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a b s t r a c t

Objective: Nonalcoholic fatty liver disease (NAFLD) is associated with metabolic dysregulation and is
linked with various cardiovascular complications, which often lead to poor prognostic outcomes. To
develop a standard therapy for NAFLD and to urgently address its complications, the current study aimed
to investigate the mechanisms of NAFLD-related heart disease and the therapeutic effects of drugs tar-
geting various metabolic pathways.
Methods: To explore the mechanism of NAFLD-related heart disease, a medaka model of high-fat diet-
induced NAFLD was utilized. The gross structural, histological, and inflammatory changes in the
myocardium were evaluated in a time-dependent manner. In addition, the therapeutic effects of medi-
cines used for NAFLD treatment including, selective peroxisome proliferator-activated receptor a
modulator (SPPARMa, pemafibrate), sodium-glucose cotransporter 2 (SGLT2) inhibitor (tofogliflozin),
and statin (pitavastatin), and their combinations on heart pathology were evaluated. To determine the
mechanisms underlying the therapeutic effects, the expression of genes related to liver inflammation
was assessed via whole transcriptome sequencing analysis.
Results: The fish with NAFLD-related heart injury presented with cardiomyocyte hypertrophy, which led
to cardiac hypertrophy. This morphological change was caused by the infiltration of inflammatory cells,
including macrophages and CD4� and CD8-positive lymphocytes, in the cardiac wall and the expression
of transforming growth factor beta 1 in the cardiomyocytes.
Further, the livers of the fish had upregulated expressions of senescence-associated secretory phenotype-
related genes. Treatment with pemafibrate, tofogliflozin, and pitavastatin reduced these changes and,
consequently, cardiomyopathy.
Conclusion: Our results demonstrated that NAFLD-related heart disease was attributed to the
senescence-associated secretory phenotype-induced inflammatory activity in the cardiac wall, which
resulted in myocardial hypertrophy. Moreover, the effects of SPPARMa, SGLT2 inhibitor, and statin on
NAFLD-related heart disease were evident in the medaka NAFLD model.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

The incidence of nonalcoholic fatty liver disease (NAFLD) is
increasing, and NAFLD is commonly associated with complications
gy and Hepatology, Graduate
rsity, Japan.
amimura).
in various organ systems, including the liver, kidneys, and heart
[1,2]. In patients with NAFLD, cardiovascular system complications,
such as coronary heart diseases and hypertrophic cardiomyopathy,
are themost frequent causes ofmortality, followed by extra-hepatic
cancers and liver-related conditions [3]. These complications may
cause sudden death, arrhythmia, and heart failure, which are
significantly correlated with poor prognosis [3e6]. Therefore, the
mechanisms of NAFLD-related heart disease should be explored,
and effective therapeutic options must be developed. Based on
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Fig. 1. Study design and development of the HFD-induced heart disease medaka model
(A) Schematic presentation of the study design. HFD, high-fat diet; PEMA, pemafibrate; TOFO, tofogliflozin; PITA, pitavastatin. (B) Time-dependent changes in the heart of HFD-fed
medaka. (C) Representative images of Sirius Red and Masson's trichrome staining of the heart. The scale bar represents 50 mm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

M. Ohkoshi-Yamada, K. Kamimura, A. Kimura et al. Biochemical and Biophysical Research Communications 625 (2022) 116e121
these points of view, therapeutic options targeting metabolic dys-
regulation, which causes these complications, could be effective [2].
Recent reports have shown that selective peroxisome proliferator-
activated receptor alpha modulator (SPPARMa) (pemafibrate,
PEMA) [7e10], sodiumeglucose cotransporter 2 inhibitor (SGLT2i)
[11e14], and statin [15,16] are effective in decreasing cardiovascular
events in patients with NAFLD. However, the minute mechanisms
underlying the pathogenesis of NAFLD-related heart disease and
the therapeutic effects of drugs have not been identified. Based on
previous studies, a medaka disease model reproduced the patho-
genesis of human diseases including NAFLD via HFD feeding. Thus,
it can be an appropriate animal model for examining the mecha-
nisms and therapeutic effects of various medications [17e20].
Therefore, we have examined the pathogenesis of NAFLD-related
heart disease and evaluated the therapeutic effect of SPPARMa,
SGLT2i, and statin using a medaka NAFLD model in this study.

2. Materials and methods

2.1. Animals

All animals received humane care according to the criteria
outlined in the Guide for the Care and Use of Laboratory Animals by
the National Academy of Sciences (the USA). The study protocol was
approved (nos. 00424, 00804, and 01078), and the experiments
were conducted based on the regulations of the Institutional Ani-
mal Care and Use Committee of Niigata University (Niigata, Japan).
The d-rR/Tokyo strain medaka fish (strain ID: MT837) was supplied
by NBRP Medaka (https://shigen.nig.ac.jp/medaka/). Male fish aged
6 months were used in the experiment and maintained in plastic
tanks (Nacalai Tesque, Kyoto, Japan) containing 2 L of tap water
with temperature maintained at 25 �C ± 1 �C, under fluorescent
light from 8 a.m. to 8 p.m.

2.2. Development of the medaka NAFLD model

The medaka NAFLD model was developed via high-fat diet
(HFD) feeding (HFD32; CLEA Japan, Tokyo, Japan) using a method
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reported in previous studies [18e20]. Briefly, each tank was sup-
plied with a control diet (Hikari Labo M-450; Kyorin, Hyogo, Japan)
or HFD at 20 mg/fish daily, and all food provided were consumed
within 14 h. The energy content of the control standard diet was
3.8 kcal/g, with 23.2% of calories derived from fat, 44.0% from
protein, and 32.7% from carbohydrate; vitamins and minerals were
provided as recommended (Hikari Labo M-450; Kyorin Co. Ltd,
Hyogo, Japan). In total, 6e7 (>30) medakas each from the HFD,
HFD þ PEMA, HFD þ tofogliflozin (TOFO), HFD þ pitavastatin
(PITA), and HFD þ PEMA þ TOFO groups were prepared and
analyzed at each time point. Each experiment was repeated three
times to confirm the results. Therefore, approximately 360 me-
dakas were evaluated.

2.3. Drug administration

PEMA, TOFO, and PITA (Kowa Co., Ltd., Tokyo, Japan) were dis-
solved in dimethyl sulfoxide to maintain the drug concentrations in
the water tanks. The final concentration of these drugs was deter-
mined using methods in our previous studies [18e20]. The same
volume of dimethyl sulfoxide was administered to the tank of the
HFD group. The water, HFD, and drug in the tank were replaced
every 2 days, and the tanks were cautiously washed to maintain a
consistent concentration.

2.4. Histological analyses

Tissue samples were collected from the myocardium at appro-
priate time points, fixed in 10% formalin, and embedded in paraffin.
Then, 10-mm-thick sections were stained with hematoxylin and
eosin, Sirius Red, or Masson's trichrome. The heart size was
measured at its vertical axis, and the cardiomyocyte diameter was
evaluated at the level of the nucleus in the longitudinal sections of
the interventricular septum [21].

The following agents were used in immunohistochemical
staining: anti-transforming growth factor beta 1 (TGF-b1) antibody
(sc-130348, Santa Cruz Biotechnology, Dallas, TX, the USA) at 1:200
dilutionwith VECTASTAIN Elite ABCMouse IgG Kit (PK-6102, Vector
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Fig. 2. Structural changes in the heart of NAFLD medaka and the effect of medications
(A) Time-dependent changes in the heart size of each group. Representative microscopic findings of medaka heart (hematoxylin and eosin staining). The scale bar represents
250 mm. (B) Quantitative analysis of the heart size. The values represent mean ± SD (n ¼ 15 for each group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the HFD group at
each time point. Student's t-test. (C) Time-dependent changes in the diameter of cardiomyocytes in each group. Representative images of medaka cardiomyocytes stained with
hematoxylin and eosin. (D) Quantitative analysis of the cardiomyocyte diameter. The scale bar represents 100 mm. The images in the insets show the larger images. The values
represent mean ± SD (n ¼ 15 for each group). ***p < 0.001 compared with the HFD group at each time point. Student's t-test. (E) Representative microscopic findings of the
cardiomyocytes of HFD-fed medaka (aSMA staining). (F) Quantitative analysis of the area that stained positive for aSMA. The scale bar represents 100 mm. The images in the insets
show the larger images. The values represent mean ± SD (n ¼ 15 for each group). **p < 0.01 and ***p < 0.001 compared with the HFD group at each time point. Student's t-test.
NAFLD, nonalcoholic fatty liver disease; HFD, high-fat diet; PEMA, pemafibrate, TOFO, tofogliflozin, PITA, pitavastatin.
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Laboratories, Burlingame, CA, USA) and 3,30-Diaminobenzidine
(DAB) chromogen tablets (Muto Pure Chemicals, Tokyo, Japan);
anti-alpha smooth muscle actin (aSMA) antibody (ab5694, Abcam,
MA, USA) at 1:200 dilution; anti-F4/80 antibody (ab111101, Abcam)
at 1:100 dilution; anti-CD4 antibody (ab183685, Abcam) at 1:1000
dilution; and anti-CD8 alpha antibody (ab101500, Abcam) at 1:50
dilutionwith VECTASTAIN Elite ABC Rabbit IgG Kit (PK-6101, Vector
Laboratories) and DAB chromogen tablets (Muto Pure Chemicals,
Tokyo, Japan). Then, the images of each tissue section were
captured randomly, and quantitative analysis was performed with
ImageJ (version 1.8.0_172, National Institutes of Health, USA) with
the RGB-based protocol, as reported in previous studies [22].

2.5. Whole transcriptome sequencing

Whole transcriptome sequencing of Oryzias latipes (Japanese
medaka) was performed to investigate the gene expression profiles
in the liver of NAFLD medaka with/without PEMA, TOFO, and PITA
treatment (Macrogen Japan Corp., Koto City, Tokyo, Japan), as re-
ported in a previous study [20]. During data preprocessing, low-
quality transcripts were filtered; hence, from a total of 27,067
genes, 4046 genes were used in the statistical analysis of samples.
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In groups with different conditions, differentially expressed genes
or transcripts were confirmed by testing the statistical hypothesis.
Then, the expressions of genes related to the inflammation were
compared among the groups, and gene expressions with more than
two-fold differences were presented in the heat map.

2.6. Statistical analyses

Data from each group are presented as the mean ± standard
deviation. Differences were evaluated using either one-way anal-
ysis of variance (ANOVA), followed by the Tukey's multiple com-
parison test, or the Student's t-test using GraphPad Prism 9
software (version 9.3.1; GraphPad, San Diego, CA, USA). A p value of
<0.05 was considered to indicate statistical significance.

3. Results

3.1. Effects of HFD on the cardiac structure of medaka

To investigate the effects of HFD on the cardiac structure, the
medaka NAFLD model was developed via HFD feeding, as reported
in previous studies [18e20] (Fig. 1A). Fig. 1B shows the time-



Fig. 3. Infiltration of inflammatory cells in the heart of HFD-fed medaka
(A) Representative microscopic findings of the cardiomyocytes of HFD-fed medaka (F4/80 staining). (B) Quantitative analysis of the F4/80-positive area. The scale bar represents
100 mm. The images in the insets show the larger images. The values represent mean ± SD (n ¼ 15 for each group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with HFD group
at each time point. Student's t-test. (C) Representative microscopic findings of the cardiomyocytes of HFD-fed medaka (CD4 staining). (D) Quantitative analysis of the CD4-positive
area. The scale bar represents 100 mm. Images in the insets show the larger images. The values represent mean ± SD (n ¼ 15 for each group). *p < 0.05, **p < 0.01, and ***p < 0.001
compared with the HFD group at each time point. Student's t-test. (E) Representative microscopic findings of the cardiomyocytes of HFD-fed medaka (CD8 staining). (F) Quantitative
analysis of CD8-positive area. The scale bar represents 100 mm. Images in the insets show the larger images. The values represent mean ± SD (n ¼ 15 for each group). *p < 0.05 and
**p < 0.01 compared with the HFD group at each time point. Student's t-test. (G) Representative microscopic findings of the cardiomyocytes of HFD-fed medaka (TGF-b1 staining).
(H) Quantitative analysis of the TGF-b1 positive area. The scale bar represents 100 mm. Images in the insets show the larger images. The values represent mean ± SD (n ¼ 15 for each
group). **p < 0.01 and ***p < 0.001 compared with the HFD group at each time point. Student's t-test. PEMA, pemafibrate, TOFO, tofogliflozin, PITA, pitavastatin.
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dependent macroscopic changes in the hearts of HFD-fed medaka.
Sirius Red and Masson's trichrome staining showed no significant
fibrotic tissues in the heart (Fig. 1C). Then, the heart size of HFD-fed
medaka was assessed using hematoxylin and eosin staining images
at a lowmagnification (Fig. 2A). HFD-fedmedaka had a significantly
larger heart size than control chow-fed medaka and showed its
increase in a time-dependent manner. This size change was alle-
viated with treatment by PEMA, TOFO, PITA, and PEMA þ TOFO
administration (Fig. 2A and B). Based on themicroscopic findings of
hematoxylin and eosin and aSMA staining, the diameter of the
cardiomyocytes increased with HFD feeding and reduced with the
medications (Fig. 2CeF). Compared with other medications, com-
bination of PEMA and TOFO (PEMA þ TOFO) was more effective in
preventing heart and cardiomyocyte size increase. These results
suggest that the medaka fish with NAFLD-related heart disease
mainly presented with enlarged cardiomyocytes, which cause hy-
pertrophic cardiac changes.
3.2. Effect of inflammation in the heart of HFD-fed medaka

As the inflammatory cell infiltration [23] and TGF-b1 induce
hypertrophy of the cardiomyocyte [24,25], the effects of inflam-
matory cell infiltration and TGF-b1 on the pathologies of NAFLD-
related heart disease were evaluated using the medaka model.
HFD-fed medaka had a significantly higher number of F4/80-, CD4-,
and CD8-positively stained cells than chow-fed medaka. Moreover,
the number of stained cells increased in a time-dependent manner
(Fig. 3AeF). TGF-b1 staining showed that the size of the positively
stained area in the cardiomyocyte of medaka increased with HFD
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feeding (Fig. 3G and H) and decreased with treatment by PEMA,
TOFO, PITA, and PEMA þ TOFO administration, while the drugs’
effects did not significantly differ (Fig. 3). These results suggest that
the inflammatory cell infiltration and TGF-b1 activation induced
cardiomyocyte hypertrophy within 12 weeks. In addition, NAFLD
treatment resulted in milder changes in the heart.

3.3. Effect of changes in inflammation-related gene expressions on
the heart of HFD-fed medaka

NAFLD treatment reduced inflammation in the heart; however,
its associated mechanism has not been elucidated. Therefore,
whole transcriptome sequencing of hepatocytes was performed to
examine changes in the expression of various genes in the medaka
NAFLD model (Fig. 4). Results showed that the expression of genes
including; nuclear factor kappa B subunit 2, forkhead box O4,
elongation factor 1 alpha, cyclin-dependent kinase inhibitor 1C,
mechanistic target of rapamycin kinase, glycogen phosphorylase L,
notch receptor 1, immunoglobulin-like domain containing receptor
2, etc. showed significant difference between HFD-fed medaka and
control, PEMA, TOFO, PITA, or PEMAþ TOFO treated groups (Fig. 4).

4. Discussion

NAFLD causes various organ damages, including cardiovascular
complications [3,26e28], and it is the leading cause of mortality
among patients with NAFLD [3]. Heart injury in humans is caused
by systemic inflammation and cardiomyocyte insulin resistance,
which lead to muscular damage and pressure and volume overload



Fig. 4. Heatmap for differentially expressed, inflammation-related genes in the livers
of medaka
The expressions of genes related to the inflammation were compared among the
groups and gene expressions with more than two-fold differences were shown in the
heat map. PEMA, pemafibrate, TOFO, tofogliflozin, PITA, pitavastatin.
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in the heart and induces cardiovascular events such as arrhythmia
and heart failure [3e6]. Therefore, an understanding of its patho-
genesis and management are essential in improving the prognosis
of patients with NAFLD. Our study demonstrated that the medaka
NAFLD model reproduced the infiltration of inflammatory cells,
including macrophages and CD4- and CD8-positive lymphocytes, in
the cardiac wall and the expression of TGF-b1 in the car-
diomyocytes caused hypertrophic morphological changes in the
heart. In addition, systemic inflammation is partly correlated with
the activated expressions of senescence-associated secretory
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phenotype (SASP)-related genes in the hepatocytes in NAFLD. To
date, a clinical study further showed the potential contribution of
cytokines [5,6] and TGF-b1 on muscular hypertrophy and fibrotic
changes [24,25], and in vivo animal studies revealed infiltration of
inflammatory cells in the heart of NAFLD mice [23,24]. However,
the origin of the inflammation in this pathology has not been
elucidated. As previous studies have shown that the senescence
and elimination of HFD-damaged hepatocytes lead to the recovery
of NAFLD [29,30]; it is reasonable that, in HFD-fed NAFLD medaka
animal model, SASP from the liver induces inflammatory cell
infiltration in other organs, which leads to NAFLD-related multi-
organ pathogenesis.

Our results showed that treatment with PEMA, TOFO, and PITA
suppressed the expression of SASP-related genes in the hepatocytes
and inflammatory cell infiltration in the heart, thereby conse-
quently alleviating HFD-induced heart injury in medaka. This
finding is consistent with clinical data showing that PEMA [7e9],
SGLT2i [11e14], and statin [15,16] are effective in reducing cardio-
vascular events in NAFLD. Thus, our results supported the notion
that therapeutic options targeting metabolic pathways could ach-
ieve better control of NAFLD-related organ damage [2]. The current
study had several limitations. That is, molecular-based analysis of
the association between NAFLD pathogenesis and senescence and
pharmacological assessment of the senolytic effect of medications
tested were not performed. Nevertheless, further studies assessing
the direct effect of senomorphic drug on NAFLD-related heart dis-
ease in the models should be performed. In addition, as NAFLD-
related heart damage eventually causes fibrotic changes
[5,6,24,25], studies with a longer duration should be conducted to
examine advanced morphological changes and the therapeutic ef-
ficacy of medications.

In conclusion, this study showed for the first time that the SASP
of HFD-damaged hepatocytes resulted in NAFLD-related heart
injury by inducing the inflammatory changes in the heart. In
addition, SPPARMa, statin, and SGLT2i reduced the SASP activation
and inflammatory changes in the cardiac wall and hypertrophic
morphological change of the heart, hence these medicines can be
the candidate for the therapeutic options for NAFLD-related heart
disease.
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