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Aims Doxorubicin is used in classical chemotherapy for several cancer types. Doxorubicin-induced cardiomyopathy (DOX-CM) 
is a critical issue among cancer patients. However, differentiating the diagnosis of DOX-CM from that of other cardiomy-
opathies is difficult. Therefore, in this study, we aimed to determine novel histopathological characteristics to diagnose 
DOX-CM.

Methods 
and results

Twelve consecutive patients with DOX-CM who underwent cardiac histopathological examination in two medical centres 
were included. Twelve patients with dilated cardiomyopathy, who were matched with DOX-CM patients in terms of age, 
sex, and left ventricular ejection fraction, formed the control group. Another control group comprised five consecutive pa-
tients with cancer therapy-related cardiac dysfunction induced by tyrosine kinase inhibitors or vascular endothelial growth 
factor inhibitors were the controls. The positive area of tenascin-C, number of infiltrating macrophages, and presence of 
p62- and ubiquitin-positive cardiomyocytes were evaluated. Human-induced pluripotent stem cell-derived cardiomyocytes 
(hiPSC-CMs) were used for in vitro investigation. The myocardium exhibited significantly greater tenascin-C-positive area 
and macrophage number in the DOX-CM group than in the control groups (P < 0.01). The tenascin-C-positive area cor-
related with the number of both CD68- and CD163-positive cells (r = 0.748 and r = 0.656, respectively). Immunostaining for 
p62 was positive in 10 (83%) patients with DOX-CM. Furthermore, western blotting analysis revealed significant increase in 
tenascin-C levels in hiPSC-CMs upon doxorubicin treatment (P < 0.05).

Conclusion The combined histopathological assessment for tenascin-C, macrophages, and p62/ubiquitin may serve as a novel tool for 
the diagnosis of DOX-CM. Doxorubicin may directly affect the expression of tenascin-C in the myocardium.
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Graphical Abstract

To identify novel histopathological characteristics for the diagnosis of DOX-CM.

Tenascin-C and macrophage immunostaining in the myocardium hold
promise as indicators for the histopathological diagnosis of DOX-CM.

Histopathological characteristics of doxorubicin-induced cardiomyopathy. In the doxorubicin-induced cardiomyopathy group, the myocar-
dium showed a higher % positive area of tenascin-C and an increased number of macrophages compared with the control group. These findings provide 
supportive evidence for the histopathological diagnosis of doxorubicin-induced cardiomyopathy in this study. DOX-CM, doxorubicin-induced 
cardiomyopathy

Keywords Doxorubicin • Cardiotoxicity • Tenascin-C

Introduction
Doxorubicin is an effective anti-tumour agent used to treat a wide var-
iety of cancers, including breast cancer, lymphoma, sarcoma, and gynae-
cological cancers.1 However, dose-dependent progression of left 
ventricular (LV) myocardial damage remains the most serious adverse 
effect of doxorubicin-based chemotherapy, which can eventually lead 
to heart failure (HF) even years after completion of chemotherapy.2–4

The maximum cumulative lifetime dose of doxorubicin should be limited 
to 400–500 mg/m2.2,5,6 In addition, doxorubicin-induced LV myocardial 
damage does not respond well to conventional pharmacotherapy and is 
associated with poor prognosis. Therefore, early detection of mild LV 
myocardial damage due to doxorubicin cardiotoxicity is important 
and may help predict future myocardial damage in the entire left 

ventricle, facilitating early therapeutic intervention for LV myocardial 
damage.7 Recently, early detection of doxorubicin-induced cardiomy-
opathy (DOX-CM) has been demonstrated using cardiac troponin I 
measurement and global longitudinal strain in echocardiography.8–10

An endomyocardial biopsy (EMB) is also useful to diagnose and as-
sess myocardial damage. DOX-CM-induced vacuolation, inflammation, 
cardiomyocyte degeneration/necrosis/apoptosis, displacement of align-
ment, replacement macrophage/fibroblast infiltration, and hypertrophy 
have been reported in rats.11 However, histopathological investigations 
of DOX-CM in humans are lacking. Although vacuolation and degener-
ation of the myocardium are typically observed, it is sometimes challen-
ging to exclude other cardiomyopathy.12–14 This study aimed to identify 
a new marker for the diagnosis and/or prognostic assessment of 
DOX-CM via histopathological investigation.
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Methods
Human samples
The use of patient-derived samples was approved by the Ethics 
Committee of Osaka International Cancer Institute Hospital 
(No. 20211), National Cerebral and Cardiovascular Center Hospital 
(No. R21084), and Osaka University Hospital (No. 15337(T3)-11). 
This investigation conformed to the ethical guidelines for medical and 
health research involving human subjects in Japan and all principles out-
lined by the Declaration of Helsinki.

Patients
We recruited 12 patients diagnosed with DOX-CM. Four consecutive 
patients with DOX-CM from the Osaka International Cancer Institute 
were included. Among them, samples from three patients were col-
lected through EMB and from one patient through necropsy. We 
also included eight patients with DOX-CM diagnosed at the National 
Cerebral and Cardiovascular Center. Among the consecutive 18 clinic-
ally suspected patients with DOX-CM who underwent EMB or surgical 
biopsy, we excluded 2 patients with an episode of cardiac failure before 
doxorubicin induction, 2 patients with a suspected cause of other car-
diomyopathies (myocardial infarction, hypertrophic cardiomyopathy, 
and chronic atrial fibrillation), and 2 patients with insufficient clinical 
data. Thus, a total of 12 patients underwent biopsy between 2013 
and 2023 in the DOX-CM study.

Five patients with cancer who underwent EMB to assess 
drug-induced cardiomyopathy caused by tyrosine kinase inhibitor and 
vascular endothelial growth factor (VEGF) inhibitor, diagnosed at the 
Osaka International Cancer Institute, were selected as control patients 
with cancer but without doxorubicin treatment [Ctrl-cancer 
therapy-related cardiac dysfunction (CTRCD) group]. The specific 
drugs used in the control group are listed in Supplementary material 
online, Table S1.

Additionally, we included a control group consisting of 12 patients 
diagnosed with dilated cardiomyopathy (DCM), who were matched 
with the DOX-CM group for age, sex, and LV ejection fraction 
(LVEF). These patients were diagnosed at the National Cerebral and 
Cardiovascular Centre through biopsies conducted between 2019 
and 2021 (referred to as the Ctrl-DCM group). We ensured complete 
matching of sex for each patient, and the age difference within each pair 
was less than 5 years. The median difference in LVEF between each pair 
was 1% [interquartile range (IQR), 0–5%] (see Supplementary material 
online, Table S2).

Measurement
We retrospectively collected data from the time of doxorubicin intro-
duction to index hospitalization for cardiomyopathy, baseline clinical 
characteristics, and echocardiography findings from medical records. 
Left ventricular ejection fraction was measured using the modified 
Simpson’s method.

Immunohistochemical staining
Paraffin-embedded cardiac specimens were cut into 4 µm-thick slices and 
observed after haematoxylin and eosin (HE) and Masson’s trichrome 
(MT) staining. All slides of deparaffinized cardiac specimens were incu-
bated with primary antibodies detecting CD68 (#M0814, diluted 
1:1000; Agilent Technologies Inc., Santa Clara, CA, USA), CD163 
(#ab74604, diluted 1:10; Abcam, Cambridge, UK), tenascin-C (TNC) 
(4F10TT clone, #10337, diluted 1:1000; Immuno-Biological 
Laboratories, Gunma, Japan), p62 (#sc-28359, diluted 1:50; Santa Cruz 
Biotechnology Inc., TX, USA), and ubiquitin (#Z0458, diluted 1:500, 
Agilent Technologies Inc., CA, USA). Antibody binding was visualized 

using the avidin–biotin complex method, according to the manufacturer’s 
instructions (Vectastain ABC; Vector Laboratories, CA, USA). Nuclear 
staining was performed with Meyer’s haematoxylin. A negative control 
from which the primary antibody was omitted was included.

Analyses of the inflammatory cell infiltrate 
and tenascin-C expression
CD68- and CD163-positive infiltrating cells were counted in each sam-
ple area at a magnification of 100× in four randomly selected fields by 
two pathologists (Y.I. and K.H.) in a blinded manner. Positive cells in the 
vessels were excluded from the total count. Finally, the number of posi-
tive cells/0.1 mm2 was calculated. The area fraction of TNC was quan-
titatively measured as the percentage of the TNC-positive area using 
ImageJ software (National Institutes of Health, MD, USA).15

Analysis of collagen in the myocardium
To analyse myocardial fibrosis, we employed the Picrosirius Red Stain 
Kit (#24901-250, Polysciences, Inc., PA, USA). The staining procedure 
was conducted following the manufacturer’s instructions. 
Subsequently, we captured images of the picrosirius red-stained colla-
gen fibres using a light microscope and quantified the area exhibiting red 
staining. Moreover, we employed a polarized microscope to separately 
quantify Type I collagen (orange-red) and Type III collagen (yellow- 
green) areas using ImageJ software.

Generation of human-induced pluripotent 
stem cells and differentiation to 
cardiomyocytes
Human-induced pluripotent stem cells were generated from peripheral 
blood mononuclear cells, which were separated from whole blood using 
Ficoll-Paque density gradient media (GE Healthcare, IL, USA) as previ-
ously described.16 Cells were reprogrammed using Sendai virus vectors 
(CytoTune-iPS 2.0, Sendai Reprogramming Kit; Thermo Fisher 
Scientific, MA, USA). Human-induced pluripotent stem cells were cul-
tured on laminin-coated plates (iMatrix-511, MATRIXOME, Osaka, 
Japan) and incubated under feeder-free conditions in the medium 
(StemFit AK02, AJINOMOTO, Tokyo, Japan).16 Human-induced pluri-
potent stem cells were differentiated into cardiomyocytes 
(hiPSC-CMs) using a previously reported protocol.17,18

The culture medium was exchanged for a differentiation medium con-
taining RPMI 1640 medium (Thermo Fisher Scientific), recombinant human 
albumin (Sigma-Aldrich, Merck, Germany), and L-ascorbic acid 2-phosphate 
(Sigma-Aldrich). Furthermore, hiPSCs were treated with CHIR99021 (LC 
Laboratories, MA, USA) (Days 0–2), followed by treatment with Wnt-C59 
(Selleck Chemicals, TX, USA) and XAV-939 (Cayman Chemical, MI, USA) 
(Days 2–4). Human iPS cell-derived cardiomyocytes were dissociated using 
0.25% Trypsin-EDTA (Gibco, Thermo Fisher Scientific, USA) and replated 
into a 24-well plate (IWAKI, Shizuoka, Japan) pre-coated with gelatine 
(Nitta Gelatin, Osaka, Japan) on Day 11. These cells were incubated with 
Dulbecco’s Modified Eagle Medium containing 10% FBS, 2 mmol/L 
L-glutamine (Gibco), and 1% penicillin/streptomycin.

Human doxorubicin-induced 
cardiomyopathy model using 
human-induced pluripotent stem 
cell-derived cardiomyocytes
After treating the hiPSC-CMs with 0 and 0.2 µM19 doxorubicin 
(HY-15142, MedChemExpress, NJ, USA) for 48 h, we assessed the le-
vels of expressed TNC proteins using western blotting. See 
Supplementary material online for details regarding the qPCR method.
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Western blotting
Total protein was collected from hiPSC-CM lysates. The concentration of 
each lysate was determined using a bicinchoninic acid (BCA) Protein Assay 
Kit (Thermo Fisher Scientific). The lysate samples were mixed with 4× 
Laemmli sample buffer (Bio-Rad, CA, USA) containing mercaptoethanol 
(2.5%). After blocking the transferred membrane with 3% skim milk for 
1 h, the membrane was incubated with the primary antibody at 4°C over-
night, followed by incubation with the secondary antibody at room tem-
perature (25°C) for 45 min. After using ECL or ECL Prime reagent (GE 
Healthcare, IL USA), western blotting images were captured using the 
ChemiDoc Touch Imaging System (Bio-Rad). The primary antibodies 
used in the study were as follows: anti-human TNC (4F10TT, #10337, di-
luted 1:100, Immuno-Biological Laboratories Co., Ltd), anti-α-actinin 
(EA-53) (#ab9465, diluted 1:2000, Abcam), anti-troponin T (#ab64623, 
diluted 1:1000, Abcam), and anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (#sc-47724, diluted 1:1000, Santa Cruz 
Biotechnology). For quantitative analysis of the density of the western blot-
ting images, we used ImageJ software.

Statistical analysis
Unless otherwise specified, data are presented as medians and IQRs. All 
statistical analyses were performed using the GraphPad Prism 9 

software (GraphPad Software, CA, USA) and JMP version 11.0 (SAS 
Inc., Tokyo, Japan). Continuous data were presented as median IQR, 
and differences were compared using a Wilcoxon rank sum test. The 
prevalence was expressed in percentages (%), and the categorical 
data were compared using the two-tailed Fisher’s exact test. 
Statistical significance was set at P < 0.05.

Results
Patient’s characteristics
In this study, we analysed three patient groups: DOX-CM, 
Ctrl-CTRCD, and Ctrl-DCM. We compared the characteristics of pa-
tients between DOX-CM and Ctrl-CTRCD as well as between 
DOX-CM and Ctrl-DCM. Table 1 shows that there were no significant 
differences in age, sex, cardiovascular risk factors, or medications at the 
initial histopathological diagnosis. The Ctrl-DCM group was selected 
after for matching age, sex, and LVEF, resulting in similar characteristics 
between the two groups. However, the DOX-CM group exhibited 
higher E/e′ values and a shorter left atrial diameter (LAD) than the 
Ctrl-DCM group. In contrast, all members of the Ctrl-CTRCD group 
were female, and most echocardiographic markers indicated poorer 
cardiac function in the DOX-CM group than in the Ctrl-CTRCD group 
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Table 1 Patient characteristic (doxorubicin-induced cardiomyopathy vs. control groups)

　 Ctrl-CTRCD (n =  
5)

Ctrl-DCM (n = 12) DOX-CM (n = 12) P (vs. Ctrl-CTRCD) P (vs. Ctrl-DCM)

Age 74 [42–81] 58 [42–65] 58 [37–62] 0.316 0.547
Sex 0.102 1.000

Male 0 (0) 6 (50) 6 (50)

Female 5 (100) 6 (50) 6 (50)
Hypertension 3 (60) 3 (25) 1 (8) 0.053 0.590

Dyslipidaemia 2 (40) 3 (25) 1 (8) 0.191 0.590

Diabetes mellitus 0 (0) 2 (17) 2 (17) 1.000 1.000
Smoking 2 (40) 5 (42) 3 (25) 0.600 0.667

History of CAD (except for MI*) 2 (40) 1 (8) 0 (0) 0.074 1.000

CKD 1 (20) 3 (25) 10 (83) 0.028 0.012
Atrial Fibrillation 1 (20) 5 (42) 4 (33) 1.000 1.000

Echocardiography

LVDd (mm) 47 [42–48] 62 [56–66] 58 [49–64] 0.020 0.214
LVDs (mm) 34 [33–36] 52 [49–57] 52 [44–58] 0.010 0.435

LVEF (%) 48 [43–55] 27 [23–31] 30 [22–32] 0.002 0.728

IVS (mm) 7 [7–9] 8 [7–9] 7 [5–8] 0.278 0.054
PW (mm) 7 [7–9] 8 [7–9] 8 [5–8] 0.783 0.149

E/A (n = 4, 11, 9) 1.0 [0.8–1.3] 1.8 [1.1–3.2] 2.3 [1.0–3.2] 0.189 0.939

DcT (ms) (n = 5, 12, 10) 218 [196–243] 131 [115–139] 127 [101–147] 0.004 0.552
E/e′ (n = 5, 12, 9) 11.2 [7.3–20.8] 12 [11–14] 21 [13–23] 0.161 0.021

LAD (mm) 37 [28–41] 45 [38–49] 38 [36–42] 0.368 0.040

Medications
ACEi/ARB 4 (80) 5 (42) 8 (67) 1.000 0.414

Beta-blocker 2 (40) 5 (42) 7 (58) 0.620 0.684

MRA 1 (20) 4 (33) 5 (42) 0.600 1.000

Continuous data were presented as median [interquartile range, (IQR)]. The numbers of patients for E/A, E/e′, and DcT are shown in the order of Ctrl-CTRCD, Ctrl-DCM, and DOX-CM, 
respectively. Continuous data were analysed using the Wilcoxon rank sum test. Categorial data were analysed using a two-sided Fisher’s exact test. 
ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CAD, coronary artery disease; CKD, chronic kidney disease; DcT, deceleration time; DOX-CM, 
doxorubicin-induced cardiomyopathy; IVS, interventricular septum; LAD, left atrial diameter; LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic 
diameter; LVEF, left ventricular ejection fraction; PW, posterior wall; MI, myocardial infarction; MRA, mineral corticoid antagonist. 
*There was no patient with myocardial infarction which could affect the increase in TNC.
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(Table 1). Particularly, the LVEF of the DOX-CM group (30%) signifi-
cantly differed from that of the Ctrl-CTRCD group (48%), although 
it was similar to that of the Ctrl-DCM group (27%).

The median age of the patients with DOX-CM was 58 (IQR, 37– 
62) years, and 50% were female. All patients had different types of 
cancer. Half of them underwent an index biopsy during the first 
HF admission, and the other half had acute worsening of chronic 
HF. Therefore, patients in the first HF group had a shorter duration 
between initial doxorubicin chemotherapy and index biopsy (70 days 
to 15 months) compared with the group of chronic HF. Additionally, 
all patients with DOX-CM received a total dose of doxorubicin be-
low 500 mg/m2 (Table 2). Furthermore, before the index biopsy, all 
patients had been confirmed to have intact coronary arteries by angi-
ography. Among the 12 DOX-CM patients, 8 underwent myocardial 
sampling from right ventricular biopsy, 3 underwent surgical LV bi-
opsy, and 1 underwent necropsy from the right and left ventricle 
(Table 2).

Histopathological characteristics of 
doxorubicin-induced cardiomyopathy 
samples
Representative images of HE and MT staining of DOX-CM are shown in 
Figure 1A and B. Doxorubicin-induced cardiomyopathy samples showed 
degeneration and/or hypertrophy of cardiomyocytes in HE staining and 
low percentages of fibrosis in MT staining.

As autophagy is one of the pathophysiologies related to 
DOX-CM,20,21 we examined the presence of autophagy in all the bi-
opsy samples as latent supportive histopathological biomarkers for 
DOX-CM. The myocardium samples of five patients (42%) who devel-
oped DOX-CM were positive for both p62 and ubiquitin in the vicinity 
of vacuoles, while none of Ctrl-CTRCD patients and only two out of 12 
patients (17%) among the Ctrl-DCM patients showed positive staining 
for both p62 and ubiquitin. However, p62 expression was positive in 10 
out of 12 patients (83%) in the DOX-CM group, while none in the 
Ctrl-CTRCD group and two (17%) in the Ctrl-DCM group showed 

positive results (see Supplementary material online, Table S3). 
Microscopic images of p62 and ubiquitin are shown for one of the cases 
in Figure 1C and D.

Tenascin-C and macrophages were highly 
positive in the myocardium of patients 
with doxorubicin-induced 
cardiomyopathy
Twelve patients in the DOX-CM group were compared with five pa-
tients in the Ctrl-CTRCD group and 12 patients in the Ctrl-DCM 
group. Haematoxylin and eosin staining results of DOX-CM samples 
revealed infiltration of inflammatory cells. Therefore, we assessed the 
immunostaining of the lymphocytes and macrophages. In this study, 
the histopathological study of DOX-CM and the control group showed 
few CD3-positive lymphocytes. Interestingly, we found a significant in-
crease in CD68- (P < 0.001) and CD163-positive (P < 0.001) macro-
phages compared with that in the control group (Figure 2).

Since DOX-CM myocardium was thought to be related to inflam-
matory reactions with macrophages, we assessed the immunostaining 
of TNC, which is also an inflammatory marker of the myocar-
dium.15,23 The percentage of TNC-positive areas was significantly 
higher in the DOX-CM samples than in the control samples (P <  
0.001) (Figure 3).

Additionally, TNC-positive areas were significantly correlated with 
the number of CD68- (r = 0.748, P < 0.001) and CD163-positive 
macrophages (r = 0.656, P < 0.001) in all samples (Figure 4).

As shown in Figure 5A, the DOX-CM group exhibit significantly lower 
LVEF than the Ctrl-CTRCD group, with no difference compared with 
the Ctrl-DCM group. We observed no correlation between 
TNC-positive areas and LVEF (r = −0.278, P = 0.144) (Figure 5B). 
Similarly, LVEF showed no correlation with the number of CD68- 
(r = −0.122, P = 0.530) and CD163-positive macrophages (r =  
−0.161, P = 0.403) (Figure 5C and D). Furthermore, considering that 
TNC is an extracellular matrix protein often associated with fibrosis, 
we investigated the relationship between TNC and fibrosis.
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Table 2 Individual status of patients with doxorubicin-induced cardiomyopathy

　 Age Sex Type of sampling Cancer type Total 
dose 

(mg/m2)

Time from initial 
chemotherapy to 

biopsy

Type of heart 
failure

Troponin 
I/T  

(ng/mL)

BNP/ 
NT-proBNP 

(pg/mL)

LVEF 
(%)

1 60 F EMB (RV) Uterine cancer 480 240 days First HF 0.215/− −/1166 22

2 62 M EMB (RV) Malignant 

lymphoma

363 263 days First HF 0.057/− −/2040 35

3 56 M EMB (RV) ALL 330 14 years Acute phase of chronic −/0.079 1926/18187 22

4 35 F Surgical biopsy (RV) DLBCL 350 16 years Acute phase of chronic −/0.025 323/− 37

5 34 M Surgical biopsy (LV) Non-Hodgkin 
Lymphoma

200 23 years Acute phase of chronic −/0.015 315/− 17

6 31 F EMB (RV) Wilms tumour 300 27 years Acute phase of chronic −/− 944/− 31

7 60 F Surgical biopsy (LV) Breast cancer 200 15 months First HF 0.139/− −/242 15
8 77 F Necropsy (LV) Ovary cancer 95 70 days First HF 0.022/− −/10288 31

9 59 M EMB (RV) DLBCL 600 20 years Acute phase of chronic −/0.030 1048/− 32
10 43 M EMB (RV) ALL NA 28 years Acute phase of chronic −/0.021 1122/− 24

11 45 M Surgical biopsy (LV) Wilms tumour NA 42 years Acute phase of chronic −/− 343/− 30

12 74 F EMB (RV) DLBCL 350 14 years Acute phase of chronic −/− 2201/− 29

ALL; acute lymphoblastic leukaemia; BNP, brain natriuretic peptide; DLBCL, diffuse large B-cell lymphoma; EMB, endomyocardial biopsy; HF, heart failure; LV, left ventricle; LVEF, left 
ventricular ejection fraction; NA, not available; NT-proBNP, N-terminal pro-brain natriuretic peptide; RV, right ventricle.
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Picrosirius red staining was performed to stain collagen Types I 
and III in the myocardium. We quantified the percentage of positive 
area for picrosirius red staining and determined the fraction of each 
collagen type. However, we found no significant differences in the 
% positive area of picrosirius red staining or the fraction of collagen 
Types I and III between the DOX-CM group and the control 
groups (see Supplementary material online, Figure S1A and B). 
However, neither of these measurements showed any correlation 
with the percentage of positive TNC area (see Supplementary 
material online, Figure S1C). In contrast, MT staining, a commonly 
used method to assess fibrosis, exhibited a significant correlation 
with the percentage of positive TNC area (r = 0.479, P = 0.009) 
(see Supplementary material online, Figure S1D). However, the per-
centage of positive area for MT-positive fibrosis did not correlate 
with the picrosirius red-stained area (see Supplementary material 
online, Figure S1E).

Comparing the first HF and acute phase of chronic HF in DOX-CM, 
baseline LV end-diastolic and end-systolic diameters, the LVEF, and the 
number of CD68- and CD163-positive macrophages did not differ sig-
nificantly (see Supplementary material online, Figure S2). Moreover, the 
TNC-positive area was not significantly different between those with 
first HF and the acute phase of chronic HF (see Supplementary 
material online, Figure S3).

Elucidation of tenascin-C expression in 
human-induced pluripotent stem 
cell-derived cardiomyocytes with 
doxorubicin administration
According to the results of the immunohistopathological assessment, it 
is unclear whether TNC was directly increased by doxorubicin or by 
the secondary products of inflammation or cell death. To confirm 
this, we analysed hiPSC-CMs in vitro using western blotting. 
Tenascin-C increased significantly in doxorubicin-treated cells com-
pared with that in control cells (P < 0.05) (Figure 6). To gain further in-
sights into the underlying mechanisms and relationship between TNC 
and inflammation, we conducted qPCR analysis of genes associated 
with the NF-κB inflammatory pathway. Supplementary material 
online, Figure S4, demonstrates that the expression of TNF, TLR4, 
IL1B, and CCL2 was significantly upregulated upon the addition of 
DOX in hiPSC-CMs.

Discussion
In this study, we revealed novel histopathological characteristics of 
DOX-CM, such as intensive TNC with CD68- and CD163-positive 

Figure 1 Representative microscopic images of doxorubicin-induced cardiomyopathy. (A) Haematoxylin and eosin staining and (B) Masson’s tri-
chrome staining with replacement fibrosis, (C ) immunostaining for p62, and (D) immunostaining for ubiquitin. These show non-specific mild hyper-
trophy, vacuolation, and cardiomyocyte loss with replacement fibrosis (A and B). High-power magnification shows aggregates of positive reactivity 
for p62 and ubiquitin in the cytoplasm with scattered distribution (C, D). The scale bar indicates 50 µm for A and B and 20 µm for C and D.
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Figure 2 CD68 and CD163 expression in doxorubicin-induced cardiomyopathy and control groups. Representative photomicrographs of the myo-
cardium obtained through a biopsy for CD68 (A, B, and C ) and CD163 (E, F, and G). The number of infiltrated macrophages was significantly higher in the 
doxorubicin-induced cardiomyopathy group than in the control groups (D and H ). P-values were analysed using Student’s t-test. The scale bar indicates 
50 µm. CTRCD, cancer therapy-related cardiac dysfunction; DCM, dilated cardiomyopathy; DOX-CM, doxorubicin-induced cardiomyopathy.

Tenascin-C expression in patients with DOX-CM                                                                                                                                                7



Figure 3 Tenascin-C expression in doxorubicin-induced cardiomyopathy and control groups. Representative photomicrographs of myocardium 
stained immunohistochemically for tenascin-C in patients in Ctrl-cancer therapy-related cardiac dysfunction (A) Ctrl-dilated cardiomyopathy (B), 
and doxorubicin-induced cardiomyopathy groups (C ). The bar graph shows the percentage of the tenascin-C-positive area in the three groups (D). 
The % positive area of tenascin-C was significantly higher in the doxorubicin-induced cardiomyopathy group than in the control group. P-values 
were analysed using Student’s t-test. The scale bar indicates 100 µm. CTRCD, cancer therapy-related cardiac dysfunction; DCM, dilated cardiomyop-
athy; DOX-CM, doxorubicin-induced cardiomyopathy.

Figure 4 Correlation between CD68 expression and tenascin-C expression in all patients. The correlation between the number of infiltrated 
CD68-positive M1 macrophages and the percentage area of tenascin-C is shown (A, r = 0.748, P < 0.001). The correlation between the number of 
infiltrated CD163-positive M2 macrophages and the percentage area of tenascin-C is shown (B, r = 0.656, P < 0.001). CTRCD, cancer therapy-related 
cardiac dysfunction; DCM, dilated cardiomyopathy; DOX-CM, doxorubicin-induced cardiomyopathy.
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macrophage infiltration, followed by supportive immunohistochemistry 
of p62 and ubiquitin. The characteristics of DOX-CM include cardio-
myocyte degeneration, hypertrophy/cytomegaly, and vacuolation11; 
however, these were mostly non-specific to DOX-CM. 
Differentiation from other cardiomyopathies, such as DCM and other 
drug-induced cardiomyopathy, is sometimes challenging. Therefore, 
our findings may help in the diagnosis of DOX-CM.

Here, the main finding showed a significant increase in TNC and 
macrophages in the myocardium of DOX-CM. Tenascin-C, an extracel-
lular matrix glycoprotein, is an established marker of myocardial inflam-
mation in myocarditis, myocardial infarction, and DCM.15,23,24

Histopathological investigation of lymphocytic myocarditis shows 
CD3 (CD4 and/or CD8)-positive lymphocyte infiltration as well as 
CD68-positive macrophages. Therefore, the pathological mechanism 
of DOX-CM is completely different from that of lymphocytic myocar-
ditis. During myocardial infarction, injured myocardial cells are elimi-
nated by macrophages. During the repair of injured tissues with 
disarrangement of cardiomyocytes, fibrosis co-occurred with an in-
crease in TNC in the border area of infarction and non-infarction.25

In this study, the histopathological examination of DOX-CM showed 
few CD3-positive lymphocytes but increased diffuse infiltration of 
CD68- and CD163-positive cells. These results indicate that the 

mechanisms underlying the increase in TNC in DOX-CM are similar 
to the biomolecular reactions that occur after myocardial infarction.

In addition, several studies have reported a relationship between 
TNC and macrophages. Tenascin-C induces macrophage migration 
to the tissue.26–28 Tenascin-C is thought to be related to the polariza-
tion of the M1/M2 phenotype of macrophages; however, this theory re-
mains controversial. Sha et al.26 reported that TNC is upregulated by 
ATF3, which promotes migration and reverses the M1 to M2 pheno-
type via the WNT/β-catenin signalling pathway. By contrast, Kimura 
et al.28 reported that TNC promoted macrophage transformation 
into an M1 phenotype via Toll-like receptor 4. In this study, TNC signifi-
cantly correlated to both CD68- and CD163-positive macrophages, re-
presenting mostly M1 and M2 phenotypes, respectively. Therefore, in 
the DOX-CM myocardium, both pro-inflammatory and remodelling 
events occurred simultaneously. Our study is limited to support past 
evidence; however, we demonstrated that CD68- and/or 
CD163-positive macrophages with TNC could serve as supportive bio-
markers for DOX-CM. Macrophages are closely related to autophagy. 
Polarization of M1/M2 macrophages is modified by autophagy through 
various mechanisms including nuclear factor-κB (NF-κB) degradation 
and the mTOR pathway.29,30 Shimojo et al. 31 revealed a relationship 
between TNC and the integrin αVβ3/NF-κB/Interleukin 6 axis in 

Figure 5 Relationship between the tenascin-C positive area and left ventricular ejection fraction. (A) Mean left ventricular ejection fraction of each 
group. The doxorubicin-induced cardiomyopathy group exhibit significantly lower left ventricular ejection fraction than the Ctrl-cancer therapy-related 
cardiac dysfunction group, with no difference compared with the Ctrl-dilated cardiomyopathy group. (B) In all the study patients, left ventricular ejection 
fraction and tenascin-C exhibited no significant relationship. (C, D) CD68- and CD163-positive macrophages were not related to left ventricular ejec-
tion fraction. CTRCD, cancer therapy-related cardiac dysfunction; DCM, dilated cardiomyopathy; DOX-CM, doxorubicin-induced cardiomyopathy; 
LVEF, left ventricular ejection fraction.
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cardiac fibrosis. Another study also reported the modulation of inflam-
matory signalling by the TNC/Toll-like receptor-4/NF-κB axis.32 These 
findings suggest that TNC and NF-κB are closely interconnected. 
Although direct evidence for this relationship was not established in 
our study, our analysis of NF-κB signalling pathway-related gene ex-
pression deepened our understanding of the impact of DOX on 
TNC and NF-κB. Therefore, considering our findings and previous re-
ports, the intricate relationship between macrophages, TNC, and au-
tophagy becomes apparent.

Notably, there was no considerable difference in the TNC-positive 
area between patients with the first HF and those in the acute phase 
of chronic HF. However, owing to chronic myocardial damage, the 
area of fibrosis was significantly higher in patients with chronic HF. 
Therefore, an increase in TNC may not be directly related to myocar-
dial fibrosis. In this study, the % positive area of TNC was significantly 
related to fibrosis assessed by MT staining but not by picrosirius red. 
The underlying mechanisms for these results remain unknown within 
the scope of our study. Nevertheless, these findings are consistent 
with the notion that TNC and myocardial fibrosis may not always be 
directly linked.

In DOX-CM, myocardial damage is not only linked to necrosis and 
apoptosis but also to autophagy.20,21 The specific mechanisms through 
which autophagy affects DOX-CM are not clearly understood. 
Doxorubicin induces autophagy via dysregulation of AMP-activated 
protein kinase (AMPK) and mTOR; however, lysosomal dysfunction oc-
curs owing to a decrease in the transcription factor EB, resulting in dys-
function of autophagy flux.20,21 During this process, p62 and ubiquitin 
are believed to play a role in promoting autophagy.22 Autophagy has 
been associated with various types of cardiomyopathies, including 
DCM. However, diagnostic evidence using FFPE samples has not yet 
been reported. Previous studies have assessed immunostaining of 
p62 in autophagic vacuolar cardiomyopathy, and similar findings are ex-
pected in DOX-CM in which autophagic vacuolar in the myocardium is 
also one of the specific histopathological characteristics.

In this study, we found positive p62 staining in cardiomyocytes in 10 
out of 12 patients (83%) with DOX-CM, which was significantly higher 
than that observed in other control groups. Thus, immunostaining of 
p62 can be considered a valuable and supportive marker for the histo-
pathological diagnosis of DOX-CM.

Although we observed a clinically important phenomenon in the 
DOX-CM myocardium, the molecular biological mechanisms have 
not yet been elucidated. Therefore, we demonstrated that doxorubicin 
directly induced TNC expression. In the in vitro assay, we found that 
TNC was directly induced by doxorubicin treatment in hiPSC-CMs. 
Nonetheless, we acknowledge that TNC increase in the myocardium 
might involve secondary pathways, such as interactions with other cells 
or inflammatory pathways. Therefore, further investigation is needed 
to understand the mechanisms and effects of TNC expression on 
DOX-CM.

The baseline characteristics (Table 1) showed that patients with 
DOX-CM exhibit larger LV size and lower LVEF in echocardiography 
at the EMB point than the control group. Therefore, we first inferred 
that the increased TNC was higher in the DOX-CM group owing to 
LV remodelling with fibrosis. However, according to the direct effects 
of DOX on TNC expression in our in vitro assays, the larger LV size and 
lower LVEF on echocardiography may not be the only reason for the 
increased percentage of the area positive to TNC in the DOX-CM 
group.

Since the mechanism of DOX-CM is complicated, including autop-
hagy, necrosis, and apoptosis, further histopathological investigation 
in the human myocardium is needed for a more precise diagnosis of 
DOX-CM.

Conclusion
The present study revealed that intensive TNC immunostaining, 
macrophage infiltration, and a combination of autophagy-related mar-
kers, p62, and ubiquitin in the myocardium may be useful for the histo-
pathological diagnosis of DOX-CM. The increase in TNC expression 
may be induced by the direct effect of doxorubicin on cardiomyocytes. 
Further prospective research is needed to understand the biomolecular 
mechanisms.

Limitations
The major limitation of the present study was the small sample size. 
Additionally, tissue collection through EMB can potentially lead to 

Figure 6 Western blotting in human-induced pluripotent stem cell-derived cardiomyocytes cells assessing the expression of tenascin-C by doxo-
rubicin addition. (A) After treatment with doxorubicin, the protein levels of tenascin-C in hiPSC-CMs were assessed by western blotting using the in-
dicated antibodies. Markers for cardiomyocytes, including troponin T and α-actinin, exhibit similar levels of expression. (B) The quantified levels of 
tenascin-C, normalized by GAPDH, were assessed, and tenascin-C increased after doxorubicin treatment. Troponin T and α-actinin levels showed 
equal differentiation of hiPSCs into cardiomyocytes. DOX, doxorubicin; hiPSC-CMs, human-induced pluripotent stem cell-derived cardiomyocytes.
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sampling errors. Furthermore, because of the nature of the myocardial 
histopathological study, each slice of FFPE was different for each histo-
pathological staining, which may introduce a bias in the quantitative 
analysis.

Here, we utilized myocardial samples from both the right and left 
ventricles, which can be considered a limitation. However, previous 
studies have reported that both ventricles are concurrently affected fol-
lowing DOX treatment.33 Moreover, one sample from the DOX-CM 
group was obtained through necropsy, performed shortly after cardiac 
arrest. Notably, the values for the percentage of positive TNC area and 
macrophage infiltration did not exhibit outlier behaviour in our study. 
Considering the rarity of DOX-CM as a disease, these limitations can 
be deemed acceptable for the reliability of our results.
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