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Abstract: Aldosterone plays an important role in the pathogenesis of chronic kidney disease (CKD) by directly dam-
aging renal tubular cells. However, the treatment against aldosterone-induced renal injury is still limited. The pres-
ent study was performed to examine the protection role of MNTBAP in modulating aldosterone-induced renal tubular
injury both in vitro and vivo. MtD is induced by aldosterone in HK-2 cells, as evidenced by decreased expression
of mtDNA and reduced mitochondrial membrane potential (MMP), which was markedly ameliorated by treatment
with MnTBAP. HK-2 cells treated with MnTBAP demonstrated a reduction in cell apoptosis and improvements in cell
phenotypic alterations following aldosterone challenge. Treatment with MnTBAP also inhibited the activation of the
NLRP3 inflammasome and subsequent release of pro-inflammatory cytokines, IL-1 and IL-18. In addition, MnTBAP
treatment of aldosterone-infused mice significantly improved mitochondrial morphology and function, suppressed
the activation of NLRP3 inflammasome, reduced renal tubular cell apoptosis, decreased phenotypic alterations,
and ameliorated renal apoptosis. We conclude that MnTBAP treatment ameliorates aldosterone-induced renal in-
jury through regulating MtD and NLRP3 inflammsome signalling axis.
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Introduction the development of renal injury. It is regarded
important and urgent to explore the exact
mechanism and novel strategies to prevent the

injury.

Aldosterone (aldo) is a vital regulator of blood
pressure and electrolytic balance through in-
teraction with its receptor, mineralocorticoid
receptors (MR), which are expressed ubiqui-
tously in renal tubular cells [1]. Aldosterone
increases as the glomerular filtration rate falls,
and high aldosterone levels were shown to be
adversely associated with sudden cardiac
death and all-cause mortality in end-stage
renal disease patients [2]. A growing number of
studies demonstrated that Aldo plays an im-
portant role in the progression of chronic kid-
ney disease (CKD). Exogenous infusion of Aldo
elicits glomerular injury and tubulointerstitial
fibrosis in the remnant kidney animal model;
this was prevented by MR antagonists [3, 4].

Mitochondria play an essential role in cellul-
ar homeostasis, metabolism, and energy pro-
duction. Impairment of mitochondrial function,
also called mitochondrial dysfunction (MtD),
is characterized with reduced ATP production,
increased reactive oxygen species (ROS) gen-
eration, and release of pro-apoptotic products,
such as mitochondrial DNA (mtDNA) and cyto-
chrome c [6]. Some studies implicate MtD as an
important factor in the development of renal
fibrosis [7, 8]. Furthermore, aldo induces apop-
tosis and phenotypic alteration of renal tubular

Aside from its classical action through MR,
aldosterone is also associated with inflamma-
tion, apoptosis, oxidative stress, and thrombo-
sis [D]. Therefore, it plays an important role in

cells, which may be associated with mitochon-
dria [9, 10]. Mitochondria may be a potential
target in protection against Aldo-induced renal
tubular injury.
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Table 1. RT-PCR primer sequences

Anti-NIrp3 antibody and

Gene  Forward primer sequence (5-3") Reverse primer sequence (5-3’)

anti-ASC antibody were

MtDNA TTTTATCTGCATCTGAGTTTAATCCTGT CCACTTCATCTTACCATTTATTATCGC
GAGGAGTGAATAGCACCACAAA
TTTCGCTCTGGTCCGTCTTG

ATP TCCATCAAAAACATCCAGAAAA
18S TTCGGAACTGAGGCCATGATT

purchased from adipoGen
(San Diego, CA, USA). Anti-
IL-18 was purchased from

Inflammation is an essential response to tissue
damage and to restore homeostasis following a
pathogenic stimulus, but uncontrolled or per-
sistent inflammation is often deleterious and
causes extensive tissue damage. The Nod-like
receptor pyrin domain containing 3 (NLRP3)
inflammasome, one of the most well-studied
inflammasomes, plays a key role in the ac-
tivation of sterile inflammation [11]. Following
its activation, NLRP3 associates with the adap-
tor protein apoptosis speck-like protein con-
taining a caspase recruit domain (ASC), whi-
ch then recruits the effector pro-caspase-1,
resulting in the activation of caspase-1 and
subsequent cleavage of pro-IL-13 and pro-IL-
18 into their mature and active forms [12].
Recently a number of studies have reported
that NLRP3 inflammasome participates in the
progression of CKD [13, 14]. Our previous work
has also demonstrated the close relationship
between mitochondrial ROS and NLRP3 inflam-
masome in aldo-induced renal tubular injury
[15, 16]. Therefore, the role of NLRP3 inflam-
masome in renal fibrosis warrants further
investigation.

In this study, by employing a pharmacological
strategy, we investigated the exact role and
mechanism of MnTBAP, a synthetic SOD mimic,
in modulating aldosterone-induced renal injury
both in vitro and vivo. Different from recom-
binant SOD, which cannot cross biological me-
mbranes, MnTBAP is non-immunogenic and
crosses the plasma membrane to neutralize
superoxide in both extracellular and intracellu-
lar compartments. It has a wider clinical appli-
cation due to its relatively long half-life of scav-
enging activity.

Materials and methods
Reagents and antibodies

Aldosterone and MnTBAP were purchased from
Sigma (St. Louis, MO, USA). Antibodies of anti-
E-cadherin, anti-vimentin, and anti-a-SMA were
purchased from Abcam (Cambridge, MA, USA).
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Santa Cruz Biotechnolo-
gy (Santa Cruz, CA, USA);
Anti- IL-1B antibody was purchased from R&D
systems (Minneapolis, MN, USA).

Cell culture and treatments

HK-2 cells were maintained in DMEM/F12
medium, supplemented with 10% fetal bovine
serum at 37°C and 5% CO, in a humidified incu-
bator. HK-2 cells were pretreated with or with-
out MnTBAP (100 uM) for 30 min, followed by
incubation with aldosterone (100 nM) for 24 h
according to different experiments.

Measurement of mitochondrial membrane
potential (Aym)

The mitochondrial membrane potential in HK-2
cells and isolated mitochondria was measured
using the lipophilic cationic probe 5,5',6,6-tet-
rachloro-1,1',3,3-tetraethyl-benzimidazol car-
bocyanine iodide (JC-1, Molecular Probe,
Eugene, OR, USA). Following treatment, cells
were incubated with JC-1 (300 nM) for 30 min
at 37°C and then washed and analysed by fl-
ow cytometry according to manufacturer’s
instructions.

Real-time reverse transcription polymerase
chain reaction (RT-PCR)

Total RNA was isolated from cells or kidney tis-
sue and reverse transcribed to cDNA. RT-PCR
analysis was used to quantify mtDNA copy
number. RT-PCR was performed according to a
previously described protocol [17] using the
cDNA as a template and the primer sequences
used for PCR amplification are summarized in
Table 1.

Western blotting

Western blotting of cells and renal tissue
was performed as previously described [18].
Briefly, cells or renal tissue were lysed in pro-
tein lysis buffer on ice and protein concentra-
tion was quantified. Following blotting, the
membrane was incubated overnight with pri-
mary antibodies against vimentin, E-cadherin,
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Figure 1. Effects of MNnTBAP on Aldo induced MtD. Cells were pretreated with MnTBAP (100 uM) for 30 min, followed
by incubation with Aldo (100 nM) for 24 h. A: Representative images of JC-1 staining (x400). B: Quantitation of JC-1
fluorescence by flow cytometry. C: mtDNA copy number following MnTBAP treatment. Data represented as the mean
+ SEM (n = 6). "P < 0.01 vs Control; *P < 0.01 versus Aldo-induced group.

a-SMA, NIrp3, ASC, IL-1B, IL-18, or B-actin (all
diluted by Tris-buffered saline-Tween 20 [TBST]
containing 5% BSA), followed by HRP-labelled
secondary antibodies for 2 h. The blots were
visualized with an enhanced chemiluminescent
system (Amersham, Little Chalfont, Bucks, UK)
and band intensity quantified using Quantity
One (Bio-Rad, Hercules, CA, USA).

Animal studies

All animal experiments were performed with
the approval of the Animal Care Committee at
Jiao Tong University. C57BL/6J (wild-type, WT)
mice were purchased from Shanghai SLAC
Laboratory Animals (Shanghai, China). As
described previously [11], all mice underwent
left nephrectomy and subsequently given high-
salt drinking water following surgery for about
10 days. All mice were then treated randomly
with one of the following for four weeks: group
1, vehicle control (0.5% ethanol subcutaneous-
ly); group 2, aldosterone (0.75 pg/h subcutane-
ously); group 3, aldosterone + MnTBAP (0.75
pg/h subcutaneously + 10 mg/kg by intraperi-
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toneal injection, three times per week). All mice
were sacrificed at week 4, and kidney samples
were collected and immediately frozen in liquid
nitrogen for storage at -80°C.

Terminal deoxyribonucleotide transferase
(TdT)-mediated dUTP nick-end labelling (TU-
NEL) assay and annexin V/Propidium iodide
staining

Apoptosis in HK-2 cells or kidney tissue was
detected using the TUNEL assay (Roche Mo-
lecular Biochemicals) according to the manu-
facturer’s protocol and our previous report
[16]. Briefly, slides of cells or deparaffinized kid-
ney tissue section were treated in a permeabili-
zation solution (0.1% Triton X-100 in 0.1% sodi-
um citrate) at 4°C for 2 min, washed twice with
PBS, and then incubated with 50 pl TUNEL
reaction mixture for 60 min at 37°C in the dark.
For quantification, 20 fields were randomly
selected in each slide or section, and the num-
ber of TUNEL-positive cells was counted in a
standard area (1 mm32). Annexin V/Propidium
iodide staining method (BD Biosciences, San
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Figure 2. Effects of MnTBAP on Aldo induced HK-2 apoptosis and cell phenotypic alteration. A: TUNEL staining
(x400). The arrows indicate TUNEL-positive apoptotic cells. B: HK-2 cell apoptosis following MnTBAP was detected
by flow cytometry. Cells were pretreated with MnTBAP (100 uM) for 30 min, followed by incubation with Aldo (100
nM) for 24 h. C: Western blot of vimentin and a-SMA were performed. D: Semi-quantitative analysis of vimentin and

a-SMA normalized against B-actin. Data represented as the mean + SEM (n = 6).

versus Aldo-induced group.

Diego, CA, USA) was performed as previously
described [11].

Electron microscopy assay

To characterize the ultrastructural morphology
of mitochondria, kidney tissue was fixed with
2.5% glutaraldehyde at room temperature and
cutinto 1 mm?2 pieces using a scalpel. Following
a method described in our previous report [19],
we prepared ultrathin sections (60 nm) using a
microtome. The sections were then placed on
copper grids and stained with uranyl acetate
and lead citrate for analysis by electron
microscopy.

PAS staining

Harvested kidney tissues from mice were fixed
in 4% paraformaldehyde, embedded in paraf-
fin, and cut into 4 um thick sections. The sec-
tions were processed and stained with Periodic
acid-Schiff reagent according to our previous
report [20]. Following staining, we assessed
glomerular injury in experimental mice using
light microscopy based on the following semi-
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*P < 0.01 vs Control; P < 0.01

quantitative grades: grade O, normal; grade 1,
segmental lesion < 25%; grade 2, 25%-50%;
grade, 3, 50%-75%; grade 4, 75%-100%. At
least 20 glomeruli were analysed in each group.

Statistical analysis

Data are expressed as the mean + standard
error of the mean (SEM) and were analysed
using one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni’s comparison test. Results
with P < 0.05 were considered statistically
significant.

Results

MnTBAP ameliorates aldo-induced MtD in
HK-2 cells

Treatment with MnTBAP successfully revers-
ed the aldo-induced decrease in MMP accord-
ing to JC-1 aggregates and JC-1 monomeric
ratio (Figure 1A and 1B). Furthermore, MnTBAP
also increased expression of mtDNA in HK-2
cells compared with the aldo-treated group
(Figure 1C).
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Figure 3. Effects of MNnTBAP on Aldo induced NLRP3 inflammasome acti-
vation in HK-2 cells. Cells were pretreated with MnTBAP (100 uM) for 30
min, followed by incubation with Aldo (100 nM) for 48 h. (A) Expressions
of NlIrp3, pro-IL-13, IL-1B, pro-IL-18, and IL-18 in HK-2 cells were quantified.
Semi-quantitative analysis of Nirp3 (B), IL-1B (C), and IL-18 (D) normalized
against B-actin. Data represented as the mean + SEM (n = 6). "P < 0.01 vs

kines IL-13 and IL-18. We eval-
uated the protein expression
of NLRP3 and mature IL-13
and IL-18 by western blots.
As shown in Figure 3, NLRP3
infammasome was activat-
ed following aldo-treatment,
with increased levels of NL-
RP3, IL-1B and IL-18 prote-
ins. Treatment with MnTBAP
significantly decreased aldo-
dependent activation of NL-
RP3 and induction of mature
IL-1B3 and IL-18 protein levels.

MnTBAP treatment in mice
ameliorates aldo-induced
renal injury

To characterize the effects
of MnTBAP treatment on the
pathophysiological phenotyp-
es of aldo-induced injury, we

Control; #*P < 0.01 versus Aldo-induced group.

MnTBAP attenuates aldo-induced apoptosis
and phenotypic alteration in HK-2 cells

To further examine the role of MnTBAP treat-
ment on cell apoptosis, we quantified apopto-
sis by flow cytometry to measure annexin-V/
propidium iodide, and TUNEL staining assays.
The apoptosis of HK-2 cells was higher in
the aldo-treated group compared with the con-
trol group. This was markedly reduced by
MnTBAP treatment (Figure 2A and 2B). We
also determined the effect of MnTBAP treat-
ment on phenotypic alteration in HK-2 cells
induced by aldosterone. We quantified the lev-
els of vimentin and o-SMA by western blots.
Vimentin and a-SMA protein expression were
significantly increased in the Aldo-treated gro-
up compared with the control group. Further-
more, MnTBAP treatment attenuated the induc-
tion of vimentin and a-SMA protein expression
(Figure 2C and 2D). These results indicated
that aldo-treatment induces renal tubular cell
injury and that this is reversed by MnTBAP
treatment.

MnTBAP attenuates aldo-induced activation of
NLRP3 inflammasome in HK-2 cells

Activation of NLRP3 inflammasome induced

the cleavage of pro-caspase-1 and the subse-
quent release of the pro-inflammatory cyto-
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measured apoptosis, glomer-
ular injury, and phenotypic
alteration in kidney tissue. As
shown in Figure 4, PAS staining and glomerular
injury score demonstrated that MnTBAP attenu-
ated glomerular sclerosis induced by aldo-infu-
sion (Figure 4A). Furthermore, TUNEL staining
revealed higher apoptosis in the aldo-treated
group compared with the control group. This
apoptosis was inhibited by MnTBAP treatment
(Figure 4B). As shown in Figure 5, we analysed
E-cadherin and a-SMA protein expression by
western blot to evaluate the phenotypic al-
terations in kidney tissue. E-cadherin protein
expression was significantly decreased and
a-SMA protein expression was significantly
increased in the aldo-treated group compared
to control. However, treatment with MnTBAP
attenuated the loss of E-cadherin and induc-
tion of a-SMA protein expression (Figure 5B
and 5C).

MnTBAP attenuates aldo-induced MtD

We evaluated the effect of MnTBAP treatment
on MtD in mice. As shown in Figure 6, obse-
rvation of the ultrastructural morphology in
aldo-treated mice revealed swollen mitochon-
dria with disorganized and fragmented cris-
tae. These effects were accompanied by mark-
edly decreased mtDNA and ATP synthase,
which were all significantly reversed by MnTBAP
treatment.

Am J Transl Res 2018;10(11):3504-3513
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Figure 4. Effects of MnTBAP on Aldo infused renal injury on day 28. A: Representative photomicrographs of Periodic
acid-Schiff-stained kidney sections (magnification, x400); B: Representative images of TUNEL staining are shown
(magnification, x400). Bar graph indicates glomerular injury score and the mean number of TUNEL-positive tubular
cells per field. Data represented as the mean + SEM (n = 6). "P < 0.01 vs Control; *P < 0.01 versus Aldo-induced
group.

expression of NLRP3, ASC,
IL1B and IL-18 were signifi-
cantly increased after consis-
B-actin tent aldo-infusion. Treatment
with MnTBAP significantly in-
hibited activation of NLRP3
infammasome (Figure 7B)
and decreased the release of
pro-inflammatory cytokines,
IL-1B and IL-18 (Figure 7C).
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Aldosterone is essential in
the regulation of electrolytes,
fluid volume, and the mainte-
nance of blood pressure ho-
meostasis. In recent years,
aldosterone has been thoug-
ht to exert its action through
two different mechanisms,
one of which is mediated by a
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Figure 5. Effects of MNnTBAP on Aldo infused cell phenotypic alteration. (A)
Expression of a-SMA and E-cadherin protein detected in kidney samples from
different groups; Semi-quantitative analysis of E-cadherin (B), and a-SMA (C)
normalized against B-actin. Data represented as the mean + SEM (n = 6). P
< 0.01 vs Control; *P < 0.01 versus Aldo-induced group.

MnTBAP ameliorates aldo-induced expression
of inflammatory cytokines

Following 28 days of aldo-infusion and MnTB-
AP treatment, we analyzed the expression of
NLRP3, ASC, and the inflammasome-regulated
inflammatory cytokines. As shown in Figure 7,
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genomic process, predominantly through MR,
and the other is carried out by non-genomic
process, involving both MR-dependent and
MR-independent pathways [21]. Although many
studies have reported that Aldo is closely relat-
ed to renal injury, the therapies of Aldo-induced
renal injury are limited. In the present study, we

Am J Transl Res 2018;10(11):3504-3513
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MnTBAP is a type of SOD mimic, which acts
as a mitochondrial ROS scavenger, it works
towards reversing MtD. Mitochondria are en-
gaged in several metabolic pathways, calcium
and iron homeostasis, ROS production, and
programmed cell death [22]. Impaired mito-
chondrial function is closely correlated with cell
apoptosis and tissue damage. Mitochondrial
dysfunction presents as reduced ATP produc-
tion, increased accumulation of reactive oxy-
gen species, and release of pro-apoptotic
products such as mtDNA and cytochrome c¢
[23]. Recent studies have demonstrated that
MtD may be crucial in the pathogenesis of
chronic kidney disease [24]. Attenuation of MtD
decreased renal tubular cell apoptosis and
ameliorated tubulointerstitial fibrosis in 5/6
nephrectomized animals [25, 26]. Furthermore,
recent studies demonstrated that Aldo exacer-
bated MtD and promotes epithelial-to-mesen-
chymal transition of renal tubular cells through
several pathways. Aldo treatment decreases
the expression of peroxisome proliferator-acti-
vated receptor-y coactivator-1a (PGC-1a), which
maintains normal mitochondrial function [27].
MnTBAP, a synthetic SOD mimic, has been
reported to restore SOD activity and improve
mitochondrial function [28]. The superoxide
dismutase (SOD) family is the main antioxidant
system and is very important in oxidative st-
ress modulation. Decreased SOD along with
increased oxidative stress in kidney tissue,
which usually leads to impaired mitochondrial
function, has been considered important in the
pathology of renal fibrosis. In this study, we
demonstrate attenuation of MtD by MnTBAP
significantly ameliorates renal cell apoptosis
and phenotypic alteration both in vivo and vi-
tro. A previous study reported that MnTBAP
ameliorates MtD and renal fibrosis in mice with
5/6 nephrectomy, which is consistent with our
study, although the concentration of MnTBAP
differed [26]. Our study suggests that MnTBAP,
which restores mitochondrial dysfunction,
helps reverse Aldo-induced renal tubular
injury.

Inflammation is part of the normal response to
tissue damage with the goal of restoring
homeostasis. Activation of the inflammasome
and subsequent release of pro-inflammation
cytokines mediate various disease processes
[29]. Aside from its pro-inflammatory effect,
NLRP3 also interacts with TGF-B, which has a
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central role in renal fibrosis [30]. It has been
reported that NLRP3 expression and inflamma-
some-regulated cytokines are elevated in
patients with chronic kidney disease as well
as in unilateral ureteral obstruction or 5/6
nephrectomy [13]. Our previous report also
describes significant elevation of NLRP3 and
ASC protein levels and markedly increased
mature IL-10 and IL-18 levels following aldoste-
rone administration [19]. Deletion of the NLRP3
inflammasome ameliorates Aldo-induced phe-
notypic alteration, renal tubular cell apoptosis,
and impaired renal function. In many reports,
mitochondrial events seem to act upstream of
NLRP3 inflammasome activation. Zhou and co-
workers demonstrated a correlation between
mitochondrial ROS (mtROS) activity and NLRP3
inflammasome activation. Knockdown of volt-
age-dependent anion channels (VDAC), which
are crucial for the generation of mtROS, mark-
edly impair NLRP3 inflammasome activation
[31]. Wen and colleagues described that scav-
enging of overproduced mtROS by mito-TEMPO
inhibitd NLRP3 inflammasome activation in
angiotensin ll-treated renal tubular cell [32].
Our previous study also linked mtROS with the
NLRP3 inflammasome activation in Aldo-
induced renal tubular injury [11]. In addition,
mitochondria work as a platform for inflamma-
some assembly, which could be facilitated by
impaired mitochondrial function [33]. These
data suggest a close relationship between MtD
and NLRP3 inflammasome activation. In this
study, we report the aldosterone decreased the
mitochondrial membrane potential, MmtDNA
expression, and ATP production in renal tubular
cells. Application of MnTBAP attenuated MtD
and inhibited NLRP3 inflammasome activation
as well as the release of mature IL-13 and IL-18.
Considering the relationship between MtD and
NLRP3 inflammasome, it may suggest that
MnTBAP treatment ameliorates aldosterone-
induced renal tubular injury and subsequent
tubulointerstitial  fibrosis possibly through
reduced MtD-mediated activation of NLRP3
inflammasome.

In summary, our present study demonstrates
that MtD, the NLRP3 inflammasome activa-
tion, and subsequent pro-inflammatory cyto-
Kine release are involved in aldosterone in-
duced renal tubular injury and tubulointerstiti-
al fibrosis. MNTBAP reverses MtD, inhibits the
NLRP3 inflammasome activation and signifi-
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cantly ameliorates renal tubular injury. These
data support that MnTBAP treatment amelio-
rates Aldo-induced renal tubular injury through
regulating MtD and NLRP3 signalling axis. Our
findings of MnTBAP show its important role in
prevention of renal injury.
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