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Abstract: Doxorubicin (DOX) is an effective chemotherapeutic agent that plays an unparalleled role
in cancer treatment. However, its serious dose-dependent cardiotoxicity, which eventually contrib-
utes to irreversible heart failure, has greatly limited the widespread clinical application of DOX. A
previous study has demonstrated that the ribonucleotide reductase M2 subunit (RRM2) exerts sal-
utary effects on promoting proliferation and inhibiting apoptosis and autophagy. However, the spe-
cific function of RRM2 in DOX-induced cardiotoxicity is yet to be determined. This study aimed to
elucidate the role and potential mechanism of RRM2 on DOX-induced cardiotoxicity by investigat-
ing neonatal primary cardiomyocytes and mice treated with DOX. Subsequently, the results indi-
cated that RRM2 expression was significantly reduced in mice hearts and primary cardiomyocytes.
Apoptosis and autophagy-related proteins, such as cleaved-Caspase3 (C-Caspase3), LC3B, and be-
clin1, were distinctly upregulated. Additionally, RRM2 deficiency led to increased autophagy and
apoptosis in cells. RRM2 overexpression, on the contrary, alleviated DOX-induced cardiotoxicity in
vivo and in vitro. Consistently, DIDOX, an inhibitor of RRM2, attenuated the protective effect of
RRM2. Mechanistically, we found that AKT/mTOR inhibitors could reverse the function of RRM2
overexpression on DOX-induced autophagy and apoptosis, which means that RRM2 could have
regulated DOX-induced cardiotoxicity through the AKT/mTOR signaling pathway. In conclusion,
our experiment established that RRM2 could be a potential treatment in reversing DOX-induced
cardiac dysfunction.
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1. Introduction

Doxorubicin, a broad-spectrum chemotherapeutic drug, is commonly used in the
clinical treatment of cancer, with a potent curative effect [1]. However, promoting DOX
usage in clinical treatment still faces many obstacles, such as severe cardiotoxicity and
heart failure [2,3]. It is believed that many factors are involved in its cardiotoxicity, such
as the excessive accumulation of reactive oxygen species (ROS), calcium dysregulation,
and disturbance of the apoptosis and autophagy pathways [4-8]. Current evidence has
shown that the excessive accumulation of ROS is the culprit of DOX-induced cardiomyo-
pathy, resulting in irreversible cardiac dysfunction [9]. However, some evidence has
demonstrated that DOX could lead to apoptosis without inducing ROS production and
oxidative stress [10]. DOX-induced cardiotoxicity can be alleviated by inhibiting cardio-
myocyte apoptosis [11]. Accordingly, targeting the above mechanisms provides an effec-
tive therapeutic direction to alleviate DOX-induced cardiotoxicity.

Biomolecules 2022, 12, 299. https://doi.org/10.3390/biom12020299

www.mdpi.com/journal/biomolecules


file:///D:/è½¯ä»¶ä¸�ç�¨/æ��é��è¯�å�¸/Dict/8.9.9.0/resultui/html/index.html#/javascript:;
file:///D:/è½¯ä»¶ä¸�ç�¨/æ��é��è¯�å�¸/Dict/8.9.9.0/resultui/html/index.html#/javascript:;
file:///D:/è½¯ä»¶ä¸�ç�¨/æ��é��è¯�å�¸/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
file:///D:/è½¯ä»¶ä¸�ç�¨/æ��é��è¯�å�¸/Dict/8.9.6.0/resultui/html/index.html#/javascript:;

Biomolecules 2022, 12, 299

2 of 16

Ribonucleotide reductase (RR) plays a crucial role in DNA synthesis and can limit its
repair [12]. The ribonucleotide reductase regulatory subunit M2 (RRM2), a part of nucle-
otide reductase, catalyzes the inhibition of ribonucleotides, yielding deoxyribonucleotides
[13]. Previous studies have revealed that RRM2 plays a vital role in promoting cell prolif-
eration, migration, and invasion, while inhibiting cell apoptosis [14]. In addition, RRM2
could affect cell proliferation—specifically, inhibition of the cell cycle, which is manifested
as the apoptosis of human neuroblastoma cells [15]. Moreover, RRM2 expression can be
used as an indicator to predict responses to chemotherapy [16,17]. Another study showed
that by inducing the overexpression of Rrm1/Rrm2 in rats, the content of RNA enzyme
was significantly increased, which improved cardiac function without causing cardiac re-
modeling in infarcted rats [18]. However, the roles and mechanisms of RRM2 in DOX-
induced cardiotoxicity are still unclear.

Collectively, our findings indicated that RRM2 could alleviate DOX-induced myo-
cardial damage, possibly by inhibiting excessive cardiomyocyte apoptosis and autophagy.
The results demonstrated that RRM2 could provide a novel therapeutic direction to ame-
liorate DOX-induced cardiotoxicity.

2. Materials and Methods
2.1. Animals and Treatment

Male C57/B6 mice were purchased from Jihui Laboratory Animal Breeding Co., Ltd.
(Shanghai, China). All animals were kept in an SPF barrier environment at a constant tem-
perature of 20°-25° and were provided with sufficient food and water. After dissolving
DOX with saline, the mice were prepared to receive the intraperitoneal injection. The ex-
perimental group was injected with DOX (i.p. 15 mL/kg), while the control group was
injected with the same dose of saline. Five days later, the heart tissue sample was collected
under the premise of using isoflurane anesthesia.

2.2. Cell Studies

Neonatal primary cardiomyocytes from mice were isolated according to previous
studies [19]. The cardiomyocytes were kept in DMEM supplemented with 10% fetal bo-
vine serum (Sigma, Saint Louis, MO, USA) and 1% penicillin-streptomycin solution (Hy-
clone, Logan, Utah, USA). The cells were treated with DOX (1 pmol/L) in the medium for
24 h. In addition, RRM2 inhibitor (MCE, New Jersey, USA) and AKT/mTOR inhibitors
(MCE, New Jersey, USA) were added into the medium, respectively.

According to the product instructions of Zorin, the small interference targeting
RRM2 (si-RRM2) was transfected into cardiomyocytes for 12 h using Lipo3000. After that,
we measured RRM2 protein and mRNA levels to detect the silencing efficiency of si-
RRM2.

2.3. Recombinant Adenovirus Was Delivered to Mice Ventricular and Primary Cardiomyocytes

The adenovirus with RRM2 overexpression (Ad-RRM2) and control virus (Ad-GFP)
were constructed by Hanbio Biotechnology, China. Mice were anesthetized by isoflurane
followed by continuous inhalation of isoflurane using a mask oxygen inhalation device.
During exposure to the heart at the strongest apical beat, Ad-RRM2 or Ad-GFP (50 pL)
was injected into the 4-5 positions on the left ventricular wall using a disposable sterile
syringe. Four days later, subsequent treatment was carried out.

The primary cardiomyocytes were incubated in a 6-well plate, and the virus was
transfected into cells. Replacing the new medium 12 h after transfection was necessary,
and the subsequent treatment was carried out after 24 h.

2.4. Cell Proliferation Assay

To further verify the cell viability, a cell count kit-8 (CCK-8, Beyotime, Shanghai,
China) was used. Cells were seeded in a 96-well plate at 5 x 10° cells per well with different
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drugs for 24 h prior to treatment with DOX. According to the instructions for the CCK-8,
20 puL was added to cells. Then, the cells were incubated in the incubator for 1 h. Finally,
the absorbance was measured at 450 nm.

2.5. Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling (TUNEL)

To further verify the degree of apoptosis, TUNEL (Beyotime, Shanghai, China) stain-
ing was used. Cells were seeded in a 6-well plate for 48 h with different concentrations of
drugs. According to the instructions for the TUNEL, 100 pL was added to cells. Then, the
cells were incubated in the incubator for 1 h. Subsequently, PBS was used to remove re-
sidual dyes in cells. The ratio of TUNEL-positive cells to the number of nuclei stained by
DAPI represents the degree of apoptosis.

2.6. Histological Analysis and Immunofluorescence Staining

After the experiments, the mice were anesthetized and their heart tissues were taken
out for histological analysis. Immunofluorescence and hematoxylin and eosin (H&E)
staining were performed according to previous studies [20].

2.7. Reverse-Transcription Quantitative PCR (qPCR)

Total RNA was isolated from heart tissue samples and cells using TRIzol (Takara,
Otsu, Japan). cDNA was synthesized using the Prime-ScriptTMRT reagent kit (Takara,
Otsu, Japan). In line with directions, we used SYBR Green (Takara, Otsu, Japan) to per-
form qRT-PCR. GAPDH was used as an internal control. The primer sequences performed
in this study for the target genes were as follows:

GAPDH (Mus musculus) F TGCACCACCAACTGCTITAG
GAPDH (Mus musculus) R GGATGCAGGGATGATGTTC

RRM2 (Mus musculus) F ACTGTGACTTTGCCTGCCTGATG
RRM2 (Mus musculus) R TCCGTGAGGAACTCCTGCTCTATC

2.8. Western Blot

Extraction of proteins from primary cardiomyocytes and heart tissues was performed
with RIPA lysis buffer (Beyotime, Shanghai, China) mixed with protease and phosphatase
inhibitors (Beyotime, Shanghai, China). The protein was separated using 7.5-12.5% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
a polyvinylidene fluoride (PVDF) membrane. TBST was used to prepare 5% nonfat dry
milk for 1 h at room temperature, and then it was incubated overnight with a primary
antibody at 4 °C. The antibodies we used were as follows: RRM2 (ABclonal, A5255), Bcl-2
(Proteintech, 12789-1-AP), Phospho-mTOR (CST, 5536T), cleaved-Caspase3 (CST, 9661S),
Beclin 1 (ABclonal, A7353), mTOR (CST, 2983T), AKT (Proteintech, 10176-2-AP), Phospho-
Akt (Abclonal, AP1259), LC3B (Abclonal, A19665), GAPDH (Abcam, ab181602). Finally,
HRP-conjugated secondary antibodies were used at room temperature for 1 h. Signals
were visualized by enhanced chemiluminescence ECL (Thermo Scientific,Boston, MA,

USA).

2.9. Data Analysis

All values are expressed as means + standard deviation (SD) of independent experi-
ments. Differences between groups were analyzed by an unpaired, two-tailed Student t-
test (two groups) or ANOVA (three or more groups) followed by Bonferroni’s correction
if needed. All of the statistical tests were performed with the GraphPad Prism software
version 5.0, and differences with p <0.05 were considered statistically significant.
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3. Results
3.1. RRM2 Expression Is Decreased In Vitro and In Vivo after DOX Treatment

Firstly, the effect of DOX on RRM2 expression was detected by qRT-PCR and West-
ern blot. After the cells were treated with DOX (1 pmol/L) for 24 h, we found that the
expression of RRM2 mRNA (Figure 1A) and protein levels (Figure 1C,D) were both de-
creased in primary cardiomyocytes, compared with the control group. RRM2 expression
was also investigated in mice after intraperitoneal injection of DOX (15 mg/kg) for 5 days.
Similarly, RRM2 mRNA expression (Figure 1B) and protein levels (Figure 1E,F) were
markedly downregulated compared with the control group. In summary, these results
demonstrated that RRM2 could be implicated in DOX-induced cell damage.
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Figure 1. RRM2 expression was decreased in vitro and in vivo after DOX treatment. (A) Compared
with the CTR group, the mRNA expression of RRM2 in primary cardiomyocytes was decreased
after DOX treatment (1 = 6). (B) Compared with the CTR group, the mRNA expression of RRM2 in
hearts was lower after DOX treatment (1 = 6). (C,D) RRM2 protein levels in primary cardiomyocytes
treated with DOX (n = 4). (E,F) RRM2 protein levels in hearts 5 days after DOX treatment (1 = 4). **
indicates p < 0.01. ** indicates p <0.001.
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3.2. RRM2 Overexpression Abated DOX-Induced Apoptosis and Autophagy In Vitro

Apoptosis and autophagy are critical to DOX-induced cardiomyopathy [21,22]. To
investigate their role, primary cardiomyocytes were treated with DOX for 24 h, and West-
ern blot was used to evaluate the impacts of DOX on primary cardiomyocytes. As shown
in Figure 2A-E, DOX treatment prominently increased the protein level of C-Caspase3
and reduced the antiapoptotic protein level of Bcl-2. In addition, autophagy proteins ex-
pressions, such as LC3B and beclinl, were significantly increased. Taken together, the
mechanism of DOX-induced cardiotoxicity could pertain to the disturbance of apoptosis
and autophagy. Subsequently, cardiomyocytes were transfected with overexpressed
RRM2 adenovirus (Ad-RRM2) and ctr GFP virus (Ad-GFP) before DOX treatment to fur-
ther explore the function of RRM2. Western blotting showed that RRM2 was successfully
overexpressed after transfection (Figure 2F,G), and its findings confirmed that RRM2
overexpression downregulated the protein levels of C-Caspase3, LC3B, and beclinl —
while Bcl-2 was upregulated, as shown in Figure 2H,I. Collectively, these results provide
evidence that RRM2 overexpression protects against apoptosis and autophagy in cells.
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Figure 2. RRM2 overexpression protected against apoptosis and autophagy in cardiomyocytes. (A—
E) The protein expressions of Bcl-2, C-Caspase3, Beclinl, and LC3B in cardiomyocytes after DOX
treatment (1 =4). (F,G) Western blot showing RRM2 level in cardiomyocytes after virus transfection
(n =4). (HI) The protein expression of autophagy and apoptosis (n = 4). ** indicates p < 0.01. ***
indicates p < 0.001.

3.3. Knockdown of RRM2 Facilitates DOX-Induced Injury In Vitro

To investigate whether RRM2 deficiency played a role in DOX-induced cardiotoxi-
city, si-RNA targeting RRM2 was transfected into cardiomyocytes, and qRT-PCR and
Western blot were used to detect the efficiency of si-RNA. The gRT-PCR and Western blot
results showed that the mRNA and protein levels of RRM2 were markedly decreased after
transfecting si-RNA (Figure 3A,B). Western blot results also confirmed that RRM2 knock-
down upregulated the expression of pro-apoptotic and autophagy-related proteins, such
as C-Caspase3, LC3B, and beclinl, and downregulated Bcl-2 after DOX treatment (Figure
3D,E). These findings prove that RRM2 deletion could affect apoptosis and autophagy
upon DOX treatment. Additionally, it has been reported that RRM2 can affect the prolif-
eration of tumor cells [23]. To detect the effects of RRM2 on cytotoxicity and proliferation,
CCKS8 was used to verify the function of RRM2 on HIC2 cells. The cells were randomly
divided into five groups. Before DOX treatment, three groups were added with DIDOX
(RRM2 inhibitor, MCE), si-RNA, Ad-RRM2 for pretreatment, respectively. Our findings
demonstrated that RRM2 overexpression could reduce the adverse effects of DOX on cell
proliferation, while the inhibition of RRM2 enhanced this effect, as shown in Figure 3F.
Altogether, these data demonstrated that RRM2 uniquely affects cell proliferation.
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Figure 3. RRM2 knockdown facilitated DOX-induced injury in vitro. (A) The mRNA expression of
RRM2 after si-RNA transfection (1 = 6). (B,C) The protein expression of RRM2 after si-2 transfection
(n=4). (D,E) The protein expression of autophagy and apoptosis after si-2 and DOX treatment (1 =
4). (F) Cell viability after Ad-RRM2, si-2, and DIDOX treatment. (1 = 5). * indicates p < 0.05. ** indi-
cates p <0.01. *** indicates p < 0.001. *** indicates p < 0.0001.

3.4. RRM2 Overexpression Alleviated DOX-Induced Cardiotoxicity In Vivo

Since DOX treatment could downregulate the levels of RRM2, and as apoptosis and
autophagy were aggravated after RRM2 was knocked down, we then verified the effect
of RRM2 overexpression on the hearts of mice. Ad-RRM2 and Ad-GFP were separately
transduced into cardiac tissue by in situ left ventricular injection. Immunofluorescence
confirmed that RRM2 was successfully transferred into hearts (Figure 4A,B). As predicted,
RRM2 overexpression ameliorated DOX-induced cardiomyopathy, indicated by reduced
pro-apoptotic and autophagy-related proteins (Figure 4C,D) and improved myofibrillar
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degeneration and disruption (Figure 4E). These findings showed that RRM2 overexpres-
sion mitigated DOX-induced cardiotoxicity in hearts.
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Figure 4. RRM2 overexpression alleviated DOX-induced cardiotoxicity in vivo. (A,B) Immunofluo-
rescence data revealed that Ad-GFP and Ad-RRM2 were successfully transferred into hearts (1 = 4).
(C,D) The protein levels of autophagy and apoptosis in mice after DOX treatment (n = 4). (E) H&E
staining in hearts compared with DOX and adenovirus treatments. ** indicates p < 0.01. *** indicates
p <0.001.

3.5. Blocking RRM2 Qwerexpression Can Reverse Its Protective Effect

To further verify the protective effect of RRM2, we added DIDOX while using ade-
noviral overexpression of RRM2 to treat cells. The addition of DIDOX (60 pmol/L) during
viral transfection blocked the protective effect of RRM2 overexpression, resulting in the
increase of LC3B, beclinl, and C-Caspase3 and the decrease of Bcl-2, as shown in Figure
5A,B. In addition, we stained the nucleus with TUNEL (Figure 5C), indicating that the
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cells had typical nuclear apoptosis. In addition, the apoptotic index was significantly in-
creased when RRM2 was knocked out by siRNA and decreased when RRM2 was overex-
pressed by adenovirus. In summary, our findings showed that RRM2 improved DOX-
induced cardiotoxicity.

DIDOX — — + + b 1
. N "
A RRM2 + + + + B ] 5 157 ]
% 094 o

DOX + + + + g g

_ 3 oo g '

LC3II/I 14/16kDa ® 071 g% m
Beclin 60kDa R

c-caspase3 [ 15kDa 159 . 5] wen * DOX+Ad-RRM2

Bcl-2 26kDa
GAPDH [ 36kDa

.? = DOX+Ad-RRM2+DIDOX

LC3O/LC3I

0.59

0. T T 0.0 I ]

C CTR DOX DOX+Ad-RRM2 DOX+si-2

Beclin1/GAPDH

TUNEL

DAPI

Merge

957 ** CTR
e — .
= *okk v
> 0.4+ kx| v = DOX
3
,ﬂé 0.3 [ ¥ DOX+Ad-RRM2
o v DOX#+si-2
B 0.2+
[=3
g 0.1 | |
2044
0.0 | r

Figure 5. Blocking the overexpression of RRM2 reversed its protective effect. (A,B) The protein lev-
els of Bcl-2, C-Caspase3, Beclinl, and LC3B in cardiomyocytes after DIDOX and adenovirus treat-
ments (1 = 4). (C) TUNEL staining in each group (n = 4). ** indicates p < 0.01. *** indicates p < 0.001.

3.6. AKT/mTOR Signaling Is Involved in Regulating RRM2 in Cardiomyocytes

Current studies revealed that the AKT/mTOR pathway is responsible for DOX-in-
duced cardiomyopathy [24,25]. Consistently, we found that the protein levels of p-AKT
and p-mTOR in vitro of the si-RNA or Ad-RRM2 treated groups were significantly
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changed compared with the DOX group, indicating that the AKT/mTOR signaling path-
way was involved in the protective effects of RRM2 on cardiomyocytes (Figure 6). Subse-
quently, AKT and mTOR inhibitors were used to investigate the role of AKT/mTOR sig-
nals in the protection of RRM2 against DOX-induced cardiotoxicity. After treatment with
LY294002, an AKT inhibitor, the expression levels of beclinl, LC3B, and C-Caspase3 were
markedly upregulated, and Bcl-2 was significantly downregulated in overexpressed
RRM2 cardiomyocytes (Figure 7A,B). The same results were obtained when cells were
treated with rapamycin, an mTOR inhibitor (Figure 7C,D).
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Figure 6. (A,B) The protein levels of AKT/mTOR signaling pathway in primary cardiomyocytes
after DOX and adenovirus treatment (1 = 4). (C,D) The protein levels of the AKT/mTOR signaling
pathway in primary cardiomyocytes after DOX and si-RNA treatment (n = 4). * indicates p <0.05. **
indicates p < 0.01. ** indicates p < 0.001. ns indicates p > 0.05.
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Figure 7. (A,B) The protein levels of autophagy and apoptosis in primary cardiomyocytes after
LY294002 treatment (1 = 4). (C,D) The autophagy and apoptosis-related protein levels in primary
cardiomyocytes after rapamycin treatment (1 =4). * indicates p <0.05. ** indicates p <0.01. # indicates
p>0.05.

These findings demonstrated that blocking the AKT/mTOR signaling pathway abol-
ished the beneficial effect of RRM2, further confirming that RRM2 has a protective effect
against DOX-induced cardiomyopathy through the AKT/mTOR signaling pathway.

4. Discussion

Our study revealed the potential protective function of RRM2 on DOX-induced car-
diomyopathy and investigated the underlying mechanism (Figure 8). Compared with the
control group, RRM2 expression was markedly lower in heart tissues and primary cardi-
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omyocytes after DOX treatment. We also demonstrated that when RRM2 was overex-
pressed, it could significantly inhibit excessive apoptosis and autophagy —thereby allevi-
ating DOX-induced toxicity —and that this protective effect disappeared after adding
RRM2 inhibitors. Consistently, RRM2 knockdown aggravated the development of DOX-
induced cardiomyopathy, which could be connected to the disturbance of apoptosis and
autophagy. We also found that the protein levels of p-AKT and p-mTOR decreased mark-
edly after DOX treatment, while this effect was reversed after RRM2 overexpression, con-
firming the AKT/mTOR signaling pathway role in regulating RRM2 in cardiomyocytes.
In summary, we believe that RRM2 could be a promising therapy against DOX-induced
cardiomyopathy.

Doxorubicin

A 4

CRrvz D |

[ Autophagy } [ Apoptosis }

\ /

cardiotoxicity

Figure 8. The effects of RRM2 on cardiotoxicity induced by DOX.

At present, it is widely believed that the activity of RR, a nucleotide metabolism en-
zyme, is closely related to tumor progression. It has been reported that RR can regulate
cell proliferation, apoptosis, autophagy, and migration [26]. RR consists of two subunits,
RRM1 and RRM2 [27]. Current studies have shown that RRM1 and RRM2 have different
effects on tumor progression. For instance, RRM1 knockout could inhibit tumor growth,
reduce the risk of metastasis and increase the sensitivity to chemotherapeutic drugs—in-
dicating that RRM1 had pro-tumor functions [28,29]. On the other hand, RRM2 overex-
pression could significantly enhance the activation potential of multiple oncogenes and
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increase the risk of malignant tumors [30]. RRM2 is also upregulated in neuroblastoma
tissues and is closely related to its clinical stages [15]. Moreover, when the expression of
RRM2 is inhibited, it can significantly inhibit cell proliferation and promote apoptosis [31].
In the cell cycle, especially in the S/G2 phase, the transcriptional activation of RRM2
greatly stimulates the activity of RNR to supply the dNTP required for DNA replication
[27]. However, there is no current comprehensive mechanism that elucidates the down-
stream signaling pathway of RRM2 in DOX-induced cardiotoxicity. Our data showed that
in vitro and in vivo, DOX-induced cardiotoxicity was significantly reduced when RRM2
was overexpressed, which indicated that RRM2 exerts a protective effect in heart diseases.

DOX is an effective chemotherapeutic drug that plays a key role in the clinical treat-
ment of tumors [32]. However, DOX can cause severe heart damage to patients and even
heart failure eventually [33]. Although its clinical effects are remarkable, DOX-related car-
diotoxicity is dose-dependent, limiting the promotion of DOX in tumor treatment. The
current literature has indicated that many factors participate in the pathogenesis of DOX-
induced myocardial damage, such as mitochondrial dysfunction, the disturbance of au-
tophagy, cardiomyocyte apoptosis, and excessive production of ROS [34]. Although mul-
tiple mechanisms participate in the evolution of DOX-induced cardiomyopathy, there is
currently no method of blocking this process. Therefore, it is urgent that treatment options
or potent workarounds are actively explored.

Apoptosis plays a vital role in DOX-induced cardiotoxicity. Existing evidence has
shown that both oxidative stress and inflammatory responses induced by DOX could
eventually lead to cardiomyocyte apoptosis [35]. This study aimed to analyze the unique
function of RRM2 in heart diseases. Previous studies have shown that RR could improve
myocardial contractility, and overexpression of RR could significantly enhance the con-
tractility of infarcted hearts [18,36]. These results indicate that RR plays an important role
in cardiac function. However, no research on its function in DOX-induced cardiotoxicity
has been conducted before. Our results indicate that RRM2 overexpression could inhibit
the apoptosis of cardiomyocytes and alleviate heart injury, which could provide a thera-
peutic option for DOX-induced cardiotoxicity. At present, studies have reported that DOX
can cause excessive autophagy, aggravating cell injury [37]. Therefore, some studies have
emphasized that reversing DOX-induced excessive autophagy could develop a protective
effect [38,39]. In breast cancer cells, RRM2 overexpression could downregulate autophagy
levels, leading to the generation of cell resistance [40]. In the present study, we found that
autophagy increased after DOX treatment, which is consistent with previous studies, and
RRM2 could reverse the disturbance of autophagy by reducing the expression levels of
LC3 and beclinl.

The AKT/mTOR signaling pathway plays an important role in cell apoptosis, meta-
bolic regulation, and proliferation. Existing evidence suggests that the AKT/mTOR path-
way plays an important role in DOX-induced cardiotoxicity. In addition, the Akt/mTOR
pathway was reported to be involved in regulating RRM2 in retroperitoneal liposarcoma
[41]. However, the connection between RRM2 and the AKT/mTOR signaling pathway in
DOX-induced cardiomyopathy remains unclear. In our study, DOX treatment did reduce
p-AKT and p-mTOR expressions, and RRM2 overexpression reversed this phenomenon,
accompanied by decreased apoptosis, and autophagy. To further verify this effect, we
added LY294002 and rapamycin separately and found that inhibiting AKT and mTOR in
vivo increased apoptosis-related and autophagy-related proteins, abolishing the protec-
tive effect of RRM2 overexpression.

In conclusion, our study has found that overexpression of RRM2 could reduce DOX-
induced myocardial damage and dysfunction by activating the AKT/mTOR signaling
pathway, which provides a new option for the clinical treatment of its toxicity-related side
effects.

Author Contributions: Y.J. and Y.L. were responsible for the design and execution of the experi-
ments and the writing of the manuscript. J.Z., Y.Z., ].W. and S.Z. were responsible for the execution



Biomolecules 2022, 12, 299 14 of 16

of experiments and data analysis. Y.J. and Y.L. contributed equally to this work. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China grant number
81974295 and 82000331.

Institutional Review Board Statement: The animal studies were performed in compliance with the
Declaration of Helsinki and were approved by the local ethics committee of Shanghai Xinhua Hos-
pital affiliated to Shanghai Jiao Tong University School of Medicine.

Informed Consent Statement: Not applicable.
Data Availability Statement: All data reported are included and represented in the manuscript.

Conlflicts of Interest: The authors declare that they have no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Herrmann, J. Adverse cardiac effects of cancer therapies: Cardiotoxicity and arrhythmia. Nat. Rev. Cardiol. 2020, 17, 474-502.
https://doi.org/10.1038/s41569-020-0348-1.

Lu, J; Li, J; Hu, Y,; Guo, Z,; Sun, D.; Wang, P.; Guo, K.; Duan, D.D.; Gao, S.; Jiang, J.; et al. Chrysophanol protects against
doxorubicin-induced cardiotoxicity by suppressing cellular PARylation. Acta Pharm. Sin. B 2019, 9, 782-793.
https://doi.org/10.1016/j.apsb.2018.10.008.

Gorini, S.; De Angelis, A.; Berrino, L.; Malara, N.; Rosano, G.; Ferraro, E. Chemotherapeutic Drugs and Mitochondrial Dysfunc-
tion: Focus on Doxorubicin, Trastuzumab, and Sunitinib. Oxidative Med. Cell. Longev. 2018, 2018, 1-15.
https://doi.org/10.1155/2018/7582730.

Ma, J.; Wang, Y.; Zheng, D.; Wei, M.; Xu, H.; Peng, T. Racl signalling mediates doxorubicin-induced cardiotoxicity through
both reactive oxygen species-dependent and -independent pathways. Cardiovasc. Res. 2012, 97, 77-87.
https://doi.org/10.1093/cvr/cvs309.

Gu, J; Fan, Y.-Q.; Zhang, H.-L.; Pan, J.-A.; Yu, ].-Y.; Zhang, ]J.-F.; Wang, C.-Q. Resveratrol suppresses doxorubicin-induced
cardiotoxicity by disrupting E2F1 mediated autophagy inhibition and apoptosis promotion. Biochem. Pharmacol. 2018, 150, 202-
213. https://doi.org/10.1016/j.bcp.2018.02.025.

Gu, J; Hu, W,; Song, Z.-P.; Chen, Y.-G.; Zhang, D.-D.; Wang, C.-Q. Resveratrol-induced autophagy promotes survival and
attenuates doxorubicin-induced cardiotoxicity. Int. Immunopharmacol. 2016, 32, 1-7. https://doi.org/10.1016/j.intimp.2016.01.002.
Russo, M.; Guida, F.; Paparo, L.; Trinchese, G.; Aitoro, R.; Avagliano, C.; Fiordelisi, A.; Napolitano, F.; Mercurio, V.; Sala, V.; et
al. The novel butyrate derivative phenylalanine-butyramide protects from doxorubicin-induced cardiotoxicity. Eur. |. Heart Fail.
2019, 21, 519-528. https://doi.org/10.1002/ejhf.1439.

Zhang, X.; Hu, C.; Kong, C.-Y.; Song, P.; Wu, H.-M.; Xu, S.-C.; Yuan, Y.-P.; Deng, W.; Ma, Z.-G.; Tang, Q.-Z. FNDCS5 alleviates
oxidative stress and cardiomyocyte apoptosis in doxorubicin-induced cardiotoxicity via activating AKT. Cell Death Differ. 2020,
27, 540-555. https://doi.org/10.1038/s41418-019-0372-z.

Zhao, L.; Qi, Y.; Xu, L,; Tao, X.; Han, X,; Yin, L.; Peng, J. MicroRNA-140-5p aggravates doxorubicin-induced cardiotoxicity by
promoting myocardial oxidative stress via targeting Nrf2 and Sirt2. Redox Biol. 2018, 15, 284-296. https://doi.org/10.1016/j.re-
dox.2017.12.013.

Dong, Q.; Chen, L.; Lu, Q.; Sharma, S; Li, L.; Morimoto, S.; Wang, G. Quercetin attenuates doxorubicin cardiotoxicity by mod-
ulating Bmi-1 expression. . Cereb. Blood Flow Metab. 2014, 171, 4440-4454. https://doi.org/10.1111/bph.12795.

Yuan, Y.-P.; Ma, Z.-G; Zhang, X,; Xu, S.-C.; Zeng, X.-F; Yang, Z.; Deng, W.; Tang, Q.-Z. CTRP3 protected against doxorubicin-
induced cardiac dysfunction, inflammation and cell death via activation of Sirtl. J. Mol. Cell. Cardiol. 2018, 114, 38-47.
https://doi.org/10.1016/j.yjmcc.2017.10.008.

Rasmussen, R.D.; Gajjar, M.K,; Tuckova, L.; Jensen, K.E.; Maya-Mendoza, A.; Holst, C.B.; Mellgaard, K.; Rasmussen, ].S.; Bren-
num, J.; Bartek, J.; et al. BRCA1-regulated RRM2 expression protects glioblastoma cells from endogenous replication stress and
promotes tumorigenicity. Nat. Commun. 2016, 7, 13398. https://doi.org/10.1038/ncomms13398.

Wang, N.; Zhan, T.; Ke, T.; Huang, X.; Ke, D.; Wang, Q.; Li, H. Increased expression of RRM2 by human papillomavirus E7
oncoprotein promotes angiogenesis in cervical cancer. Br. |. Cancer 2014, 110, 1034-1044. https://doi.org/10.1038/bjc.2013.817.
Li, C; Zheng, J.; Chen, S.; Huang, B.; Li, G.; Feng, Z.; Wang, J.; Xu, S. RRM2 promotes the progression of human glioblastoma.
J. Cell. Physiol. 2018, 233, 6759-6767. https://doi.org/10.1002/jcp.26529.

Li, J; Pang, J.; Liu, Y.; Zhang, J.; Zhang, C.; Shen, G.; Song, L. Suppression of RRM2 inhibits cell proliferation, causes cell cycle
arrest and promotes the apoptosis of human neuroblastoma cells and in human neuroblastoma RRM2 is suppressed following
chemotherapy. Oncol. Rep. 2018, 40, 355-360. https://doi.org/10.3892/01.2018.6420.

Jin, C.-Y,; Du, L,; Nuerlan, A.-H.; Wang, X.-L.; Yang, Y.-W.; Guo, R. High expression of RRM2 as an independent predictive
factor of poor prognosis in patients with lung adenocarcinoma. Aging 2021, 13, 3518-3535. https://doi.org/10.18632/aging.202292.
Ma, C.; Luo, H.; Cao, J.; Gao, C,; Fa, X;; Wang, G. Independent prognostic implications of RRM2 in lung adenocarcinoma. J.
Cancer 2020, 11, 7009-7022. https://doi.org/10.7150/jca.47895.



Biomolecules 2022, 12, 299 15 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kolwicz, S.C.; Odom, G.L.; Nowakowski, 5.G.; Moussavi-Harami, F.; Chen, X.; Reinecke, H.; Hauschka, S.D.; Murry, C.E.; Ma-
hairas, G.G.; Regnier, M. AAV6-mediated Cardiac-specific Overexpression of Ribonucleotide Reductase Enhances Myocardial
Contractility. Mol. Ther. 2016, 24, 240-250. https://doi.org/10.1038/mt.2015.176.

Louch, W.E,; Sheehan, K.A.; Wolska, B.M. Methods in cardiomyocyte isolation, culture, and gene transfer. |. Mol. Cell. Cardiol.
2011, 51, 288-298. https://doi.org/10.1016/j.yjmec.2011.06.012.

Hu, C; Zhang, X.; Zhang, N.; Wei, W.; Li, L.; Ma, Z; Tang, Q. Osteocrin attenuates inflammation, oxidative stress, apoptosis,
and cardiac dysfunction in doxorubicin-induced cardiotoxicity. Clin.  Transl. ~Med. 2020, 10, el24.
https://doi.org/10.1002/ctm?2.124.

Shabalala, S.; Muller, C.; Louw, J.; Johnson, R. Polyphenols, autophagy and doxorubicin-induced cardiotoxicity. Life Sci. 2017,
180, 160-170. https://doi.org/10.1016/j.1fs.2017.05.003.

Zhang, J.; Sun, Z; Lin, N.; Lu, W.; Huang, X.; Weng, J.; Sun, S.; Zhang, C.; Yang, Q.; Zhou, G.; et al. Fucoidan from Fucus
vesiculosus attenuates doxorubicin-induced acute cardiotoxicity by regulating JAK2/STAT3-mediated apoptosis and autoph-
agy. Biomed. Pharmacother. 2020, 130, 110534. https://doi.org/10.1016/j.biopha.2020.110534.

Ma, J.; Zhang, F.; Sun, P. miR-140-3p impedes the proliferation of human cervical cancer cells by targeting RRM2 to induce cell-
cycle arrest and early apoptosis. Bioorgan. Med. Chem. 2020, 28, 115283. https://doi.org/10.1016/j.bmc.2019.115283.

Hullin, R.; Métrich, M.; Sarre, A.; Basquin, D.; Maillard, M.; Regamey, J.; Martin, D. Diverging effects of enalapril or eplerenone
in primary prevention against doxorubicin-induced cardiotoxicity. Cardiovasc. Res. 2017, 114, 272-281.
https://doi.org/10.1093/cvr/cvx162.

Yao, H.; Shang, Z.; Wang, P.; Li, S.; Zhang, Q.; Tian, H.; Ren, D.; Han, X. Protection of Luteolin-7-O-Glucoside Against Doxoru-
bicin-Induced Injury Through PTEN/Akt and ERK Pathway in H9c2 Cells. Cardiovasc. Toxicol. 2015, 16, 101-110.
https://doi.org/10.1007/s12012-015-9317-z.

Wang, R.; Xu, Z; Tian, J.; Liu, Q.; Dong, J.; Guo, L.; Hai, B.; Liu, X.; Yao, H.; Chen, Z,; et al. Pterostilbene inhibits hepatocellular
carcinoma proliferation and HBV replication by targeting ribonucleo-tide reductase M2 protein. Am. . Cancer Res. 2021, 11,
2975-2989.

Shu, Z.; Li, Z.; Huang, H.; Chen, Y,; Fan, J.; Yu, L.; Wu, Z,; Tian, L.; Qi, Q.; Peng, S.; et al. Cell-cycle-dependent phosphorylation
of RRM1 ensures efficient DNA replication and regulates cancer vulnerability to ATR inhibition. Oncogene 2020, 39, 1-13.
https://doi.org/10.1038/s41388-020-01403-y.

Jiang, K.; Zhi, T.; Xu, W.; Xu, X.; Wu, W.; Yu, T.; Nie, E.; Zhou, X,; Bao, Z; Jin, X.; et al. Mi-croRN A-1468-5p inhibits glioma cell
proliferation and induces cell cycle arrest by targeting RRM1. Am. J. Cancer Res. 2017, 7, 784-800.

Zhang, X.; Taoka, R.; Liu, D.; Matsuoka, Y.; Tohi, Y.; Kakehi, Y.; Sugimoto, M. Knockdown of RRM1 with Adenoviral shRNA
Vectors to Inhibit Tumor Cell Viability and Increase Chemotherapeutic Sensitivity to Gemcitabine in Bladder Cancer Cells. Int.
J. Mol. Sci. 2021, 22, 4102. https://doi.org/10.3390/ijms22084102.

Mazzu, Y.Z.; Armenia, ].; Chakraborty, G.; Yoshikawa, Y.; Coggins, S.A.; Nandakumar, S.; Gerke, T.A.; Pomerantz, M.M.; Qiu,
X.; Zhao, H.; et al. A Novel Mechanism Driving Poor-Prognosis Prostate Cancer: Overexpression of the DNA Repair Gene,
Ribonucleotide Reductase Small Subunit M2 (RRM2). Clin. Cancer Res. 2019, 25, 4480-4492. https://doi.org/10.1158/1078-
0432.ccr-18-4046.

Rahman, M.A,; Amin, A.R.; Wang, D.; Koenig, L.; Nannapaneni, S.; Chen, Z.; Wang, Z; Sica, G.; Deng, X.; Chen, Z. (Georgia);
et al. RRM2 Regulates Bcl-2 in Head and Neck and Lung Cancers: A Potential Target for Cancer Therapy. Clin. Cancer Res. 2013,
19, 3416-3428. https://doi.org/10.1158/1078-0432.ccr-13-0073.

Mohammadi, M.; Arabi, L.; Alibolandi, M. Doxorubicin-loaded composite nanogels for cancer treatment. J. Control. Release 2020,
328, 171-191. https://doi.org/10.1016/j.jconrel.2020.08.033.

Cardinale, D.; Colombo, A.; Bacchiani, G.; Tedeschi, I.; Meroni, C.A.; Veglia, F.; Civelli, M.; Lamantia, G.; Colombo, N;
Curigliano, G.; et al. Early Detection of Anthracycline Cardiotoxicity and Improvement with Heart Failure Therapy. Circulation
2015, 131, 1981-1988. https://doi.org/10.1161/circulationaha.114.013777.

Gallo, S.; Spilinga, M.; Albano, R.; Ferrauto, G.; Di Gregorio, E.; Casanova, E.; Balmativola, D.; Bonzano, A.; Boccaccio, C.; Sapino,
A et al. Activation of the MET receptor attenuates doxorubicin-induced cardiotoxicity in vivo and in vitro. J. Cereb. Blood Flow
Metab. 2020, 177, 3107-3122. https://doi.org/10.1111/bph.15039.

Jiang, L.; Gong, Y.; Hu, Y.; You, Y.; Wang, J.; Zhang, Z.; Wei, Z; Tang, C. Peroxiredoxin-1 Overexpression Attenuates Doxoru-
bicin-Induced Cardiotoxicity by Inhibiting Oxidative Stress and Cardiomyocyte Apoptosis. Oxidative Med. Cell. Longev. 2020,
2020, 1-11. https://doi.org/10.1155/2020/2405135.

Korte, F.; Dai, J.; Buckley, K.; Feest, E.R.; Adamek, N.; Geeves, M.A.; Murry, C.E.; Regnier, M. Upregulation of cardiomyocyte
ribonucleotide reductase increases intracellular 2 deoxy-ATP, contractility, and relaxation. J. Mol. Cell. Cardiol. 2011, 51, 894-901.
https://doi.org/10.1016/j.yjmcc.2011.08.026.

Ye, J.; Huang, Y.; Que, B.; Chang, C.; Liu, W.; Hu, H,; Liu, L.; Shi, Y.; Wang, Y.; Wang, M.; et al. Interleukin-12p35 Knock Out
Aggravates Doxorubicin-Induced Cardiac Injury and Dysfunction by Aggravating the Inflammatory Response, Oxidative
Stress, Apoptosis and Autophagy in Mice. EBioMedicine 2018, 35, 29-39. https://doi.org/10.1016/j.ebiom.2018.06.009.

Ma, Y,; Yang, L.; Ma, J.; Lu, L.; Wang, X,; Ren, J.; Yang, J. Rutin attenuates doxorubicin-induced cardiotoxicity via regulating
autophagy and apoptosis.  Biochim.  Biophys. ~Acta (BBA) Mol. Basis Dis. 2017, 1863, 1904-1911.
https://doi.org/10.1016/j.bbadis.2016.12.021.



Biomolecules 2022, 12, 299 16 of 16

39.

40.

41.

Xu, Z.-M,; Li, C.-B,; Liu, Q.-L.; Li, P.; Yang, H. Ginsenoside Rgl Prevents Doxorubicin-Induced Cardiotoxicity through the In-
hibition of Autophagy and Endoplasmic Reticulum Stress in Mice. Int. J. Mol. Sci. 2018, 19, 3658.
https://doi.org/10.3390/ijms19113658.

Li, Z.-N.; Shu, Y.; Chen, C.-G.; Li, X.-Q.; Li, M.-Y.; Zhao, X.-H.; Wang, S; Li, J. Acquired tamoxifen resistance is surmounted by
GW8510 through ribonucleotide reductase M2 downregulation-mediated autophagy induction. Biochem. Biophys. Res. Commun.
2020, 528, 554-560. https://doi.org/10.1016/j.bbrc.2020.05.149.

Zhang, S.; Yan, L.; Cui, C.; Wang, Z.; Wu, ].; Lv, A.; Zhao, M.; Dong, B.; Zhang, W.; Guan, X,; et al. Downregulation of RRM2
Attenuates Retroperitoneal Liposarcoma Progression via the Akt/mTOR/4EBP1 Pathway: Clinical, Biological, and Therapeutic
Significance. OncoTargets Ther. 2020, 13, 6523-6537. https://doi.org/10.2147/ott.s246613.



