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A B S T R A C T   

A cumulative and progressively developing cardiomyopathy induced by adriamycin (ADR)-based chemotherapy 
is a major obstacle for its clinical application. However, there is a lack of safe and effective method to protect 
against ADR-induced cardiotoxicity. Here, we found that mRNA and protein levels of FGF1 were decreased in 
ADR-treated mice, primary cardiomyocytes and H9c2 cells, suggesting the potential effect of FGF1 to protect 
against ADR-induced cardiotoxicity. Then, we showed that treatment with a FGF1 variant (FGF1ΔHBS) with 
reduced proliferative potency significantly prevented ADR-induced cardiac dysfunction as well as ADR- 
associated cardiac inflammation, fibrosis, and hypertrophy. The mechanistic study revealed that apoptosis and 
oxidative stress, the two vital pathological factors in ADR-induced cardiotoxicity, were largely alleviated by 
FGF1ΔHBS treatment. Furthermore, the inhibitory effects of FGF1ΔHBS on ADR-induced apoptosis and oxidative 
stress were regulated by decreasing p53 activity through upregulation of Sirt1-mediated p53 deacetylation and 
enhancement of murine double minute 2 (MDM2)-mediated p53 ubiquitination. Upregulation of p53 expression 
or cardiac specific-Sirt1 knockout (Sirt1-CKO) almost completely abolished FGF1ΔHBS-induced protective effects 
in cardiomyocytes. Based on these findings, we suggest that FGF1ΔHBS may be a potential therapeutic agent 
against ADR-induced cardiotoxicity.   

1. Introduction 

Adriamycin (ADR), also known as doxorubicin (DOX), is one of the 
most highly prescribed anthracyclines due to its broad spectrum of 
therapeutic efficacy. Anthracycline-based chemotherapy can lead to the 
development of a cumulative and progressively cardiomyopathy, which 
can result in heart failure and even death in patients [1]. Understanding 
the primary mechanism in ADR-induced cardiotoxicity is essential to 

avoid the obstacles that so dramatically limit the clinical success of this 
essential anticancer chemotherapy. In fact, multiple factors have been 
proved to be involved in ADR-related cardiotoxicity, of which myocar-
dial cell apoptosis and oxidative stress are regarded as two indispensable 
contributors in ADR-induced myocardial injury [2]. Previous study 
demonstrated that ADR could directly induce apoptosis [3]. And it also 
has been reported that excessive reactive oxygen species (ROS) pro-
duction induced by ADR in the heart could disrupt cellular membrane 
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integrity and aggravate cardiomyocyte apoptosis [3,4]. Therefore, Car-
diac therapy designed to attenuate cell apoptosis and oxidative stress are 
promising strategies to slow the occurrence and progression of 
ADR-induced cardiotoxicity. 

Fibroblast growth factor 1 (FGF1) is also called acidic FGF (aFGF), 
and belongs to the FGFs family. FGF1 acts as an effective endogenous 
mitogen by binding to heparin and FGF receptor (FGFR) in vivo [5,6]. 
Recently, FGF1 displays great abilities on maintaining glucose and lipid 
metabolic homeostasis [7,8]. Furthermore, it has been proved that 
wild-type FGF1 (FGF1WT) possesses anti-oxidative stress [9] and 
anti-apoptosis [10] activity in the treatment of various diseases. In 
addition, FGF1WT also shows favorable effects on improving cardiac 
diseases such as ischemia/reperfusion injury [11], myocardial infarction 
[12], and diabetic cardiomyopathy [13]. Therefore, FGF1WT may have 
potency on the prevention and treatment of ADR-induced cardiotoxicity. 
However, chronic application of FGF1WT could raise the risk of tumor-
igenesis due to its powerful proliferative effects [14]. Hence, a FGF1 
variant called FGF1ΔHBS has been engineered, and FGF1ΔHBS shows 
reduced ability to result in heparan sulfate (HS)-dependent FGF-FGFR 
binding and dimerization in our and other previous studies [15,16]. 
As expected, FGF1ΔHBS exhibits much lower mitogenic potential, and 
keeps full metabolic activities in vitro and in vivo compare to FGF1WT 

[15]. We and others demonstrated that FGF1ΔHBS could alleviate mul-
tiple of organ injury by improving lipid metabolism and suppressing 
oxidative stress and inflammation [15–17]. Despite these promising 
results, the potential mechanisms have not been clearly identified. 
Furthermore, the activity of FGF1ΔHBS to protect against pathophysio-
logical and morphological alterations in the heart has not been tested in 
ADR-based chemotherapy. 

To answer the above questions, we therefore established ADR- 
induced cardiotoxicity in a mouse model, as described previously [2], 
and treated with and without FGF1ΔHBS for 1 month. Functional, path-
ological and biochemical changes of the heart were examined at the 1 
month of FGF1ΔHBS treatment. To mechanistically study, transgenic 
mice with a cardiac deletion of sirtuin 1(Sirt1-CKO) gene were used in 
combination of cultured cardiac cells in vitro with p53-specific stabilizer 
(nutlin-3a) were introduced to identify the role and underlying mech-
anism of FGF1ΔHBS in reducing cardiotoxicity caused by ADR. 

2. Materials and methods 

2.1. Animals and treatments 

C57BL/6J male mice were purchased from Vital River Laboratories 
(Beijing, China). Mice were allowed tap water and rodent chow, and 
were maintained at 22 ◦C with a 12h light-12h dark cycle. All mice were 
acclimatized for 1 week before experimentation. For animal study, mice 
were randomly divided into four groups (6 mice per group): Control, 
FGF1ΔHBS, ADR, and ADR + FGF1ΔHBS. Mice were pretreated with 
FGF1ΔHBS (0.5 mg/kg, a gift from School of Pharmaceutical Sciences at 
the Wenzhou Medical University) or vehicle (0.9% saline) via intra-
peritoneal injection every other day based on our previous study [15], a 
week later, followed with or without intraperitoneal injection of ADR (5 
mg/kg, MedChemExpress, Monmouth Junction, NJ, USA) one day of 
each week for 3 weeks. At the end of the ADR plus FGF1ΔHBS treatment, 
cardiac function of mice was examined by echocardiography, then mice 
hearts were obtained for the measurement of expression of mRNA, 
protein, and histopathological analyses. All animal protocols and ex-
periments were approved by the Animal Care and Utilization Committee 
of Shandong University (Shandong, China). 

Cardiac specific knockout of Sirt1 (Sirt1-CKO) mice in a C57BL/6J 
background were generated by crossing Sirt1flox/flox mice with Myh6- 
CreEsr1 mice, and Sirt1-CKO mice were injected with tamoxifen 40 
mg/kg/day for 3 consecutive days and rested for 1 week before next 
experimentation. 

2.2. Cell culture and treatments 

Primary cardiomyocytes were harvested from neonatal Sprague 
Dawley rat hearts, briefly, the hearts of rats (0.5–3 days) were isolated 
and treated with collagenase (Sigma-Aldrich, St. Louis, MO, USA) for 
dissociation. The cells were plated in 100-mm culture dishes in low- 
glucose Dulbecco’s modified Eagle’s medium (DMEM, Macgene, Bei-
jing, China) with 10% new-born calf serum, 6% horse serum (Kang Yuan 
biology, Zibo, China), 1% 5-Bromo-2′-deoxyuridine (Sigma-Aldrich), 
100U/ml penicillin and 100 μg/ml streptomycin (Gibco, Grand Island, 
NY, USA) for 1.5 h. Then, suspended cells were harvested as car-
diomyocytes, plated in six-well plates for next studies. Embryonic rat 
myocardium-derived cells (H9c2) cells were cultured in high-glucose 
DMEM (Macgene, Beijing, China) supplemented with 10% fetal bovine 
serum (Gibco), 100U/ml penicillin and 100 μg/ml streptomycin. Pri-
mary cardiomyocytes and H9c2 cells were maintained in a 37 ◦C hu-
midified incubator of 5% CO2. For the mechanistic study, cells were 
pretreated with phosphate buffered saline (PBS) or FGF1ΔHBS for 2 h 
when 80% confluency was reached [2,16], followed by 1 μM ADR for 
24h at 37 ◦C. When the treatment is completed, cells was prepared for 
biochemical analysis. To ensure the effective concentration of FGF1ΔHBS, 
100, 250 and 500 ng/ml FGF1ΔHBS were added to cells. To stabilize p53, 
10 μM nutlin-3a (APExBIO Technology LLC, Houston, TX, USA) [18] was 
added with 100 ng/ml FGF1ΔHBS. For the study on the down-regulation 
of Sirt1 and nuclear factor erythroid 2-related factor 2 (Nrf2) gene 
expression, bacterial stab of the plasmid short hairpin RNA-negative 
control (NC-shRNA), Sirt1-shRNA and Nrf2-shRNA were purchased 
from GenePharma (Shanghai, China). According to the manufacturer’s 
instructions, purified plasmid DNA by Lipofectamine 3000 (Invitrogen, 
Grand Island, NY, USA) was transfected to cells at 70%–90% confluence. 
To measure the half-life of p53, 10 μM cycloheximide (CHX) was added 
after cells were treated with PBS or 100 ng/ml FGF1ΔHBS for 24h. 

2.3. Echocardiography 

Cardiac function was determined in anesthetized mice. Briefly, mice 
were sedated with isoflurane (RWD Life Science inc. Shenzhen, China), 
then mice were placed on a heating pad in a supine position. Monitoring 
the heart rate of mice (ranged from 400 to 550 beats per minute), then 
cardiac function was measured using a Vevo 2100 High-Resolution 
Imaging System (Visual Sonics, Toronto, ON, Canada) with a ultra-
sonic LZ 400 probe (automatic focus, frequency 40.0 MHz) as previously 
described [19]. Echocardiography analysis mainly include the parame-
ters of left ventricle (LV) internal dimension (LVID), LV posterior wall 
thickness (LVPW), interventricular septum thickness (IVS), LV mass, 
ejection fraction (EF), and fractional shortening (FS). 

2.4. Quantitative real-time PCR 

TRIzol reagent (Cwbio, Valencia, CA, USA) was used for total RNA 
extraction. A HiFiScript cDNA Synthesis Kit (Cwbio) was used for the 
reverse transcription of RNA. mRNA levels of related genes were tested 
as described previously [20]. The primers targeting Fgf1, β-myosin 
heavy chain (Myh7), atrial natriuretic peptide (Anp), brain natriuretic 
peptide (Bnp), connective tissue growth factor (Ctgf), transforming 
growth factor β (Tgfb), tumor necrosis factor-α (Tnfa), interleukin 6 (Il6), 
catalase (Cat), superoxide dismutase (Sod), heme oxygenase-1 (Ho-1) 
and NAD(P)H quinone oxidoreductase 1 (Nqo1) were purchased from 
Sangon Biotech (Shanghai, China). Fold differences between mRNA 
abundance were determined using comparative cycle time (Ct) and 
β-actin (Actb) was served as standard. 

2.5. Western blot analysis 

Target protein quantification was performed by using Western blot. 
Briefly, the heart tissues or harvested cells were homogenized in RIPA 
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lysis buffer (Beyotime Biotechnology, Shanghai, China), the liquid su-
pernatant was obtained by centrifugation at 12000 rpm for 25 min at 4 
◦C for Western blot analysis. The proteins were separated on 10% 
polyacrylamide gels using SDS-PAGE and transferred to nitrocellulose 
membranes (GE Healthcare Life Sciences, Beijing, China). Membranes 
were blocked in 5% non-fat milk, and these membranes were incubated 
at 4 ◦C overnight with the antibodies from Cell Signaling Technology: 
anti-cleaved caspase-3, anti-Sirt1, anti-p-AMP-activated protein kinase 
(AMPK), anti-total AMPK (anti-T-AMPK), and anti-Acetyl-p53 (Ac-p53) 
at a dilution of 1:1000. Other primary antibodies including anti-FGF1, 
anti-Nrf2, anti-4-Hydroxynonenal (4-HNE), (1:1000 dilution, Abcam, 
Cambridge, USA), anti-p53, anti-murine double minute 2 (MDM2), 
Sirt6, Sirt7 (1:1000 dilution, Proteintech, Chicago, IL, USA), as well as 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:1000 dilution, 
Servicebio technology, Wuhan, China). After incubated with the 
horseradish peroxidase (HRP)-conjugated secondary antibody (1:1000, 
Proteintech) at room temperature for 1.5 h, the signal intensities were 
visualized by an enhanced chemoluminescence detection kit (Millipore, 
Billerica, MA, USA), and analyzed using Image Quant 4.2 software 
(Tanon, Shanghai, China). 

2.6. Histology and various staining 

The heart tissues fixed in 10% buffered formalin were dehydrated 
and cleared through graded alcohol series and xylene, embedded in 
paraffin, and cut into 5 μm sections. Hematoxylin & eosin (H&E) 
staining was used for observing cardiac histological morphology. Fluo-
rescein isothiocyanate-conjugated wheat germ agglutinin (FITC-conju-
gated WGA, Sigma-Aldrich) for the cross-sectional histological analysis 
of myocyte. Masson’s trichrome and Sirius-red staining for collagen 
accumulation by using a Masson stain kit (Servicebio) and a Sirius red 
stain kit (Leagene Biotechnology, Beijing, China). 

For immunohistochemical (IHC) staining, heart sections were incu-
bated with primary antibodies: TNF-α, Nrf2 and 4-HNE (1:200 dilution, 
Abcam) as described previously [19,21]. After incubated in 
HRP-conjugated secondary antibodies, sections were incubated in 
peroxidase substrate 3,3-Diaminobenzidine (DAB, Servicebio technol-
ogy) and counter stained with hematoxylin. All the sections were 
observed by biological microscope (Nikon, Tokyo, Japan) and quanti-
fied by Image J software. 

For fluorescence staining, frozen myocardial tissues were fixed by 
4% paraformaldehyde for 20 min. ROS production was evaluated by 
dihydroethidium (DHE) fluorescence Kit obtained from Beyotime 
Biotechnology (Shanghai, China). To evaluate myocardial apoptosis, 
sections of heart tissues were stained by using Terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL) apoptosis 
detection kit (Keygen Biotech) or In Situ Cell Death Detection Kit from 
Sigma-Aldrich and counter stained with DAPI (Abcam). H9c2 cells were 
incubated with 2′,7′-Dichlorofluorescin diacetate (DCFH-DA, Beyotime 
Biotechnology) probes for 20 min to detect ROS levels. Stained sections 
and H9c2 cells were evaluated by a fluorescence microscope (Nikon, 
Tokyo, Japan). 

2.7. Flow cytometry 

Cell apoptosis was detected by an Annexin V-FITC/propidium iodide 
(PI) kit (BD Bioscience, NJ, USA). H9c2 Cells were first trypsinized and 
then washed twice by PBS. After adding the binding buffer, cells were 
incubated with 5 μl of Annexin V-FITC and 5 μl of PI in the darkness for 
15 min, then cell were analyzed with Cyto FLEX S (Beckman, USA) [22]. 
ROS production was evaluated by flow cytometry of DCF in vitro [2]. 
Briefly, The H9c2 cells were stained with DCFH-DA after exposed to 
their corresponding treatment at 37 ◦C for 30 min in a darkroom. Flow 
cytometry was then used for analysis and the extent of oxidative stress 
was measured by the mean fluorescence intensity. 

2.8. Immunoprecipitation 

For p53 ubiquitination analysis, H9c2 cells were treated with 100 
ng/ml FGF1ΔHBS for 2h prior to addition of 1 μM ADR for 24 h and lysed 
by using IP lysis buffer (Beyotime) containing protease and phosphatase 
inhibitors; then the lysates were incubated with antibody anti-p53 and 
40 μl protein A/G PLUS-agarose beads (Santa Cruz Biotechnology) at 4 
◦C overnight, the beads were harvested through centrifugation. The 
immunocomplexes were detected by Western blot with an anti-ubiquitin 
antibody (1:1000, Abcam). 

2.9. Statistical analysis 

Data are shown as means ± standard deviation (SD). Two-tailed t-test 
was used to compare two groups and One-way analysis of variance 
(ANOVA) followed by Turkey test or Bonferroni test was used to 
compare three or more groups, Two-way ANOVA followed by Turkey 
test was used to compare the effects of knockout or knockdown of Sirt1 
or Nrf2 in response to FGF1ΔHBS treatment. All statistical data were 
analyzed by using GraphPad Prism v8.0.2.263 data analysis and 
graphing software. P < 0.05 was considered statistically significant. 

3. Results 

3.1. Decreased FGF1 expression in mice heart tissues, primary 
cardiomyocytes and H9c2 cells treated with ADR 

To explore whether there has possible correlation between ADR- 
induced cardiotoxicity and FGF1, we detected the expression of 
endogenous FGF1. Compared to Control group, the mRNA expression of 
Fgf1 were decreased in ADR-treated mice heart tissues (Fig. 1A). Evident 
reduction in mRNA level of Fgf1 was also observed in primary car-
diomyocytes (Fig. 1B) and H9c2 cells (Fig. 1C) treated by ADR in a dose- 
dependent manner. Consistent with the data of Fgf1 mRNA level, protein 
expression of FGF1 in ADR-treated mice heart tissues (Fig. 1D), primary 
cardiomyocytes (Fig. 1E) and H9c2 cells (Fig. 1F) treated by ADR were 
obvious decreased relative to the Control group, respectively. 

3.2. FGF1ΔHBS protected against ADR-induced cardiac pathological and 
functional abnormalities 

To define whether FGF1ΔHBS protects against ADR-induced car-
diotoxicity, mice were given intraperitoneal injection of ADR (5 mg/kg, 
once a week for three times), and a treatment of FGF1ΔHBS (0.5 mg/kg, 
every other day beginning one week prior to injection of ADR and lasting 
for 4 weeks). Cardiac dysfunction was reflected by obvious increased LV 
volume and decreased EF and FS in ADR group, whereas treatment with 
FGF1ΔHBS significantly prevented cardiac dysfunction induced by ADR 
(Fig. 1G–I and other echocardiographic parameters in Table S1). 

Hearts from ADR group presented apparent myofiber disarray, 
defined by H&E staining (Fig. 2A). Furthermore, hypertrophic car-
diomyocytes in ADR group were evident by analysis of myocyte area via 
FITC-conjugated WGA staining (Fig. 2B&C). Morphological hypertrophy 
of the heart from ADR group was further confirmed by the progressively 
increased mRNA expression of the molecular hypertrophy markers 
Myh7, Anp, and Bnp (Fig. 2D–F). However, all these indices related to 
myofiber disarray and hypertrophy caused by ADR were inhibited by 
FGF1ΔHBS treatment (Fig. 2A–F). 

It has been proved that ADR-induced cardiac fibrosis and inflam-
mation accelerate the development of cardiac dysfunction and remod-
eling [23,24]. Therefore, whether FGF1ΔHBS protects against 
ADR-induced fibrosis and inflammation was examined. The cardiac 
fibrotic response, determined by increased collagen accumulation via 
Masson’s trichrome staining (Fig. 2G&I) and Sirius Red staining 
(Fig. 2H&J), and the mRNA expression of fibrotic mediators Ctgf 
(Fig. 2K) and Tgfb (Fig. 2L), all these indices were evident in the ADR 
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group. Moreover, increased expression of inflammatory cytokines TNF-α 
in ADR-treated heart was visibly detected by IHC staining (Fig. 2M&N). 
Also, Tnfa and Il6 mRNA expression were evident in ADR group 
(Fig. 2O&P). Whereas, FGF1ΔHBS treatment largely reduced cardiac 
inflammation and fibrosis induced by ADR (Fig. 2G-P). 

3.3. FGF1ΔHBS protected against ADR-induced cardiac oxidative stress 

It has been reported that oxidative stress plays a vital role in ADR- 

induced cardiac damage [23]. Therefore, cardiomyocyte ROS level 
was defined by fluorescent probes DHE and DCFH-DA. ADR treatment 
significantly increased ROS level compare to Control group (Fig. 3A & 
Fig. 5A–B). In addition, levels of the lipid peroxidation marker protein 
4-HNE, defined by IHC staining, were significantly increased in the ADR 
group (Fig. 3B). However, all these changes were obviously reduced by 
FGF1ΔHBS-treated ADR group (Fig. 3A–B & Fig. 5A–B). 

Since Nrf2 is an antioxidant factor and play antioxidant role by 
promoting transcription of its downstream antioxidant genes such as 

Fig. 1. Decreased endogenous FGF1 levels in ADR-treated cardiomyocytes and FGF1ΔHBS alleviated ADR-induced cardiac dysfunction. A) The mRNA 
expression of Fgf1 in heart tissues (n = 6). B) The mRNA expression of Fgf1 in primary cardiomyocytes. C) The mRNA expression of Fgf1 in H9c2 cells. D) The protein 
expression of FGF1 in heart tissues was analyzed by Western blot and quantification of the relative protein levels (n = 6). E) The protein expression of FGF1 in 
primary cardiomyocytes was analyzed by Western blot and quantification of the relative protein levels. F) The protein expression of FGF1 in H9c2 cells was analyzed 
by Western blot and quantification of the relative protein levels. G-I) Cardiac function was examined by echocardiography. G) Representative M-mode echocar-
diograms. H) Ejection fraction (n = 4–5). I) fractional shortening (n = 5–6). GAPDH as an internal control. Three independent experiments were performed in 
primary cardiomyocytes and H9c2 cells. Data are presented as means ± SD. *P < 0.05; N.S., not significant. Ctrl: Control. 
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Fig. 2. FGF1ΔHBS ameliorated ADR-induced cardiac pathological abnormalities. A) Cardiac histology, tested by H&E staining. B–C) Cardiac tissue FITC- 
conjugated WGA staining and quantification of myocytes cross-sectional areas (n = 6). D-F) The mRNA levels of hypertrophic markers β-myosin heavy chain 
(Myh7) (n = 4–6); atrial natriuretic peptide (Anp) (n = 6); brain natriuretic peptide (Bnp) in cardiac tissues (n = 5–6). G-J) Cardiac fibrotic response. G) determined 
by Masson’s trichrome staining of collagen deposition (collagen is blue) and I) related quantitative analysis (n = 6). H) assessed by Sirius Red staining of collagen 
accumulation (collagen is red) and J) related quantitative analysis (n = 6). K) The mRNA expression of myocardial fibrosis markers connective tissue growth factor 
(Ctgf) (n = 5–6). L) transforming growth factor β (Tgfb) (n = 5–6) M − P) Cardiac inflammation damage. M) detected by IHC staining with tumor necrosis factor-α 
(TNF-α) (brown considered positive staining) and N) related quantitative analysis (n = 6). O) Relative mRNA levels of inflammatory markers Tnfa (n = 6) and P) 
interleukin 6 (Il6) (n = 4–6). Data are presented as means ± SD. *P < 0.05; N.S., not significant. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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Cat, Sod, Ho-1 and Nqo1 in multiple cardiac diseases, including car-
diotoxicity induced by ADR [25]. We examined the expression of Nrf2 in 
cardiac tissues by IHC staining, the results showed that Nrf2 expression 
in the nuclei of cardiomyocytes is inhibited by ADR but significantly 
increased in the FGF1ΔHBS-treated ADR group (Fig. 3C). Then, the 
decreased expression of Nrf2 downstream antioxidant genes Cat, Sod, 
Ho-1, and Nqo1 at mRNA levels further confirmed that Nrf2 transcrip-
tional activity was inhibited in ADR group and significantly restored in 
FGF1ΔHBS-treated ADR group (Fig. 3D–G). To confirm the critical role of 
Nrf2 in the antioxidant effects of FGF1, knockdown of Nrf2 gene was 
performed by Nrf2-shRNA. Nonsense shRNA did not alter Nrf2 expres-
sion and was used as control vector. Knockdown of Nrf2 expression 

partly blocked the inhibitory effect of FGF1 on ADR-induced upregula-
tion of 4-HNE (Fig. 3H–K), suggesting FGF1ΔHBS protected against 
ADR-induced cardiac oxidative stress is partly mediated by Nrf2. 

3.4. FGF1ΔHBS reduced ADR-induced cardiac injury by promoting the 
degradation of p53 

Cardiomyocyte apoptosis contributes to ADR-induced cardiac injury 
[24]. Therefore, whether FGF1ΔHBS prevents ADR-induced cardiac 
apoptosis was examined. Numbers of TUNEL-positive cells were 
increased in the hearts of ADR group, and FGF1ΔHBS significantly 
reduced cardiac TUNEL-positive cells caused by ADR (Fig. 4A). 

Fig. 3. FGF1ΔHBS ameliorated ADR-induced oxidative stress A) Representative images of DHE staining in cardiac tissues followed by quantification of fluores-
cence intensity (n = 6). B) IHC staining using 4-Hydroxynonenal (4-HNE) antibody in cardiac tissues (brown considered positive staining) and related quantitative 
analysis (n = 6). C) Nuclear factor erythroid 2-related factor 2 (Nrf2) nucleus accumulation (indicated by black arrows) was detected by IHC staining with Nrf2 
antibody (brown) and related quantitative analysis (n = 6). D-G) The mRNA levels of catalase (Cat) (n = 5–6); superoxide dismutase (Sod) (n = 6); heme oxygenase-1 
(Ho-1), (n = 5–6); NAD(P)H quinone oxidoreductase 1 (Nqo1) in the cardiac tissues (n = 6). H–K) H9c2 cells were transfected with NC-shRNA or Nrf2-shRNA for 24h, 
then H9c2 cells were treated with PBS or 100 ng/ml FGF1ΔHBS for 2 h, and subsequently treated with ADR (1 μM) for 24h. H) The Nrf2 and I) 4-HNE protein 
expressions were detected by Western blot and J-K) quantification of the relative protein levels. GAPDH as an internal control. Three independent experiments were 
performed in H9c2 cells. Data are presented as means ± SD. *P < 0.05, **P < 0.001. A + F: ADR + FGF1ΔHBS. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Moreover, the apoptosis rate of H9c2 cells was detected by flow 
cytometry and the results were consistent with in vivo experiment 
(Fig. 4B). 

In the past three decades, tumor suppressor protein p53 has received 
a great deal of research attention as an important intracellular pro- 
apoptotic factor. Multiple evidences have also shown a regulatory role 
for p53 both in the embryonic cardiac development and pathological 
cardiovascular diseases [26]. And the pathophysiological mechanism of 
ADR-induced cardiotoxicity appears to involve increased expression of 
p53 in cardiomyocytes, followed by severe cellular apoptosis [27]. Thus, 
we detected the protein expression of p53 in mice heart tissues and H9c2 
cells by Western blot, both the in vivo and in vitro results showed that p53 
expression was significantly increased in ADR-treated cardiomyocytes, 
and this effect was prevented by FGF1ΔHBS (Fig. 4C&D). Of note, 
FGF1ΔHBS suppressed p53 protein expression in a dose-dependent 
manner at ADR-treated H9c2 cells (Fig. 4D). In order to verify the role 
of p53 in the effects of FGF1ΔHBS protects against ADR-induced cardiac 
injury. We up-regulated the expression of p53 in H9c2 cells by using 
nutlin-3a, a small-molecule activator of p53 by antagonizing the binding 
of MDM2 to p53 [18,28], thereby preventing MDM2-mediated p53 
degradation, then we detected the ROS accumulation by fluorescent 

probes DCFH-DA (Fig. 5A&B), as well as cell apoptosis by both 
measuring the expression of cell apoptosis executor cleaved caspase-3 
protein and detecting apoptotic positive cells by flow cytometry 
(Fig. 5C&D). The results showed that the up-regulation of p53 abolished 
the protection effects of FGF1ΔHBS against ADR-induced cardiomyocyte 
ROS accumulation and apoptosis, which suggests FGF1ΔHBS improved 
ADR-induced cardiac injury by inhibiting p53 protein expression. 

To further explore potential mechanisms by which FGF1ΔHBS treat-
ment could lead to the inhibition of p53 protein expression, the half-life 
of p53 protein was examined in H9c2 cells with protein synthesis in-
hibitor CHX. In cells treated with PBS, the protein of p53 underwent 
decay at a half-life of 50 min, while this was shortened to 25 min in cells 
treated with FGF1ΔHBS (Fig. 5E). These results indicated that FGF1ΔHBS 

alleviate ADR-induced cardiac injury by promoting the degradation of 
p53. 

3.5. FGF1ΔHBS degraded p53 by MDM2-mediated p53 ubiquitination 

MDM2, a p53-specific E3 ubiquitin ligase, is the principal cellular 
antagonist of p53, acting to promote p53 degradation by ubiquitinating 
p53 in unstressed cells [29,30]. Therefore, we explored whether 

Fig. 4. FGF1ΔHBS reduced ADR-induced cardiac apoptosis. A) Apoptotic cells (indicated by black arrows) was measured by TUNEL assay in mice heart tissues 
followed by quantification of apoptosis rate (n = 6). B) The apoptosis of H9c2 cells was detected by flow cytometry analysis using Annexin V-FITC/PI staining 
followed by related quantitative analysis. C) The protein expression of p53 in heart tissues was analyzed by Western blot and quantification of the relative protein 
levels (n = 6). D) H9c2 cells were treated with PBS or 100, 250, 500 ng/ml FGF1ΔHBS for 2 h followed with or without addition of 1 μM ADR for 24 h and harvested 
for Western blot and quantification of the relative protein levels. GAPDH as an internal control. Three independent experiments were performed in H9c2 cells. Data 
are presented as means ± SD. *P < 0.05. A + FΔHBS: ADR + FGF1ΔHBS. 
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FGF1ΔHBS promote degradation of p53 is mediated by MDM2-induced 
p53 ubiquitination. The Western blot results in cardiac tissues, pri-
mary cardiomyocytes and H9c2 cells exhibited decreased protein 
expression of MDM2 in ADR group, while FGF1ΔHBS elevated the 
expression of MDM2 inhibited by ADR (Fig. 6A for cardiac tissues, 
Fig. 6B for primary cardiomyocytes and Fig. S1 for H9c2 cells), To 
investigate whether the increased MDM2 expression was a reason of the 
degradation of p53 following FGF1ΔHBS treatment. We detected if 
FGF1ΔHBS promoted p53 degradation by a protein-protein interaction of 
ubiquitin with p53. Indeed, the interaction of ubiquitin and p53 was 
disturbed by ADR, which were corrected by FGF1ΔHBS-treated ADR 
group (Fig. 7A for primary cardiomyocytes and Fig. S2 for H9c2 cells). 
These finding indicated that FGF1ΔHBS degraded p53 by increasing 
MDM2-mediated p53 ubiquitination. 

3.6. FGF1ΔHBS promoted p53 ubiquitination by Sirt1-mediated p53 
deacetylation 

The NAD+ -dependent protein lysine deacylases of the sirtuin family 
regulate diverse physiological functions, from stress responses to energy 
metabolism. The human sirtuin isoforms, Srit1, Srit6 and Srit7, have 
been regarded as attractive therapeutic targets for heart-related diseases 
[31]. Studies also demonstrated that Srit1, Srit6 and Srit7 can inactivate 
p53 by promoting its deacetylation [32–35] and then facilitating p53 
degradation [36]. To explore the role of Srit1, Srit6 and Srit7 in 
deacetylating p53 in our model, the expression of Sirt1, Sirt6 and Sirt7 
protein was analyzed by Western blot in mice heart tissues, primary 
cardiomyocytes and H9c2 cells. The results showed that only Sirt1 
expression was significantly down-regulated by ADR, which were 

Fig. 5. FGF1ΔHBS reduced ADR-induced cardiac injury by degrading p53. A-D) H9c2 cells were pretreated with PBS or 100 ng/ml FGF1ΔHBS in the presence or 
absence of nutlin-3a (10 μM) for 2 h, and then treated with or without ADR (1 μM) for 24h. The ROS accumulation of H9c2 cell was analyzed by A) DCFH-DA staining 
and B) flow cytometry of DCF followed by quantification of fluorescence intensity. C) The p53 and cleaved caspase-3 protein expressions were detected by Western 
blot and quantification of the relative protein levels. D) H9c2 cells were stained using Annexin V-FITC/PI followed by related quantitative analysis. E) H9c2 cells 
were treated with PBS or 100 ng/ml FGF1ΔHBS for 24h followed by 10 μM CHX treatment for indicated time and harvested for Western blot and quantification of the 
relative protein levels. GAPDH as an internal control. Three independent experiments were performed in H9c2 cells. Data are presented as means ± SD. *P < 0.05. C: 
Control; F: FGF1ΔHBS; N: Nutlin-3a; A: ADR; A + F: ADR + FGF1ΔHBS; A + F + N: ADR + FGF1ΔHBS + Nutlin-3a. 
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largely restored by FGF1ΔHBS treatment in the ADR-treated mice and 
cells (Fig. 6A&B and Fig. S1). In addition, the Sirt6 and Sirt7 expression 
was not increased in FGF1ΔHBS/ADR group compare to ADR group 
(Fig. 6A&B and Fig. S1). 

To determine whether the increase of Sirt1 promote the 

deacetylation of p53, the protein expression of Ac-p53 were analyzed by 
Western blot in vivo and in vitro. These results showed FGF1ΔHBS reduced 
the increased expression of Ac-p53 induced by ADR (Fig. 6A&B and 
Fig. S1). Then, we down-regulated the expression of Sirt1 in H9c2 cells 
with Sirt1-shRNA, the results of Western blot indicated the knockdown 

Fig. 6. FGF1ΔHBS reversed ADR-disturbed the protein expression of MDM2, Sirt1 and Ac-p53 in cardiomyocytes. A) The related protein expressions were 
detected by Western blot in heart tissues and quantification of the relative protein levels (n = 6). B) Primary cardiomyocytes were treated with PBS or 100 ng/ml 
FGF1ΔHBS for 2 h followed with or without 1 μM ADR for 24 h. The related protein expression were detected by Western blot and quantification of the relative protein 
levels, GAPDH as an internal control. Three independent experiments were performed in primary cardiomyocytes. Data are presented as means ± SD. *P < 0.05; N.S., 
not significant. 
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of Sirt1 largely blocked the effect of FGF1ΔHBS on decreasing p53 and Ac- 
p53, as well as the effect of FGF1ΔHBS on increasing MDM2 in ADR group 
(Fig. 7B–F), suggesting Sirt1 contributed to the inhibitory effects of 
FGF1ΔHBS on p53 by increasing the deacetylation of p53. Since acety-
lation and ubiquitylation of p53 occur on a similar set of lysine residues 
and are mutually exclusive [37], thus deacetylated p53 greatly accel-
erated the ubiquitination of p53 and the degradation of proteasome by 
MDM2. 

3.7. Sirt1 mediated the protective effect of FGF1ΔHBS against ADR- 
induced cardiotoxicity in vivo 

To further confirm whether Sirt1 activation mediated the protective 
effects of FGF1ΔHBS against ADR-induced cardiotoxicity, wild type (WT) 
and Sirt1-CKO mice were subjected to the ADR-induced cardiotoxicity 
model established by ADR injection. As expected, FGF1ΔHBS treatment 
improved cell apoptosis (Fig. 8A) and cardiac oxidative stress 
(Fig. 8B&D) induced by ADR in WT mice but not in Sirt1-CKO mice, 
Similarly, FGF1ΔHBS treatment improved the cardiac hypertrophy 

(Fig. 8C&E) and cardiac dysfunction (Table 1) in WT mice but not in 
Sirt1-CKO mice. Moreover, decreased Ac-p53 and increased MDM2 
levels were observed in the heart of ADR-treated mice, which were 
normalized with FGF1ΔHBS treatment in the ADR-treated WT mice but 
not in Sirt1-CKO mice (Fig. 8F–J). Taken together, these data indicate 
that Sirt1-mediated the protective effects of FGF1ΔHBS on ADR-induced 
cardiotoxicity. 

4. Discussion 

Our previous studies have shown that FGF1ΔHBS effectively amelio-
rated liver steatosis with reduced proliferation activity [15], however, 
there was no information for the effect and related mechanism of 
FGF1ΔHBS on ADR-impaired pathological and functional alterations in 
the heart. In the current study, we revealed that mRNA and protein level 
of FGF1 was decreased in both ADR-treated mouse model and myocar-
dial cell. These findings suggested the potential effect of FGF1 to protect 
against ADR-induced cardiotoxicity. Then, we identified FGF1ΔHBS as a 
novel agent that possesses an ability to alleviate apoptosis and oxidative 

Fig. 7. The effect of FGF1ΔHBS on MDM2-induced p53 ubiquitination is mediated by Sirt1. A) The immunoblotting of immunoprecipitated p53 with antibody 
recognized ubiquitin in primary cardiomyocytes. B) H9c2 cells were transfected with NC-shRNA or Sirt1-shRNA for 24h, then H9c2 cells were treated with PBS or 
100 ng/ml FGF1ΔHBS for 2 h, and subsequently treated with or without ADR (1 μM) for 24h. B–F) The protein expression of Sirt1, MDM2, Ac-p53, p53 were analyzed 
by Western blot followed by quantification of the relative protein levels. G) Schematic illustration for FGF1ΔHBS protection against ADR-induced cardiotoxicity. Three 
independent experiments were performed in primary cardiomyocytes and H9c2 cells. GAPDH as an internal control. Data are presented as means ± SD. *P < 0.05; N. 
S., not significant. A + FΔHBS: ADR + FGF1ΔHBS. 
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stress of cardiomyocytes induced by ADR, significantly prevented car-
diac remodeling and dysfunction. Further mechanism studies revealed 
that FGF1ΔHBS prohibited p53 stability by Sirt1-mediated p53 deacety-
lation, then promoting MDM2-mediated p53 ubiquitination and 
proteasomal-dependent degradation. 

The progression of ADR-induced cardiotoxicity is closely associated 
with increased oxidative stress in cardiomyocytes. Accumulating evi-
dence demonstrates that excessive ROS production is detected in the 
heart and leads to mitochondrial dysfunction, subsequently affects the 
energy metabolism and results in death of cardiomyocytes after ADR 
treatment [25,38]. Therefore, antioxidative protection would be of great 

significance for treating ADR-related cardiotoxicity. Nrf2 is a key redox 
sensor and one of the main regulators of antioxidant response. Nrf2 
could bind to regulatory antioxidant response elements and activate 
transcription of lots of antioxidant genes, such as Nqo1, glutathione 
s-transferase a3 (Gsta3), and Ho-1 that counteract ROS production [39]. 
Previous studies showed that nuclear Nrf2 activity was down-regulated 
in ADR-induced cardiotoxicity [25,40]. Furthermore, ADR-induced 
myocardial oxidative damage was further worsened by down-
regulating Nrf2 expression [4]. Data from present study shown that 
expression of Nrf2 in the nucleus and its downstream antioxidant factors 
including Cat, Sod, Ho-1 and Nqo1 were decreased, accompanied with 

Fig. 8. Sirt1-CKO mice reduced FGF1ΔHBS mediated cardiac protection and reversed the effect of FGF1ΔHBS on the expression of MDM2 and Ac-p53. A) 
Representative images of TUNEL staining. B) Cardiac tissues were stained by DHE (Red) followed by D) quantification of fluorescence intensity (n = 6). C) Cardiac 
tissue FITC-conjugated WGA staining and E) quantification of myocytes cross-sectional areas (n = 6). F-J) The expression of Sirt1, MDM2, Ac-p53, p53 in cardiac 
tissues were analyzed by Western blot followed by quantification of the relative protein levels (n = 6). GAPDH as an internal control. Data are presented as means ±
SD. *P < 0.05; N.S., not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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severe oxidative damage in mice treated by ADR. However, all these 
changes were significantly alleviated by FGF1ΔHBS treatment, and 
knockdown of Nrf2 expression partly blocked the inhibitory effect of 
FGF1 on ADR-induced oxidative damage (Fig. 3). Therefore, these re-
sults indicated that FGF1ΔHBS protected against ADR-induced car-
diotoxicity by improving redox homeostasis and attenuating oxidative 
stress in heart. 

Another novelty finding in this study is that FGF1ΔHBS protected 
ADR-induced cardiac apoptosis by accelerating p53 degradation (Figs. 4 
and 5). Interest in p53 posttranslational modifications and degradation 
increased dramatically, both during normal homeostasis and in ADR- 
induced responses [41,42]. For example, as a p53-specific E3 ubiq-
uitin ligase, MDM2, is the principal cellular antagonist of p53, acting to 
limit the p53 growth-suppressive function [29,30]. Consistent with 
previous study, results from our study showed that the expression of 
MDM2 was inhibited and the expression of p53 was increased both in 
heart tissues and H9c2 cells treated with ADR [29], and we verified that 
FGF1ΔHBS degraded p53 through promoting MDM2-mediated p53 
ubiquitination (Figs. 6 and 7A). Another important post-transcriptional 
mechanism related to the inhibition of p53 is deacetylation, which is 
regulated by deacetylases. And as a kind of NAD-dependent deacetylase, 
Srit1/6/7 belongs to the sirtuin family widely existing in living organ-
isms. Studies have shown that ADR can inhibit the expression of 
Sirt1/6/7 in renal podocyte cells [33]. Also, previous study has shown 
that increased expression of Sirt1/6/7 can reduce the expression of p53 
protein and suppress p53 acetylation to improve heart and other organs 
diseases [32,34,35]. However, Sirt1, one of the most extensively studied 
members of its kind in histone deacetylase family to govern diverse 
cellular fates, is predominantly related to p53 activity. Indeed, the re-
sults from our study verified that FGF1ΔHBS promoted p53 deacetylation 
by targeting Sirt1 rather than Sirt6 or Sirt7 in ADR-induced cardiotox-
icity model (Figs. 6 & Fig. 7B–E & Fig. 8F–I). Given that acetylation and 
ubiquitylation of p53 occur on a similar set of lysine residues, thus they 
are mutually exclusive [37], when FGF1ΔHBS promoted Sirt1-mediated 

p53 deacetylation, the deacetylation of p53 then facilitate 
MDM2-mediated p53 ubiquitination and consequent degradation. In 
addition, observed results in this study shown that the expression of 
Sirt6 and Sirt7 was reduced by ADR in vitro (Fig. 6B and Fig. S1) but not 
in vivo (Fig. 6A). These discrepancies may be attributed to different dose 
and duration of ADR administration [43]. 

An interesting finding of our study is that the cardioprotective effect 
of FGF1ΔHBS against ADR-induced cardiotoxicity is independent of 
AMPK phosphorylation (Fig. S1 and Fig. S3A&B). As a cell-intrinsic 
regulator, AMPK plays a vital role in maintaining biological energy 
metabolism by modulating p53 activity [44,45]. AMPK activation in-
duces phosphorylation of p53 on Ser15, and this activation promotes 
cellular survival in response to glucose deprivation [46]. However, 
study by Liu and colleagues reported that resveratrol protected against 
ADR-induced cardiomyocyte apoptosis by increasing AMPK phosphor-
ylation to suppress the expression of p53 [47]. These controversial 
findings might be because of the diverse of metabolic procedure be-
tween proliferating mammalian cells and stress-induced cardiac injury 
as well as distinct chemicals (5-aminoimidazole-4-carboxamide riboside 
and resveratrol) for AMPK activation. Additionally, a recent study has 
reported increased expression of phosphorylated AMPK (p-AMPK) by 
FGF1ΔHBS to maintain mitochondrial homeostasis and reduce oxidative 
stress in diabetic cardiomyopathy [48]. While, in the current study, we 
found FGF1ΔHBS did not restore the decreased expression of p-AMPK 
induced by ADR in vivo and in vitro (Fig. S1 and Fig. S3A&B). These 
discrepancies between the reported data and our findings may be 
attributed to the fact that: (1) Two different disease models were 
applied, and (2) AMPK, an established metabolic stress sensor, has 
gained popularity in cardio-metabolic diseases rather than ADR-induced 
cardiotoxicity due to its powerful ability to control intracellular energy 
homeostasis in response to energetic stress. 

The last thing to point out is that the putative cardioprotective 
strategies aimed to activate the FGF1-related pathways might become a 
promising potential treatment for ADR-induced cardiotoxicity. 

Table 1 
Protective effect of FGF1ΔHBS on ADR-induced cardiac dysfunction in Sirt1-CKO mice.   

Ctrl FGF1ΔHBS ADR FGF1ΔHBS/ADR 

WT mice 
IVS,d 1.03 ± 0.06 1.04 ± 0.01 0.89 ± 0.05* 0.93 ± 0.01 
LVID,d 3.02 ± 0.07 3.03 ± 0.03 3.32 ± 0.02* 3.06 ± 0.04# 

LVPW,d 1.04 ± 0.02 1.03 ± 0.02 0.96 ± 0.03 1.07 ± 0.08 
IVS,s 1.23 ± 0.06 1.26 ± 0.04 1.09 ± 0.06 1.07 ± 0.07 
LVID,s 1.66 ± 0.04 1.63 ± 0.01 2.25 ± 0.05* 1.84 ± 0.05# 

LVPW,s 1.94 ± 0.04 1.99 ± 0.07 1.61 ± 0.04* 1.62 ± 0.01 
EF% 77.78 ± 0.58 79.09 ± 0.48 61.73 ± 1.42* 72.03 ± 1.46# 

FS% 44.99 ± 0.53 46.27 ± 0.50 32.25 ± 0.97* 39.90 ± 1.21# 

LV mass 110.28 ± 9.81 110.70 ± 3.03 107.02 ± 5.33 106.46 ± 5.63 
LV mass,Co 88.23 ± 7.85 88.56 ± 2.42 85.62 ± 4.27 85.17 ± 4.50 
LV Vol,d 35.71 ± 1.87 36.00 ± 0.95 44.84 ± 0.77* 36.62 ± 1.34# 

LV,Vol,s 7.94 ± 0.53 7.53 ± 0.10 17.17 ± 0.94* 10.26 ± 0.77# 

Sirt1-CKO mice 
IVS,d 0.93 ± 0.04 0.95 ± 0.03 1.01 ± 0.04 1.02 ± 0.03 
LVID,d 3.09 ± 0.03 3.04 ± 0.003 3.26 ± 0.01* 3.24 ± 0.01 
LVPW,d 1.07 ± 0.03 1.06 ± 0.06 1.01 ± 0.06 0.99 ± 0.05 
IVS,s 1.24 ± 0.02 1.31 ± 0.01 1.13 ± 0.05* 1.15 ± 0.04 
LVID,s 1.73 ± 0.01 1.70 ± 0.03 2.30 ± 0.02* 2.27 ± 0.03 
LVPW,s 1.74 ± 0.03 1.98 ± 0.01 1.64 ± 0.02* 1.61 ± 0.03 
EF% 76.67 ± 0.55 76.84 ± 0.98 57.38 ± 0.79* 58.40 ± 1.16 
FS% 44.01 ± 0.53 44.12 ± 0.93 29.23 ± 0.53* 29.88 ± 0.79 
LV mass 108.17 ± 5.67 105.63 ± 6.26 117.62 ± 2.18 116.30 ± 4.61 
LV mass,Co 86.53 ± 4.54 84.50 ± 5.01 94.10 ± 1.74 93.04 ± 3.69 
LV Vol,d 37.64 ± 0.75 36.10 ± 0.09 42.72 ± 0.27* 42.07 ± 0.15 
LV Vol,s 8.78 ± 0.15 8.36 ± 0.35 18.21 ± 0.32* 17.51 ± 0.51 

Data are presented as means ± SD. 
IVS,d, end-diastolic interventricular septum thickness; LVID,d, left ventricle (LV) internal-diastolic diameter; LVPW,d, end-diastolic LV posterior wall thickness; IVS,s, 
end-systolic interventricular septum thickness; LVID,s, LV internal-systolic diameter; LVPW,s, end-systolic LV posterior wall thickness; EF, ejection fraction; FS, 
shortening fraction; LV mass,Co, LV mass, Corrected; LV vol,d, LV end-diastolic volume; LV vol,s, LV end-systolic volume. 
*P < 0.05 vs. respective Control group; #P < 0.05 vs. respective ADR group. 
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Therefore, a number of natural extracts and clinical drugs [34,49–53] to 
active FGF1 could be screened to ameliorate heart damage caused by 
ADR, which provide the proof of translational studies designed to reduce 
adverse cardiovascular outcomes. More importantly, optimal car-
dioprotective strategies should not only interfere with the primary 
mechanisms of cardiotoxicity but enhance or at least preserve the 
antitumor capacity of ADR. Therefore, more studies will be required to 
fully dissect the effects of FGF1ΔHBS on the efficacy of ADR-induced 
tumor killing. 

In conclusion, we demonstrated here for the first time that FGF1ΔHBS 

prevented myocardial injury in ADR-induced cardiotoxicity mouse 
model. Activation of Sirt1 by the non-mitogenic FGF1ΔHBS greatly 
reduced p53 stability through increasing p53 deacetylation and subse-
quently promoting MDM2-mediated p53 ubiquitination and proteasome 
degradation to reverse cardiac oxidative damage and apoptosis, which 
protect myocardial remodeling and dysfunction against chemotherapy, 
as illustrated in Fig. 7G. Given the favorable metabolic activity and 
lower proliferative potential of FGF1ΔHBS application, our data offer 
prospect that FGF1ΔHBS may become a clinically useful agent for the 
treatment of ADR-induced cardiotoxicity. 
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