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ABSTRACT

Doxorubicin(DOX)is a potent chemotherapeuticdrug usedfor treating various cancers.However, its clinica
use is limited due to its severe cardiotoxicity, which often results in high mortality rates. ShengMai-Yir
(SMY),a Traditional Chinesemedicine (TCM) prescription, has been reported to exert a cardioprotective
effect in various cardiovasculardiseases,including DOXinduced cardiotoxicity (DIC). This study aimed to
provide novel insights into the underlying cardioprotective mechanism of SMY. SMY, composed of
Codonopsiilosula (Franch.),Ophiopogonjaponicus(Thunb.),and Schisandrachinensis(Turcz.)at a ratio of
3:2:1, was intragastrically administered to male C57BL/6mice for five days prior to the intraperitoneal
injection of mitoTEMPO . One day later, DOXwas intraperitoneally injected. Hematoxylineosin staining and
Sirius red staining were carried out to estimate the pharmacologicaleffect of SMY on cardiotoxicity.
Mitochondrial function and ferroptosis biomarkers were also examined. AAV was utilized to overexpres:
Hmox1 to confirm whether Hmoxl-mediated ferroptosis is associatedwith the cardioprotective effect of
SMY on DOXinduced cardiotoxicity. The findings revealed that SMY therapy reduced the number of
damagedcardiomyocytes.SMYtherapy also reversedthe inductions of cardiacMDA, serum MDA, LDH,and
CKMB contents, which dramatically decreasednonheme iron levels. In the meantime, SMY corrected the
changes to ferroptosis indices brought on by DOX stimulation. Additionally, Hmox1 overexpressior
prevented SMY'sability to reverse cardiotoxicity. Our results showed that SMY effectively restrained lipid
oxidation, reducediron overload, and inhibited DOXinduced ferroptosis and cardiotoxicity, possiblyvia the
mediation of Hmox1

INTRODUCTION degenerative cardiomyopathy and even irreversible
heart failure [2]. The separate phase clinical trials in
As a valuable chemotherapeutic drug, doxorubicin phase Il revealed that 26%f cancer patients who
(DOX) is used to treat various types of cancdls received doxorubicin treatment with atcumulated
Whereas, the clinical application of doxorubicin is  dose of 550 mg/fmdeveloped irreversible congestive
limited due to its cardiotoxic effects including refractory ~ heart failure[3]. In addition, there was a high cardio
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toxicity risk among patients with lymphoma who received
DOX treatment [4]. Theefore, there is an immediate
need for the exploration of therapeutic strategies aiming
at reducing doxorubickimnduced cardiotoxicity (DIC)
without compromising itsherapeutic function.

In recent yearsTraditional Chinesemedicine (TCM)
has gradually @come more popular for treating difficult
and complicated diseases. Shénmgi-Yin (SMY), a
classic prescription from TCM, was first documented
in Qian Jin Yao Fang, the ancient prescriptions of
emergencieswhich were written 1300 years ag®].
SMY is canposed ofCodonopsis pilosulgFranch.),
Ophiopogon japonicud hunb.) andSchisandra chinensis
(Turcz.). Al the plant names have been checked
with MPNS fttp://mpns.kew.orgon Dec 28th, 2022.
The three plants used in SMivave a long history in
traditional local medicine in Asian countries like China,
Koreg and Japan6i8]. According to TCM theory,
each planthatmakes up SMY has its rol€odonopsis
pilosula replenishes Qi and promotes body fluid
production, playing the role of sovereign. Radix
Ophiopogonis is used @sminister to nourish Yin and

remove heat. Schisandra chinensis is used to stop sweat

and produce more body fluid as amsiatant. Hence, the
absence of any one of the three plants will lead to a
reduction in the curative effect of SMY. Clinically,
SMY is often used to supplement Qi and nourish Yin
in TCM theories. Since the lack of Qi and Yin is a
common phenomenon in camceatients who receive
radio or chemical therapy, the treatment of SMY
in these patients has achieved well effects and has
become a research hotsjf@at 10]. Moreover, SMY was
also widely applied for the interventions of various
cardiovascular disordersndluding myocarditis [11],
diabetic cardiomyopathy [12], myocardial infarction
[13], myocardial ischemigeperfusion [14], and heart
failure [15]. These cardioprotective effects were related
to the antischemia, anthypoxig and antioxidative
activities [16i 18]. Several articles reported that SMY
relieved cardiomyocyte injury induced by DOX [#4],
partially through the activation ofhe Nrf2/Keapl
signaling pathway and resistance to oxidative stress
[22]. Nrf2 was also reported to be a potential tafget
treating DIC[23]. Interestingly, the excessive activation
of Nrf2 might induce ferroptosis of cardiomyocytes
due to overexpression of Hmof24]. Herein, we aimed

to elucidate the mechanism of the cardioprotective
effects of SMY indoxorubicircaused ferroptosis and
cardiotoxicity based on Hmox1 in the present study.

Ferroptosis, the novel regulated cell death (RCD) form,
is featured by the accumulation of iron, reactive oxygen
species (ROS)and iron-related lethal lipid peroxides
[25]. Hmox1 (Heme oxygenady is an induciblenzyme
thatelevates after oxidative stress and catalyzes cellular

hemoglobin to produce free ferrous iron, carbon
monoxide and biliverdin [26]. Hmox1 is traditionally
seen as an antioxidative enzyme becausdegrades
pro-oxidant free heme to antioxidant biliverdja7].
However, the ferrous iron accumulated from the Hmox1
reaction is an abundant source to trigger ferroptosis
in various cardiovascular diseases including DOX
stimulated cardiomyopatt8, 29. Hmox1 is therefore
deeply involved in iron metabolism and participated in
DOX-induced mitochondrial dysfunction, ferroptosis,
and cardiomyocyte injury [30].

The present study aimed to shed new light on the
fundamental mechanism of the cardioproteceffect

of SMY and propose the TCM solution for attenuating
doxorubicirinduced cardiotoxicity. This study was
conducted to estimate the protective mechanism of SMY
in doxorubicin induced cardiotoxicity by investigating
Hmox1 expression, mitochondrial irooverload, and
lipid peroxidation.

RESULTS
Chemical profiling for Sheng-Mai-Yin

The main components of SMY wereh§droxymethy
furfura (5HMF), lobetyolin, Schisandrin B, schizandrin.
As shown in Figure 1, the comparative analyses of the
molecular retetion times of the standards and SMY
samples were as follows:FMF 14.08 mg/g, lobetyolin
0.52 mg/g, Schisandrin B 1.27 mg/g, schizandrin
0.60mg/g.

ShengMai-Yin prevented DOX-induced cardiac
injury

To verify the effects of SMY on DO¥duced cardiac
injury, HE staining and Sirius red stainimg@sused for
histopathological evaluation. As shown in g 2A,

the morphology and structure of cardiomyocytes were
intact inthe control group, while the cdiomyocytes in
the DOX group presentedh necrotic and irregular
arrangement. However, the SMY treatment improved
the myocardial damage caused by DOX, which is
similar to the effects of mitoTEMPO, mitochondrial
targetedantioxidant. Sirius red staining vealed that
SMY or mitoTEMPOinhibits the excessive deposition
of extracellular matrix collagen in heart slicgsgure

2B, 2C). The ratio of heart to body weight of mice
was decreased by DOX treatment, indicating the
heart damage caused by DOX. Interggy, SMY or
mitoTEMPO effectively restores the ratio (Erg 2D)
Moreover, echocardiographlias revealed that SMY
administration improved cardiac function in DOX
treated mice (Supplementary Figure 1)
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The effects of Shengviai-Yin on iron overload, lipid
peroxidation and serum enzymology

The mitochondrial lipid peroxidation induced by
mitochondrial iron accumulation is a crucial source of
cardiac ferroptosis induced by DOX [24]. As shown
in Figure 3A, 3B, serum and mitochondrial nonheme
iron levels were substantially elevated by DOX
treatment compared with the control group, while SMY
treatment significantly reduced the nonheme iron
levels. Additionally, the content of cardiac MDA, the
levels of serum MDA, LDH and CH/B were
increased with the treatment DOX (Figure 3G 3F).

On the contrary, the inductions of cardiac MDA, serum
MDA, LDH, and CK-MB contents were reversed by
SMY treatment.
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ShengMai-Yin scavenged ROS generation and
alleviated mitochondria dysfunction

Reactive oxygen species (ROS) productited to
oxidative stress which contributes to the cardiac damage
caused by DOX [31]. As vividly depicted in Figure 4A,
4B, the treatment of DOX triggered a robust generation
of ROS, which was reduced with the treatment of SMY
and mitoTEMPO.

To further examine the source of ROS, we measured
the mitochondrial function by mitochondrial membrane
potenti al ( -Gp Gtaining. viti was fouddC
that DOX group had significantly more monomers
compared with thecontrol group which had more
aggregates. However, SMY treatment remarkably
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Figure 1. The HPLC analysis of SMY and its main components, inclugidF5(1), lobetyolin (2), Schisandrin B (3),

schizandrin (4)(A) Standards.B) Samples.
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decreased the ratio of aggregates-ld@onomers
JCG1 (Figure 4C, 4D)Furthermore, SMY treatment
successfully restored the damaged mitochondrial
morphology, as observed through transmission electron
microscopy (Supplementary Figueg

The effect of ShengMai-Yin on ferroptosis

Ptgs2, a gene encoding cyclooxygerasg0X-2), is

a putative molecular marker of ferroptosis [32]. We
found that after 4 days of doxorubicin treatment, the
DOX group exhibits almost threefold of Ptgs2 m&RN
expression compared with that of the control group, and
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SMY treatment effectively reduced the Ptgs2 mRNA
levels (Figure 5A). Moreover, DOX treatment resulted
in elevation in Hmox1 mRNA levels (Figure 5B) and
immunofluorescence intensity (Figure 5C, 5Bhich
was relevant to the nuclear translocation of Nrf2.
Our results depicted that SMY treatment also inhibited
the expression of Hmox1 (Figure B&D). To further
research the effect of SMY on ferroptosis, we detected
the ferroptosis biomarkergncluding FTH1, TFR1,
GPX4, GSH and Hmox1 level#&s shown in Figure
5Ei 51 and Supplementary Figure SMY successfully
reversed the alterations of these indices caused by the
stimulation of DOX.
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Figure 2. SMY prevented D@iduced cardiomyopathy(A, B) Cardiac sections were prepared from control mice and mice treated

with DOX. SMYL or SM¥YH or mitoTEMPO were treated. The heart tissues were stained with hematoxylin and eosin (H&E, Top) or Sirius red

(Bottom). © Cardiac collagen quantification (% of collagen of area) in heart tisBudhe heart/body weight ratio was calated in
control mice and mice treated with DOX with or without SM¥r SMYH or mitoTEMPOn(= 9 mice per group). The results were presented
as mean + SEMmeans compared with control group,< 0.01;"means compared with DOX groups 0.05,” means ompared with DOX

group,P<0.01.
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Overexpression of Hmoxl canceled the effect of
ShengMai-Yin on ferroptosis biomarkers

To verify whether Hmox1 played a key role in the effect
of ShengMai-Yin on DOX-induced cardiotoxicity, we
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overexpressed the gene Hmox1 in mice with the adeno
associated virus. The same protein levels of Hmox1
were observed in both control and AAdntrol mice,
indicating that AAV transfection had no influence
on Hmox1 expression. As exged, the expression of
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Figure 3. SMY inhibited iron overload, lipid peroxidation, and serum enzymol@gyB) Serum 4), cardiac mitochondrial, and
cytosolic B) nonheme iron were detected by an iron assay kit (#ab83366, Abc&nt)) Serum ¢ and cardiac) MDA contents were
measured by lipid peroxidation MDA assay kit (Beyotime, S0131S) in control mice and mice treated with DOX with or wittwut SMY
mMitoTEMPO.K, F) Serum LDHE( and CKVIB () levels were examined by commercial assay Bty ¢time, C0016 and ZCIBIO;3B269)
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“means compared with DOX groups 0.05," means compared with DOX groups 0.01
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Hmox1 in the AAV\HmMox1 group was prominently with that of single DOX treatment, while the
elevated compared with those of other groups (Figure overexpression of Hmox1l abolished this effect.
6D, 6E). As illustrated in Figure 6A, the ratio of the Similarly, although nonheme iron was decreased by

heart/body weight was elevated by SMi¥compared SMY-H+DOX treatment in mitochondrial and serum,
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Figure 4. SMY scavenged ROS generation and alleviatédchondria dysfunction.(A) Images of DHE staining of ROS. (
Histogram showed the DHE+ cells of the area in different gro@psRépresentative images of-IGstaining in different groups. Red
fluorescence represented aggregation of1]Gand green tlorescence represented monomeric-1C[D) Histogram of aggregate -1C

monomeric J&. TheJ& LINR6S 6+ & LK ASR G2 YSIFadaNB paYs sKAOK g4,ahichELINB &
RSy2iGSa AydlFOd paY0 (2JCGARNBSBKAOK XRIZENBANRD RRAXARFIAZY 2F paAYO®
#means compared with control group,< 0.01;"means compared with DOX groups 0.05,” means compared with DOX groups 0.01.
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the mitochondal

Hmox1 overexpression mice showed no significant
difference between single DOX treatment and SMY

and serum nonheme iron of

H+DOX treatment (Figure 6B, 6C). Additionally, the
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effects of SMY on the protein expression of FTH1,
TFR1, GPX4, and Hmoxl were emvhelmingly
abrogated by the overexpression of Hmox1 (Figure

6Fi 6J).
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Figure 5. The effect of SMY on molecular markers of ferroptqgiss) Ptgs2 mRNAAf and Hmox1 mRN/&Y levels were measured
by qPCR.Q Quantification of the intensity of immunofluorescence of Hmox®) Representative images of immunofluorescence of
Hmox1. The green fluorescence represented Hmox1 and the blue fluorescence indicated cell rfEclRepresentative blot images of
FTH1, TFR GPX4, and Hmox1 protein leveR.Analysis of FTH1 protein levels by column graph, adjusted by GABDha(ysis of TFR1
protein levels by column graph, adjusted by GAPBIHA(alysis of GPX4 protein levels by column graph, adjusted by GAP®IdlyGsis of
Hmox1 protein levels by column graph, adjusted by GAPDH results were presented as mean + SEieans compared with control
group,P< 0.01;means compared with DOX groupsx 0.05,” means compared with DOX groups 0.01.
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Overexpression of Hmoxl blocked the effect of
ShengMai-Yin on Ferroptosis morphologically

As depicted in Figure 7WC, SMY-H reduced the
collagen area compared with that of the DOX group,
which disappeared in Hmox1 overexpressionce.
We measured the mitochondrial function with-1C
staining again. As depicted in Figure 7D, 7E, SMY

increased the ratio of aggregates-1¥&onomers
JCG1, which was abolished by the overexpression
of Hmox1. Furthermore, we observed that the ever
expression of Hmox1 attenuated the protective effects
of SMY on cardiac function and mitochondrial
morphology, as assessed through echocardiography
and transmission electron microscopy (Supplementary
Materials).

Figure 6. Overexpression of Hmox1 counteracted the effect of SMY on ferropt@giThe heart/body weight ratio was calculated.
(B, O Cardiac mitochondria and cytosolic nonheme irBp dnd serum nonheme irorC( were detecéd by an iron assay kit (#ab83366,
Abcam) in mice treated with DOX with or without SMY or H¥OEL D, E) Western blot analysis of Hmox1 and GAPDH protein levels in
control mice, AAXontrol mice, and AAEImox1 mice(F¢J) Western blot analysis &fTH1, TFR1, GPX4, and Hmox1 protein cont&hts
results were presented as mean + SEMeans compared with the other group< 0.05,” means compared with the other grouB< 0.01.
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