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Short Communication

Increased circulating peroxiredoxin-4 in sepsis model rats involves
secretion from hepatocytes and is mitigated by GY Y4137

Kana Unumal!, Ayaka Yoshikawa!, Toshihiko Aki!*, and Koichi Uemura!

I Department of Forensic Medicine, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental University,
1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519, Japan

Abstract: Circulating peroxiredoxin-4 (Prx4) is suggested as a prognosis marker as well as a regulator of many diseases. We aimed
to examine 1) whether Prx4 is secreted from the liver in an animal model of sepsis and 2) effects of GY Y4137, a hydrogen sulfide
donor molecule, on septic liver injury as well as the hepatic secretion of Prx4. Rats (Wistar, male, 6 weeks old) were administered
lipopolysaccharide (LPS, 15 mg/kg body weight, i.p.) with or without pre-administration of GY Y4137 (50 mg/kg body weight, i.p.)
and sacrificed 24 h after LPS administration. Hematoxylin-eosin and Elastica Masson-Goldner stains were used to evaluate hepatic
injuries. Cytokine expression levels were determined by qPCR, and the levels of Prx4 in the serum and liver were determined by im-
munoblotting. Hepatocytes were isolated from rat liver, and the levels of Prx4 in the medium as well as the cells were determined 24
h after the administrations of LPS (1 pg/ml), tumor necrosis factor-a (TNFa, 50 ng/ml), or interleukin-1p (IL-1f, 10 ng/ml), with or
without GY Y4137 (300 uM). Hepatic inflammation and damage in LPS-administered rats were suppressed by GY Y4137. An increase in
plasma Prx4 level caused by LPS was observed, but the increase was attenuated by pre-administration of GY Y4137. Prx4 was secreted
from isolated hepatocytes after stimulation with LPS, TNFa, or IL-1f. GY Y4137 attenuated the IL-1B-induced Prx4 secretion from
hepatocytes. Secretion from hepatocytes is likely involved in the increase in circulating Prx4 during sepsis. GY Y4137 attenuates not

only hepatic injury but also Prx4 secretion. (DOI: 10.1293/t0x.2019-0030; J Toxicol Pathol 2019; 32: 305-310)
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Peroxiredoxins (Prxs) are antioxidant enzymes in-
volved in the elimination of hydrogen peroxide (H,O,)! 2.
There are at least 6 Prx members in mammals (Prx1-6).
Prx4 is expressed in most tissues including liver and is the
only secretory Prx3.4. In cells, Prx4 is localized to the en-
doplasmic reticulum (ER), where it is involved in removing
H,0, generated during the folding of proteins>. In addition
to its role in scavenging intracellular H,O,, increased plas-
ma levels of Prx4 are reported in many diseases, including
cardiovascular diseases¢, diabetes’, and sepsis?.

Sepsis leads to dysfunctions in multiple organ includ-
ing severe damage to the liver®. Although effective antidotes
or treatments for sepsis have not been established to date,
both carbon monoxide (CO) and hydrogen sulfide (H,S)
have been shown to ameliorate many of the symptoms of
sepsis when applied at effectively low doses!®-12. We have
also shown that cardiac as well as pulmonary damage in
sepsis model rats can be mitigated by CORM-3, a carbon
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monoxide-releasing molecule!3. 14,

In this study, we examined the effects of H,S on liver
damage in an animal model of sepsis by use of GY Y4137, a
slow-releasing H,S donor!s. We also examined the possibil-
ity that Prx4 secretion from hepatocytes might contribute
to the reported increase in circulating Prx4 levels during
sepsis.

All the animal experiments in this study were approved
by the animal care and use committee of Tokyo Medical and
Dental University. Rats (Wistar, male, 6 weeks old, ~250 g
body weight) were divided into four groups (control, LPS,
LPS+GY Y4137, and GYY4137). LPS (E. coli, O55:BS, Sig-
ma-Aldrich, St. Louis, MO, USA) was dissolved in saline
solution and administered intraperitoneally (i.p.) to rats at
a final dose of 15 mg/kg body weight to create an animal
model of sepsis!é: 7. Control rats were received the same
volume of saline solution. GY' Y4137 (Dojindo, Kumamoto,
Japan) was administered i.p. to achieve a final dose of 50
mg/kg body weight 30 min prior to the administration of
LPS. Blood was collected through cardiac puncture. For
the analysis of plasma proteins, albumin was removed from
the plasma using a Pierce Albumin Depletion Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Rat livers were ex-
cised, and the right lobe of the livers was cut at a thickness
of 2 mm, fixed in 4% paraformaldehyde, and embedded in
paraffin. Sections (3 um thick) were affixed to slides, de-
paraffinized, and subjected to standard hematoxylin and
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eosin (H&E) and Elastica Masson-Goldner (EMG) stain
protocols. The specimens were observed under a light mi-
croscope (AX-80, Olympus, Tokyo, Japan).

To evaluate the relative expression of genes in the
liver, total RNA was extracted from rat liver tissues by
use of TRIzol reagent (Thermo Fisher Scientific). cDNA
was synthesized using oligo(dT),s and SuperScript II re-
verse transcriptase (Thermo Fisher Scientific). Levels of
mRNAs were determined by quantitative real-time reverse
transcriptase-mediated PCR analysis (qQPCR) by use of a
StepOnePlus system (Thermo Fisher Scientific) based on
SYBR Green. The relative levels of gene expression were
calculated by the comparative Ct method. The primers used
are listed in Table 1. To evaluate relative levels of proteins
in the liver, tissues were lysed in a lysis buffer [consisting of
10 mM Tris-HCI (pH 7.4), 320 mM sucrose, 5 mM EDTA,
50 mM NaF, 2 mM Na;VO,, and protease inhibitor cocktail
(Complete, Roche, Mannheim, Germany). Equal amounts
of liver lysates were subjected to SDS-PAGE. After elec-
trophoresis, the proteins were transferred to a PVDF mem-
brane, blocked in TBST containing 5% skim milk, and in-
cubated with following primary antibodies: anti-caspase-1
(ab179515, Abcam, Cambridge, MA, USA), anti-E-cadherin
(610181, BD Bioscience, San Jose, CA, USA), anti-GAPDH
(MAB374, Merck Millipore, Burlington, MA, USA), anti-
actin (A2066, Sigma-Aldrich), and anti-Prx4 (SC-376668,
Santa Cruz Biotechnology, Dallas, TX, USA). After further
incubation with a peroxidase-conjugated anti-IgG second-
ary antibody (Promega, Madison, MI, USA) and visualiza-
tion of the antigens by ECL reagents (Thermo Fisher Sci-
entific), the relative levels of antigens in the samples were
determined by an image analyzer (CS analyzer 4, Atto,
Tokyo, Japan). Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) was
performed as described previously!8. In brief, protein bands
were excised from CBB stained gels, digested by trypsin,
and subjected to TOF-MS (ultrafleXtreme, Bruker, Bill-
erica, MA, USA). The Mascot search engine (Matrix Sci-
ence) was used to identify proteins. Rat hepatocytes were
isolated and maintained as described previously!®. Isolated
hepatocytes were maintained in Williams medium E (Sig-
ma-Aldrich) supplemented with 10% FBS, streptomycin,
and penicillin. LPS (1 pg/ml), TNFa (50 ng/ml, human re-
combinant, Sigma-Aldrich), or IL-1B (10 ng/ml, mouse re-
combinant, Sigma-Aldrich) was added to the medium, and
the cells were incubated for 24 h. GY'Y4137 (300 uM) was
added 30 min prior to the addition of IL-1B. Hepatocytes
and the conditioned medium were collected and analyzed

Table 1 Primers Used in This Study

by immunoblotting. Student’s ¢-test and the Tukey-Kramer
post hoc test were used throughout this study. P<0.05 was
considered statistically significant.

We previously reported that many symptoms of sep-
sis were observed in the rats administered LPS (15 mg/kg,
ip. 24 h)13. 14.20_ In agreement with our previous reports,
H&E staining of livers from rats administered LPS showed
inflammation and sinusoid dilation, both of which were
suppressed by pre-administration of GY Y4137 (50 mg/kg,
Fig. 1A). There was infiltration of more neutrophils and
fewer macrophages in sinusoids of the LPS-administered
rat liver (Fig. 1A). Hepatocytes were anisokaryotic, and
arrangement of the cells seemed to be nonuniform in LPS
groups compared with the control group (Fig. 1A). This he-
patocyte damage matched well with that in our previous re-
ports, in which increased serum ALT levels were observed
in LPS-administered rats20. 2I. There were no differences
of EMG staining in any liver sections from the control,
LPS, LPS+GY Y4137, and GY Y4137 groups, confirming
that there were no signs of increasing connective tissue on
this time scale (24 h) after LPS administration (Fig. 1A).
In agreement with the accumulation of neutrophils in the
sinusoid (Fig. 1A), qPCR analysis showed that the expres-
sion levels of pro-inflammatory cytokines (IL-1B and IL-18)
were significantly increased in the LPS groups (Fig. 1B).
LPS also increased the expression of IL-10 (Fig. 1B), which
has anti-inflammatory roles. The simultaneous occurrence
of both pro- and anti-inflammatory responses is a feature
of sepsis?2. Interestingly, GY Y4137 suppressed the LPS-
induced upregulation of pro-inflammatory cytokines (IL-1p
and IL-18) but not that of anti-inflammatory cytokines (IL-
10) (Fig. 1B). These results show that GY Y4137 attenuates
pro-inflammatory but not anti-inflammatory responses in
the septic liver, confirming the anti-inflammatory proper-
ties of GY Y4137.

Given the indications of inflammation as well as sinu-
soid dilation in the LPS-administered rat liver, we exam-
ined the activation of inflammatory caspase (caspase-1) as
well as the status of the cell-cell adhesion protein E-cad-
herin by immunoblotting. As shown in Fig. 2 (A and B),
generation of the activated pl0/12 form of caspase-1 was
observed in the liver of LPS group rats but not in liver of
LPS+GY Y4137 group rats. Similar to caspase-1 activation,
degradation of E-cadherin was observed in the LPS group
(Fig. 2A and B). However, the degradation was mitigated
in the LPS+GY Y4137 and GY Y4137 groups compared with
the LPS group (Fig. 2A and B). Caspase-1 activation in the
LPS group and its suppression in the LPS+GY Y4137 group

Gene Forward primer (5°-3") Reverse primer (5°-3”)
Rat-IL-1§ ATTGCCTGTGGACAGGATGC CCACACACAATTCGGGCAAG
Rat-IL-10 AATAAAAGCAAGGCAGTGGAGC ATTCATGGCCTTGTAGACACCT
Rat-IL-18 AACCGCAGTAATACGGAGCAT TCTGGTCTGGGATTCGTTGG
Rat-Prx4 CTGAATGACCTTCCTGTGGGT CACTACCAGGTTTCCAGCCA
Rat-GAPDH GGCTCTCTGCTCCTCCCTGTTCTA TGCCGTTGAACTTGCCGTGGG
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coincide well with the expression levels of IL-1p and IL-18 We next examined Prx4 in the liver of rats adminis-
(Fig. 1B). E-cadherin degradation in the liver of the LPS  tered LPS with or without GY'Y4137. Examination of the
group indicates that damage of epithelial integrity might be ~ protein and mRNA levels for Prx4 revealed that, although

related to dilation of the sinusoid. Prx4 mRNA levels increased, there was no increase in the
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Fig. 1. Histochemical and molecular biological analysis of livers from rats administered lipopolysaccharide (LPS) with or without GY Y4137.
Rats were administered LPS (15 mg/kg, i.p.) with or without pre-administration of GY Y4137 (50 mg/kg, i.p.); the livers were excised 24
h after LPS administration. (A) Hematoxylin and eosin (H&E) and Elastica Masson-Goldner (EMG) staining of liver sections. Arrows
indicate neutrophil accumulation in sinusoids. Black bar, 50 pm. White bar, 200 um. (B) Quantitative real-time reverse transcriptase-
mediated PCR (qPCR) analysis of mRNA levels in the liver. GAPDH served as an endogenous control. Each bar shows the mean and
standard error (SE) (n=4). *P<0.05 by Tukey-Kramer post hoc test. **P<0.01 by Tukey-Kramer post hoc test. ***P<0.001 by Tukey-
Kramer post hoc test.
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Fig. 2. Immunoblot analysis of caspase-1 and E-cadherin in the livers from rats administered lipopolysaccharide (LPS) with or without
GYY4137. Livers were collected from rats 24 h after the administration of LPS (15 mg/kg, i.p.) with or without GY'Y4137 (50 mg/kg, i.p.).
(A and B) Immunoblot analyses of caspase-1 and E-cadherin are shown. GAPDH served as an endogenous control. Each bar shows the
mean and SE (n=4). **P<0.01 by Tukey-Kramer post hoc test. ***P<0.001 by Tukey-Kramer post hoc test.
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Fig. 3. Analysis of proteins in the liver and plasma of rats administered lipopolysaccharide (LPS) with or without GY Y4137. Livers and plasma

were collected from rats 24 h after the administration of LPS (15 mg/kg, i.p.) with or without GY Y4137 (50 mg/kg, i.p.). (A and B) Im-
munoblot (A) and quantitative real-time reverse transcriptase-mediated PCR (QPCR) (B) analyses of peroxiredoxin-4 in rat livers. Each
bar shows the mean and SE (n=4). ***P<0.001 by Tukey-Kramer post hoc test. (C) CBB staining of proteins in rat plasma. Serum albu-
min was removed from the samples using an albumin depletion kit. Bands marked with arrows were subjected to matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analysis. (D) Immunoblot analysis of Prx4 in the plasma. A

representative immunoblot from 4 biological replicates is shown.

protein levels by LPS (Fig. 3A and B). To examine extracel-
lular secretion of Prx4, serum from the blood of rats was
depleted of albumin and subjected SDS-PAGE. CBB stain-
ing of the gel showed several bands that were not only ob-
viously upregulated in the LPS group but also remained at
basal levels in the LPS+GY Y4137 group (Fig. 3C). These
protein bands were identified as C-reactive peptide (CRP),
haptoglobin, and serotransferrin by MALDI-TOF-MS anal-
ysis, providing serological evidence for the occurrence of
inflammation in LPS-administered rats and its amelioration
by GY Y4137 (Fig. 3C). Immunoblot analysis of the serum
revealed that Prx4 levels were increased in the LPS group
but not in the LPS+GY Y4137 group (Fig. 3D).

We isolated hepatocytes and stimulated them with
LPS as well as TNFa or IL-1B. Extracellular levels of Prx4
were significantly increased after stimulation with 1 pg/
ml LPS for 24 h (Fig. 4A and B). Interestingly, both TNFa
and IL-1p were more potent inducers of Prx4 secretion
than LPS (Fig. 4A and B). Furthermore, pretreatment with
GY Y4137 attenuated the IL-1B-induced secretion of Prx4
(Fig. 4A and B). Similar to the findings in the rat liver, the
intracellular levels of Prx4 were unchanged under all con-
ditions examined (Fig. 4A and B). After stimulation with
IL-1B for 24 h, nearly 70% of the Prx4 was detected in the
medium (Fig. 4C). In contrast, less than 4% of the actin was
detected in the medium, confirming that the presence of

Prx4 in the medium was not due to cell death.

We have shown previously that the secretion of mi-
tochondrial contents from hepatocytes is involved in local
and/or systemic inflammation during sepsis!® 20. Prxs in-
cluding Prx4 are suggested to represent damage-associated
molecular patterns (DAMPs)23.24, Indeed, it has been shown
that extracellular Prx4 induces inflammatory responses in
macrophages through ligation of the TLR4 receptor24. We
also showed that GY'Y4137 can suppress hepatic secretion
of Prx4 (Fig. 4). This observation implies that the anti-in-
flammatory effects of hydrogen sulfide might contribute to
inhibition of the release/secretion of DAMPs, such as Prx4,
from hepatocytes. Liver inflammation is a process triggered
by hepatocyte injuries and subsequent release of DAMPs,
which in turn leads to the activation of immune cells such
as neutrophils and macrophages2s. Although its mechanism
still remains to be elucidated, anti-inflammatory effects of
hydrogen sulfide are largely attributed to its effects on im-
mune cells. Our current report thus shed light on the role
of hydrogen sulfide against the release of DAMPs from he-
patocytes, representing another point of anti-inflammatory
action of hydrogen sulfide.

Disclosure of Potential Conflicts of Interest: The authors
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Unuma, Yoshikawa, Aki et al.

Prx4
(extracellular)

Prx4
(intracellular)

Actin
(intracellular)

e

LPS
TNFo
IL-1B

©
pud
fras
c
@]
O

IL-1B + GYY4137

extracellular
intracellular

B

Medium/total(%)

100
90
80
70
60
50
40
30
20

10

1.4
* % %
— %k %k 3k 4
* ] 1.2
1
1_
£
0 0.8
S
><0.6—
a
0.4 |
0.2 |
0 4
= n N~ —_— N~
- Sl 2 S w
= 1 — L | —
< |_—'<r c = <
o - > o == >
© > o >
(] ()
+ +
=% <=8
— -
- 4
* %k
1
C
§ ¥
< o

Fig. 4. Secretion of Prx4 from cultured hepatocytes in response to lipopolysaccharide (LPS), tumor necrosis factor-a (TNFa), or
interleukin-1p (IL-1p). Primary cultures of rat hepatocytes were stimulated with LPS (1 pg/ml), TNFa (50 ng/ml), or IL-1p (10
ng/ml) with and without pretreatment with GY Y4137 (300 uM). (A and B) Immunoblot analyses of intracellular and extracel-
lular Prx4 levels are shown. Actin was served as an endogenous control. Each bar shows the mean and SE (n=4). *P<0.05 by
Tukey-Kramer post hoc test. ***P<0.001 by Tukey-Kramer post hoc test. (C and D) Percentages of extracellular Prx4 per total
Prx4 in IL-1B3-stimulated hepatocyte culture. Each bar shows the mean and SE (n=4). **P<(.01 by Student’s ¢-test.
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