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Abstract: Although the number of patients with heart failure is increasing, a sufficient treatment
agent has not been established. Oxidative stress and inflammation play important roles in the
development of myocardial remodeling. When thioredoxin (Trx), an endogenous anti-oxidative
and inflammatory modulator with a molecular weight of 12 kDa, is exogenously administered, it
disappears rapidly from the blood circulation. In this study, we prepared a long-acting Trx, by fusing
human Trx (HSA-Trx) with human serum albumin (HSA) and evaluated its efficacy in treating drug-
induced heart failure. Drug-induced cardiomyopathy was created by intraperitoneally administering
doxorubicin (Dox) to mice three times per week. A decrease in heart weight, increased myocardial
fibrosis and markers for myocardial damage that were observed in the Dox group were suppressed
by HSA-Trx administration. HSA-Trx also suppressed the expression of atrogin-1 and myostatin,
myocardial atrophy factors in addition to suppressing oxidative stress and inflammation. In the Dox
group, a decreased expression of endogenous Trx in cardiac tissue and an increased expression of
macrophage migration inhibitory factor were observed, but these changes were restored to normal
levels by HSA-Trx administration. These findings suggest that HSA-Trx improves the pathological
condition associated with Dox-induced cardiomyopathy by its anti-oxidative /anti-inflammatory and
myocardial atrophy inhibitory action.

Keywords: albumin fusion; thioredoxin; oxidative stress; inflammation; cardiomyopathy; doxorubicin

1. Introduction

Heart failure is caused by drug-induced cardiomyopathy, ischemic heart disease or
hypertrophic cardiomyopathy. In either case, the pathological condition progresses through
morphological changes (myocardial remodeling) in the myocardium caused by the damage
such as oxidative stress and inflammation [1]. Myocardial atrophic remodeling that has
attracted attention in recent years is induced through the induction of myocardial atrophy
factors such as the muscle-specific ubiquitin ligase atrogin-1 and myostatin [2]. The fibrosis
that occurs during myocardial remodeling also increases the risk of death in patients with
heart failure [3]. Although myocardial remodeling is an important therapeutic target for the
treatment of heart failure pathology, an effective therapeutic agent for treating myocardial
remodeling has not yet been developed.

Oxidative stress and inflammatory response play a central role in the progression of
myocardial remodeling. During the onset and progression of this pathology, an increase
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in the activity of NADPH oxidase (Nox) or xanthine oxidase, eNOS uncoupling and
mitochondrial damage induces the production of reactive oxygen species (ROS). At the
same time, the weakening of anti-oxidative defense systems such as thioredoxin (Trx),
superoxide dismutase (SOD) and glutathione (GSH) results in a substantial increase in
oxidative stress. In fact, it has been reported that Nox is activated and the expressions of
Trx, SOD and GSH are decreased in heart failure mice [4-8] such as doxorubicin (Dox)-
induced cardiomyopathy [9] and diabetic heart failure [4]. Regarding the inflammatory
reaction, the infiltration of inflammatory cells into the heart is induced, and the production
of inflammatory cytokines is increased accordingly. In addition, the macrophage migration
inhibitory factor (MIF) contributes to the inflammatory response. MIF is produced from
stressed cardiomyocytes and macrophages, and acts on macrophages in a paracrine and
autocrine manner to induce the expression of inflammatory cytokines. In fact, it was
reported that MIF knock-out mice [10] or the administration of an anti-MIF antibody to
mice [11] showed a suppressing effect on ischemic heart disease. Based on a comprehensive
interpretation of these findings, we hypothesized that a molecule that has anti-oxidative
and anti-inflammatory effects and also has the ability to control MIF would be a promising
novel therapeutic agent for the treatment of heart failure.

Thioredoxin (Trx) is a redox-regulating protein that is produced ubiquitously in the
body and functions as an anti-oxidative/inflammatory modulator [12,13]. In addition to
its inherent direct superoxide and hydroxyl radical scavenging activity [14], Trx itself is
translocated to the extracellular space when oxidative stress is stimulated [15], where it sup-
presses neutrophil migration/infiltration and extravasation at inflammatory sites [16-19]
and also suppresses the expression and secretion of MIF [17,20]. In addition, Trx acts
directly on infiltrative macrophages, thus promoting the production of anti-inflammatory
cytokines by inducing M2 conversion of macrophages [21]. It has been reported that mice
that overexpress Trx show a suppressing effect on heart failure models such as Dox-induced
cardiomyopathy [22], ischemic heart disease [23] and angiotensin II-induced cardiac hyper-
trophy [24]. However, since Trx has a molecular weight of 12 kDa, it is readily removed
from the circulation by glomerular filtration. Its short blood retention and low utilization to
target organs are bottleneck for its clinical application. In order to overcome this problem,
we report on the production of Trx fused with human serum albumin (HSA) (HSA-Trx)
using a Pichia expression system [25-33]. The results of pharmacokinetic experiments
in mice confirmed that the elimination half-life of HSA-Trx from blood was extended by
10 times or more as compared to that of Trx [25]. HSA-Trx has been demonstrated to exert
a therapeutic effect on oxidative stress-induced organ damage in the kidney, lung and
liver [25-33].

In this study, we investigated the cardioprotective effect of HSA-Trx using Dox-
induced cardiomyopathy mice, which are animal models of drug-induced heart failure. The
use of smaller repeated doses in animals adequately mimics chronic myocardial alterations
in patients [34]. The findings of our study indicate that the administration of HSA-Trx
alleviates Dox-induced myocardial damage by its anti-oxidative/anti-inflammatory and
myocardial atrophy inhibitory action.

2. Materials and Methods
2.1. Materials

Yeast nitrogen base with ammonium sulfate without amino acids was purchased
from Difco Laboratories, Inc. (Detroit, MI). Hipolypepton was purchased from Nippon
Shinyaku (Kyoto, Japan). Aquacide II was purchased from Merck Millipore (Burlington,
MA, USA). Blue Sepharose 6 Fast Flow column and HiTrap Phenyl HP column were
purchased from GE Healthcare Japan (Tokyo, Japan). Sal 1 and RNAiso Plus were purchased
from Takara Bio. (Shiga, Japan). A 10% formalin neutral buffer solution was purchased
from FUJIFILM Wako Pure Chemical (Osaka, Japan). Heparin sodium was purchased from
Mochida Pharmaceutical (Tokyo, Japan). 4’,6-diamidino-2-phenylindole (DAPI) solution
was purchased from Invitrogen (Waltham, MA, USA). Masson’s trichrome and Marinol
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were purchased from Muto Pure Chemical (Fukuoka, Japan). All reagents and solvents were
commercially available, special-grade products, and water as a solvent was ion-exchanged
water or Milli-Q water.

2.2. Preparation and Purification of HSA-Trx

The Pichia Expression Kit was purchased from Invitrogen (Carlsbad, CA, USA). The
production and purification of HSA-Trx were performed as described in a previously
reported method [35].

2.3. Mice Model of Dox-Induced Heart Failure

The 7-week-old male C57BL/6] WT mice (SLC, Japan) were randomized by body
weight. The heart failure mice were induced by the intraperitoneal administration of Dox
(83 mg/kg) three times per week for 2~4 weeks [36]. At 2 weeks after Dox administration,
HSA-Trx (400 nmol/kg) was intravenously administered three times per week for 2 weeks
(HSA-Trx group). The control group was injected with an equivalent amount of PBS
(10 mL/kg) (Dox-PBS group). The mice were sacrificed at 4 weeks after Dox administration.
Body weight of each mouse was monitored during the experiments. All animal experiments
involved procedures that had been previously approved by the experimental animal ethics
committee at Kumamoto University and all methods were performed in accordance with
the relevant guidelines and regulations.

2.4. Measurement of Myocardial Damage

Blood was collected from mice at days 14 and 28 after Dox administration. Creatine
phosphokinase (CPK) and lactate dehydrogenase (LDH) as markers of myocardial damage
were measured using FUJI DRI-CHEM (Fujifilm, Japan).

2.5. Histological Analysis

The accumulation of collagen (fibrosis) in the heart was detected by picrosirius red
staining. Staining was performed by following the previously described protocol [37].
Immunofluorescence staining of 8-OHdG (Rabbit anti-8-OHdG polyclonal antibody; BIOSS,
cat#: bs-1278R, Woburn, MA, USA), as oxidative stress marker, was performed as de-
scribed in a previous report [32]. Heart sections with thicknesses of 4 um were prepared
and then observed using a BZ-X710 microscope (Keyence, Japan) (original magnification
power X 200). The images were randomly acquired, with 10 to 14 high-power fields
collected for each mouse and then quantified within them.

2.6. gRT-PCR

Isolation of total RNA from heart tissue and the quantitative RT-PCR were per-
formed as previously described [37]. Each primer sequence is shown below (Table S1,
Supplementary Material).

2.7. Western Blotting

Western blotting was performed following a previous report [35]. Heart tissue was
homogenized with RIPA buffer (150 nM NaCl, a 1% Nonidet P-40, 1% protease inhibitor,
10 mM Tris/HCI (pH7.4)) and separated by 12.5% SDS-PAGE. Proteins were transferred to
a PVDF membrane and then incubated with the primary antibody (Rabbit anti-thioredoxin
polyclonal antibody; CST Japan, cat#: 2429, Tokyo, Japan, Rabbit anti-MIF polyclonal
antibody; GeneTex, cat#: GTX101162, Irvine, CA, US) at 4 °C overnight. The secondary
antibody (Mouse anti-rabbit IgG-HRP; Santa Cruz Biotechnology, cat#: sc-2357, Dallas,
TX, USA) was incubated at room temperature for 1 hr. Each band was detected by LAS
4000mini (GE Healthcare, UK Ltd., Buckinghamshire, England) and quantified using the
Image] software (National Institutes of Health).
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2.8. Isolation and Cell Culture of Neonatal Rat Cardiomyocytes (NRCMs)

The heart was excised from a 2-day-old SD rat and exsanguinated with PBS. This
experiment was essentially performed as described in a previous report [38]. The heart was
cut in half and allowed to shake overnight at 4 °C in a flask at 40 rpm with 0.25% trypsin
EDTA. The supernatant was incubated with DMEM (10% hyclone fetal bovine serum,
characterized (FBS) (GE Healthcare, cat#: SH30071.03, Chicago, IL, USA) that included
a penicillin—streptomycin mixed solution (Nacalai Tesque, cat#: 26253-84, Kyoto, Japan)
in D-MEM High glucose) at 37 °C for 10 min. The supernatant was then filtered through
a cell strainer and cultured at 37 °C with shaking. The sample was centrifuged, and the
supernatant was seeded on a plate. After removing the fibroblasts, the supernatant was
seeded in a plate and the cells were treated as NRCMs. NRCMs were cultured in DMEM
containing 10% FBS, penicillin (100 U/mL) and streptomycin (100 mg/mL) under 37 °C
and an atmosphere of 5% CO2. The differentiation of NRCMs was induced by culturing in
DMEM containing taurine, penicillin (100 U/mL) and streptomycin (100 U/mL) for 2 days.

2.9. Evaluation of Cell Size in NRCMs

Cell size analysis was assessed by fluorescence staining with phalloidin-Alexa 488
(Thermo Fisher Scientific, cat#: A12379, Waltham, MA, USA). NRCMs were seeded onto
24 well plates and cultured overnight. After a 2 day period of differentiation, Dox
(3 mmol/L) and HSA-Trx (1-10 mmol /L) in D-MEM were added and incubated at 37 °C for
12 h. After washing with PBS, 4% PFA in PBS was added and incubated for 10 min at room
temperature. Permeabilization was achieved by adding 0.5% TrironX-100 in a Tris-buffered
saline solution (TBS). After washing with 0.1% TritonX-100 in TBS and blocking with 0.1%
TrironX-100, 1% BSA in TBS, the antibody reaction was performed by phalloidin-Alexa
488 in blocking solution. The cells were observed by a fluorescence microscope (BZ-X710;
Keyence, Osaka, Japan) and analyzed using the Image ] software (National Institutes of
Health and LOCI, University of Wisconsin, Madison, WI, USA).

2.10. Measurement of Intracellular ROS Production

Intracellular ROS levels were measured using the CM-H,;DCFDA. NRCMs were
seeded on 35 mm glass bottom plates and cultured overnight. After differentiation for
2 days, Dox (3 mmol/L) and HSA-Trx (1-10 mmol/L) were added to the medium, and the
cells were cultured for 12 h. After washing with HBSS, the cells were cultured in 1 mmol/L
CM-H,DCFDA in HBSS for 30 min, then washed and observed with a fluorescence mi-
croscope. Image scoring was performed using the Image] software (National Institutes of
Health and LOCI, University of Wisconsin, Madison, WI, USA).

2.11. Statistical Analysis

Data from animal and cell studies were compared by analysis of variance followed by
Tukey’s multiple comparison. All results are expressed as the mean =+ SE of the indicated
experiments. A P value < 0.05 was statistically significant.

3. Results
3.1. Effect of HSA-Trx on Myocardial Damage and Fibrosis in the Dox-Induced
Cardiomyopathy Model

Dox-induced cardiomyopathy model mice were developed by the intraperitoneal
injection of Dox (3 mg/kg) three times per week for 4 weeks [36] (Figure S1). We evaluated
the therapeutic effect of HSA-Trx on Dox-induced cardiomyopathy model mice (Figure S1).
A decrease in heart weight (Figure S1B), an increase in CPK (Figure S1C) and cardiac fibrosis
(Figure S1D) were observed at 2 weeks after the start of Dox administration and these
changes were further increased at 4 weeks after Dox administration. At 2 weeks after Dox
administration, HSA-Trx was administered three times per week for another two weeks
(HSA-Trx group). As a control group, phosphate-buffered saline (PBS) was administered in
the same volume as HSA-Trx (Dox group). Although weight loss was observed in the Dox-
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PBS group, weight loss was observed to be suppressed in the HSA-Trx group from day 26
(Figure S2). In addition, HSA-Trx administration significantly suppressed the decreased
heart weight as observed in the Dox group (Figure 1B). Serum CPK and LDH levels, as
markers of myocardial dysfunction, were significantly increased in the Dox group, while
HSA-Trx administration caused a significant suppression in these levels (Figure 1C,D).
These results suggest that HSA-Trx ameliorates Dox-induced myocardial damage.
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Figure 1. Effect of HSA-Trx on myocardial atrophy and fibrosis in the heart of Dox-induced cardiomy-
opathy model mice. (A) Experimental protocol used for the evaluation of HSA-Trx on Dox-induced
cardiomyopathy model mice: Dox-induced heart failure was induced by an intraperitoneal injec-
tion of 3 mg/kg Dox three times per week for 4 weeks. HSA-Trx (400 nmol/kg) was administered
i.v. three times a week at 2 weeks after the first injection of Dox. An equivalent amount of PBS
(10 mL/kg) was administered to the saline injection group (normal mice) and the Dox injection
group. (B) Heart weight at 4 weeks after the first injection of Dox. Change in the level of (C) creatine
phosphokinase (CPK) and (D) lactate dehydrogenase (LDH) at 4 weeks after the first injection of Dox.
(E) Representative photomicrographs of Sirius red-stained heart sections at 4 weeks after the first
injection of Dox. Original magnification: x200. Scale bars represent 100 mm. Image analysis was
performed to quantify the area of Sirius red staining. (F) x-SMA and (G) TGF-f mRNA expression in
the heart at 4 weeks after the first injection of Dox were determined by real-time qPCR. Results are
the means £+ S.E. (n =4). *p <0.05, ** p <0.01, ** p < 0.001 compared with the saline injection group
(normal mice).
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Myocardial fibrosis was evaluated histologically by Sirius red staining. Fibrosis
formation was observed in the Dox group. However, the administration of HSA-Trx
resulted in a significant improvement in the fibrotic area (Figure 1E). Figure 1E also showed
the representative overall picture of heart section. The data indicated that the decreased
heart size induced by Dox was recovered by the administration of HSA-Trx. In addition,
the expression of a-SMA and TGF-b, markers of fibroblast activation, was increased in
the Dox group, but both a-SMA and TGF-b were significantly suppressed by HSA-Trx
administration (Figure 1F,G). These findings indicate that HSA-Trx prevents myocardial
fibrosis during the process of myocardial remodeling.

3.2. Anti-Oxidative and Anti-Inflammatory Effect of HSA-Trx on the Dox-Induced
Cardiomyopathy Model

Oxidative stress and inflammation play a central role in the progression of myocardial
remodeling. We evaluated the production of 8-OHdG, a marker of oxidative stress, by
immunofluorescence staining in myocardial tissue. The levels of 8-OHdG in myocardial
tissue were significantly increased in the Dox group, whereas HSA-Trx administration
significantly suppressed this increase (Figure 2A). Interestingly, consistent with the previous
reports that cardiac Trx expression was downregulated in the heart failure state [4,5], the
expression of endogenous Trx expression in cardiac tissue was decreased in the Dox group.
In contrast, the decrease in cardiac Trx expression was recovered in the HSA-Trx group
(Figures 2B and S3). Previous reports have shown that the anti-inflammatory effects of Trx
involve the inhibition of MIF [17,20,39] and the M2 polarization of macrophages [40]. In
this study, MIF expression in myocardial tissue was increased in the Dox group, but this
increased expression was suppressed to the normal levels by the administration of HSA-Trx
(Figures 2C and S3). The increased expression of pro-inflammatory cytokines such as IL-6
and TNF-a in the Dox group was significantly suppressed (Figure 2D,E), and IL-10, an anti-
inflammatory cytokine, was significantly upregulated by the administration of HSA-Trx
(Figure 2F). Supporting these results, there was no change in iNOS, an M1 macrophage
marker, while the level of CD206, an M2 macrophage marker, was significantly increased
in the HSA-Trx group (Figure 2G,H). These results suggest that the anti-inflammatory
effect of HSA-Trx involves the inhibition of MIF expression and the promotion of the M2
macrophages. These collective results suggest that HSA-Trx exerted anti-oxidative and
anti-inflammatory effects on the Dox-induced cardiomyopathy model, then it inhibited
myocardial remodeling, which is important for the development of the pathology of
heart failure.

3.3. Anti-Myocardial Atrophy Effect of HSA-Trx on the Dox-Induced Cardiomyopathy Model

In Dox-induced cardiomyopathy, an increased expression of atrogin-1, a muscle atro-
phy factor, contributes to the development of cardiomyopathy [2,9]. It was also reported
that the myocardial-specific overexpression of myostatin, which is also a muscle atrophy
factor, induced myocardial atrophy, fibrosis and an impaired cardiac function [41,42]. In
this study, we also observed an increase in the mRNA expression of atrogin-1 and myo-
statin in myocardial tissue in the Dox group, whereas these changes were suppressed by
HSA-Trx administration to the same levels as for the normal (saline) group (Figure 3A,B).
Since PGC-1a contributes to the maintenance of mitochondrial biosynthesis and function, it
is an important factor for the energy metabolism in the heart. Consistent with previous
reports [43], the expression of PGC-1a was upregulated with myocardial damage in the
Dox group, but was significantly suppressed in the HSA-Trx group (Figure 3C).
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Figure 2. The effect of HSA-Trx on myocardial oxidative stress and inflammation in the hearts of
Dox-induced cardiomyopathy model mice. (A) Representative photomicrographs of immunostaining
for myocardial 8-OHdG (8-hydroxy-2'-deoxygenase) are shown at 4 weeks after the first injection of
Dox. Original magnification: x400. Scale bars represent 100 mm. Image analysis was performed to
quantify the extent and intensity of 8-OhdG staining. (B) Trx and (C) MIF expression in the heart
at 4 weeks after the first injection of Dox were assessed by Western blotting. (D) TNF-«, (E) I IL-6,
(F) IL-10, (G) iNOS and (H) CD206 mRNA expression in the heart at 4 weeks after the first injection
of Dox were determined by real-time qPCR. PBS or HSA-Trx (400 nmol/kg) was administered i.v.
three times a week from 2 weeks after the first injection of Dox. Results are the means + S.E. (n = 4).
*p <0.05, ** p < 0.01 compared with the saline injection group (normal mice).
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Figure 3. Effect of HSA-Trx on myocardial atrophy-related genes in the heart of Dox-induced
cardiomyopathy model mice. (A) Atrogin-1, (B) myostatin and (C) PGC-1la mRNA expression in the
heart at 4 weeks after the first injection of Dox were determined by real-time qPCR. PBS or HSA-Trx
(400 nmol/kg) was administered i.v. three times a week from 2 weeks after the first injection of Dox.
Results are the means + S.E. (n =4). * p < 0.05 compared with the saline injection group (normal mice).

3.4. Effect of HSA-Trx on Dox-Induced Cardiomyocyte Atrophy and ROS Production

In an in vivo mice model, HSA-Trx was shown to exert a preventive effect on myocar-
dial atrophy via its anti-oxidative and anti-inflammatory effects. Therefore, we investigated
the effect of HSA-Trx on Dox-induced cardiomyocyte atrophy in vitro. Neonatal rat car-
diomyocytes (NRCMs) isolated from 2-day-old SD rats were co-incubated with 3 mM
of Dox and 1-10 mM of HSA-Trx, then phalloidin staining was performed. As a result,
cardiomyocyte atrophy was observed at 12 h after the addition of Dox and the atrophy
was significantly inhibited by the co-addition of HSA-Trx (Figure 4A). In parallel, Dox-
induced ROS production in cardiomyocytes was also prevented by the presence of HSA-Trx
(Figure 4B).
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Pharmaceutics 2022, 14, 562

9of 14

4 P<0.01

Control

DCF intensity (Fold change)
s

-
14 &

m
0

Dox Dox Control 0 1 10
+ HSA-Trx (1) + HSA-Trx (10) HSA-Trx (pmol/l)

Dox (3 pmol/l)

Figure 4. Effect of HSA-Trx on cell shrinkage and cellular ROS level in Dox-treated NRCMs: (A) Dox-
induced cell shrinkage was determined by phalloidin staining in NRCMs. The phalloidin fluorescence
was excited by illumination at 488 nm and then observed at room temperature using a confocal
laser microscopy. NRCMs were also treated with DAPI (blue). Original magnification: x25. Scale
bar represents 100 mm. (B) Production of ROS in NRCMs was measured using CM-H; DCFDA, an
ROS-sensitive fluorescent dye. Image analysis was performed to quantify the extent and intensity of
DCF staining. Original magnification: x10. Scale bar represents 100 um. Results are the means & S.E.
(n=9). ** p <0.01 compared with control.

4. Discussion

It is important to suppress myocardial remodeling and interstitial fibrosis in the
treatment of heart failure, and oxidative stress and inflammatory reactions are involved
in this pathological development process [9]. In this study, we evaluated the efficacy of
HSA-Trx, a long-acting anti-oxidative/inflammatory modulator, in Dox-induced heart
failure mice. Our findings indicate that the administration of HSA-Trx improves Dox-
induced myocardial atrophy and interstitial fibrosis. Concerning the mechanism of its
action, HSA-Trx showed anti-oxidative and anti-inflammatory effects. It therefore appears
that HSA-Trx could be useful as a therapeutic agent for the treatment of cardiomyopathy.

Although it has been reported that the onset of Dox-induced cardiomyopathy is caused
by oxidative stress produced by Dox itself [44], Shimauchi et al. recently reported that Dox
induces the expression of the Ca?* transient receptor potential canonical (TRPC3), which
is present in the myocardial cell membrane, and enhances ROS production from Nox2,
resulting in the atrophy of cardiomyocytes [9]. In this study, the administration of HSA-
Trx suppressed oxidative stress in myocardial tissue (Figure 2A) and ROS production in
cardiomyocytes (Figure 4B). Trx has ROS scavenging ability through a coordinated reaction
with its own free thiol group and peroxiredoxin (Prx), and also exerts an anti-oxidative
effect by reducing redox-related proteins [45]. Since HSA-Trx retains the anti-oxidative
capacity of Trx [25], this indicates that the ROS-scavenging action of Trx contributes to the
effect on Dox-induced cardiomyopathy.

Interestingly, during heart failure, the endogenous Trx expression in myocardial tissue
is decreased [4,5]. Consistent with this observation, a decrease in Trx expression in myocar-
dial tissue was also observed in these Dox-induced cardiomyopathy mice (Figure 2B). On
the other hand, in Trx-overexpressing mice, the progression of various types of heart failure
(Dox-induced cardiomyopathy [22], ischemic heart disease [23] and angiotensin II-induced
cardiac hypertrophy [24]) was suppressed. These findings highlight the importance of
endogenous Trx expression in the pathology of heart failure. In normal conditions, Trx
functions intracellularly, but during oxidative stress, it is also secreted extracellularly and
its intracellular levels are then decreased. In fact, Kasuno et al. reported that treating hu-
man proximal tubular epithelial cell lines with hydrogen peroxide resulted in an increased
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secretion of Trx into culture supernatants, and that the secretion was suppressed by the
addition of anti-oxidants [15]. Such oxidative stress-responsive extracellular translocation
appears to be unique for Trx and is not found in SOD and catalase. The physiological
significance of this phenomenon currently remains unclear, but suppressing extracellular
oxidative stress and the inflammatory reaction may be important issues. This leads to the
speculation that the decrease in Trx expression in myocardial tissue observed in this study
(Figure 2B) may be due to the migration of Trx to the outside of cardiomyocytes due to
the persistent oxidative stress and inflammation induced by Dox. This study showed that
HSA-Trx administration was found to restore the endogenous Trx levels to normal levels in
myocardial tissue (Figure 2B). This may be due to the suppression in extracellular oxidative
stress and the inflammatory reaction by the extracellular HSA-Trx, so that the intracellular
Trx was not secreted to the outside of the cell and was retained inside the cell. In this study;,
the changes of the expression levels of other Trxs, such as Trx2 or the other redox regulating
genes such as Sod, Cat, Txnip and Akap [23], may also be involved in the effect of HSA-Trx.
This experimental evidence would be useful in future investigations.

In the process of myocardial remodeling, MIF is generally thought to be an important
factor in the progression of pathological conditions because its expression is increased and
the inflammatory reaction is promoted in heart failure such as ischemic heart disease [10].
In this study, the administration of HSA-Trx suppressed the increase in MIF expression
in myocardial tissue associated with Dox administration (Figure 2C). MIF is produced
by stressed cardiomyocytes and macrophages, and it acts on macrophages to induce
the expression of inflammatory cytokines [46]. In this study, an increased expression of
inflammatory cytokines (IL-6 and TNF-a) was observed in the myocardial tissue of Dox-
treated mice (Figure 2D,E), and the administration of HSA-Trx significantly suppressed
the expression of these inflammatory cytokines (Figure 2D,E). On the other hand, it has
been reported that the cardiovascular protective effect of Trx on arteriosclerotic mice
is related to M2 conversion of macrophages (phenotypic change to anti-inflammatory
macrophages) [21]. In this study, we also found that the expression of IL-10, which is an anti-
inflammatory cytokine, and CD206, which is known to be an M2-like macrophage marker,
was increased in the HSA-Trx-administered group (Figure 2FH). These data suggest that
the suppression of MIF expression and M2 conversion of macrophage could be involved in
the preventive effect of HSA-Trx on myocardial remodeling.

In recent years, apoptosis signal-regulating kinase 1 (ASK1) has attracted attention
as a regulator of myocardial remodeling [47]. ASK1 regulates various vital functions
including cell death, cell proliferation and differentiation and immune response via the
MAPK pathway, which is accompanied by an increase in intracellular ROS levels [48].
It has been reported that increased ASK1 activity is involved in myocardial fibrosis and
apoptosis in Dox-induced cardiomyopathy [49], ischemic heart disease [50] and dilated
cardiomyopathy [51]. Interestingly, Trx forms a complex with ASK1 in the cell, resulting
in the suppression of ASK1 activity and the negative regulation of JNK and p38MAPK
signals, which are downstream of ASK1 [52]. Therefore, Trx is positioned as an endogenous
suppressor of ASK1 activity. Considering the fact that the amount of Trx in myocardial
tissue was maintained by the administration of HSA-Trx (Figure 2B), it may be possible that
the suppression of ASK1 activity could also be involved in the action of HSA-Trx. Further
investigations will be needed regarding this.

An increased expression of myocardial atrophy factors atrogin-1 and myostatin was
observed by Dox administration, and these increased expressions were suppressed by the
administration of HSA-Trx. It has been reported that the inhibition of the atrogin-1 signal
improves myocardial atrophy [21] and that myocardial-specific overexpressed myostatin
induces myocardial atrophy [41,42]. Therefore, it appears that the suppression of atrogin-1
and myostatin expression caused by the administration of HSA-Trx was largely involved in
the improvement in myocardial atrophy. It is generally known that atrogin-1 and myostatin
expression is increased by oxidative stress and inflammatory cytokines such as TNF-a.
This suggests that the regulation of myocardial atrophy factor expression by HSA-Trx may
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be due to the suppression of oxidative stress and inflammatory reactions in myocardial
tissue. This study did not investigate the myocardial energetic network as a target of Dox
toxic action in the heart. In a future investigation, a direct protective effect of HSA-Trx on
Dox-induced mitochondrial dysfunction would be needed [36].

5. Conclusions

In this study, we provide data to show that HSA-Trx exerted anti-oxidative and anti-
inflammatory effects, and showed an improving effect on the progression of heart failure
such as Dox-induced cardiomyopathy and fibrosis (Figure 5). We therefore conclude
that HSA-Trx could be a potential therapeutic agent targeting myocardial remodeling
for the treatment of heart failure. In the future study, we need to obtain evidence on
the protective effect of HSA-Trx on other animal models of heart failure such as cardiac
ischemia-reperfusion injury and pressure overload-induced heart failure mice to strengthen
the applicability of HSA-Trx.
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Figure 5. Schematic diagram showing the effect of HSA-Trx on Dox-induced myocardial atrophy.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pharmaceutics14030562 /s1, Figure S1: Dox-induced cardiomyopathy model mice by the
intraperitoneal injection of Dox; Figure S2: The effect of HSA-Trx on body weight decrease in Dox-
induced cardiomyopathy model mice; Figure S3: Complete Western blot images before cropping into
result Figure 2; Table S1: The primers used for mRNA detection.

Author Contributions: Conceptualization, RM., H.W. and H.N.; methodology, RM., HW. and H.N;
validation, K.N. and H.M.; formal analysis, R M. and H.N; investigation, R.M. and H.N.; resources,
H.W.; writing—original draft preparation, R.M., H.W. and H.N.; writing—review and editing, M.N.
and T.M.; supervision, HW. and T.M.; project administration, H.W. and T.M.; funding acquisition,
H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Research Foundation for Pharmaceutical Sciences, a Grant-in-
Aid for Scientific Research from the Japan Society for the Promotion of Science (KAKENHI 15H04758;
16H05114), and the Takeda Science Foundation, Japan. This study was supported by the Cooperative
Study Program (18-116, 19-111) of National Institute for Physiological Sciences.


https://www.mdpi.com/article/10.3390/pharmaceutics14030562/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14030562/s1

Pharmaceutics 2022, 14, 562 12 of 14

Institutional Review Board Statement: All animal experiments were conducted using procedures
approved by the experimental animal ethics committee at Kumamoto University (code: A2021-021;
approval date: 1 April 2021).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

@

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kurian, G.A.; Rajagopal, R.; Vedantham, S.; Rajesh, M. The Role of Oxidative Stress in Myocardial Ischemia and Reperfusion
Injury and Remodeling: Revisited. Oxid. Med. Cell Longev. 2016, 2016, 1656450. [CrossRef]

Yamamoto, Y.; Hoshino, Y.; Ito, T.; Nariai, T.; Mohri, T.; Obana, M.; Hayata, N.; Uozumi, Y.; Maeda, M.; Fujio, Y.; et al. Atrogin-1
ubiquitin ligase is upregulated by doxorubicin via p38-MAP kinase in cardiac myocytes. Cardiovasc. Res. 2008, 79, 89-96.
[CrossRef] [PubMed]

Hill, J.A.; Olson, E.N. Cardiac plasticity. N. Engl. J. Med. 2008, 358, 1370-1380. [CrossRef] [PubMed]

Mishra, PK,; Tyagi, N.; Sen, U.; Joshua, 1.G.; Tyagi, S.C. Synergism in hyperhomocysteinemia and diabetes: Role of PPAR gamma
and tempol. Cardiovasc. Diabetol. 2010, 9, 49. [CrossRef] [PubMed]

Neidhardt, S.; Garbade, J.; Emrich, F; Klaeske, K.; Borger, M.A.; Lehmann, S.; Jawad, K.; Dieterlen, M.T. Ischemic Cardiomyopathy
Affects the Thioredoxin System in the Human Myocardium. J. Card. Fail. 2019, 25, 204-212. [CrossRef] [PubMed]

Ye, J.; Huang, Y.; Que, B.; Chang, C.; Liu, W.; Hu, H,; Liu, L.; Shi, Y.; Wang, Y.; Wang, M.; et al. Interleukin-12p35 Knock Out
Aggravates Doxorubicin-Induced Cardiac Injury and Dysfunction by Aggravating the Inflammatory Response, Oxidative Stress,
Apoptosis and Autophagy in Mice. EBioMedicine 2018, 35, 29-39. [CrossRef]

Octavia, Y.; Kararigas, G.; de Boer, M.; Chrifi, I; Kietadisorn, R.; Swinnen, M.; Duimel, H.; Verheyen, EXK.; Brandt, M.M.; Fliegner,
D.; et al. Folic acid reduces doxorubicin-induced cardiomyopathy by modulating endothelial nitric oxide synthase. J. Cell Mol.
Med. 2017, 21, 3277-3287. [CrossRef]

Dong, Q.; Chen, L.; Lu, Q.; Sharma, S.; Li, L.; Morimoto, S.; Wang, G. Quercetin attenuates doxorubicin cardiotoxicity by
modulating Bmi-1 expression. Br. |. Pharmacol. 2014, 171, 4440-4454. [CrossRef]

Shimauchi, T.; Numaga-Tomita, T.; Ito, T.; Nishimura, A.; Matsukane, R.; Oda, S.; Hoka, S.; Ide, T.; Koitabashi, N.; Uchida, K,;
et al. TRPC3-Nox2 complex mediates doxorubicin-induced myocardial atrophy. JCI Insight 2017, 2, €93358. [CrossRef]

Gao, X.M,; Liu, Y.; White, D.; Su, Y.; Drew, B.G.; Bruce, C.R; Kiriazis, H.; Xu, Q.; Jennings, N.; Bobik, A.; et al. Deletion of
macrophage migration inhibitory factor protects the heart from severe ischemia-reperfusion injury: A predominant role of
anti-inflammation. J. Mol. Cell Cardiol. 2011, 50, 991-999. [CrossRef]

White, D.A; Fang, L.; Chan, W.; Morand, E.E; Kiriazis, H.; Duffy, S.J.; Taylor, A.].; Dart, A.M.; Du, X.J.; Gao, X.M. Pro-inflammatory
action of MIF in acute myocardial infarction via activation of peripheral blood mononuclear cells. PLoS ONE 2013, 8, e76206.
[CrossRef]

Spyrou, G.; Enmark, E.; Miranda-Vizuete, A.; Gustafsson, J. Cloning and expression of a novel mammalian thioredoxin. J. Biol.
Chem. 1997, 272, 2936-2941. [CrossRef] [PubMed]

Sun, Q.A.; Kirnarsky, L.; Sherman, S.; Gladyshev, V.N. Selenoprotein oxidoreductase with specificity for thioredoxin and
glutathione systems. Proc. Natl. Acad. Sci. USA 2001, 98, 3673-3678. [CrossRef] [PubMed]

Das, K.C.; Das, C.K. Thioredoxin, a singlet oxygen quencher and hydroxyl radical scavenger: Redox independent functions.
Biochem. Biophys. Res. Commun. 2000, 277, 443-447. [CrossRef] [PubMed]

Kasuno, K.; Shirakawa, K.; Yoshida, H.; Mori, K.; Kimura, H.; Takahashi, N.; Nobukawa, Y.; Shigemi, K.; Tanabe, S.; Yamada, N.;
et al. Renal redox dysregulation in AKI: Application for oxidative stress marker of AKI. Am. J. Physiol. Renal. Physiol. 2014, 307,
F1342-F1351. [CrossRef] [PubMed]

Nakamura, H.; Herzenberg, L.A.; Bai, J.; Araya, S.; Kondo, N.; Nishinaka, Y.; Yodoi, J. Circulating thioredoxin suppresses
lipopolysaccharide-induced neutrophil chemotaxis. Proc. Natl. Acad. Sci. USA 2001, 98, 15143-15148. [CrossRef]

Kondo, N.; Ishii, Y.; Son, A.; Sakakura-Nishiyama, J.; Kwon, Y.W.; Tanito, M.; Nishinaka, Y.; Matsuo, Y.; Nakayama, T.; Taniguchi,
M.; et al. Cysteine-dependent immune regulation by TRX and MIF/GIF family proteins. Immunol. Lett. 2004, 92, 143-147.
[CrossRef]

Nakamura, T.; Hoshino, Y.; Yamada, A.; Teratani, A.; Furukawa, S.; Okuyama, H.; Ueda, S.; Wada, H.; Yodoi, J.; Nakamura, H.
Recombinant human thioredoxin-1 becomes oxidized in circulation and suppresses bleomycin-induced neutrophil recruitment in
the rat airway. Free Radic. Res. 2007, 41, 1089-1098. [CrossRef]

Hara, T.; Kondo, N.; Nakamura, H.; Okuyama, H.; Mitsui, A.; Hoshino, Y.; Yodoi, J. Cell-surface thioredoxin-1: Possible
involvement in thiol-mediated leukocyte-endothelial cell interaction through lipid rafts. Antioxid. Redox. Signal 2007, 9, 1427-1437.
[CrossRef]

Tamaki, H.; Nakamura, H.; Nishio, A.; Nakase, H.; Ueno, S.; Uza, N.; Kido, M.; Inoue, S.; Mikami, S.; Asada, M.; et al. Human
thioredoxin-1 ameliorates experimental murine colitis in association with suppressed macrophage inhibitory factor production.
Gastroenterology 2006, 131, 1110-1121. [CrossRef]


http://doi.org/10.1155/2016/1656450
http://doi.org/10.1093/cvr/cvn076
http://www.ncbi.nlm.nih.gov/pubmed/18346979
http://doi.org/10.1056/NEJMra072139
http://www.ncbi.nlm.nih.gov/pubmed/18367740
http://doi.org/10.1186/1475-2840-9-49
http://www.ncbi.nlm.nih.gov/pubmed/20828387
http://doi.org/10.1016/j.cardfail.2019.01.017
http://www.ncbi.nlm.nih.gov/pubmed/30721734
http://doi.org/10.1016/j.ebiom.2018.06.009
http://doi.org/10.1111/jcmm.13231
http://doi.org/10.1111/bph.12795
http://doi.org/10.1172/jci.insight.93358
http://doi.org/10.1016/j.yjmcc.2010.12.022
http://doi.org/10.1371/annotation/6e24b7bb-83c7-4887-9621-96b64acfb1c1
http://doi.org/10.1074/jbc.272.5.2936
http://www.ncbi.nlm.nih.gov/pubmed/9006939
http://doi.org/10.1073/pnas.051454398
http://www.ncbi.nlm.nih.gov/pubmed/11259642
http://doi.org/10.1006/bbrc.2000.3689
http://www.ncbi.nlm.nih.gov/pubmed/11032742
http://doi.org/10.1152/ajprenal.00381.2013
http://www.ncbi.nlm.nih.gov/pubmed/25350977
http://doi.org/10.1073/pnas.191498798
http://doi.org/10.1016/j.imlet.2003.11.030
http://doi.org/10.1080/10715760701487682
http://doi.org/10.1089/ars.2007.1661
http://doi.org/10.1053/j.gastro.2006.08.023

Pharmaceutics 2022, 14, 562 13 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

El Hadri, K.; Mahmood, D.E,; Couchie, D.; Jguirim-Souissi, I.; Genze, F.; Diderot, V.; Syrovets, T.; Lunov, O.; Simmet, T.; Rouis,
M. Thioredoxin-1 promotes anti-inflammatory macrophages of the M2 phenotype and antagonizes atherosclerosis. Arterioscler.
Thromb. Vasc. Biol. 2012, 32, 1445-1452. [CrossRef] [PubMed]

Shioji, K.; Kishimoto, C.; Nakamura, H.; Masutani, H.; Yuan, Z.; Oka, S.; Yodoi, J. Overexpression of thioredoxin-1 in transgenic
mice attenuates adriamycin-induced cardiotoxicity. Circulation 2002, 106, 1403-1409. [CrossRef] [PubMed]

Adluri, R.S.; Thirunavukkarasu, M.; Zhan, L.; Akita, Y.; Samuel, S.M.; Otani, H.; Ho, Y.S.; Maulik, G.; Maulik, N. Thioredoxin 1
enhances neovascularization and reduces ventricular remodeling during chronic myocardial infarction: A study using thioredoxin
1 transgenic mice. J. Mol. Cell Cardiol. 2011, 50, 239-247. [CrossRef] [PubMed]

Yang, Y.; Ago, T.; Zhai, P.; Abdellatif, M.; Sadoshima, J. Thioredoxin 1 negatively regulates angiotensin II-induced cardiac
hypertrophy through upregulation of miR-98/let-7. Circ. Res. 2011, 108, 305-313. [CrossRef]

Ikuta, S.; Chuang, V.T,; Ishima, Y.; Nakajou, K.; Furukawa, M.; Watanabe, H.; Maruyama, T.; Otagiri, M. Albumin fusion of
thioredoxin—the production and evaluation of its biological activity for potential therapeutic applications. J. Control. Release 2010,
147,17-23. [CrossRef]

Furukawa, M.; Tanaka, R.; Chuang, V.T.; Ishima, Y.; Taguchi, K.; Watanabe, H.; Maruyama, T.; Otagiri, M. Human serum
albumin-thioredoxin fusion protein with long blood retention property is effective in suppressing lung injury. J. Control Release
2011, 154, 189-195. [CrossRef]

Tanaka, R.; Watanabe, H.; Kodama, A.; Chuang, V.T,; Ishima, Y.; Hamasaki, K.; Tanaka, K.; Mizushima, T.; Otagiri, M.; Maruyama,
T. Long-acting human serum albumin-thioredoxin fusion protein suppresses bleomycin-induced pulmonary fibrosis progression.
J. Pharmacol. Exp. Ther. 2013, 345, 271-283. [CrossRef]

Kodama, A.; Watanabe, H.; Tanaka, R.; Tanaka, H.; Chuang, V.T.; Miyamoto, Y.; Wu, Q.; Endo, M.; Hamasaki, K.; Ishima, Y.; et al.
A human serum albumin-thioredoxin fusion protein prevents experimental contrast-induced nephropathy. Kidney Int. 2013, 83,
446-454. [CrossRef]

Kodama, A.; Watanabe, H.; Tanaka, R.; Kondo, M.; Chuang, V.T.; Wu, Q.; Endo, M.; Ishima, Y.; Fukagawa, M.; Otagiri, M.; et al.
Albumin fusion renders thioredoxin an effective anti-oxidative and anti-inflammatory agent for preventing cisplatin-induced
nephrotoxicity. Biochim. Biophys. Acta 2014, 1840, 1152-1162. [CrossRef]

Tanaka, R.; Ishima, Y.; Maeda, H.; Kodama, A.; Nagao, S.; Watanabe, H.; Chuang, V.T.; Otagiri, M.; Maruyama, T. Albumin fusion
prolongs the antioxidant and anti-inflammatory activities of thioredoxin in mice with acetaminophen-induced hepatitis. Mol.
Pharm. 2014, 11, 1228-1238. [CrossRef]

Tanaka, R.; Ishima, Y.; Enoki, Y.; Kimachi, K.; Shirai, T.; Watanabe, H.; Chuang, V.T.; Maruyama, T.; Otagiri, M. Therapeutic
impact of human serum albumin-thioredoxin fusion protein on influenza virus-induced lung injury mice. Front. Immunol. 2014, 5,
561. [CrossRef] [PubMed]

Nishida, K.; Watanabe, H.; Ogaki, S.; Kodama, A.; Tanaka, R.; Imafuku, T; Ishima, Y.; Chuang, V.T.; Toyoda, M.; Kondoh, M.; et al.
Renoprotective effect of long acting thioredoxin by modulating oxidative stress and macrophage migration inhibitory factor
against rhabdomyolysis-associated acute kidney injury. Sci. Rep. 2015, 5, 14471. [CrossRef] [PubMed]

Tanaka, K.I.; Shimoda, M.; Chuang, V.T.G.; Nishida, K.; Kawahara, M.; Ishida, T.; Otagiri, M.; Maruyama, T.; Ishima, Y.
Thioredoxin-albumin fusion protein prevents copper enhanced zinc-induced neurotoxicity via its antioxidative activity. Int. J.
Pharm. 2018, 535, 140-147. [CrossRef]

Herman, E.H.; Ferrans, V.J. Preclinical animal models of cardiac protection from anthracycline-induced cardiotoxicity. Semin.
Oncol. 1998, 25, 15-21. [PubMed]

Nishida, K.; Watanabe, H.; Murata, R.; Tokumaru, K.; Fujimura, R.; Oshiro, S.; Nagasaki, T.; Miyahisa, M.; Hiramoto, Y.; Nosaki,
H.; et al. Recombinant Long-Acting Thioredoxin Ameliorates AKI to CKD Transition via Modulating Renal Oxidative Stress and
Inflammation. Int. J. Mol. Sci. 2021, 22, 5600. [CrossRef]

Tokarska-Schlattner, M.; Zaugg, M.; Zuppinger, C.; Wallimann, T.; Schlattner, U. New insights into doxorubicin-induced
cardiotoxicity: The critical role of cellular energetics. . Mol. Cell Cardiol. 2006, 41, 389-405. [CrossRef]

Watanabe, H.; Bi, J.; Murata, R.; Fujimura, R.; Nishida, K.; Imafuku, T.; Nakamura, Y.; Maeda, H.; Mukunoki, A.; Takeo, T,; et al. A
synthetic retinoic acid receptor agonist Am80 ameliorates renal fibrosis via inducing the production of alpha-1-acid glycoprotein.
Sci. Rep. 2020, 10, 11424. [CrossRef]

Sudi, S.B.; Tanaka, T.; Oda, S.; Nishiyama, K.; Nishimura, A.; Sunggip, C.; Mangmool, S.; Numaga-Tomita, T.; Nishida, M.
TRPC3-Nox2 axis mediates nutritional deficiency-induced cardiomyocyte atrophy. Sci. Rep. 2019, 9, 9785. [CrossRef]

Son, A.; Kato, N.; Horibe, T.; Matsuo, Y.; Mochizuki, M.; Mitsui, A.; Kawakami, K.; Nakamura, H.; Yodoi, J. Direct association
of thioredoxin-1 (TRX) with macrophage migration inhibitory factor (MIF): Regulatory role of TRX on MIF internalization and
signaling. Antioxid. Redox. Signal 2009, 11, 2595-2605. [CrossRef]

Ago, T.; Yeh, I; Yamamoto, M.; Schinke-Braun, M.; Brown, J.A ; Tian, B.; Sadoshima, J. Thioredoxin1 upregulates mitochondrial
proteins related to oxidative phosphorylation and TCA cycle in the heart. Antioxid. Redox. Signal 2006, 8, 1635-1650. [CrossRef]
Heineke, J.; Auger-Messier, M.; Xu, J.; Sargent, M.; York, A.; Welle, S.; Molkentin, J.D. Genetic deletion of myostatin from the
heart prevents skeletal muscle atrophy in heart failure. Circulation 2010, 121, 419-425. [CrossRef] [PubMed]

Biesemann, N.; Mendler, L.; Kostin, S.; Wietelmann, A.; Borchardt, T.; Braun, T. Myostatin induces interstitial fibrosis in the heart
via TAK1 and p38. Cell Tissue Res. 2015, 361, 779-787. [CrossRef]


http://doi.org/10.1161/ATVBAHA.112.249334
http://www.ncbi.nlm.nih.gov/pubmed/22516068
http://doi.org/10.1161/01.CIR.0000027817.55925.B4
http://www.ncbi.nlm.nih.gov/pubmed/12221060
http://doi.org/10.1016/j.yjmcc.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21074540
http://doi.org/10.1161/CIRCRESAHA.110.228437
http://doi.org/10.1016/j.jconrel.2010.05.020
http://doi.org/10.1016/j.jconrel.2011.05.013
http://doi.org/10.1124/jpet.112.201814
http://doi.org/10.1038/ki.2012.429
http://doi.org/10.1016/j.bbagen.2013.12.007
http://doi.org/10.1021/mp400690v
http://doi.org/10.3389/fimmu.2014.00561
http://www.ncbi.nlm.nih.gov/pubmed/25414704
http://doi.org/10.1038/srep14471
http://www.ncbi.nlm.nih.gov/pubmed/26412311
http://doi.org/10.1016/j.ijpharm.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/9768819
http://doi.org/10.3390/ijms22115600
http://doi.org/10.1016/j.yjmcc.2006.06.009
http://doi.org/10.1038/s41598-020-68337-z
http://doi.org/10.1038/s41598-019-46252-2
http://doi.org/10.1089/ars.2009.2522
http://doi.org/10.1089/ars.2006.8.1635
http://doi.org/10.1161/CIRCULATIONAHA.109.882068
http://www.ncbi.nlm.nih.gov/pubmed/20065166
http://doi.org/10.1007/s00441-015-2139-2

Pharmaceutics 2022, 14, 562 14 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Hulmi, J.J.; Nissinen, T.A.; Rdsanen, M.; Degerman, J.; Lautaoja, J.H.; Hemanthakumar, K.A.; Backman, J.T.; Ritvos, O.; Silven-
noinen, M,; Kiveld, R. Prevention of chemotherapy-induced cachexia by ACVR2B ligand blocking has different effects on heart
and skeletal muscle. J. Cachexia Sarcopenia Muscle 2018, 9, 417-432. [CrossRef] [PubMed]

Keizer, H.G.; Pinedo, H.M.; Schuurhuis, G.J.; Joenje, H. Doxorubicin (adriamycin): A critical review of free radical-dependent
mechanisms of cytotoxicity. Pharmacol. Ther. 1990, 47, 219-231. [CrossRef]

Nakamura, H.; Hoshino, Y.; Okuyama, H.; Matsuo, Y.; Yodoi, ]. Thioredoxin 1 delivery as new therapeutics. Adv. Drug Deliv. Rev.
2009, 61, 303-309. [CrossRef] [PubMed]

Garner, L.B.; Willis, M.S.; Carlson, D.L.; DiMaio, ].M.; White, M.D.; White, D.J.; Adams, G.A.; Horton, J.W.; Giroir, B.P. Macrophage
migration inhibitory factor is a cardiac-derived myocardial depressant factor. Am. ]. Physiol. Heart Circ. Physiol. 2003, 285,
H2500-H2509. [CrossRef]

Meijles, D.N.; Cull, J.J.; Markou, T.; Cooper, S.T.E.; Haines, Z.H.R.; Fuller, S.J.; O’Gara, P.; Sheppard, M.N.; Harding, S.E.; Sugden,
PH.; et al. Redox Regulation of Cardiac ASK1 (Apoptosis Signal-Regulating Kinase 1) Controls p38-MAPK (Mitogen-Activated
Protein Kinase) and Orchestrates Cardiac Remodeling to Hypertension. Hypertension 2020, 76, 1208-1218. [CrossRef]

Nagai, H.; Noguchi, T.; Takeda, K.; Ichijo, H. Pathophysiological roles of ASK1-MAP kinase signaling pathways. J. Biochem. Mol.
Biol. 2007, 40, 1-6. [CrossRef]

Yao, Y.; Chen, R;; Ying, C.; Zhang, G.; Rui, T.; Tao, A. Interleukin-33 attenuates doxorubicin-induced cardiomyocyte apoptosis
through suppression of ASK1/JNK signaling pathway. Biochem. Biophys. Res. Commun. 2017, 493, 1288-1295. [CrossRef]
Yamaguchi, O.; Higuchi, Y.; Hirotani, S.; Kashiwase, K.; Nakayama, H.; Hikoso, S.; Takeda, T.; Watanabe, T.; Asahi, M.; Taniike,
M.; et al. Targeted deletion of apoptosis signal-regulating kinase 1 attenuates left ventricular remodeling. Proc. Natl. Acad. Sci.
USA 2003, 100, 15883-15888. [CrossRef]

Huang, Q.; Zhou, H.J.; Zhang, H.; Huang, Y.; Hinojosa-Kirschenbaum, F.; Fan, P.; Yao, L.; Belardinelli, L.; Tellides, G.; Giordano,
EJ.; et al. Thioredoxin-2 inhibits mitochondrial reactive oxygen species generation and apoptosis stress kinase-1 activity to
maintain cardiac function. Circulation 2015, 131, 1082-1097. [CrossRef] [PubMed]

Saitoh, M.; Nishitoh, H.; Fujii, M.; Takeda, K.; Tobiume, K.; Sawada, Y.; Kawabata, M.; Miyazono, K.; Ichijo, H. Mammalian
thioredoxin is a direct inhibitor of apoptosis signal-regulating kinase (ASK) 1. EMBO ]. 1998, 17, 2596-2606. [CrossRef] [PubMed]


http://doi.org/10.1002/jcsm.12265
http://www.ncbi.nlm.nih.gov/pubmed/29230965
http://doi.org/10.1016/0163-7258(90)90088-J
http://doi.org/10.1016/j.addr.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19385090
http://doi.org/10.1152/ajpheart.00432.2003
http://doi.org/10.1161/HYPERTENSIONAHA.119.14556
http://doi.org/10.5483/BMBRep.2007.40.1.001
http://doi.org/10.1016/j.bbrc.2017.09.153
http://doi.org/10.1073/pnas.2136717100
http://doi.org/10.1161/CIRCULATIONAHA.114.012725
http://www.ncbi.nlm.nih.gov/pubmed/25628390
http://doi.org/10.1093/emboj/17.9.2596
http://www.ncbi.nlm.nih.gov/pubmed/9564042

	Introduction 
	Materials and Methods 
	Materials 
	Preparation and Purification of HSA-Trx 
	Mice Model of Dox-Induced Heart Failure 
	Measurement of Myocardial Damage 
	Histological Analysis 
	qRT-PCR 
	Western Blotting 
	Isolation and Cell Culture of Neonatal Rat Cardiomyocytes (NRCMs) 
	Evaluation of Cell Size in NRCMs 
	Measurement of Intracellular ROS Production 
	Statistical Analysis 

	Results 
	Effect of HSA-Trx on Myocardial Damage and Fibrosis in the Dox-Induced Cardiomyopathy Model 
	Anti-Oxidative and Anti-Inflammatory Effect of HSA-Trx on the Dox-Induced Cardiomyopathy Model 
	Anti-Myocardial Atrophy Effect of HSA-Trx on the Dox-Induced Cardiomyopathy Model 
	Effect of HSA-Trx on Dox-Induced Cardiomyocyte Atrophy and ROS Production 

	Discussion 
	Conclusions 
	References

