Am J Transl Res 2018;10(12):4163-4172
www.ajtr.org /ISSN:1943-8141/AJTRO081784

Original Article

Transient receptor potential ankyrin 1 protects against
sepsis-induced Kidney injury by modulating
mitochondrial biogenesis and mitophagy

Jingiang Zhu*, Shuai Zhang", Yanqing Geng, Yukang Song

Department of Medical Intensive Care Unit, The First People’s Hospital of Wenling, Wenling 317500, Taizhou,
Zhejiang Province, China. *Co-first authors.

Received June 27, 2018; Accepted November 23, 2018; Epub December 15, 2018; Published December 30,
2018

Abstract: This study was undertaken to investigate the cytoprotective role of transient receptor potential ankyrin
1 (TRPA1) in sepsis-induced kidney injury. The Cecal ligation and puncture (CLP) was employed to induce sep-
tic kidney injury in C57BL/6 mice. Six hours before CLP or a sham procedure, mice were injected intraperitone-
ally with 10 mg/kg hemin or 30 mg/kg of the TRPAL antagonist A-967079. Our study showed that mice treated
with A-967079 exhibited less sepsis-induced mortality and kidney injury compared with those in the sham group.
Moreover, A-967079 prevented multiple organ dysfunction, pathological changes, and increased secretion of in
proinflammatory cytokines. In addition, A-967079 decreased the levels of mitochondrial lipid peroxidation and mi-
tochondrial dysfunction in kidney tissues. The protein levels of mitochondrial biogenesis markers, including Sirt1,
nuclear respiratory factor 1, and mitochondrial transcription factor A, were decreased in the A-967079 treatment
group. Additionally, A-967079 treatment attenuated mitochondrial mitophagy. The levels of PTEN-induced putative
kinase 1 increased and parkin levels decreased compared to the untreated CLP group. Our findings suggest that
TRPA1 prevents septic injury by modulating mitochondrial biogenesis and mitophagy.
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Introduction

Sepsis is a complex disease caused by uncon-
trollable inflammatory responses, which lead
to serious adverse consequences, such as
shock, organ dysfunction, and even death [1].
Research on sepsis has been carried out for
more than 30 years, but its pathophysiology
has not yet been elucidated. The hospitaliza-
tion and mortality rates of patients with sepsis
are often significantly elevated; previous stud-
ies found that 25% of septic patients in the
intensive care unit had a mortality rate of about
50% [2, 3]. Therefore, it is urgent to find reliable
markers of sepsis for its early diagnosis and
treatment, and to analyze its pathophysiology.

For septic patients, restoring the functions of
cells and organs is critical to maintain optimal
function of the mitochondria [4], as recent stud-
ies have found that mitochondrial quality con-

trol is significantly associated with certain in-
flammatory and neurodegenerative diseases
[5]. The mitochondrial quality control network
is responsible for maintaining mitochondrial
homeostasis, including mitochondrial biosyn-
thesis (mitochondrial formation), mitochondrial
dynamic balance, and autophagy [6, 7]. Ex-
cessive numbers of dysfunctional mitochondr-
ia, increases in mitochondrial fission, and im-
paired mitochondrial fusion are the main char-
acteristics of many neurodegenerative diseas-
es [8].

Transient receptor potential ankyrin 1 (TRPA1)
is a receptor-activated, nonselective cation
channel that can be activated by a variety of
toxic and irritating substances. The sensitivity
of transgenic mice lacking TRPAL to cold, me-
chanical stimulation, and TNFo-induced me-
chanical pain was decreased, compared to
TRPA1-expressing mice [9-11]. Thus, TRPAL is
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able to mediate both acute and inflammatory
pain [12]. In addition, TRPA1 is an oxygen sen-
sor, which plays an important role in histamine-
independent pruritus [13]. The cytoprotective
ability of TRPA1 is closely related to mitochon-
drial function. Researchers are currently ex-
ploring the specific molecular mechanisms by
which TRPA1 exhibits its cytoprotective effects.
In this study, we analyzed the molecular mech-
anism by which TRPA1 protects kidney cells
from septic injury.

Materials and methods
Animals

All the protocols were approved by the In-
stitutional Animal Care and Use Committee of
First People’s Hospital of Wenling, in accor-
dance with the Guide for the Care and Use of
Laboratory Animals of the National Institutes
of Health (approval ID: SYXK20140026). Male
C57BL/6 mice (10-14 weeks of age; body
weight, 23-25 g) were provided by the Shanghai
Lab Animal Research Center. The mice were
maintained in cages at 22+2°C, with an artifi-
cial 12-h light-dark cycle using 12/12 h occult-
ing photos and allowed unlimited food and
water intake.

Experimental procedure

A mouse model of sepsis was established us-
ing cecal ligation and puncture (CLP), as previ-
ously reported [14]. Mice were randomly divid-
ed into six groups: sham, hemin, A-967079,
Sepsis, hemin + Sepsis, and A-967079 + Seps-
is. Six hours before CLP or a sham procedure,
mice were intraperitoneally injected with saline
(control), 10 mg/kg hemin (Sigma-Aldrich, St
Louis, MO, USA), or 30 mg/kg A-967079 (Sig-
ma-Aldrich, St Louis, MO, USA). Mortality rates
were recorded seven days after CLP, and sur-
vival was ensured for three weeks (n=10). For
histological analyses, 6 mice were used from
each group. Blood samples were collected from
the inferior vena cava and multiple tissues of
anesthetized mice six hours after CLP, and
quickly stored at -80°C.

Isolation of mitochondrial fragments

As previously described, kidney mitochondrial
fragments were isolated [15]. A BCA protein
extraction kit (Thermo Scientific, Rockford,
USA) was used to measure the protein concen-
tration of the mitochondrial fragments.
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Western blot analysis

Kidney tissues were homogenized in RIPA buf-
fer containing PMSF (Beyotime Institute of
Biotechnology, Shanghai, China) and centri-
fuged at 12,000 x g at 4°C for 15 min. Pro-
tein concentrations were measured using the
Bradford method. Protein samples (20 ug) were
loaded onto a 15% polyacrylamide gel, sepa-
rated by SDS-polyacrylamide gel electropho-
resis, and transferred to a PVDF membrane
(Millipore, Shanghai, China). The membrane
was blocked with 5% (w/v) skim milk (dissolved
in Tris buffer containing 0.1% Tween-20) at
room temperature and then incubated at 4°C
overnight with primary antibodies. Primary anti-
bodies included: anti-TRPA1 (1:2,500; Abcam,
MA, USA), anti-cytochrome ¢ oxidase 1V, anti-
superoxide dismutase 2 (S0D2), anti-NRFI, an-
ti-mitochondrial transcription factor A (TFAM),
anti-parkin, anti-dynamin-related protein 1 (DR-
P1; 1:2,500; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-MR (1:2,500, Abcam,
Cambridge, MA, USA), anti-BCL2/adenovirus
E1B (19 kD)-interacting protein 3 (BNIP3), anti-
mitochondrial fusion protein (MFN2; 1:2,500;
Abcam, Cambridge, UK), anti-PGC1l«, anti-pho-
sphatase and tension homologue-induced ki-
nase 1 (PINK1), and anti-B-actin (1:1,000;
Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Anti-rabbitand anti-goat secondary anti-
bodies (1:5,000, LI-COR Biosciences, USA)
were added to the membrane and incubated
for 1.5 h at room temperature. Each band
shown represents the best result from three
independent experiments. Each band was ana-
lyzed bythe Odyssey Infrared Imaging System
(Li-COR Biosciences, USA). Data were ex-
pressed as the relative fold change based on
the unprocessed value of the control group.

Histopathological analysis

The tissues were fixed with 10% neutral forma-
lin, coated with paraffin, cut into 5-um-thick
slices, and stained with hematoxylin and eo-
sin. Histological changes were observed in ran-
dom fields during evaluations of morphology
(Olympus Optical Co., Tokyo, Japan).

ALT and AST assays
Changes in serum alanine aminotransferase

(ALT), aspartate aminotransferase (AST), urea
nitrogen (BUN), creatinine, and lactate dehydro-
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Figure 1. Effects of the TRPAL1 antagonist (A-967079) on overall survival in mice with CLP-induced sepsis. A. Mice
were monitored one week after CLP (n=10). B. Inflammation was detected in various tissues by histological exami-
nation. *P<0.05, significant versus sepsis group mice.

Table 1. Effect of hemin or TRPA1 antagonist (A-967079) on multi-organ injury CLP-induced septic
mice

ALT (U/L) AST (U/L) LDH (U/L) BUN (mg/dL) Creatinine (mg/dL)
Sham 28.7+15 57.242.4 885.1+95.6 22.8+2.1 0.39+0.01
CLP 78.6+3.3%*  271.8+11.5%*  4213.5+126.4%*  31.6+1.5%* 0.64+0.02*
Hemin + CLP 57.241.7%* ## 250.4+8.6%* # 3520.5+185.3** #  28.7+1.6 0.43+0.02#

A-967079 + CLP 80.3+2.9** 309.5+10.7**  4465.2+174.6**  39.1+2.4%** 0.75+0.03** #

CLP, cecal ligation and puncture; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen;
LDH, lactate dehydrogenase. *P<0.05 and **P<0.01, significant versus the sham group, #P<0.05 and ##P<0.01, significant
versus the sepsis group.
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Figure 2. Effects of the TRPA1 antagonist (A-967079) on microsomal and mitochondrial TRPAL protein expression
six hours after CLP (n=10). A. Microsomal TRPA1 protein expression measured in kidney extracts. B. Mitochondrial
TRPA1 protein expression in kidney mitochondria detected by western blot (n=10). *P<0.05 and **P<0.01, signifi-
cant versus the sham group, #P<0.05 and #P<0.01, significant versus the sepsis group.

genase (LDH) levels were measured using
specific test kits (Jiancheng Bioengineering
Institute of Nanjing), according to the manu-
facturer’s protocols.

Serum cytokine detection

Serum levels of IL-6 and IL-13 were quantita-
tively analyzed by enzyme-linked immunosor-
bent assays (ELISAs) using IL-6 and IL-1 ELI-
SA kits (BD Biosciences, San Jose, CA, USA),
according to the manufacturer’s protocol.

Mitochondrial swelling

Rates of mitochondrial swelling represent the
extent of the mitochondrial permeability transi-
tion (MPT). As previously described [16], MPT
can be detected by the absorbance of a mito-
chondrial suspension at 520 nm.
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Mitochondrial lipid peroxidation

Using spectrophotometry at 535 nm [13], the
levels of malondialdehyde (MDA) in kidney
mitochondrial fragments were determined as
the amount of MDA that reacts with thiobar-
bituric acid.

Serum glutamic dehydrogenase activity

As previously described [17], the activity of
glutamic dehydrogenase (GDH) in serum was
determined by spectrophotometry.

Statistical analyses

All statistical analyses were carried out using
GraphPad Prism (GraphPad Software, San
Diego, CA, USA). The data were expressed as
the mean * standard deviation (SEM). Survival
data were analyzed using the Kaplan-Meier
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Figure 3. Effects of the TRPAL antagonist (A-967079) on inflammatory cy-
tokines in mice with CLP-induced sepsis. Serum IL-6 (A) and IL-13 (B) levels

and creatinine (Table 1). Ad-
ditionally, hemin was shown
by a histological examination
to prevent CLP-induced cell
death, whereas A-967079 en-
hanced CLP-induced cell de-
ath (Figure 1B).

were detected six hours after CLP (n=10). *P<0.05 and **P<0.01, signifi-

cant versus the sham group, #P<0.05 and ##P<0.01, significant versus the

sepsis group.

curve and log-rank test. Other data were ana-
lyzed by one-way ANOVA, and multiple compari-
sons were analyzed by the Bonferroni test. A P
value less than 0.05 was considered a statisti-
cally significant difference between groups.

Results

TRPA1 prevents sepsis-induced organ damage
and death

To explore the role of TRPA1 in CLP-induced
sepsis and subsequent death, we monitored
survival for seven consecutive days. In the CLP
group, the survival rate was 75% on the first
day; survival remained stable at 25% from the
fourth day after CLP and beyond. Compared
with the CLP group, the hemin + CLP group had
a higher survival rate (P=0.0352), whereas the
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CLP increases TRPA1 protein
expression in the kidney and
mitochondria

We measured TRPAL protein levels in septic
mice. Compared with the sham group, CLP
increased TRPA1 protein expression in kidney
microsomal extracts by 1.3 and 12.8 folds,
respectively. Hemin + CLP further increased
TRPA1 protein expression, whereas A-967079
+ CLP reduced TRPA1 protein expression, com-
pared to CLP alone (Figure 2A). CLP also sig-
nificantly increased TRPA1 protein expression
in kidney mitochondria compared with the
sham group. Hemin further increased this ex-
pression, whereas A-967079 abrogated the
increase (Figure 2B).

TRPA1 downregulates the expression of proin-
flammatory cytokines induced by CLP

To analyze the role of TRPAL in inflammatory
responses, we measured the expression of

Am J Transl Res 2018;10(12):4163-4172
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Figure 4. Effects of the TRPA1 antagonist (A-967079) on mitochondrial damage in mice with CLP-induced sepsis.
A. Kidney mitochondrial MDA levels. B. Kidney mitochondrial SOD2 protein levels. C. Mitochondrial swelling was
detected six hours after CLP. D. Kidney ATP levels were measured six hours after CLP. E. Serum GDH activity was
measured six hours after CLP. *P<0.05 and **P<0.01, significant versus the sham group, #P<0.05 and ##P<0.01,

significant versus the sepsis group.

serum inflammatory cytokines. Compared with
the sham group, CLP increased serum IL-6 and
IL-1B levels by 203.6 and 40.9 folds, respec-
tively. Hemin blocked the CLP-induced increas-
es in these levels, whereas A-967079 enhanc-
ed the expression of CLP-induced IL-6 and IL-
18 levels (Figure 3A and 3B).

TRPA1 reduces CLP-induced oxidative stress in
mitochondria

The level of MDA in kidney mitochondria in the
sham group was 0.31+0.06 nmol/mg. Com-
pared with the sham group, CLP significantly
increased MDA levels by 2.6 folds, whereas
hemin + CLP blocked the increase in these lev-
els (Figure 4A). CLP reduced SOD2 protein lev-
els to 86.7% of sham group levels. Hemin + CLP
attenuated this decrease (Figure 4B). To ana-
lyze changes in the mitochondrial membrane
potential, we measured the rate of mitochon-
drial swelling. The swelling rate of mitochond-
ria in the sham group was 0.004+0.001 (AA x
102/min-mg of protein), whereas CLP increas-
ed this rate by 7.2 folds. Hemin + CLP blocked
the increase induced by CLP alone (Figure 4C).
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To examine the role of TRPAL in mitochondrial
dysfunction, we measured serum GDH acti-
vity and kidney ATP levels. The activity of se-
rum GDH in the sham group was 4.9+0.3 U/L,
whereas CLP significantly increased GDH activ-
ity by 5.3 folds, and hemin + CLP blocked this
change (Figure 4D). Kidney ATP levels were sig-
nificantly decreased to 76.5% of sham group
levels by CLP. Hemin + CLP negated the effects
of CLP alone, whereas A-967079 had no effect
on CLP-induced mitochondrial swelling, kidney
mitochondrial MDA, SOD2, and kidney ATP lev-
els, or serum GDH activity. The addition of ei-
ther hemin or A-967079 alone had no impact
on the extent of mitochondrial oxidative dam-
age or dysfunction (Figure 4E).

TRPA1 enhances the homeostasis of mito-
chondria

To determine whether TRPA1 could play a pro-
tective role in mitochondrial homeostasis, we
first measured the expression levels of bio-
markers related to mitochondrial biosynthes-
is. Compared with the sham group, CLP reduc-
ed kidney PGCla and TFAM protein levels by

Am J Transl Res 2018;10(12):4163-4172
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Figure 5. Effects of the TRPAL antagonist (A-967079) on mitochondrial biogenesis and mitophagy in mice with
CLP-induced sepsis. A. Protein expression levels of mitochondrial biogenesis markers detected in kidney extracts
six hours after CLP by western blot (n=10). B. Protein expression levels of mitochondrial mitophagy biomarkers in
kidney extracts six hours after CLP by western blot (n=10). *P<0.05 and **P<0.01, significant versus the sham
group, #P<0.05 and ##P<0.01, significant versus the sepsis group.

68.3% and 53.15%, respectively. Hemin + CLP
prevented these decreases. However, A-967-
079 had no effect on the CLP-induced effects
on mitochondrial biosynthesis (Figure 5A). Fur-
thermore, compared with the sham group, CLP
increased PINK1 protein levels by 1.7 folds.
Hemin + CLP blocked this increase, whereas
A-967079 + CLP further enhanced this incre-
ase. CLP reduced parkin and BNIP3 protein lev-
els to 77.6% and 75.4% of sham group levels,
respectively. Hemin + CLP prevented these
decreases, whereas A-967079 + CLP had no
effects on either parkin or BNIP3 protein levels
compared to CLP alone (Figure 5B).

TRPA1 inhibits mitochondrial mitosis and
promotes fusion

Compared with the sham group, CLP increas-
ed kidney DRP1 protein levels by 1.4 folds.
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Hemin + CLP blocked this increase. CLP re-
duced the expression of MFN2 to 75.3% of
sham group levels, whereas hemin + CLP pre-
vented this decrease (Figure 6).

Discussion

TRPA1 plays an important role in the sensory
conduction of nerves, respiration, digestion,
and other systems, typically as a mechanical,
pain, or cold sensor [18]. TRPA1 can be translo-
cated to mitochondria under stressful condi-
tions, such as inflammation and oxidative
stress [19]. TRPV1 can be activated by capsa-
icin, protons, high temperature, and inflamma-
tory mediators [20]. In indomethacin-induced
gastritis, mitochondrial TRPA1 can alleviate
mitochondrial oxidative stress and subsequent
damage to the gastric mucosa [21].

Am J Transl Res 2018;10(12):4163-4172
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Figure 6. Effects of the TRPA1 antagonist (A-967079) on mitochondrial dynamics in mice with CLP-induced sepsis.
Expression levels of DRP1 and MFN2 proteins were measured in kidney extracts six hours after CLP by western blot.
*P<0.05 and **P<0.01, significant versus the sham group, #P<0.05 and ##P<0.01, significant versus the sepsis

group.

Previous studies have shown that pretreatment
with hemin can effectively reduce mortality in
models of sepsis [22]. Although physicians typi-
cally focus on treatment rather than preven-
tion, it is clinically important to prevent sepsis
by hemin pretreatment in hospitalized patients
after major surgery and in elderly patients with
a high risk of sepsis [23, 24]. To verify the role
of TRPAL in sepsis, we compared the expres-
sion of TRPA1 in animals treated with either
hemin or A-967079. We found that TRPA1 cou-
Id significantly prevent inflammatory reactions
and kidney injury, whereas inhibition of TRPA1
expression aggravated these changes. These
results are in accordance with our histological
findings. Our results suggest that the upregula-
tion of TRPA1 levels may prevent inflammatory
responses in organs and improve the survival
of septic mice.

Mitochondrial dysfunction is the main cause of
sepsis-induced organ failure, which is closely
related to mortality. Mitochondria are the main
source of ROS and the target of oxidative
stress. Many targeting mechanisms are invo-
Ived in the mitochondrial degradation of auto-
phagosomes. Mitochondrial autophagy induc-
ed by PINK/parkin, and dependent on BNIP3
and NIX, is well known. Many studies have ex-
plored the key role for mitochondrial dysfunc-
tion in sepsis, finding that specific targeted
antioxidant therapy for mitochondrial damage
could relieve sepsis-related damage in experi-
mental models [25]. In this study, CLP signifi-
cantly promoted mitochondrial swelling and
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lipid peroxidation, and reduced SOD2 protein
expression. Hemin prevented these changes.
CLP increased serum GDH activity, whereas
hemin blocked this change. Kidney ATP levels
can be used as a marker of mitochondrial func-
tion. After hemin treatment, ATP levels in the
kidney were higher than those in the CLP group,
suggesting that the upregulation of TRPA1 can
prevent mitochondrial oxidative damage and
improve mitochondrial dysfunction during se-
psis.

Mitochondrial biosynthesis is regulated by vari-
ous transcription factors in mammalian cells.
PGClax is the major transcriptional regulator of
mitochondrial biogenesis via NRF1 activation.
PGCla and NRF1 can activate TFAM, thereby
regulating mitochondrial DNA replication and
maintaining mitochondrial density. Recent stu-
dies have shown that the overexpression of
tissue-specific TRPA1 can induce mitochond-
rial biosynthesis, thereby protecting against ad-
riamycin-induced dilated cardiomyopathy [26].
Our study showed that CLP reduced the expres-
sion of PGC1a and TFAM levels, whereas hemin
blocked these decreases, indicating that TRPAL
can activate mitochondrial biosynthesis.

Mitochondrial autophagy plays a vital role in
the clearance of dysfunctional mitochondria.
Deficiencies in mitochondrial autophagy have
been shown to cause the accumulation of dam-
aged mitochondria in chronic obstructive pul-
monary disease [27]. In most mammalian cells,
PINK1 and parkin play important roles in medi-

Am J Transl Res 2018;10(12):4163-4172
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ating the classical pathway of mitochondrial
autophagy [28]. PINK1 is a sensor of mito-
chondrial damage, which accumulates in the
outer membrane of damaged mitochondrial,
and induces parkin translocation from the cy-
toplasm to mitochondria [29]. Compared with a
nonseptic control group, PINK1 protein expres-
sion was found to be upregulated in septic
patients [30]. A PARK2 deletion was shown to
cause abnormal mitochondrial metabolic func-
tions and reduce myocardial contractility in a
model of LPS-induced sepsis [31]. BNIP3 is a
protein related to Bcl2 with an atypical Bcl2
homologous domain 3 that is located in mito-
chondria. Mitochondrial BNIP3 induces mito-
chondrial autophagy by interfering with the
interaction between Beclinl and Bcl-xL. Recent
studies have shown that BNIP3 is able to inter-
act with PINK1, inhibit PINK1's shear, and pro-
mote both parkin recruitment and clearance of
mitochondria [32]. Our study found that CLP
increased the expression of kidney PINK1, but
downregulated the expression levels of parkin
and BNIP3 in the kidney, whereas hemin + CLP
prevented these changes. These results indi-
cate that TRPA1 can enhance parkin- and
BNIP3-mediated mitochondrial autophagy.

Mitochondrial fission and fusion are the main
processes by which mitochondrial morphology
is maintained. An imbalance in mitochondrial
fission and fusion can promote the develop-
ment of experimental sepsis. DRP1-mediated
mitochondrial fission was shown to inhibit the
activity of the super complex in the mitochon-
drial electron transport chain and induce lung
injury in rats injected with LPS [33]. In this
study, CLP significantly increased DRP1 protein
expression and downregulated MFN2 levels.
Hemin blocked these changes. Our results indi-
cate that TRPAL1 can regulate mitochondrial
homeostasis by inhibiting mitochondrial fission
and promoting mitochondrial fusion.

In conclusion, the upregulation of TRPA1 can
protect kidneys from sepsis-related injury by
promoting mitochondrial biosynthesis and dy-
namic balance. Induction of TRPA1 expression
may alleviate such injuries. The regulation of
mitochondrial function may also become a
new therapeutic strategy to treat inflammatory
diseases.
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