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INTRODUCTION

ABSTRACT Tumor necrosis factor-a. (TNFa) and the angiotensin system are involved
in inflammatory diseases and may contribute to acute kidney injury. We investigated
the mechanisms by which TNFa-converting enzyme (TACE) contributes to lipopoly-
saccharide (LPS)-induced renal inflammation and the effect of TACE inhibitor treat-
ment on LPS-induced cellular injury in human renal proximal tubule epithelial (HK-
2) cells. Mice were treated with LPS (10 mg/kg, i.p.) and HK-2 cells were cultured with
or without LPS (10 ug/ml) in the presence or absence of a type 1 TACE inhibitor (1
pM) or type 2 TACE inhibitor (10 uM). LPS treatment induced increased serum cre-
atinine, TNFo, and urinary neutrophil gelatinase-associated lipocalin. Angiotensin Il
type 1 receptor, mitogen activated protein kinase (MAPK), and TACE increased, while
angiotensin-converting enzyme-2 (ACE2) expression decreased in LPS-induced acute
kidney injury and LPS-treated HK-2 cells. LPS induced reactive oxygen species and
the down-regulation of ACE2, and these responses were prevented by TACE inhibi-
tors in HK-2 cells. TACE inhibitors increased cell viability in LPS-treated HK-2 cells and
attenuated oxidative stress and inflammatory cytokines. Our findings indicate that
LPS activates renin angiotensin system components via the activation of TACE. Fur-
thermore, inhibitors of TACE are potential therapeutic agents for kidney injury.

loproteinase (ADAM) family member ADAM17, also termed
TNFa-converting enzyme (TACE), has emerged as a major shed-

Lipopolysaccharide (LPS), also known as endotoxin, is a cell
wall component of gram-negative bacilli. It provokes phenotypes
mimicking sepsis in animal models and exerts toxicity in various
organs, such as the heart, lung, liver, and kidney [1-4]. Accord-
ingly, LPS may be useful for studies of the mechanisms underly-
ing sepsis-induced kidney injury.

Tumor necrosis factor-o. (TNFq) has crucial roles in inflam-
matory diseases, including sepsis [5]. The disintegrin and metal-

ding enzyme. It is constitutively expressed in heart and lung cells
and is the pivotal shedding enzyme mediating acute lung inflam-
mation in a cell-specific manner [6]. In a heart failure animal
model, angiotensin II-induced TACE expression increases angio-
tensin converting enzyme 2 (ACE2) shedding [7]. In particular,
ACE2 may play a critical role via Ang-II degradation or Ang-(1-
7) generation. ACE2 modulates the kidney response to injury in
diverse settings, including ischemia reperfusion injury, unilateral
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ureteral obstruction, and diabetic nephropathy [8-10]. However, it
is not clear whether the effects of TACE in inflammatory kidney
injury and sepsis are associated with ACE2 and the renin angio-
tensin system (RAS).

In this study, we investigated the roles of TACE and ACE2 in
kidney injury. Furthermore, we evaluated the potential function
of TACE inhibitors in the prevention of LPS-induced oxidative
stress and cell injury.

METHODS
Animals

All methods were carried out in accordance with relevant
guidelines and regulations. All experimental protocols were ap-
proved by the Animal Care Regulations (ACR) Committee of
Chonnam National University Medical School (CNU IACUC-
H-2017-44). Male mice of the C57BL/6 strain were used for in
vivo experiments. All mice weighed 20 g at the start of the experi-
ments. LPS (LPS from Escherichia Coli 0111:B4, Sigma Chemical,
St. Louis, MO, 10 mg/kg, n=8) was administered intraperitone-
ally. Mice were maintained on a standard rodent diet and allowed
free access to drinking water. On 12 h after LPS injection, mice
were anesthetized with isoflurane. Blood samples were collected
from the carotid artery and analyzed for creatinine (Exocell, Phil-
adelphia, PA, USA), TNFq and neutrophil gelatinase-associated
lipocalin (NGAL, R&D, Minneapolis, MN, USA).

Cell culture and reagents

Human renal proximal tubular epithelial cells (HK-2 cells,
American Type Culture Collection, Manassas, VA) were cultured
and passaged every 3-4 days. The detailed condition and media
used for cell culture was previously described [11]. The cells were
treated with or without LPS (10 ug/ml) for 8 h. The control cells
were treated with a buffer solution alone. TAPII (1 uM for 30 min
pre-trement, calbiochem, San Diego, CA, USA) or TAPI2 (10 uM
for 1 h pre-treatment, Cayman, Ann Arbor, MI, USA) were used
as a TACE inhibitor.

Protein extraction and semiquantitative
immunoblotting

The kidney cortex was homogenized in ice-cold isolation solu-
tion containing 0.3 M sucrose, 25 mM imidazole, ] mM EDTA,
8.5 uM leupeptin, and 1 mM phenylmethylsulfonyl fluoride (pH
7.2). The homogenates were centrifuged at 1,000 g for 15 min at
4°C to remove whole cells, nuclei, and mitochondria, and the total
protein concentration was measured (Pierce BCA protein assay
kit, Pierce, Rockford, IL). All samples were adjusted with isolation
solution to normalize the protein concentrations, solubilized at
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65°C for 15 min in SDS-containing sample buffer, and the stored
at -20°C. HK-2 cells were harvested, washed with cold PBS and
resuspended in lysis buffer (20 mM Tris-HCI, pH 7.4, 0.01 mM
EDTA, 150 mM NaCl, 1 mM PMSF, 1 ug/ml leupeptin, 1 mM
Na3VO4) and prepared for immunoblotting. The detailed proce-
dure followed previously described methods [11].

Primary antibodies

Angiotensin converting enzyme (ACE), and angiotensin II type
1 receptor (AT-1R) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), ACE2 (R&D, Minneapolis, MN, USA), TACE (Millipore),
heme oxygenase-1 (HO-1, Abcam, Inc., Cambridge, MA, USA),
angiotensin II/IIT (Novus Biologicals, Littleton CO, USA), anti-p-
P38, anti-total p38, anti-c-Jun N-terminal kinase (JNK), anti-p-
JNK, anti-caspase-3, anti-cleaved caspase-3, (Cell Signaling Tech-
nology, Danvers, MA), anti-Bcl-2, and anti-Bax (Cell Signaling
Technology, Beverly, MA, USA), and B-actin (Sigma-Aldrich, St.
Louis, MO, USA) antibodies were purchased.

Real-time PCR

To quantify mRNA levels, total RNA was extracted from HK-2
cells using TRIzol reagent (Invitrogen). cDNA was then reverse
transcribed from 1 pg samples of total RNA using QuantiTect
Reverse Transcription kit (Qiagen Science, Maryland, USA). Real-
time PCR was performed using QuantiTect SYBR Green PCR
master mix (Qiagen Science, Maryland, USA) and a Rotor-Gene
TM 3000 Detector System (Corbette research, Mortlake, New
South Wales, Australia). Real time-PCR primer sequences were
as follows: for human GAPDH, 5-GACATCAAGAAGGTG-
GTGAA-3' (F) and 5-TGTCATACCAGGAAATGAGC-3’;
for human IL-6, 5-TCAATGAGGAGACTTGCCTG-3' (F)
and 5-GATGAGTTGTCATGTCCT GC-3' (R); for TNFaq,
5-GGCTCCAGGCGGTGCTTG-3' (F) and 5- GGGCTACAG-
GCTTGTCACTCG-3' (R); for iNOS, 5-ACGTGCGTTACTC-
CACCAACA-3' (F) and 5-CATAGCGGATGAGCTGAG-
CATT-3' (R); for MCP-1, 5-CAGCCAGATGCAATCAATGC-3'
(F) and 5-GTGGTCCATGGAATCCTGAA-3' (R). Data from the
reaction were collected and analyzed with the appropriate soft-
ware package from Corbett Research.

Intracellular level of reactive oxygen species (ROS)

HK2 cells were cultured in 24-well plates until they reached
confluence. Cells were pre-treated with TAPI1 (1 uM for 30
min pre-trement, Calbiochem) and TAPI2 (10 uM for 1lhr pre-
treatment, Cayman) and then treated with 10 ug/ml of LPS for
8 h. At the end of the experimental periods, cells were preloaded
with 10 uM 2’, 7’-dichlorofluorescein diacetate (DCF-DA; Mo-
lecular Probes) for 30 min at 37°C. Fluorescence intensity was
analyzed by a fluorescence reader (Fluoroscan Ascent FL; Lab
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systems, Helsinki, Finland) using 485 nm excitation and 538 nm
emission filter. HK2 cells were cultured on a 6-well plate for DCF-
DA staining. Cells were pre-treated with TAPI1 (1 uM for 30
min) and TAPI2 (10 uM for 1 h) and then treated with 10 ug/ml
of LPS for 8 h. Cells were washed twice with hanks balanced salt
solution (HBSS) and incubated with HBSS (without phenol red)
containing DCF-DA for 30 min at 37°C in dark. The images were
obtained with a fluorescence microscope (Nikon, Tokyo, Japan).

Cell viability assay

The viability of HK2 cells was determined by using WTS Kkit,
according to manufacturer’s instructions. Prepared HK2 cells
were plated in 96-well microplates and incubated with serum-
free DMED media for 24 h. The cells pre-treated with TAPI-1 (1
uM for 30 min) and TAPI-2 (10 uM for 1 h) and then treated with
10 ug/ml of LPS for 8 h. To exam cell viability, 10 L of CCK8 re-
agent was added into each well of the 96-well plate. After incuba-
tion of 4 h, the absorbance of the plate was read at 492 nm using a
microplate reader.

TACE activity

Kidney TACE activities were assessed using fluorescent as-
say protocols involving 20 uM 7-methoxycoumarin-PLAQAV-
(2,4-dinitrophenyl)-RSSSR-NH2 (R&D Systems) and 20 pM
7-methoxycoumarin-Y VADAPK-(2,4-dinitrophenyl)-OH (R&D
Systems) as fluorogenic substrates for TACE, as shown before [12].

Immunofluorescence

HK2 cells were cultured on chamber slide (Nalge Nunc Inter-
national, Rochester, NY, USA) and treated with TAPII (1 uM for
30 min) and TAPI2 (10 uM for 1 h) and then treated with 10 pg/
ml of LPS for 8 h. The primary antibody rabbit anti-TACE was in-
cubated with the cells overnight at 4°C in a humidified chamber.
After washes, secondary antibody conjugated with Alexa Flour
568-labeled (red) goat anti-rabbit IgG (1:200dilution; Invitrogen,
Carlsbad, CA, USA) was incubated with chamber slide for 1 h at
room temperature. Stained cells were visualized using confocal
laser microscope (LSM 510, Carl Zeiss, Germany), as previously
described [13]. The sections were stained with DAPI (Invitrogen)
for nuclear counterstaining,

Annexin V/propidium iodide staining assay

HK-2 apoptosis assessed by using an apoptosis detection kit
(Koma Biotech, Seoul, Korea). After exposure to LPS for 8 h in
the presence or absence of TAPI1 (1 uM for 30 min) and TAPI2
(10 uM for 1 h), HK-2 cells were harvested and washed with pre-
cooled PBS and re-suspended in a binding buffer containing
fluorescein isothiocyanate (FITC)-conjugated annexin-V protein
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and PI. Annexin-V binding and PI staining were determined by
a FACSCalibur™ flow cytometry (Becton Dickinson, San Jones,
CA, USA). Apoptotic cells were defined as PI-negative and An-
nexin V-FITC positive [14].

DAPI staining

Apoptotic nuclei were detected using the DNA-specific fluo-
rescent dye 40-6-diamidino-2-phenylindole (DAPI) (Invitrogen).
After exposure to LPS for 8 h in the presence or absence of TAPI1
(1 uM for 30 min) and TAPI2 (10 uM for 1 h), cells were fixed
with 3% paraformaldehyde and washed with PBS. DAPI was
added to the fixed cells for 5 min, after which they were examined
by fluorescence microscopy (Nikon, Tokyo, Japan). The number
of cells with apoptotic bodies was counted in 5 randomly chosen
fields at 200 magnification and the percent apoptosis was calcu-
lated.

Statistical analysis

Results are expressed as mean+SEM of at least 3 independent
experiments. Multiple comparisons between groups were made
by one-way analysis of variance and post-hoc Tukey’s honestly
significant difference test. Differences with values of p<0.05 were
considered significant.

RESULTS
Effect of LPS on serum creatinine, TNFo, and NGAL

The total body weight (20.3+0.32 g in controls, 19.6+0.23 mg/dl
in LPS-treated mice, p=0.13) and kidney weight (0.19+0.003 g in
controls, 0.20+0.004 g in LPS-treated mice, p=0.12) of mice were
not different among the groups. Serum creatinine levels were el-
evated in LPS-treated mice compared with those in control mice
(0.209+0.007 mg/dl in controls, 0.295+0.008 mg/dl in LPS-treated
mice, p<0.05). Serum TNFq, levels were elevated in LPS-treated
mice compared with those in control mice (14.8+9.74 pg/ml in
controls, 188.6+11.41 pg/ml in LPS-treated mice, p<0.01). Serum
NGAL levels were elevated in LPS-treated mice compared with
those in control mice (60.34+2.36 ng/ml in controls, 77.22+0.99
ng/ml in LPS-treated mice, p<0.01) (Fig. 1).

Effect of LPS on renin-angiotensin system
Immunoblotting analysis showed that the administration of

LPS induced the expression of Ang II/III, ACE, AT1R and TACE,
while LPS reduced the expression of ACE2 in vivo (Figs. 2A and B).
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Fig. 1. Effect of LPS on serum creatinine, TNFa, and NGAL. Serum creatinine, tumor necrosis factor-o. (TNFay), and urinary neutrophil gelatinase-
associated lipocalin (NGAL) were higher in lipopolysaccharide (LPS)-treated mouse than in control mice (n=7). Results are presented as mean+SEM of

three individual experiments. *p<0.05 vs. control.

A Control LPS (10mg/kg)

ACE| ™™ .

B s.07

&
?

w
T

Ang i/l
)
T

-

5

ACEZ| B S5S s sl ses s S

3.0
ATIR| s -

2.0+

TACE

|
!
l
i
1
i
i

B-Actin Y D G - S S

o~
Control

Control

3.0 20
* *
2.0
o™
u 1o T *
< <
N - l
0 0
LPS Control LPS Control LPS
3.0
*
2.0 *
w
2
F 1.0 T
o
LPS Control LPS

Fig. 2. Effects of LPS on the renin-angiotensin system. Protein expression levels of Ang II/Ill, ACE, ACE2, AT1R, and TACE were higher, while that of
ACE2 was lower in LPS-treated mice than in controls (A, B). Results are presented as mean+SEM. *p<0.05 vs. control.

Effect of LPS on oxidative stress, inflammatory
pathway and apoptosis

To evaluate LPS-induced oxidative stress, we measured HO-1
levels in kidney tissues, and found that the administration of LPS
induced the expression of HO-1. We also measured MAPKase
phosphorylation to evaluated inflammatory pathway (Fig. 3A).
The phosphorylation of p38 and JNK increased in the kidneys of
LPS-treated mice (Fig. 3B). The protein expression levels of pro-
apoptotic Bax and anti-apoptotic Bcl-2 were measured by immu-
noblotting. Bax levels were higher, whereas Bcl2 levels were lower
in LPS-treated mice than in control mice. Accordingly, the ratio
of Bax to Bcl2 was increased in LPS-treated mice (Fig. 3C).

Effects of TACE inhibitors on oxidative stress, cell
proliferation and inflammation

To assess the degree of oxidative stress in the kidney, DCF-DA
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staining was performed (Figs. 4A and B). LPS induced marked
ROS generation compared to ROS levels in the controls. Im-
munoblotting analysis showed that the administration of LPS
induced the expression of HO-1 in HK-2 cells, and this effect was
attenuated by TAPI1 and TAPI2 pretreatment (Fig. 4C). We ex-
amined cell proliferation using a WST-1 proliferation assay. LPS-
treated HK-2 cells showed markedly decreased cell proliferation
compared to that of control cells, and proliferation improved by
TAPI1 and TAPI2 pretreatment (Fig. 4D). We also investigated
the expression of IL-6 and TNFa, which are key inflamma-
tory cytokines. As shown in Fig. 5, LPS treatment significantly
induced renal IL-6 and TNFa, mRNA expression, while these
changes were attenuated with TAPI-land TAPI-2 pretreatment
(Figs. 5A and B). Increased expression of certain chemokines and
adhesion molecules such as MCP-1, which can activate, recruit, or
induce the transmigration of inflammatory cells. The expression
of these factors was induced by LPS treatment and attenuated by
TAPI1 and TAPI2 pretreatment (Fig. 5C). mRNA expression of
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Fig. 3. Effects of LPS on the oxidative stress, inflammation and apoptosis. The protein expression of HO-1 were higher in LPS-treated mice com-
pared to control (A). The phosphorylation level of p38 and JNK was increased in LPS-treated mice compared to control (B). Protein expression of Bax
was higher, while Bcl2 was lower in LPS-treated mice than in control. Ratio of Bax to Bcl2 was increased in LPS-treated mice (C). Results are presented

as meanSEM. *p<0.05 vs. control.
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iNOS, which is known as oxidative stress marker was increased in
LPS-treated HK2 cell, which was attenuated by TAPI1 and TAPI2
pretreatment (Fig. 5D).

Effect of TACE inhibitors on RAS and TACE in LPS-
treated HK2 cells

TACE is a sheddase capable of proteolytically cleaving and re-
leasing membrane-bound proteins. In the heart, TACE mediates
ACE?2 shedding after Ang II stimulation and contributes to car-
diac injury [7]. We therefore examined whether TACE is involved
in the loss of ACE2 in the kidney. TAPI1 and TAPI2 treatment
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attenuated Ang II/III, AT1R, and TACE expression and reversed
the reduction in ACE2 expression in LPS-treated HK-2 cells (Figs.
6A and B). Immunofluorescence staining for TACE also showed
increased immunoreactivity in LPS-treated HK-2 cells, which was
attenuated by TAPI1 and TAPI2 treatment (Fig. 6C). TACE activ-
ity was also markedly increased in LPS-treated HK-2 cells, and
this was counteracted by TAPII and TAPI2 (Fig. 6D).

Effects of TACE inhibitors on the MAPK pathway and
apoptosis in LPS-treated HK-2 cells

JNK, and p38 MAPK phosphorylation levels increased in the
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LPS-treated HK-2 cells, and were attenuated by TAPI1 and TAPI2
(Figs. 7A and B). LPS increased the ratio of Bax/Bcl-2 protein ex-
pression in HK-2 cells, and this increase was counter-regulated by
TAPII and TAPI2 pre-treatment (Figs. 8A and B). Annexin-V and
PI staining were used to detect apoptotic changes in LPS-treated
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HK-2 cells; double-stained cells were analyzed by flow cytom-
etry. HK-2 cells treated with LPS for 8 h exhibited a progressive
increase in annexin-V(+)/PI(-) staining (apoptotic cells), and this
was prevented by TAPI-1 and TAPI-2 (Fig. 8C).
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DISCUSSION

In this study, we demonstrated that LPS administration evoked
kidney injury, characterized by increased creatinine, TNFq, and
NGAL. It induced RAS alterations, such as increased Ang II/III
and decreased ACE2, as well as increased TACE. Treatment with
TACE inhibitors attenuated HK-2 cell injury via the inhibition of
oxidative stress, the MAPK pathway, and apoptosis. These find-
ings suggest that TACE inhibitor treatment prevents LPS-induced
kidney injury and may be useful as a therapeutic agent targeting
kidney injury.

TNF-q, a pleiotropic pro-inflammatory cytokine, mediates
inflammation, cell activation, and cell migration [15]. TACE,
also known as ADAM-17, is a member of the ADAM family of
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proteases, which are implicated in various inflammatory dis-
eases, including arthritis, diabetes, cancer, multiple sclerosis, and
Alzheimer’s disease [16-18]. Therefore, TACE inhibition is an at-
tractive strategy for controlling the level of active TNFq. for the
treatment of inflammatory disorders [19]. Ectodomain shedding
describes the proteolytic cleavage of transmembrane proteins to
their soluble forms [20]. TACE was the first mammalian shed-
dase discovered [21] and is the primary physiological sheddase
responsible for cleaving membrane TNF to its soluble form [22].
ROS have been implicated in the up-regulation of TACE shedding
activity in a variety of experimental systems [23-26]. According
to Zhang et al,, in an immature monocyte cell line, PMA-induced
ROS and reactive nitrogen species attack the cysteinyl thiol of the
prodomain of TACE, nullifying its inhibitory effect [23,24]. ROS
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have also emerged as essential effectors of a variety of intracellu-
lar signaling pathways, such as MAPK cascades [27,28]. Inhibition
of p38 MAPK attenuates the shedding of some TACE substrates
[29]. Therefore, we hypothesized that LPS induces ROS, which
may mediate the up-regulation of TACE activity and that the in-
hibition of TACE may prevent this process. As expected, TAPII,
which inhibits MMPs and TACE and blocks the shedding of sev-
eral cell surface proteins [30], and TAPI2, a broad-spectrum in-
hibitor of TACE, inhibited ROS generation, the phosphorylation
of ERK, JNK, and p38, and apoptosis. ROS metabolism is thought
to play an important role in all known types of programmed cell
death [31]. Specifically, the imbalance between cell survival and
death, a key feature of many degenerative and inflammatory
diseases, may be caused by aberrant ROS turnover, a process that
regulates the crosstalk between NF-xB and MAPKs [32].

Apoptosis is programmed cell death caused by alterations of
the mitochondrial membrane potential. Among various mol-
ecules involved in the apoptotic process, caspases play important
roles during the initiation and effector phases of apoptotic cell
death. Caspase-3 is a prototypical caspase and an important pro-
tease in the execution of apoptosis [33]. Moreover, the Bcl-2 fam-
ily of proteins, including Bax and Bcl-2, are key regulators in the
early stages of the apoptotic pathway. In the present study, HK-2
cells treated with LPS showed a significant increase in caspase-3
activity and the Bax/Bcl-2 ratio compared to those of untreated
control cells; these effects were attenuated by concomitant TAPI1
and TAPI2 treatment. These findings suggest that TAPI contrib-
utes to the attenuation of LPS-induced apoptosis via the regula-
tion of the Bax/Bcl-2 ratio.

At an early stage of apoptosis, phosphatidylserine is translo-
cated to the external surface from the inner surface of the cell
membrane. Annexin V is a Ca**-dependent phospholipid-binding
protein; it binds strongly to phosphatidylserine on the cell mem-
brane. Externalization of phosphatidylserine can be assessed by
measuring the extent of FITC-annexin V binding. In contrast,
membrane integrity is compromised in necrotic cell death and
can be assessed by PI staining, which indicates a modification of
cell permeability, a sign of necrosis [34]. We found that HK-2 cells
treated with LPS exhibited a significant progressive increase in
annexin V+/PI- staining, indicating that LPS induced apoptosis.
TAPI pretreatment reduced this expression, suggesting that it has
antiapoptotic properties. These results were confirmed by the in-
creased nuclear staining, indicating increased nuclear condensa-
tion, in cells treated with LPS than in controls. TAPI pretreatment
attenuated LPS-induced apoptosis.

Increased ROS generation is closely associated with renal tubu-
lar cell apoptosis [35]. ROS may disrupt mitochondrial membrane
permeability, resulting in the release of apoptotic factors, such as
cytochrome c [36]. LPS is a strong inducer of ROS production; ac-
cordingly, we examined the effect of TAPI on LPS-mediated ROS
production using fluorescent DCF-DA. LPS-treatment strongly
induced ROS production, whereas TAPI treatment prevented
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ROS generation in LPS treated HK-2 cells.

Based on our results and those of other studies, we conclude
that LPS activates RAS components via the activation of TACE,
which is attenuated by TACE inhibitors in HK-2 cells.
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