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Abstract. Glutathione-specific y-glutamylcyclotransferase 1
(CHACI), is an unfolded protein response-induced gene.
Although it has been previously reported that CHAC! tran-
scription is regulated by activating transcription factor (ATF) 4,
ATF3 and CCA AT/enhancer-binding protein 3 (C/EBPf), the
signaling pathways that regulate CHAC1 are largely unknown.
It was revealed that 3-(5'-hydroxymethyl-2'-furyl)-1-benzylin-
dazole (YC-1; PubChem ID: 5712), a nitric oxide-independent
activator of soluble guanylyl cyclase (sGC), increases CHACI1
levels in cultured human kidney proximal tubular cells (HK-2).
Therefore, in the present study, the signaling pathways that
induce CHACI by YC-1 were investigated in HK-2 cells. YC-1
induced CHACI expression in a dose- and time-dependent
manner. KT5823, an inhibitor of cGMP-dependent protein
kinase (PKQG), partially inhibited CHACI1 upregulation,
indicating that the sGC-cGMP-PKG pathway participates in
CHACI regulation. These results also suggested that other
signaling pathways are involved in the regulation of CHACI.
Since antibody array analysis showed the activation of p38,
mTOR and Akt, the involvement of these factors was further
investigated. Although LY294002 and KU0063794 (inhibi-
tors of Akt and mTOR, respectively) inhibited YC-1-induced
CHACI expression, SB203580 (an inhibitor of p38) did not.
These results indicated that CHACI is regulated by the
Akt-mTOR pathway. In addition, YC-1 induced endoplasmic
reticulum (ER) stress, a regulator of CHACI induction. These
findings suggested that CHACI is regulated by YC-1 through
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the sGC-cGMP-PKG, Akt-mTOR and ER stress pathways. The
present study demonstrated that CHACI induction reduced the
intracellular glutathione concentration, indicating that CHAC1
plays an important role in intracellular redox homeostasis in
tubular cells.

Introduction

The endoplasmic reticulum (ER) plays an important role
in the folding and maturation of newly produced secretory
and membrane proteins (1). Although the ER controls the
quality of newly generated proteins, pathological conditions
such as renal disease, diabetes and atherosclerosis result in
the accumulation of misfolded and unfolded proteins in the
ER (2). This leads to a condition called ER stress, and the
protective response to ER stress is called the unfolded protein
response (UPR). The UPR has three branches: Protein kinase
R (PKR)-like ER kinase (PERK), inositol-requiring enzyme 1
and activating transcription factor (ATF) 6 (3). In response
to ER stress, the UPR upregulates ER chaperones to restore
normal cell function (4). However, when ER stress is excessive
and/or prolonged, the UPR initiates apoptotic processes (5-7).
One of the key factors responsible for apoptotic induction
downstream of ER stress is the CCAAT/enhancer binding
protein (C/EBP) homologous protein (CHOP). CHOP is
upregulated by ATF4, a transcription factor that responds to
ER stress (8).

Glutathione-specific y-glutamylcyclotransferase 1
(CHACI) was identified as a UPR-induced gene (9). CHACI
is a pro-apoptotic factor downstream of ER stress (9,10). In
addition to its pro-apoptotic function, CHACI degrades
intracellular glutathione, contributing to redox homeostasis
in the cell (10,11). Because CHACI1-mediated degradation of
glutathione enhances necroptosis and ferroptosis, which are
previously identified mechanisms of cell death (12), it is consid-
ered that CHACI has important roles in cell death. CHAC1
transcription is regulated by ATF4, ATF3 and C/EBPf, which
are transcription factors responsive to ER stress (9,11,13).
Thus, CHACI is regulated by several transcription factors.
However, the signaling pathways that regulate CHAC1 expres-
sion remain unclear.
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Renal ischemia-reperfusion injury (IRI) induces a remark-
able reduction in glutathione levels in the kidney (14). In
addition, IRI induces ER stress in the kidney (15). These results
indicated that CHACI is expressed in renal tubular cells. In the
present study, CHACI regulation was investigated in tubular
cells. It was observed that 3-(5'-hydroxymethyl-2'-furyl)-1-ben-
zylindazole (YC-1), an activator of soluble guanylyl cyclase
(sGC) (16), increases CHACI1 expression in cultured human
kidney tubular cells (HK-2). Therefore, in the present study,
the signaling pathways that contribute to CHACI induction
by YC-1 in HK-2 cells were investigated. The results revealed
that the increase in CHACI expression by YC-1 occurred via
the cGMP-dependent protein kinase (PKG), ER stress and
AKT-mTOR pathways. It was also observed that CHACI1
upregulation decreased intracellular glutathione concentration
in HK-2 cells. These findings indicated that CHACI is regu-
lated by various signaling pathways and is involved in cellular
redox homeostasis.

Materials and methods

Antibodies, reagents and kits. Anti-CHACI antibody (1:1,000;
cat. no. AV42623) was purchased from Sigma-Aldrich;
Merck KGaA. Anti-ATF4 was obtained from Santa Cruz
Biotechnology, Inc (1:1,000; cat. no. sc200). Anti-CHOP
(1:1,000; cat. no. 2895) and anti-f-actin (1:5,000: cat. no. 4970)
antibodies were purchased from Cell Signaling Technology,
Inc. The YC-1 (cat. no. 82560) and KT5823 (cat. no. 10010965)
were obtained from Cayman Chemical Company. Tunicamycin
(cat. no. 202-08241) was obtained from Fujifilm Wako
Chemicals. LY294002 (cat. no. 440202), KU0063794 (cat.
no. SML0382) and SB203580 (cat. no. S8307) were purchased
from Sigma-Aldrich; Merck KGaA.BCA protein assay kit (cat.
no. T9300A) was purchased from Takara Bio, Inc. The DetectX
glutathione fluorescence detection kit (cat. no. KO06-F1) was
purchased from Arbor Assays. The PathScan intracellular
signaling array kit (cat. no. 7323) was purchased from Cell
Signaling Technology, Inc.

Cell culture and chemical treatment. HK-2 cell, which is a
human kidney tubular cell was purchased from the American
Type Culture Collection (cat. no. CRL-2190). HK-2 cells
were cultured at 37°C in a humidified atmosphere with 5%
CO, until 80% confluency in DMEM (Nissui Corporation)
containing 10% fetal bovine serum (Serana Europe GmbH),
100 units/ml penicillin and 100 pg/ml streptomycin. For the
chemical treatment of HK-2 cells, the cells were cultured
in serum-free DMEM for 24 h and then treated with YC-1
or tunicamycin. When the chemical compounds, including
50 uM LY294002, 10 uM KU0063794 and 10 uM SB203580,
were used, the compounds were added just before YC-1 treat-
ment and were incubated for 4 h at 37°C. The concentrations
of LY294002, KU0063794 and SB20358 were referred to
previous studies (17-19). Almost all cells after 24-h incubation
in serum-free medium attached on the bottom of the culture
plate, indicating that the incubation did not induce apoptosis.

Western blotting. Cells were lysed in lysis buffer [20 mM
Tris-HCI (pH 8.0), 0.15 M NaCl, 10 mM EDTA, 1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride, protease

inhibitor mix (GE Healthcare)]. The protein concentration in
the lysates was measured using a BCA protein assay kit. The
proteins (25 pug/lane) were separated on 7.5 or 15% SDS poly-
acrylamide gels and transferred onto polyvinylidene fluoride
membranes. The membranes were blocked with TS solution
[150 mM NacCl, 20 mM Tris-HCI (pH 8.0)] containing 1%
non-fat dry milk for 30 min at room temperature, and then
incubated with a primary antibody overnight at 4°C and
probed with an HRP-conjugated secondary antibody (KPL,
Inc.) for 1 h at room temperature. Immunoreactive bands
were detected using ImmunoStar LD (FUJIFILM Wako Pure
Chemical Corporation) and visualized using a WSE-6200H
LuminoGraph II (ATTO Corporation). The proteins were
quantified by conducting densitometric analysis using ImageJ
software 1.41o (National Institutes of Health).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from the HK-2 cells using ISOGEN
(Nippon Gene Co., Ltd.). Total RNA was subjected to qPCR
using the PrimeScript RT reagent Kit with Oligo dT Primer
(cat. no. RR047A; Takara Bio, Inc) and THUNDERBIRD
SYBR qPCR Mix (cat. no. QPS-201; Toyobo). The reverse
transcription was performed according to the manufacturer's
instructions; cDNA was synthesized by incubation at 37°C
for 15 min. The following primers were used for the analyses
of CHAC1 mRNA levels: CHACI1 forward, 5-GTGGTG
ACGCTCCTTGAAGA-3' and reverse, 5-TTCAGGGCC
TTGCTTACCTG-3'; and 36B4 forward, 5-"TCGACAATG
GCAGCATCAC-3' and reverse, 5"TGATGCAACAGTTGG
GTAGC-3'. 36B4 was used for the internal control. The
thermocycling conditions consisted of a denaturation at 95°C
for 20 sec, followed by 45 cycles of denaturation at 95°C for
15 sec, annealing at 60°C for 15 sec and extension at 72°C
for 20 sec. CHACI expression levels were calculated with the
2-48C method (20).

Analysis of signaling pathways. To investigate the signaling
pathway in HK-2 cells treated with YC-1, a PathScan intra-
cellular signaling array kit (cat. no. 7323; Cell Signaling
Technology, Inc) was used according to the manufacturer's
instructions. HK-2 cells were incubated at 37°C in serum-free
DMEM medium for 24 h. Subsequently, cells were treated
with 1 uM YC-1 at 37°C for 2 and 4 h. After washing the
cells with ice cold PBS, HK-2 cells were lysed in lysis buffer
supplemented with 1 mM phenylmethylsulfonyl fluoride and
protease inhibitor mix. The lysates were diluted to 1.0 mg/ml
in Array Diluent Buffer. A total of 70 ul of the lysate were
added to each well of the Array Slide and incubated overnight
at 4°C. Chemiluminescence was detected using a chemilumi-
nescent film (GE Healthcare). Chemiluminescence intensity
was measured using ImagelJ analysis software.

Analysis of the intracellular concentration of glutathione.
A glutathione fluorescence detection kit (K0O06-F1; Arbor
Assays) was used according to the manufacturer's instructions.
Briefly, HK-2 cells reaching 70% confluency were washed
with PBS and lysed with a 5% 5-sulfo-salicylic acid solution.
After incubating the lysed cells at 4°C for 10 min, they were
centrifuged at 20,600 x g for 10 min at 4°C. The prepared
lysates were diluted 1:5 in an assay buffer and fluorescence



SPANDIDOS
PUBLICATIONS

intensities were measured using a Varioskan Flash spectral
scanning multimode reader (Thermo Fisher Scientific, Inc.).
Small interfering (si)CHACI (cat. no. sc-90164) and control
siRNAs (cat. no. sc-37007) were obtained from Santa Cruz
Biotechnology, Inc. The sequences of CHAC1 siRNA and
control siRNA are not open in the manufacturer's instraction.
After changing culture medium to DMEM without serum,
siRNAs (12.5 nM final concentration) were simultaneously
transfected using Lipofectamine RNAIMAX (Thermo Fisher
Scientific, Inc.) and incubated at 37°C for 24 h.

Statistical analysis. Data are presented as the mean + standard
error of the mean. GraphPad Prism 6.0d (Graphpad Software:
Dotmatics) was used for statistical analysis. Statistical signifi-
cance was assessed using unpaired Student's t-test or one-way
ANOVA followed by Tukey's post hoc test, where values of
P<0.05 were considered to indicate a statistically significant
difference.

Results

CHACI is induced by YC-1. YC-1 treatment upregulated
CHACI expression in the human kidney tubular cell line HK-2.
First, the upregulation of CHACI expression by YC-1 was
confirmed. YC-1 treatment reproducibly increases CHACI1
expression levels in HK-2. The expression level of CHAC1 was
the highest when treated with 1 uM YC-1. The CHACI expres-
sion decreased above 25 yM concentration (Fig. 1). Therefore,
1 uM YC-1 was used for subsequent experiments.

Next, the time-dependent upregulation of CHAC1 upon
treatment with 1 uM YC-1 was investigated. CHAC1 mRNA
levels reached a maximum at 4 h after YC-1 treatment and then
gradually decreased (Fig. 2A). The protein levels of CHACI1
became detectable 2 h after those of mRNA were detected,
and the maximum level was observed at 6 h (Fig. 2B). Thus,
YC-1 increased CHACI expression in a concentration- and
time-dependent manner.

CHACI induced by YC-1 is partially inhibited by treatment
with a PKG inhibitor. Because YC-1 is an sGC activator, it
has been suggested that CHACI is induced through the
sGC-cGMP-PKG signaling pathway. Therefore, the effect of
KT5823, a PKG inhibitor, on CHACI induction by YC-1 was
studied. HK-2 cells were treated with varying concentrations
of KT5823. As demonstrated in Fig. 3, KT5823 significantly
decreased CHACI1 expression levels at a concentration of
2.5 uM. CHACI expression reduced to ~40% of its maximum
level. Higher KT5823 concentrations did not result in a further
decrease in CHACI. These results revealed that YC-1 partially
induced CHAC1 expression via the sGC-cGMP-PKG pathway.
In addition, other signaling pathways contributed to the
induction of CHACI by YC-1.

YC-1 upregulates CHACI through the AKT-mTOR pathway.
It is possible that YC-1 increases CHACI expression
through several signaling pathways. The involvement of
other signaling pathways in the regulation of CHACI
expression by YC-1 was studied. An antibody array kit that
detects signaling factors was used to observe the signaling
pathways activated by YC-1. The phosphorylation levels of
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Figure 1. Dose-dependent upregulation of CHAC1 by YC-1. HK-2 cells that
reached 70% confluency were treated with YC-1 at several concentrations
of YC-1 for 4 h, as indicated in the figure. Total RNA isolated from the cells
was reverse-transcribed, and the mRNA levels of CHACI were detected by
reverse transcription-quantitative PCR. The graph reveals the relative expres-
sion levels of CHAC1 mRNA. The data are presented as the mean values +
standard error of the mean (n=4). "P<0.05 vs. 0 uM YC-1 and *P<0.05 vs.
1.0 uM YC-1. CHACI, glutathione-specific y-glutamylcyclotransferase 1;
YC-1, 3-(5'-hydroxymethyl-2'-furyl)-1-benzylindazole.
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Figure 2. Time-dependent upregulation of CHACI1 by YC-1. HK-2 cells
reached 70% confluence and were treated with 1 yM YC-1 for the indicated
time points. The cells were lysed and total RNA and protein samples were
prepared. (A) CHAC1 mRNA levels were measured using reverse transcription-
quantitative PCR. (B) CHAC1 protein levels were observed using western blot
analysis. All data are presented as the mean values + standard error of the mean
(n=4). "P<0.05. CHACI, glutathione-specific y-glutamylcyclotransferase 1;
YC-1, 3-(5"-hydroxymethyl-2'-furyl)-1-benzylindazole.
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Figure 3. Partial inhibition of CHACI upregulation with YC-1 by KT5823,
an inhibitor of PKG. HK-2 cells reached 70% confluency and were incubated
in serum-free DMEM for 24 h. The cells were then treated with 1 uM YC-1
and KT5823 for 4 h. CHACI mRNA levels were measured using reverse
transcription-quantitative PCR. Data are presented as the mean values + standard
error of the mean (n=4). "P<0.05 vs. 0 uM YC-1; ¥P<0.05 vs. 1.0 uM YC-1 and
0 uM KT5823. CHACI, glutathione-specific y-glutamylcyclotransferase 1;
YC-1, 3-(5-hydroxymethyl-2'-furyl)-1-benzylindazole; PKG, cGMP-dependent
protein kinase.
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Figure 4. Antibody array analysis for signaling pathway activated by
YC-1 in HK-2 cells. HK-2 cells reached 70% confluency and were incu-
bated in serum-free DMEM for 24 h. Subsequently, the cells were treated
with 1 uM YC-1. The lysed cells were subjected to an antibody array.
(A) Immunostaining images of the antibody array and (B) quantitative
determination of the immunostaining intensity are illustrated. The image of
antibody array is cropped and shows dots related to this assessment. The two
spots having same protein name are duplication of a same antibody spot.
YC-1, 3-(5'-hydroxymethyl-2'-furyl)-1-benzylindazole; p-, phosphorylated.

Akt, mTOR and p38 increased following YC-1 treatment,
whereas phosphorylated (p-)p70 S6 kinase was almost
undetectable (Fig. 4A and B). Therefore, Akt, mTOR and
p38 may participate in the induction of CHACI1 expression
by YC-1. However, the result was observed in the analysis
using just one sample. Therefore, to confirm significance

of the upregulated phosphorylation of Akt, mTOR and p38,
western blot analysis was performed. The results exhibited
significant increase of phosphorylation of Akt and mTOR.
However, phosphorylation of p38 was not significantly
increased. These results indicated that CHACI1 was induced
via the Akt-mTOR signaling pathway (Fig. SA-C).

To elucidate the involvement of the Akt-mTOR pathway in
CHACI induction, the effects of inhibitors on each factor were
assessed. LY294002, an inhibitor of PI-3 kinase upstream of
Akt, and KU0063794, an inhibitor of mTOR, reduced the
induction of CHAC1 mRNA transcription levels by YC-1
(Fig. 5D and E), indicating that the Akt-mTOR pathway
participates in the upregulation of CHACI expression by
YC-1. By contrast, SB203580, an inhibitor of p38, did not
decrease CHACI mRNA transcription levels induced by YC-1
(Fig. 5F). These results indicated that the signaling pathway of
p38 is not involved in CHACI induction by YC-1.

ER stress is induced by YC-1. CHACI1 is a downstream
product of ER stress and ATF4 is a transcription factor that
upregulates CHACI1 (11,13). Therefore, the effects of YC-1
on PERK pathway, which is one of the branches of ER stress
signaling pathway and enhances ATF4, were investigated.
YC-1 induced ATF4 expression; ATF4 levels significantly
increased at 2 h after YC-1 treatment, reached a maximum at
4 h and then gradually decreased (Fig. 6A). In addition, YC-1
induced CHOP as well. The increase in CHOP was delayed
by ATF4; it significantly increased 4 h after YC-1 treatment
(Fig. 6B). These results indicated that YC-1 stimulates the
PERK pathway, which is one of three branches of the ER
stress. A 4 h treatment with YC-1 induced CHACI expression.

As a result of studying detailed mechanisms of CHACI1
regulation by the PERK signaling pathway, the effect of YC-1
was compared with that of tunicamycin, which is an inducer
of ER stress (21-23). Tunicamycin induced ATF4 and CHOP
expression, and this increase was significantly higher than that
induced by YC-1 (Fig. 6C-F). The expression levels of CHAC1
with YC-1 are higher than those in the presence of tunica-
mycin. These results suggested that CHACI is upregulated via
the ER stress pathway.

CHACI reduces intracellular glutathione concentration.
CHACI is a glutathione catabolic enzyme that reduces
intracellular glutathione concentration. Therefore, the intra-
cellular glutathione concentration in HK-2 cells treated with
YC-1 was measured. A total of 1 uM YC-1 reduced intracel-
lular glutathione concentration 8 h after treatment (Fig. 7A).
siCHACI1 was introduced into HK-2 cell using Lipofectamine
RNAiIMAX. The siRNA significantly reduced CHACI
expression (Fig. 7B). In HK-2 cells transfected with siCHACI,
the degradation of glutathione by YC-1 was reduced (Fig. 7C).
These results demonstrated that CHACI acts as a glutathione
catabolic enzyme in tubular cells.

Discussion

Although the regulation of CHACI expression by several tran-
scription factors has been previously investigated (9,10,13), the
signaling pathways that regulate CHACI expression remain
unclear. YC-1 increased CHACI1 in HK-2 cells. In the present
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Figure 5. Inhibition of YC-1-induced CHACI by signaling pathway inhibitors. HK-2 cells reached 70% confluency and were incubated in serum-free DMEM
for 24 h. (A and D) The cells were then treated with 1 uM YC-1 with 50 xM LY294002, (B and E) 10 xM KU0063794, and (C and F) 10 uM SB203580. Western
blot images (top) and group data of immunostaining intensities (bottom) are demonstrated in A-C. CHAC1 mRNA levels measured using RT-qPCR are shown
in D-F. Data are presented as the mean values + standard error of the mean (n=3). "P<0.05. YC-1, 3-(5-hydroxymethyl-2'-furyl)-1-benzylindazole; CHACI,
glutathione-specific y-glutamylcyclotransferase 1; p-, phosphorylated; ns, no significance.
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Figure 6. Endoplasmic reticulum R stress induction with YC-1 treatment. HK-2 cells reached 70% confluency and were incubated in serum-free DMEM for
24 h. Subsequently, the cells were treated with 1 xM YC-1 or 10 xM Tu. (A and B) ATF4 and CHOP protein levels after treatment with YC-1. (C) ATF4, CHOP
and CHACI protein levels after treatment with YC-1 or Tu for 4 h. (D-F) Data of protein expression levels of ATF4, CHOP and CHACI, as observed by western
blotting in panel C. All data are presented as the mean values + standard error of the mean (n=3). "P<0.05. YC-1, 3-(5'-hydroxymethyl-2'-furyl)-1-benzylinda-
zole; Tu, tunicamycin; ATF, activating transcription factor; CHOP, (C/EBP) homologous protein; CHACI, glutathione-specific y-glutamylcyclotransferase 1;
Cont, control.
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Figure 7. Glutathione regulation by YC-1-induced CHAC1. HK-2 cells reached 70% confluency and were incubated in serum-free DMEM for 24 h. The cells
were then treated with 1 xM YC-1. For CHAC1 knockdown, HK-2 cells were transfected with siCHACI and incubated in serum-free DMEM for 24 h. The cells
were then treated with 1 uM YC-1. (A) Glutathione concentrations in HK-2 cells treated with 1 uM YC-1 (n=6). (B) Expression levels of CHAC1 mRNA after
siCHACI transfection (n=4). (C) Glutathione concentration in HK-2 cells after transfection with siCHAC1 (n=4). All data are presented as mean values + stan-
dard error of the mean. "P<0.05. YC-1, 3-(5'-hydroxymethyl-2'-furyl)-1-benzylindazole; CHACI, glutathione-specific y-glutamylcyclotransferase 1; si-, small

interfering; cont, control.

study, the signaling pathways involved in CHACI induction by
YC-1 in cultured human tubular HK-2 cells were investigated.

YC-1 is an sGC activator (16); therefore, it is possible that
YC-1 increases CHACI1 expression via the sGC-cGMP-PKG
pathway. The results of the present study revealed the involvement
of the sSGC-cGMP-PKG pathway in the induction of CHAC1 by
YC-1. cGMP is produced downstream of the nitric oxide (NO)
signaling pathway. IRI induces inducible NO synthase (iNOS),
which produces NO in the kidney (24-26), indicating that
CHACI is induced through the NO signaling pathway. However,
the effect of the PKG inhibitor was only partial. Therefore, the
involvement of other signaling pathways in CHACI induction
by YC-1 was predicted. Signaling pathway analysis using an
antibody array demonstrated that YC-1 activated p38, AKT
and mTOR. Among the signaling pathways induced by YC-1,
the AKT-mTOR pathway participates in the upregulation of
CHACI. Although the phosphorylation of p38 appeared to be
increased on antibody array, western blot analysis did not reveal
significant increase of phosphorylation of p38 and the inhibitor
SB203580 did not inhibit the upregulation of CHACI. The signal
intensities of p-p38 on antibody array were weak. Therefore,
it is suggested that the effect of YC-1 on p38 phosphorylation
is slight. In the present study, the phosphorylation of p70 S6
kinase was hardly detectable, although it was downstream of
the AKT-mTOR pathway. These results indicated that CHAC1
was induced through the AKT-mTOR signaling pathway via
downstream signals other than p70 S6 kinase. In addition, YC-1
induced the PERK pathway which is one of the branches of the
three ER stress pathways, indicating that the PERK pathway
contributes to the upregulation of CHACI expression. Because
it is known that CHACI is regulated by ATF4 (11,13), PERK
pathway-induced ATF4 expression may upregulate CHACI.
Tunicamycin, which is a strong inducer of ER stress, was
used to clear detailed regulation mechanisms of CHACI1 and
compare the effects of tunicamycin on PERK pathway with that
of YC-1. A comparison of YC-1 with tunicamycin revealed that
tunicamycin induces ATF4 and CHOP more highly than YC-1,
indicating that the induction of the PERK pathway by YC-1 is
not as strong as that of tunicamycin. However, YC-1 induced
CHACI expression to a greater extent than tunicamycin. These

YC-1

AR s,tres\A

sGC-cGMP-PKG Ark-mTOR

CHACH1

v
Degradation of intracellular glutathione

Figure 8. Schematic depicting the regulation of CHAC1 by YC-1. A sche-
matic representing the regulation of CHACI by YC-1. YC-1 increases
CHACI via the sGC-cGMP-PKG pathway, ER stress and the Akt-mTOR
pathway. Although YC-1 treatment increased p38 phosphorylation, the
p38 pathway was not involved in the YC-1-increased CHACI. Increased
CHACI levels lead to the degradation of intracellular glutathione.
CHACI, glutathione-specific y-glutamylcyclotransferase 1; YC-1,
3-(5'-hydroxymethyl-2'-furyl)-1-benzylindazole; ER, endoplasmic reticulum.

findings support the hypothesis that CHACI is involved in
several signaling pathways in addition to the PERK pathway.
CHOP, a gene downstream of ER stress, is known to induce
apoptosis and is regulated by ATF4 (27). Tunicamycin, a
strong inducer of the PERK pathway, caused higher induction
of CHOP than CHACI. Meanwhile, YC-1, a weak inducer of
the PERK pathway, induced CHACI1 more than CHOP. These
results indicated that CHOP is mainly regulated by ER stress,
whereas CHACI is regulated by numerous signaling pathways.
Additionally, it may be involved in the inhibitory effects of
CHOP on CHACI transcription (28).

Induction of CHACI1 by YC-1 in HK-2 cells reduced intra-
cellular glutathione levels, indicating that CHACI1 regulates
redox homeostasis. YC-1 has several effects on HK-2 cells and
induces CHACI expression through the sGC-cGMP-PKG,
AKT-mTOR and ER stress pathways (Fig. 8).

Acute kidney injury (AKI) is a common clinical
problem characterized by an abrupt decrease in the
glomerular filtration rate and is associated with high
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morbidity and mortality (29). IRI is the most common
cause of AKI (30,31). CHAC1 was found to be upregulated
in renal tubular cells of an IRI mouse model. Reactive
oxygen species, which are generated by an abrupt supply
of oxygen after reperfusion (32-34), tend to damage the ER
and cause ER stress (16). NO levels are also increased via
iNOS induction in IRI (24-26). Therefore, the induction of
CHACI in tubular cells after IRI was probably due to ER
stress and NO signaling.

Ferroptosis is a previously described form of programmed
cell death triggered by oxidative damage (35). IRI induces
ferroptosis in the kidney, and cell death is one of the causes
of renal dysfunction (36). The findings of the present study
demonstrated that CHAC1 degraded glutathione in HK-2 cells.
In addition, it was previously revealed that knockdown of
CHACI rescued the cysteine-starvation-induced reduction of
glutathione levels and ferroptosis in human breast cancer cell
lines (12). Therefore, it is possible that upregulated CHACI1
degrades glutathione and induces ferroptosis in renal IRI. In
AKI, ferroptosis plays an important role in the pathogenesis
and is directly related to the post-ischemic renal necrosis of
renal tubules (36,37). Therefore, ferroptosis is a potential
therapeutic target for IRI. The findings of the present study
about regulation mechanisms of CHACI are informative for
development of therapeutic strategies through regulation of
ferroptosis in IRI.

In addition to the renal IRI, ferroptosis is a key factor
that leads to IRI and organ failure, myocardial and cerebral
IRI (37). Therefore, the findings of the present study that
investigated the regulation pathways of CHACI1 probably
contributed to elucidation of the induction mechanisms of
ferroptosis and the future discovery of therapeutic targets of
numerous ischemic injuries.
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