studies demonstrated a close relationship between
the NLRP3 inflammasome and endoplasmic reticulum stress.
Therefore, we hypothesized that ER stress may be involved in
Ang Il-induced NLRP3 inflammasome activation. We mea-
sured the mRNA and protein expression of GRP78 and the
phosphorylation of elF2a after Ang II treatment. As shown in
Figure 5, Ang Il remarkably increased the expression of GRP78
and elF2a phosphorylation in a dose- and time-dependent
manner. To further confirm that ER stress was induced by
Ang II, we pretreated HK-2 cells with telmisartan. The results
showed that telmisartan could reduce the expression of GRP78
at both the mRNA and protein levels as well as elF2a phos-
phorylation (Figure 6).

4-Phenyl butyric acid (4-PBA) mediated reduction of ER stress
decreased NLRP3 inflammasome activation
To evaluate whether ER stress plays a vital role in regulating
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NLRP3 inflammasome activation, we used 4-PBA, a chemical
chaperone that reduces ER stress. First, we determined the
mRNA and protein expression levels of GRP78 and the phos-
phorylation of elF2a to examine the effect of 4-PBA. We found
that, compared to the Ang II treated group, 4-PBA could
reduce the expression of GRP78 and the phosphorylation of
elF2a (Figure 7B, 71, and 7]). Next, we treated HK-2 cells with
Ang II in the presence or absence of 4-PBA. We found that
4-PBA inhibited Ang II induced the activation of caspase-1
and reduced the expression of NLRP3, ASC, IL-1f, and IL-18
(Figure 7A, 7C-7H), which suggests that ER stress plays a sig-
nificant role in regulating inflammasome activation.

Discussion

It is now clear that Ang II is an important cytokine for kidney
inflammation™. Numerous studies in experimental models
in rodents have shown that Ang II induces the recruitment of
monocytes and promotes tubular inflammatory changes in
the kidney™. Most recently, Rafiq et al demonstrated that in
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Figure 3. Telmisartan could inhibit angiotensin ll-induced NLRP3 inflammasome activation. The inflammasome markers (NLRP3 and ASC) were
detected by indirect immunostaining in HK-2 cells. HK-2 cells were treated without or with 100 nmol/L angiotensin Il or with 100 nmol/L angiotensin II

and 1 ymol/L telmisartan (ARB) for 12 h in serum-free medium.

Dahl salt-sensitive (DSS) hypertensive rats, olmesartan could
significantly attenuate HS-induced increases in mRNA levels
of proinflammatory cytokines and inflammatory cell accumu-
lation™!. Xie et al also showed that Ang II treatment could
lead to an increasing expression of proinflammatory cytokines
(IL-1pB, IL-6, IL-8, and TNF-a). However, the mechanism by
which Ang II induces renal inflammation is still unclear. To
date, investigators have demonstrated that Ang II mediates
renal inflammation through the activation of several intracel-
lular signaling pathways, including the nuclear factor-xB (NF-
kB), mitogen-activated protein kinases (MAPK), Rho proteins
and redox pathways™ "), In addition, Ang II can increase
the production of mitochondrial reactive oxygen species (ROS)
to induce inflammation™. In this study, we found that Ang IT
may activate the NLRP3 inflammasome to induce inflamma-
tion.

The NLRP3 inflammasome is one of the several intracellular
pattern recognition receptors (PRRs) that initiate inflamma-
tion in response to hazards™. The inflammasome converts
inactive pro-caspase-1 to active caspase-1, which cleaves inac-
tive cytokine precursors (such as pro-IL-1p, pro-IL-18) into a

secreted and active form™. Accumulating studies now sug-

gest that the NLRP3 inflammasome in intrarenal dendritic cells
or infiltrating macrophages drives renal inflammation" *,
In addition, in vivo studies have indicated that the NLRP3
inflammasome plays an important role in renal inflammation
by infiltrating leukocytes and increasing pro-inflammatory
cytokine (IL-1B, TL-18) expression. Our previous studies
using BSA-overload rats have demonstrated that the expres-
sion of the NLRP3 inflammasome is increased; however, treat-
ment with enalapril, a well-known angiotensin converting
enzyme inhibitor, inhibited tubulointerstitial inflammation
and reduced the expression of the NLRP3 inflammasome*?.

In this study, we focused on the role of Ang II in the expres-
sion of NLRP3 in renal tubular cells. We found that Ang II
could induce NLRP3 inflammasome activation in a dose- and
time-dependent manner in renal tubular epithelial cells. Addi-
tionally, to examine whether this phenomenon was actually
caused by Ang II, we used telmisartan to inhibit the action of
angiotensin II. We found that telmisartan could significantly
inhibit angiotensin II induced NLRP3 inflammasome activa-
tion. Because increasing evidence demonstrates that ER stress
may induce inflammasome activation through a mechanism
involving reactive oxygen species formation and activation of
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Acta Pharmacologica Sinica



www.nature.com/aps
Wang J et al

826

mRNA guantity
(normal to B-actin)

O Control

Caspase-1-p10

Pro-caspase-1-p10 |

B-Actin

IL-1B

Pro-IL-1p

B-Actin

IL-18

Pro-IL-18

B-Actin

NLRP3

ASC

B-Actin

Caspase-1

Control

Control

Control

IL-1p IL-18

Ang II+ARB

Ang i Ang II+ARB

Ang Ang II+ARB

Ang Il Ang II+ARB

mRNA quantity
(normal to B-actin)

Relative protein expression Relative protein expression Relative protein expression

Relative protein expression

2:54

B NLRP3 b
2.0 1
1.5 4

e

1.0 4
0.5 4
0 - - .

Control Ang Il Ang [I+ARB
2.0

B Caspase-1
1.6 b
1.2 e
0.8
0'4 J
0 T T

Control Angll Ang [I+ARB
0.89

W IL-1p b
0.6 e
0.4+
0-2—4.
0 4 - -

Control Ang Il Ang [I+ARB
0.89

| 18 b
0.64

e

0.4+
0.2;.
0 4 4 T

Control Ang I Ang II+ARB
%81 m nLre3 b

0O AsC b
0.6 e
0.4+ e
0.2
0 -

Control Ang Il Ang II+ARB

Figure 4. Telmisartan could inhibit angiotensin ll-induced NLRP3 inflammasome activation. (A and B) Real-time PCR and (C-J) Western blot analysis
show that the mRNA and protein expression of NLRP3, ASC, caspase-1, IL-18, and IL-18 were reduced after pretreatment with telmisartan (1 umol/L).
B-Actin served as an internal control gene. The results represent the mean+SD from three experiments. °P<0.05 vs control. °P<0.05 vs the Ang Il

group.
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Figure 5. Angiotensin Il could induce endoplasmic reticulum stress in HK-2 cells. (A) Real-time PCR and (C and E) Western blot analysis show that
the mRNA and protein expression of GRP78 and p-elF2a were increased after treatment with different amounts (0, 10, 100, and 1000 nmol/L) of
angiotensin Il for 12 h in serum-free medium. (B) Real-time PCR and (D and F) Western blot analysis indicate that the mRNA and protein expression of
GRP78 and p-elF2a were increased after treatment with 200 nmol/L angiotensin Il for various time periods (0, 6, 12, or 24 h) in serum-free medium.
B-Actin served as an internal control gene. The results represent the mean+SD from four experiments. °P<0.05 vs control (the relative abundance of
GRP78 mRNA and protein). °P<0.05 vs control (the relative abundance of the p-elF2a protein).

thioredoxin-interacting protein®® * >, we further explored the

potential mechanism of Ang II in mediating NLRP3 inflam-
masome activation and its link to ER stress. Interestingly, we
demonstrated that Ang II could induce endoplasmic reticulum
stress in HK-2 cells. It was observed that 4-phenyl butyric
acid (4-PBA), a well-known ER stress inhibitor™, significantly
reduced the expression of NLRP3, ASC, caspase-1, IL-1p, and
IL-18 induced by Ang II, suggesting that ER stress might be
involved in Ang II-induced NLRP3 inflammasome activation
in HK-2 cells. Previously, we demonstrated that albumin
could induce the activation of intrarenal RAS®" and other
studies have shown that albumin might induce endoplasmic
reticulum stress™, which may play an important role in regu-
lating inflammation. Taken together, our results may provide
a new mechanism for inflammation induced by albuminuria.
In recent years, numerous studies in human and animal
models have shown that inflammasomes play an important

role in acute and chronic kidney diseases!”*” *I. Our pres-

ent study demonstrated that telmisartan could inhibit NLRP3
inflammasome activation, suggesting that angiotensin II
receptor blockers may slow the progression of chronic kidney
diseases by inhibiting inflammasome activation in addition to
lowering blood pressure.

In conclusion, our findings demonstrated for the first time
that Ang II could induce inflammasome activation in HK-2
cells, and ER stress may be involved in this important process.
This finding may represent a newly identified mechanism by
which the renal RAS system can induce renal tubulointerstitial
inflammation.
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