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The NRF2-PGC-1f pathway activates
kynurenine aminotransferase 4 via attenuation
of an E3 ubiquitin ligase, synoviolin, in a cecal

ligation/perforation-induced septic mouse model
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Abstract. Sepsis-associated encephalopathy (SAE) is a
systemic inflammatory response syndrome of which the precise
associated mechanisms remain unclear. Synoviolin (Syvnl) is
an E3 ubiquitin ligase involved in conditions associated with
chronic inflammation, including rheumatoid arthritis, obesity,
fibrosis and liver cirrhosis. However, the role of Syvnl in acute
inflammation is not clear. The aim of the present study was to
investigate the role of Syvnl in a septic mouse model induced
by cecal ligation/perforation (CLP). Metabolome analysis
revealed that kynurenine (K'YN), a key factor for the develop-
ment of neuroinflammation, was increased in CLP-induced
septic mice. Notably, KYN was not detected in CLP-induced
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septic Syvnl-deficient mice. KYN is converted to kynurenic
acid (KYNA) by kynurenine aminotransferases (KATs),
which has a neuroprotective effect. The expression of KAT4
was significantly increased in Syvnl-deficient mice compared
to that in wild-type mice. Promoter analysis demonstrated
that Syvnl knockdown induced the KAT4 promoter activity,
as assessed by luciferase reporter activity, whereas Syvnl
overexpression repressed this activity in a dose-dependent
manner. Furthermore, the KAT4 promoter was significantly
activated by the transcriptional factors, NF-E2-related factor 2
and peroxisome proliferator-activated receptor coactivator 1§,
which are targets of Syvnl-induced degradation. In conclusion,
the results of the current study demonstrates that the repres-
sion of Syvnl expression induces the conversion of neurotoxic
KYN to neuroprotective KYNA in a CLP-induced mouse
model of sepsis, and that Syvnl is a potential novel target for
the treatment of SAE.

Introduction

Sepsis is a form of systemic inflammation caused by an
infection, and multiple organ failure is known to occur when
this condition intensifies. Clinical studies demonstrated that
the central nervous system might be one of the first organs
affected by sepsis. Sepsis-associated encephalopathy (SAE),
characterized by diffuse cerebral dysfunction, is secondary to
sepsis and is related to increased morbidity and mortality (1,2).
Clinical symptoms of SAE are delirium, fluctuating changes
in mental status, lack of attention, and disorganized thinking.
Encephalopathy of variable severity occurs in 9-71% of septic
patients, and those with central nervous disorders have the
worst prognosis in terms of cognitive and motor function.
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In addition, it has been reported that the mortality rate of
septic patients with SAE is approximately twice that of septic
patients without SAE; moreover, the mortality rate increases
to 63% when patients with SAE present with a Glasgow Coma
Scale (GCS) value of 3-8 (1,2). Although several mechanisms
including inflammation or the disturbance of neurotransmis-
sion disturbance, have been proposed, the precise mechanisms
responsible for sepsis-induced cognitive impairment have not
been fully elucidated.

The kynurenine (KYN) pathway is well known to be a
major mechanism of tryptophan catabolism, and it is activated
during neuroinflammation during several neurodegenerative
diseases (3,4) such as SAE (5). Tryptophan is converted
to KYN, and KYN is converted into three intermediates,
quinolinic acid (QA), 3-hydroxykynurenine (3-HAA), and
kynurenic acid (KYNA) via two different pathways (Fig. 1).
3-HAA and QA are neurotoxic, whereas KYNA is neuro-
protective. The relative balance between the two branches
of this pathway might play an important role in the devel-
opment of neuroinflammation. The conversion to KYNA is
catalyzed by kynurenine aminotransferases (KATs), which
have been detected in the brain and peripheral tissues such
as the skeletal muscle (6,7). Recent studies showed that the
peroxisome proliferator-activated receptor (PPAR)-PPAR
coactivator-1 (PGC-1) pathway induces skeletal muscle
KAT expression during exercise (7,8). The analysis of
PGC-lal skeletal muscle-specific transgenic mice showed
that increased expression of skeletal muscle KATs induced
KYN metabolism. Synthesis of KYNA was enhanced and
the accumulation of KYN was reduced, thereby protecting
against stress-induced depression (7).

Among several hundreds of E3 ubiquitin ligases, synovi-
olin (Syvnl), identified from the cDNA of rheumatoid synovial
cells, is the only known regulator of PGC-1f ubiquitina-
tion (9). We recently demonstrated that Syvnl interacts with
PGC-1p and induces its degradation (9). Global elimination
of Syvnl in post-neonatal mice is associated with weight loss
and reduced white adipose tissue through enhanced energy
expenditure, which is mediated by the function of PGC-1{ (9).
PGC-1f and PGC-la share extensive sequence identity to
each other (10,11), and the primary structure of PGC-1p has
several unique features of primary structure such as LXXLL
in its middle portion and the absence of a proline-rich region
at the C-terminus. Knockout studies have also suggested
functional differences between PGC-la and PGC-1p, such
as lethality (12). We previously demonstrated that Syvnl is
involved in the development of rheumatoid arthritis, fibrosis,
limb girdle muscular dystrophy, and liver cirrhosis (13-17).
We also described another unique function of Syvnl; specifi-
cally, Syvnl entraps and degrades tumor suppressor pS3 and
NRF2 (17,18). Nrf2 is a transcriptional factor that activates
antioxidant and cytoprotective genes that share a common
a cis-acting enhancer sequence, termed the antioxidant
response element (ARE), under conditions of oxidative stress.
Several studies indicate that Nrf2 is neuroprotective against
neurotoxicity (19-21). These results suggest that loss of Syvnl
expression might have neuroprotective effects.

In the present study, we therefore investigated whether
Syvnl-deficient mice were resistant to cecal ligation/perfora-
tion (CLP) treatment, which is a mouse model of sepsis, and
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revealed that Syvnl ablation mediates the activation of trypto-
phan metabolism via KAT4 gene expression.

Materials and methods

Mice. All procedures involving animals were performed
in accordance with institutional and national guidelines
for animal experimentation, and were approved by the
Institutional Animal Care and Use Committee of Tokyo
Medical University (#S-24021). Mice were kept in specific
pathogen free (SPF) under standard conditions (20-26°C
temperature; 40-65% humidity) with a 12-h light/12-h dark
cycle. F-1 Foods (5.1% fat, 21.3% protein) were purchased
from Funabashi farm (Chiba, Japan). All mice used in the
study were of the C57BL/6J background. Heterozygous Syvnl
mice and tamoxifen (Tam)-inducible Syvn/ knockout mice
were previously described (9,13).

Sepsis model. Male C57/BL6 mice at 7-9 weeks of age were
anesthetized with 4-5% sevoflurane and a middle abdominal
incision was made along the ventral surface of the abdomen
to expose the cecum. Before perforation, feces were gently
relocated towards the distal cecum. The cecum was ligated
at 5 mm from the distal end and then punctured once with a
21-gauge needle, allowing the exposure of feces (cecal ligation
and puncture; CLP). A small droplet of feces was then gently
squeezed through both sides of the puncture. The cecum was
returned to the peritoneal cavity with careful attention to ensure
that feces did not contaminate the margins of the abdominal
and skin wound. The muscle and skin incision were closed
with 3-0 black silk. This model represents a high-grade sepsis
with 100% mortality in 72 h (22). Mice received a subcuta-
neous injection of pre-warmed saline solution (37°C; 5 ml per
100 g body weight). Mice receiving sham surgery underwent
the same procedure except that the cecum was neither ligated
nor punctured (sham group; S). At each experimental time
point after performing the procedure, mice were euthanized
by cervical dislocation, and brain and skeletal muscle tissue
samples were obtained.

Measurement of metabolites. Brain tissues were obtained
at 18 h after the CLP procedure (n=2 for each group).
Approximately 20 mg of frozen brain tissues were immersed
into 1,500 pl of 50% acetonitrile/Milli-Q water containing
internal standards (H3304-1002; Human Metabolome
Technologies, Inc., Tsuruoka, Japan) at 0°C in order to inac-
tivate enzymes. The tissue was homogenized three times at
1,500 rpm for 120s using a tissue homogenizer (BMS-M10N21;
BMS Co., Ltd., Tokyo, Japan) and then the homogenate was
centrifuged at 2,300 x g and 4°C for 5 min. Subsequently,
800 pl of the upper aqueous layer was centrifugally filtered
through a Millipore 5-kDa cut-off filter at 9,100 x g and 4°C
for 120 min to remove proteins. The filtrate was centrifugally
concentrated and resuspended in 50 ul of Milli-Q water for
CE-MS analysis. Metabolome measurements were performed
by a facility service at Human Metabolome Technology Inc.,
Tsuruoka, Japan.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA from the skeletal muscle and brain
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Figure 1. A schematic diagram of the kynurenine pathway.

of the mice was purified by using ISOGEN (Nippon Gene,
Tokyo, Japan) according to the manufacturer's instructions
and reverse transcribed by using ReverTra Ace with random
primers (Toyobo, Osaka, Japan). qPCR was performed by
using LightCycler 480 Probes Master (Roche Diagnostics,
Mannheim, Germany) and the Step One Plus Detection System
(Applied Biosystems, Life Technologies, Tokyo, Japan). The
Relative standard curve method (23) was used in this study and
expression levels were determined relative to that of 18s rRNA.
Primers and probes used in this study are shown in Table I.

Plasmids, siRNA and antibodies. PGV-B2 (PicaGene Basic
vector 2; Toyo Ink, Tokyo, Japan) vector and pcDNA3
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) vector were purchased. pcDNA3 hemagglutinin
antigen (HA) was constructed by inserting the HA sequence
into pcDNA3 (Invitrogen; Thermo Fisher Scientific, Inc.).
The coding sequence of human full-length NRF2 was
PCR-amplified (primers, 5-CAGTGTGCTGGAATTATG
ATGGACTTGGAGCTGCC-3' and 5'-GATATCTGCAGA
ATTGTTTTTCTTAACATCTGGCTTCTTAC-3') from HeLa
c¢DNA and full-length NRF2 was inserted into the pcDNA3
HA plasmid (Invitrogen; Thermo Fisher Scientific, Inc.) for
transient transfection assays. The promoter of the KAT4 gene
was PCR-amplified (primers, 5~AAAGCTAGCAAGCTTCAT
ACTGTAAGC-3' and 5~AAACTCGAGAGAGCCGAGATC
TGGGGAAG-3") from the genome of C57BL/6J mice and the
fragment (2553 to +30) was subcloned into PGV-B2 (PicaGene
Basic vector 2; Toyo Ink). Plasmid sequences were confirmed
by sequencing. SYVNI plasmids and siRNA against Syvnl
were previously described (9,13). The following antibodies were
used: Anti-tubulin (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany), and anti-HA (3F10; Roche Diagnostics, Indianapolis,
IN, USA), anti-KAT1 and KAT4 (Abcam, Cambridge, UK),
anti-KAT?2 and KAT3 (Santa Cruz Biotechnology, Inc., Dallas,
Texas, USA). The anti-Syvnl rabbit polyclonal antibody that
was used was previously reported (18).

Cell culture and transient transfection. A total of 293 cells
and C2C12 cells were cultured in Dulbecco's modified
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Eagle's medium as previously described (9). Transient trans-
fection was performed with Lipofectamine 2000 according
to the manufacturer's protocol (Invitrogen; Thermo Fisher
Scientific, Inc.). Cells were lysed with cell lysis buffer
(Promega Corporation, Madison, WI, USA) 24 h after
transfection, and luciferase activity was measured. To ensure
equal amounts of DNA, empty plasmids were added to each
transfection.

Luciferase assay. The assay was performed as previ-
ously described (24-26). Briefly, 293 cells were transiently
transfected with 50 ng KAT4-luc reporter plasmid, 0.1 ng
pRL-CMYV, and 10, 50, 100 ng pcDNA3 HA-NRF2. For
Syvnl knockdown, 50 ng KAT4-luc reporter plasmid, 0.1 ng
pRL-CMYV, and 10, 20 nM Syvnl siRNA were transfected.
For SYVNI overexpression, 50 ng KAT4-luc reporter plasmid,
0.1 ng pRL-CMYV, and 10, 50, or 100 ng SY VNI expression
vector were transfected. 293 cells were transiently transfected
with 50 ng KAT4-luc reporter plasmid, 0.1 ng pRL-CMYV, and
50 ng pcDNA3 HA-NRF2 and/or 25 ng pcDNA3 HA PGC-1§.
293 cells were transiently transfected with 50 ng KAT4-luc
reporter plasmid, 0.1 ng pRL-CMYV, and 50 ng pcDNA3
HA-NRF2 and/or 25 ng pcDNA3 HA PGC-la. After 24 h,
cells were lysed with cell lysis buffer, which was followed
by measurement of luciferase activity. Each experiment was
performed at least three times.

RNA interference assay. siRNAs for Syvnl were previ-
ously described (9). Transfection with siRNAs (20 uM) was
performed by using Lipofectamine 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's
protocol. Total RNA from C2CI12 cells was purified 3 d after
transfection using ISOGEN (Nippon Gene) according to the
manufacturer's instructions, and reverse transcribed using
ReverTra Ace with random primers (Toyobo).

Statistical analysis. All data are expressed as the
means + standard deviation. Differences between two groups
were examined by using the Student's t-test and P<0.05 was
considered to indicate a statistically significant difference.
One-way analysis of variance with Tukey-Kramer post
hoc analysis was used to determine correlations in datasets
containing multiple groups in luciferase assays. All results
were derived from at least three independent experiments.

Results

Metabolome analysis of Syvnl-deficient septic mice. To
investigate the role of Syvnl in sepsis, we performed the
metabolome analysis using brain tissue of WT and heterozygous
Syvnl-deficient mice because the homozygous mice die in utero.
We first examined the expression of Syvnl in the brain. Western
blotting showed that the expression of Syvnl was decreased in
the heterozygous mice (Fig. 2). As shown in Table IT, KYN was
not detected in sham mice [WT (sham) and heterozygous Syvnl
mice (sham)] and was increased in CLP-induced septic mice at
18 h [WT (CLP)]. Interestingly, the quantity of KYN decreased
in CLP-induced septic Syvnl-deficient mice [heterozygous
Syvnl mice (CLP)]. This result suggests that decreased expres-
sion of Syvnl might induce KYN metabolism.
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Table I. Primer sequences and length of specific polymerase chain reaction products.

Gene Direction® Primer sequence Probe®

Syvnl F 5-CTGGGTATCCTGGACTTCCTC-3' 89
R 5-AAGCACCATGGTCATCAGAA-3'

KATI F 5'-CAGAGCAGCGCTATTGTTTG-3' 81
R 5-GCAGACAGTCTAGGCCAGAAA-3'

KAT3 F 5-TTACACGTGTGCGACTCCTT-3' 27
R 5'-GCTTGATATCGATCCAAAACG-3'

KAT4 F 5'-ATGGCTGCTGCCTTTCAC-3' 17
R 5-GATCTGGAGGTCCCATTTCA-3'

18sRNA F 5-GCAATTATTCCCCATGAACG-3' 48
R 5-GGGACTTAATCAACGCAAGC-3'

“Direction of primer sequences; "probe number of Universal ProbeLibrary probes (Roche). F, forward; R, reverse; Syvnl, synoviolin; KAT,

kynurenine aminotransferase.
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Figure 2. Measurement of kynurenine in Syvnl-deficient mice. Western blot
analysis of brain tissue of WT and heterozygous Syvnl-deficient mice using
an anti-Syvnl and anti-tubulin antibodies. Syvnl, synoviolin; WT, wild-type.

Expression of KAT genes in Syvnl-KO mice. The conversion
of KYN to KYNA is catalyzed by KATs, which have been
detected in the brain and skeletal muscle. Therefore, we exam-
ined the expression level of the KATI-4 genes in the brain and
the skeletal muscle tissue of tamoxifen (Tam)-inducible Syvn/
knockout (KO) mice (the post-neonatal knockout mice) (9).
Real-time PCR assay showed that the expression of Syvn/ was
very low in the brain tissue of KO mice and that the expression
of KAT3 was significantly increased in KO mice (Fig. 3A).
To examine the protein level, we performed western blotting
using brain extracts from KO mice and WT mice. As shown
in Fig. 3B, the expression of Syvnl was very low. However, the
expression level of KAT1-4 was similar between WT mice and
KO mice. We next investigated the mRNA levels by real-time
PCR assay. As shown in Fig. 3C, the expression of Syvn/
was very low in the skeletal muscle tissue of KO mice. The
expression of KAT4 was significantly increased in KO mice
compared to that in WT mice (P<0.05), and the expression of

KATI and KAT3 was similar between WT mice and KO mice.
KAT?2 was not detected in the skeletal muscle tissue. Western
blotting using the skeletal muscle extracts revealed that the
expression of Syvnl was very low and that the expression of
KAT4 was clearly increased in the skeletal muscle tissue of
KO mice (Fig. 3D). These results suggest that KAT4 could be
an important gene and Syvnl might regulate the expression
of KATA4.

Syvnl represses KAT4 expression. To examine the role of
Syvnl in KAT4 expression, we performed luciferase assay
using the KAT4 promoter (-2553/+30) reporter constructs.
We used 293 cells, which have high transfection efficiency,
because we have used 293 cells as model cells for a long time
to analyze transcriptional regulation (9,25,27). As shown in
Fig. 4A, treatment with a siRNA against Syvnl (siSyvnl)
induced the luciferase reporter activity, 1.2-fold (10 M) and
1.4-fold (20 uM), compared to that with control siRNA (siCon-
trol). Overexpression of Syvnl repressed the reporter activity
in a dose-dependent manner (Fig. 4B). To further examine
whether Syvnl regulates the KAT4 expression, we performed
knock-down assays in C2C12 cells. C2C12 cells were treated
with control siRNA (siControl) or siRNA for Syvnl (siSyvnl)
for 3 d and total RNA was purified. Then, we performed
RT-PCR and real-time PCR assays to measure the expression
of KATI-4. With siSyvnl treatment, the expression of Syvnl
decreased to 40% that of control levels. The expression of
KAT4 was significantly increased in cells treated with siSyvnl
compared to that in cells treated with control siRNA (siCon-
trol). In addition, the expression of KAT3 and KAT4 was not
different between siSyvnl and siControl conditions (Fig. 4C).

NRF2 and PGC-1p activate the KAT4 promoter. We previ-
ously demonstrated that Syvnl regulates the transcriptional
factor, NRF2, and the transcriptional coactivator, PGC-1§,
which activates NRF2- and PPAR-mediated transcription (12).
Therefore, we analyzed the transcriptional factor binding
sites of the above factors in the KAT4 promoter (-2553/+30)
using TF BIND (http:/tfbind.hgc.jp/). As shown in Fig. 5A,
one PPAR responsive element (PRE) and 17 NRF2 binding
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Table II. Metabolome analysis.
Case
Heterozygous Heterozygous
WT (sham) Syvnl (sham) WT (CLP) Syvnl (CLP)
Treatment 1 2 1 2 1 2 1 2
Kynurenine (nmol/g) ND ND ND ND 1.1x10-% 3.1x10°% ND ND
ND, not detected; WT, wild-type; CLP, cecal ligation/perforation.
A B
20 Syvn1 200 KAT1 400 KAT2 WT Ko
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Figure 3. Expression of KAT genes in Syvnl-knockout (KO) mice. mRNA and protein expression of KATs in (A and B) brain and (C and D) skeletal muscle
extracts. Total RNA from (A) brain and (C) skeletal muscle was isolated from Syvn/ WT (n=8) and Syvn/-KO mice (n=6) and subjected to qPCR. Individual
measurements were standardized using 18S RNA, and then the average for Syvn/ WT mice was set to 100. Data were analyzed by performing a Student's t-test
and expressed as mean + SD. The experiment was performed in triplicate. (B) Brain extracts and (D) skeletal muscle extracts were prepared from WT mice
and Syvnl-KO mice. Tissue extracts were separated by SDS-PAGE, and processed for western blotting with anti-KAT1, 2, 3, 4, Syvnl and tubulin antibodies.

KAT, kynurenine aminotransferase; Syvnl, synoviolin; WT, wild-type.

sites were detected in the KAT4 promoter. To examine the role
of NRF2 and PGC-1p, we performed luciferase assays using
the KAT4 promoter (-2553/+30). NRF2 significantly activated
the luciferase reporter activity in a dose-dependent manner
(Fig. 5B), whereas PPAR-a did not induce the reporter activity
(data not shown). As shown in Fig. 5C, NRF2 and PGC-1§
synergistically activated the reporter activity. PGC-la also
induced reporter activity, and NRF2 and PGC-1a additively
activated the reporter activity (Fig. 5D). In addition, NRF2
rescued the repressive effect induced by overexpression of
Syvnl in a dose-dependent manner (Fig. SE). These results

suggest that the NRF2-PGC-1f pathway induces the expres-
sion of KAT4.

Discussion

In the present study, we investigated the role of Syvnl in a
mouse model of sepsis. We showed that the level of KYN was
elevated in the brain tissue of septic WT mice. However, KYN
was not detected in septic Syvnl-deficient mice. In addition,
expression of KAT4, which encodes one of the enzymes that
converts KYN into KYNA, was elevated in the skeletal muscle
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Figure 4. Syvnl represses KAT4 expression based on KAT4 promoter-driven luciferase reporter assays. (A) Effect of Syvnl knockdown by siRNA. 293 cells
were transiently transfected with a reporter plasmid containing the KAT4 promoter, pRL-CMYV, control siRNA (siControl) or siRNA for Syvn/ (siSyvnl). Data
were analyzed by a Student's t-test and expressed as mean + SD. Western blotting was performed with anti-Syvnl and anti-tubulin antibodies. (B) Effect of
Syvnl overexpression. 293 cells were transiently transfected with a reporter plasmid containing the KAT4 promoter, pRL-CMYV, and the HA-tagged Syvnl
(Syvnl-HA)-expression vector (10, 50, and 100 ng). Analysis of variance with Tukey-Kramer post hoc analysis and expressed as mean + SD. Western blotting

was performed with anti-Syvnl and anti-tubulin antibodies. (C) Effect of Syvnl

on KAT4 expression. C2C12 cells were transiently transfected with siControl

or siSyvnl. After 3 days, total RNA were purified and qPCR was performed. Individual measurements were standardized using 18S RNA, and the average for
siControl was set to 100. Data were analyzed by performing a Student's t-test and expressed as mean + SD. The experiment was performed three times. KAT,

kynurenine aminotransferase; Syvnl, synoviolin; HA, hemagglutinin antigen.

tissue of Syvnl-KO mice. Moreover, Syvnl knockdown
induced KAT4 promoter-driven reporter activity, whereas
overexpression of Syvnl repressed this effect. The KAT4
promoter was also activated by the NRF2-PGC-1f pathway.
NRF2 and PGC-1f are target proteins of Syvnl-induced
degradation (9,17). Taken together, these results suggest that
Syvnl deficiency might induce KYN metabolism via the
NRF2-PGC-13-KAT4 pathway.

KATs are critical enzymes that catalyze the conver-
sion of KYN to KYNA. Recent studies indicates that
exercise induces the expression of KATs expression in the
skeletal muscle (7,8,28). Analysis of skeletal muscle-specific
PGC-la-transgenic mice revealed that an increased expres-
sion of KATs in skeletal muscle shifts the KYN metabolism
towards enhanced synthesis of KYNA, resulting in a decrease
in KYN levels, and thereby protecting the tissue from
stress-induced damage. This novel function of PGC-1a in the
regulation of the KYN metabolism suggests communication
between the skeletal muscle and brain. In the present study,

we showed that KAT4 expression was significantly increased
in the skeletal muscle tissue of Syvnl-deficient mice and that
the NRF2-PGC-1p pathway activates the KAT4 promoter.
We previously demonstrated that Syvnl interacts with NRF2
and PGC-1p, and induces the degradation of these factors
through ubiquitination. Therefore, in Syvnl-deficient mice,
accumulated NRF2 and PGC-1f could activate KAT4 expres-
sion in the skeletal muscle to enhance the synthesis of KYNA,
resulting in decreased KYN in the brain tissue.

Syvnl is involved in both acute and chronic inflamma-
tion. We previously demonstrated that Syvnl overexpression
in transgenic mice led to advanced arthropathy through the
suppression of apoptosis in synoviocytes and that heterozygous
Syvnl-mice were resistant to arthritis and fibrosis (13,15). In
addition, we recently showed that Syvnl is involved in the
development of obesity, limb girdle muscular dystrophy, and
liver cirrhosis. These studies indicate that Syvnl is a key factor
for diseases associated with chronic inflammation. In the
present study, we examined the role of Syvnl in a CLP-induced



SPANDIDOS .
¥ PURLICATIONS MOLECULAR MEDICINE REPORTS 18: 2467-2475, 2018 2473

A NRF2 binding site
KAT4 promoter , s , +30
2553 [ PRE |
B KAT4-I;:|c
2> I kK 1
£ ——
b 200 ¢ %
; I ) HA-NRF2
m -
£ 100} \L
g w——a NRF2
e WB: anti-HA
é 0 — ———
NRF2 | WB: anti-Tubulin
c KAT4-Luc ,
a‘ &k ﬁ
E 300 | '_u_l'
° HA-NRF2 + o+
@ 200 k * HA-PGC-1pB + +
g [ — ST NRF2
@O
5 = PGC-1
5 100 } B
o WB: anti-HA
E 0 —— — —
@
3 NRF2 + o+ WB: anti-Tubulin
PGC-1B + +
D KAT4-Luc
ok
2 300 ! o 'Li
.; I—**I HA-NRF2 + +
8 00 P HA-PGC-1a + o+
E  —— — NRF2
:E 100 smes PGC-1a
Qo
=
@ WB: anti-HA
2 0
E NRFZ + + ——— -
¢ PGC-1a * * WB: anti-Tubulin
E KAT4-Luc
Hek
I e K
2 160
,; Syvni-HA + + + +
8 120 HA-NRF2 |
g . e ey Syvn1
% W NRF2
=]
S 40 WB: anti-HA
>
s R
-
g sy * * £ 3 WB: anti-Tubulin

NRF2 il

Figure 5. The NRF2/PGC-1f pathway activates the KAT4 promoter. (A) Schematic representation of the KAT4 promoter (-2553/+30). PRE: PPAR responsive
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septic mouse model, which is an example of acute inflamma-
tion. Proinflammatory cytokines such as tumor necrosis factor
(TNF)-a and interleukin (IL)-1p are induced in the mouse
sepsis model and septic patients (5,29,30). Previous studies
demonstrated that Syvnl is a key target for inflammatory cyto-
kines such as TNF-a, IL-1, and IL-17 (5,31,32), and that the
expression of Syvnl is transcriptionally regulated by Ets tran-
scription factors, GABPa, GABPf, and ILF-3 (33,34), which
are the downstream of inflammatory cytokines signaling.
These results prompted us to speculate that Syvnl expression
might be induced by inflammatory cytokines during sepsis
and induce the degradation of NRF2 and PGC-1f in the skel-
etal muscle tissue. Further studies are warranted to unveil the
detailed role of Syvnl in sepsis.

KYN is a key immune mediator. During inflammation,
increases in cytokines such as interferon (IFN)-vy, TNF-a,
and IL-1p activate indoleamine 2,3-dioxygenase (IDO), and
tryptophan is metabolized into the toxic metabolite KYN via
IDO. Several studies indicate that the development of mood
symptoms with inflammation is associated with reduced
circulating tryptophan levels and concomitant increases in
serum levels of KYN (35,36). In addition, recent studies show
that KYN and proinflammatory cytokines such as TNF-a and
IL-1p are induced in mouse sepsis models and human septic
patients (5,29,30). Therefore, the KYN pathway is one of targets
for the treatment of SAE. The IDO inhibitor, 1-methyl-D, was
shown to attenuate neuroinflammation through the repression
of proinflammatory cytokines and KYN, and protect against
sepsis-induced cognitive impairment in a mouse model (5).
In the present study, we showed that the induction of KYN
by CLP is not observed in Syvnl-deficient mice. We previ-
ously developed a Syvnl inhibitor, LS-102, and demonstrated
that the Syvnl inhibitor attenuated arthritis, fibrosis, obesity,
limb girdle muscular dystrophy, and liver cirrhosis (13-17).
Although further studies are needed to investigate the effect
of this Syvnl inhibitor on SAE, Syvnl might represent a novel
target for the treatment of SAE.

Taken together, in the present study, we provide evidence
that Syvnl regulates the NRF2-PGC-13-KAT4 pathway in
a mouse model of sepsis. Further analysis of Syvnl will be
helpful to understand its physiological and clinical signifi-
cance.
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